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Abstract

The use of concretcreasingannually due it§avourableproperties and readily
availability.Demand for concrete will continue to increase ahdill remaini KS 62 NI RQa
most importantconstruction materials for many years to conowever, the use of

Portland cement concrete has an environmental burned, ana sodrive to reduce the

carbon footprint of construction, there is widespread attention directed towards the

utilisation of wases and industrial byroducts to minimise Portland cement (PC)

consumption. The cement industry increasingly uses additions, such as fly ash.

The literature has established the use of fly ash as partial replacement of Portland cement
to increase strengtlat later age and exhibit considerable enhancement in durability.
However, such bindsthydrate more slowlysoproper curing conditions become more
important. Ideally, the durability of concrete should not be a concern. Some degree of
weathering should bexpected, but improper concreting procedures can cause the
deterioration to be earlier than expected. Furthermore, since durability issues cannot be
seen immediately, some assessment of the impact of improper concrete curing is needed.

The studyhasinvolved casting of concretes prepared with either CEMd GEM blend

with 30%replacement withfly ash to investigate the impact of improper curing
Performance was evaluated in terms of compressive strength, drying shrinkage, transport
properties and resitance to carbonation. Paste samples were characterised by TGA, XRD
and SEM to follow hydration and microstructural development. Also since the degree of
saturation is known to affect the compressive strength of concratel, curing under

ambient conditiors will lead to changes in the degree of concrete saturatiomwork

checked the impact of the degree of saturation on compressive strength; to enable an
accurate understanding of the impact of improper curing.

Improper curing leads to reduced compresssteength development and increased drying
shrinkage. Sorptivity and permeability values werereased This is due to reduced levels
of cement hydrationas water evaporates from the concrete surface. The effect of
improper curing on resistance to carbation reveatd that samplesmproperlycured
carbonated more than thse idealy cured. This study has shown that the impact on
sorptivity and permeability is far greater than the impact on compressive strength, with
implications for the londerm durability of concrete.

Composite cements, containing 30% fly ash, showed comparable strengths to CEM |
concretes and improved transport properties when ideally cured. Additions of fly ash
reduced the drying shrinkage. Improper curing however led to reduced pesfocm
Strength was compromised by improper curioga greater degree than for equivalent CEM
I mixes. However, it was sorptivity and permeability which were most severely affected.
This was due to the reduced degree of cement hydration leading prevethéngozzolanic
reaction between the fly ash angbrtlandite. Also, higher carbonation depth was seen on
fly ash samples that were not cured.

Low strength concrete, which already has an inherently higher porosity, is more greatly
affected by improper curinthan high strength concrete. This is presumed to be due to the
ease with which water can evaporate from the surface of the npmeusmatrix. Also,
concrete workability has been found to be a factor which can help to reduce the embodied
carbon of concret, with stiffer mixes having lower carbon footprints. However, this study



has shown that stiff concrete mixes may be less durable and more susceptible to improper
curing. This may be explained by the lower overall water contents within the stiff mixes,
andtherefore the greater impact of surface water evaporation.

The effect of changes in the degree of saturation showed the deleterious effects of
improper curing, with the saturated, ambient cured samples all exhibiting lower strengths
than the equivalent idally cured samples. The large capillary pores developed due to
improper curing was seen with lower calcium hydroxide contents. The reduced hydration
products obtained support the result that lower degree of hydration was produced due to
improper curing sice the hydration of cement cannot continues in the dry environment.
This study confirms the need for good site practice, and shows that embodied carbon
should not be the only factor when considering the environmental performance of
concrete. Rather, durality and whole life performance should also be considered.



Table of Contents

Contents
ACKNOWIEAGEMENIS ....eiiii e e e emt e e e e e e e e e et s e e e e e amr s ii
Y 011 1= To! AR P PP PP PPPPPPPPPPPP iii
TaDIE OF CONIENTS ....uuiiiiiiiiiiiiie ettt e et e e e e e e e emrnn e %
LISt OF TADIES....eeiiiiiiiii et e e X
LISt Of FIQUIES ...ttt ee e Xi
(O3 0= T (=7 o PP P PP PP PP PP 1
00 R 1 oo U T i o o R PP T PP PPUPPPON 1
Chapter 2 LILErature REVIEW..........uuuuieiiiiiiiiiiiiieieeeees s me e e e e e e e e e e eeeeeas 4
2.1 INIFOUCTION. ...eii ittt e e e e e e e e e s n e e e e e s aanes 4
2.2 CONCIBIB...uuttiiiiiiie ettt 4
2.2 1 CBMENT. ..t 5
2.2.2  AQOIrEgaES.....coo i e e e e e e e e 5
2.2.3 WAL ..oiiiiiiiiii s 5
2.2.4  AUMIXEUIE ...ciiieieieiie ettt e e e e e e e e e anrnees 6
2.2.5  AJAItIONS.....oiiiiiiiiiite e 6
2.3 POrtland CeMENL.........oooiiiiiieiiiie e 7
2.3.1  Hydration of Portland CEmMEeNt..............oovviiiiiiiiiiiiieeeeeee e 8
2.3.2  Development of hydration produCL.............ccueeveieiiniiieiiiee e 9
2.3.3  Mechanism of hydration............ccceeveeeiiiiiiiii e, 10
2.4 Microstructure of cementitious MatalS.............coevveriiiiiiiiieee e 12
241  POrES iN CONCIEIES .. .uuiiiiiieeiiiiiiiie e e e e et e e e e e e e e e ee e e e e 14
2.4.2 Water phases iN CONCIELa........ccccccuiiiiiiiiiiieiieeeeerer e e e e e e e 15
2.5 FIY @SN 15
2.5.1 General effect of fly ash in concrete...........ccoocviviiiiiiniiii e 16
2.5.2  WOrKability........cccuuuiiiiiiiiiiieeiieeeeeee e 17
2.5.3 Effects of fly ash on the properties of hardened concrete................ 18
2.6 Effects of fly ash on the durability of concrete.............ccccceeviiniiieiecenniee 18
2.6.1 Effects of fly ash on permeability of concrete...........cccccvvvviviieennenee. 19
2.6.2  Effects of fly ash on carbonation.............cccccocciiiiiiiiiiiieeeeeee 20
2.6.3  Effects of iy ash 0N SOrPtivIty.......ccooviiuiiiiiiiiiiiiiieeee e 20
2.7 Hydration of fly @Shi.........eueeeiiii 21

2.7.1  The mechanism of fly ash reaction hydration...............cc.cccvvveeerernnn 22



Vi

2.7.2  Microstructure of fly ash paste.........ccccvvvveiiiiriiiieiiiieiieiiieeeeeeeee e 24
2.8 Effect of conditioning on pore StruCture...............oooee oot eceeccccceeeeeeee 27
2.81  Solvent replacement.........ooooiiiiiiiiiii e 27

A < T © 1Y/ =Y o W [ Y/ o TR 28
2.8.3  Vacuum drying..........cooiiiiiiiiiiiieiiiiiiin e e s e e e e e e e e e e e e e e e e e e e e e 28
2.8.4  DireCt freZeryiNg .......ccouummiieeiiiiiiii e 29
2.9 Durability of the CONCIEte...........cuuiiiiiiiiiiiieiiereeer e, 29
2.9.1  Durability teSES.......ccoei i 30
2.10 IMPrOPEI CUMNG:ccceiiieiteeeeeeee sttt ee e e e e e r e e e e e s r e e e e s s s e e e e e s e aannnneeeeeas 38
2.11 Effects of degree of saturation on compressive strength............cccevveeeeee. 39
2.12 Effects ofdrying 0N CONCIeE.......uiiiiiiiiiiieiiiee e, 40
2.12.1 Effect of medium or low temperature on concrete........................... 40
2.13 SHINKAGE......coi i 41
2.13.1 Plastic Shrinkage....cccccccviviiiiiiiiicnen A2
2.13.2 Drying SHrNKAQE. ......cooiiiriiiiieeiiiieiieeeee e A2
2.13.3  Autogenous ShrinKage..........cccuuuieiieiiiiiieiieeeeeeeeeeeeeeeee 43
2.13.4 Chemical SNINKAQGE........ccccoiieiirerree e e e e 43
2.13.5 Carbonation Shrinkage.............cueeieiiiiiiiiiiee e 43
2.13.6 Thermal ShAKAge...........cooooiiiiiii e 44
2.13.7 Mathematical modelling of drying shrinkage........................ oo 44
2.13.8 Factors affecting Shrinkage...........ccooiiiiiiiiiiiniiiiiee e 47

2 U | ¥ = S 53
Chapter 3 Materials and experimental methods..............cvieiiiiicciiiiiee e, 55
3l MALETIAIS .. 55
3.1.1  Portland cement (CEM.1).......uuuiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 55
312  Fly ash . 58
3.1.3  AQOIEQALES. .. oo a e e e e e aaaeens 58
314 WALBE ..o 59
3.2 Mix design, curing and exposure CONAitioNS............uvveveeeiiiieeeiiieiieeieeeeeees. 60
3.3 TESEMELNOM. .. .. 62
3.3 1 SIUMP TS i e e e e aaaaaeeae ] 62
3.3.2  Absorption and Surface MOISTUIE..........ccoovviiiiiiiiieiiie s 62
3.3.3  Mixing, Casting and CUrNg............eeueeeriiiiirmeieeee e esiereeee e 64
3.4 Unconfined Compressive Strength (UCS).........ooooiiiiiiiiiiicieeeeeeee 64

G TR T Yo 1 o] 11/ 1TSS 64



Vii

3.5 1 SOrPLVILY tEST...uuieiieiiiiiieeieee e 65
3.6 Permeability.........ccooiiiiiiii e e 66
3.6.1  Preconditioning of Samples before Measuring Paamidy.................. 67
3.6.2 Permeability EXPEriment........cccuvveiiieiiiiiiiiiiiiiiieeeeeeeeee e 67
3.7 Determination of Degree of Saturation.............cccveeeeeiiieiieiiiiiiieiieeeeeeeeee 69
3.8 CaArbONALION. ....ciiieii s 70
3.8.1  Carbonation eXPeriMeENnLt.........uueviiiiiiiiiiiiieeieeiee e 70
3.9  Drying Shrinkage TaSL.......ccoii i e e e e e e e e e e e e 71
3.10 Measuring the degree of hydratiQn..............cccvviiiieiiinii e 71
3.10.1 Sample Preparation for XRD, TG and SEM...........cccccvvvveevvevreenenn. 71
3.10.2 Xray Diffraction (XRD)........coeevvviieiieieiiieeeecrvvnnvinenenn 3
3.10.3 XRD Measurement in thisS StUdY...........c.uuveeeeeiiiiiiiiiieeee e 74
3.10.4 Thermogravimetric analysis (TGA)..........cccceieiiiciccciineeeeeeee e 74
3.10.5 TGA measurement in this research............cccocovveiiiieeiiiiieciiiieeee 74
3.10.6 BouNd Water CONENL..........uuviiieiiiiiiiiiiee e e e 76
3.10.7 Scaning electron microscopy (SEM)........ccoooiiiiiiiiiiiiineeeeeee,s 76
3.10.8 SEM measurement in this project..............ccoeoei e, 76
3.10.9  IMAGE @NAIYSIS......uueiiiieiiiiiiiiiii e 17
Chapter 4 Effect of improper curing on strength development...............ccoovvviinnee... 79
4.1 Compressive strength of CEM | CONCreteS......uvviiiiieriieiiieiieiiiieiieeeeeeeee, 81
4.2 Compressive strength of Fly ash CONCretes..........ccvvvveeeiiiiiiieeeie e, 83
4.3 Compressive strength of 20 Fly ash stiff mix with minimum curing period
(F2/f 28) ettt ettt ettt ettt e e e at e e beeeanaee s 85
4.4 Compressive strength development of saturated CEM1 samples............. 85
4.5 Compressive strength of Fly ash immersed samples.............cccccvvvvvevnnneee. 90
4.6 Compressive strength of 20MPa Fly ash stiff mix with ambient cured
immersed andA T2 IMMErSEd..........ccooiiiiiiiiiiiie e 93
4.7 Compressive Strength at 28 days.........cccvvvviiiiieiiieiiiiiieeeeeeeee e, 94
4.8 CONCIUSION.....ciiiiiiieiitite ettt e e s e 96
Chapter 5 EffeCtS OF AryiNg.... ..o 98
5.1 Effect of drying in the present Worki.............ooooiii oo 98
5.1.1  Effects of weight loss as a result of drying..........ccccveeveeeeeeeeeneeennnn. 98
5.2 Effects of drying on compressive Strength..........ccccooviiiiiiee i 99

5.3 Compressive strength of concretes as the binder contents increases....100

5.4 Effect of drying on compressive strength of stiff mix and the wet mix.....100



viii

5.5 Effect of drying on Compressive strength of CEM1 and Fly ash concretd®1

5.6 Mass loss in ideal cured sample as a result of drying............ccvvvvveveenneen. 102
5.7 Change in weight in ambient cured samples............cccccceeiiiiiiiiiinic e 104
5.8 CONCIUSION......uiiiiiiieiiiiiiiii et e e e e e e 106

Chapter 6 Results and Discussion of Shrinkage Following ideal and Ambient Curlr@y

6.1 Effect of curing on drying Shrinkage...........cuvvevieeiiiiiiiieee e 107
6.2 Predicted and experimental shrinkage.............cccooeeciiviiiiiiiiiiiiereeeeeeee 108
6.3  Normalised ShriNKAQE..........uuuiriiiiiiiiiiiireee et 111
6.4 Effects of cement content on drying shrinkage...........ccccocciviviieiiniiiinnn. 111
6.5 Effects of water contents on shrinkag€........cccccvvvvvveiie, 112
6.6 Effects of Fly ash on drying shrinkage.............ccoooiiiiiiiiiiiiiiiieeieeeeeeee 113
6.7 CONCIUSIONS. ...ceiiiiiiiiieie ettt e e e s 114
Chapter 7 Transport properties and Resistance to Carbonation................ccc..uveee. 115
T 1 SOMPUVILY coiiiiiiieieee e e e e e e e e e e e e e e e e e e e 115
7.2 PermeEability.........cccuueiiiieiiiiiee e 117
7.3 CarbONALION. ...ttt 120
A U | 11 = T PP 122
Chapter 8 Degree of NYdration...............oooviiiiiiiiimiiiiiii e 124
8.1 Degree of cement hydration from SEM images..........cccccccvvvvvvvennveeeeeenenn. 130
.11 IMAGE Ju.ceeei i 130
8.1.2  IMAge @NAIYSIS.......uuiiiiiiiiiiiiiie e 130
8.1.3  IMage J ProCEAULE.....coviiiieeeieeeeeeeee e 131

8.1.4  Degree of hydration of ambient and ideal cured CEM1 and fly ash
(od0] (o1 =] (=2 T PP TRPPPPTR 132
8.1.5  Effect of hydration on stiff and wet MiX.........ccvvvviiiiiinnin. 132
8.2  POIOSIY e 133
8.3  BOUNd WaLEr CONTENT.....cciiiiiiiiiiiie ettt 136
8.3.1 Bound water content at 28 days.............ccoeeeiiiiiicicciii e 139
8.4 Thermogravimetry (TG) reSUltS...........ccccoei it 140
8.4.1 Portlandite content from thermogravimetric analysis at 28 days....143
8.5  XRD ANAIYSIS ...ttt e e e e e e 145
8.6 CONCIUSION.......oiiiiiiiiiii ettt e e 148
Chapter 9 General diSCUSSION..........uuiiiiiiiiiiiiiiie e 150
9.1 Effect of improper curing compressive strength.............ccccvveeeiereieeiennnn.. 150

9.2 The impact of improper curing on drying shrinkage...............cccccvvvevneeeee. 151



9.3 Effect of improper curing on permeability..................coe i 152
9.4 The impact of improper curing on SOrptivity.............cccoeeeeeiieccccinvinieninnnee, 153
9.5 Impact of impror curing on carbonation resistance................ccccvvvveenee. 153
9.6 Impact on degree of hydration...........ccceeeeeeiiiiiiii e, 154
9.7 Practical implication of the Study.........cccccvvveiieeii s 157
Chapter 10 Conclusion and Suggestions for Further works...........ccccooooveivieeennnnn. 159
10.1 CONCIUSIONS. ...cciiuitiieeiitit ettt 159
10.2 Suggestions for Further WOorks...........cccccco oo 160
RETEIEINCES ...t e e e e e e e e e e e e e e e e e e e e e e ame e e e e e eeeeeneees 161

Y o] 01T 1o Lo =T T Al



List of Tables

Table 21 Shorthand Notations for the Oxides in Portland cement taken fr¢&8)......... 8
Table 22 Four dominant phases of Portland cement and thsjipical features in
hydrated cement PASES (33, 424)..........uuuuuummmmiriiiiiiiiiine e 9
Table 23 Chemical and phase composition, and density of a typical fly ash.(43)....17
Table 24 Temperature of the decomposition of cement pastes phases (43)........... 28
Table 25 Factors affecting shrinkage Strain..............cccovvviiiiiimiiiiiiiie 47
Table 31Composition of CEM 1 52.5N Manufactured at Ribblesdale...................... 57
Table 32Clinker compounds by Rietveld analysis...........ccccceeeiiieiiieiiiiii e, 57
Table 33 Chemical composition of Drax Fly Ash...........oooiiiiiiiciie 58
Table 34 Density and Fineness of the Bindels................. Error! Bookmark not defined.
Table 35 Particle size distribution ofine aggregate...............coovviiiieiiieeiiiiiee e, 59
Table 36 Particle size distribution of 10mm coarse aggregate..............cccceevevvveeunnns 59
Table 37 Concrete mix designs used in thisigl/ ... 61

Table 38 Aggregates surface moisture content, Total moisture content and absorpdian

Table 39 Adjusted water used to st the concrete and w/b ratio............cceeeieeernnennnd 63
Table 41 Nomenclature used in the graph with measured slump...............cccccvvveeen 80
Table 51 Drying age used in theXperiment............coviiiiiii e 98
Table 52 Mass loss in ideal cured concrete as a result of drying.............cccccevvveeee 102
Table 71 Effect of curing 0N SOrPUVITY........cooiiiiiiiiei e 115
Table 72 Ambient and Ideal Permeability coefficients...............cccoivviiiiicniveiiinnnnnn. 118
Table 81 CEML TG FESUILS......ccoieieiiieee e eeee e eer e e e e 142
Table 82 Fly ash TG reSUIS........cooiiieiiicei e eeee e 143
Table 91 Concrete compressive strengths at 28days of curing............ccceeeeeeeeiene. 151
Table 92 Permeability of ambient and ideal cured samples.........ccccccvvvvvviviiiieinnnnns 152
Table 93 Carbonation depth and coefficient of SOrptivity............coooeeeiiiiiiiiiiceeeeeeen. 154

Table 94 Degreeof hydration of ambient and ideal samples...........cccccceeeeiiiiieiennnen. 155



Xi

List of Figures

Figure 21 Rate of heat evolution during the hydration of Portland cement (33)....... 10

Figure 22 Alite heat evolution showing the effect of heat treatment and particle size

distribution on the length of the induction period in alite hydration (54).......... 11
Figure 23 BSE image of Portland cement mortar at 200 days (6Q).............cccccceunnnne 13
Figure 24 BSE image of Portland cement paste at 28days taken from.(61)............ 13
Figure 25 Diagrammatic model of water associated with&H (28, 34)..................... 15
Figure 26 Semiadiabatic calorimetry curves for FA and control pastes (99)............ 22
Figure 27 BSE image of fly ash blended cement paste at 28 days (109)................. 25
Figure 28 Microstructure morphology of fractured surface paste 0% fly ash at 7

days taken from (96).........oooviiiiii i 25
Figure 29 Microstructure morphology of fractured surface paste of 20% fly ash at 28

0AYS TAKEN (96)... . uuuiiiiiiiiiiiiiiiittter s 26
Figure 210 Microstructure morphology of fractured surface paste of 20% fly ash at 90

days taken from (96).........oooiiiiiii i 26
Figure 211 Resistivity / conductance testing of concrete samples..............cccceeennnnne 35
Figure 212 Schematic of rapid chloride permeability test............ccccccvvviiiiiieiiiinnnnns 36
Figure 213 Effect of coarse aggregate content Taken from (227)........cccceevveeevnnnnn. 48
Figure 214 Effect of cement content Taken from (227)........ccccoooviiiiiiiiiiiceeeeeeeeeeeen 49
Figure 31 Schematic for each set of sSamples............cccoiiiiiiiiie e 56
Figure 32 Addition concrete cubes casted for minimum curing conditian................ 57
Figure 33 Aggregate grading CUIVES..........cooiiiiiiiiieiee ettt 59
Figure 34Schematic setup of SOIPLVILY tESE.........uuuuuiiiiiiiiiiiiiiee e 65
Figure 35 Linear fit for the determination of sorptivity coefficient for 20MPa CEM1

StIff MiX @ambBIENt CUrE.........cooeiiieee e e 66
Figure 36 Components of the Leeds Cell (267)........ccouvvviiiiiiiiiiiimiiiiiiiiiiiiiiiiiiiiiiie 69
Figure 37 Carbonation Experiment Set Up..........oooviiiiiiiiiiiiicii e 70
Figure 38 8ml tube used for the paste samples.............cccoe e 72
Figure 39 Ambient cured SAMPIES..........cooviiiiiiiiiiiiiiie e 72
Figure 310 Samples prepared tbe cured inthe bath.................ccoooo . 72
Figure 311 Paste samples after curing ready for CUttiNG ..............uuveveimiiiimneneeneeneenn. 73
Figure 312 SEM sample after CUtting.........ccooeeeeieiiiiee e 73

Figure 313 Measuring the Portlandite and Calcium Carbonate using the tangent
method, taken frOM (279)......euiiiiiieieiieieee e 75

Figure 314 Resin impregnatedarbon coated samples for scanning electron
g1 o g0 STt 0] o= R 77



Xii

Figure 315 Grey level histogram of a hydrated cement paste (279)..........c..cccee..... 77
Figure 316Grey level histogram of a fly ash blended cement paste from (109)....... 78
Figure 41 Various tests made with 100 x100 x100mm concrete cubes................... 79
Figure 42 Compressive strength of CEML1 stiff mix (Slumps3DBnm)..............cccceevnee. 82
Figure 43 Compressive strength of CEM1 wet mix (Slumpsl8Dmm)..............cccc...... 83
Figure 44 Compressive strength of fly ash stiff mix (slumps3@mm)......................... 84
Figure 45 Compressive strength of fly ash concrete wet mix (slumpsl80mm)......... 84
Figure 46 Compressive strength of 20MPa fly ash Concrete witff......................... 85
Figure 47 Compressive strength of 20MPa CEM1 Stiff Mix and immersed............. 87
Figure 48 Compressive strength of 50MPa CEML1 Stiff Mix and Immersed............. 87
Figure 49 Compressive strength of 80MPa CEML1 Stiff klixd Immersed................... 88
Figure 410 Compressive strength of 20MPa CEM1 Wet Mix and Immersed........... 88
Figure 411 Compressive strength of 50MP&/I1 Wet Mix and Immersed................ 89
Figure 412 Compressive strength of 80MPa CEM1 Wet Mix and Immersed........... 89
Figure 413 Compressive strengt20MPa Fly ash Stiff Mix and Immersed................ 90
Figure 414 Compressive strength 50MPa PFA Stiff Mix and Immersed.................. 91
Figure 415 Compresive strength 80MPa Fly ash Stiff Mix and Immersed............... 91
Figure 416 Compressive strength 20MPa Fly ash Wet Mix and Immersed............. 92
Figue 417 Compressive strength 50MPa Fly ash Wet Mix and Immersed............. 92

Figure 418 Compressive strength of 80MPa Fly ash Wet Mix and Immersed......... 93
Figure 419 Compressive strength of 20MPa Fly ash Stiff Mix afiddlmmersed........ 94

Figure 420 Figure showing the graphs mixes and the binders..............ccccovvviee... 94
Figure 421 Compressive strength of Ambient and Ideal cured concretes at 28.day95
Figure 422 Compressive strength of CEM1 and Fly ash concretes........................ 96
Figure 51 Change in mass for 20,50 and 80MPa CEM1 stiff.miX................cccevvvee.. 99
Figure 52 Percentage change in mass and compressive strength of CEM1 wet mix
od0] o] =] (TP 99
Figure 53 Compressive strength of 20, 50 and 80MPa CEML1 stiff. mix.................. 100
Figure 54 Compressive strength of Fly ash stiff aweét mixX..................ccccviiiieens 101

Figure 55 Effect of drying on compressive strength of CEM1 and Fly ash Concret&01
Figure 56 Percentage change mass for CEM1 and fly ash concrete stiff mix........ 103
Figure 57 Percentage change in mass for CEM1 and fly ash concrete wet mix..... 103
Figure 58 Percentage increase in mass for CEM1 and fly ash concretes in stiff. mib05
Figure 59 Percentage increase in mass for CEM1 and fly ash concretes in wet.mib05

Figure 61 Ambient and Ideal Cured Shrinkage of CEML1 stiff miX..........c.....cccouuen 108



Xiii

Figure 62 Predicted shrinkage and measured ambient and ideal Shrinkage for 20MPa

L4 Y Y= 0 T PP 109
Figure 63 Predicted and Experimental shrinkage of 50MPa CEML1 stift.mix.......... 110
Figure 64 Predicted and experimental smkage of 8B0MPa CEML1 stiff mix............. 110
Figure 65 Normalised shrinkage with Model code 2010 for 20MPa CEML1............ 111
Figure 66 The effectof cement content on drying shrinkage...............ccccvvvvveviienn. 112
Figure 67 Shrinkage of Stiff mix and the Wet miX.............ccccvevviiiiceeiiee e, 113
Figure 68 Shrinkage of CEM1 camtes and Fly ash concretes...............ccoevvvvvnnnnee.. 114
Figure 71 Effect of Curing 0N SOIPLVITY........uuurriiiiiiiiiiiiiime e 116
Figure 72 Effect of stiff and wet mixes on SOrptiyi...........cccvvvveiiiiieiiiiiii e, 117
Figure 73 Sorptivity coefficient of CEM1 and fly ash concretes..............ccccovvvnnnnce.. 117
Figure 74 Ambient and ideal permeability of CEM1 anlgt Bish concretes................ 118
Figure 75 Effect of different mixes on permeability.............cccooooeiiiiiii i, 119
Figure 76 Permeability of CEM1 and fly ash concrete...........cccceeeeviieeiiiicenie e 119

Figure 77 Carbonation depth of ambient and ideal cured samples at 28 days....... 120

Figure 78 Carbonation depth showing stiff ahwet mix of ambient and ideal cured

SAMPIES AL 28 AYS.....ceieieeeeee i 121
Figure 79 Carbonation depth of CEM1 and Fly ash concretes at 28 days............. 121
Figure 710 Selected Carbonated samples of 20MPa Stiff MiX........cccoooeeiiiivininee... 122
Figure 81 20MPa CEML1 Stiff mix Ambient cured..............ocoovvviiiiiiciieeiiie e, 125
Figure 82 20QVIPa fly ash stiff mix Ambient cured.............cccccoiiinnieeee, 125
Figure 83 SEM images of CEML1 stiff and Wet miX..............cccevvvviiiceeiiiiien e, 127
Figure 84 SEM images of Fly ash saffid wet MiX..........cccooooeiiiiiiiiccicee e, 129
Figure 85 Detailed Procedures for Calculations of anhydrous clinker.................... 131
Figure 86 Degree of hydration of ambidrand ideal cured samples measured from

SEM IMAGES ... s 132
Figure 87 Degree of hydration of stiff and Wet miX..............eevviiiiiiiiiiciiiiis 133
Figure 88 Degree dhydration of CEM1 and Fly ash concretes............ccceevvvvvnnnne.. 133
Figure 89 Porosity of ambient and ideal cured samples at 28 days............cc......... 135
Figure 810 Paosity of stiff and Wet MiXeS...........coooeviiiiiii e 135
Figure 811 Porosity of CEM1 and fly ash concrete..............coooviiciiiiiiieen e 136
Figure 812 Bound water content of CEMLIiftmiX............ceeiiiiiiiiiiiiiii e 137
Figure 813 Bound water content of CEM1 Wet MiX........cccccoveeeiiiiiiimiiiiiiiiceeeeee 137
Figure 814 Bound water content of Fly ash stiff mix..........ccccccooiiiiiinn, 138
Figure 815 Bound water content of Fly ash wet miX...........ccocoeiviiiiiiiiciie e, 138

Figure 816 Bound water content of ambient and ideal cured samples................... 139



Xiv

Figure 817 Bound water content in stiff and wet mixX.........ccccccoeeiiiiiiiiiie e 139
Figure 818 Bound content in CEM1 and Fly ash concrete...........coovvvveeiiicivnnnnnnn. 140
Figure 819 Measuring the calcium hydroxide and calcium carbonate by tangent
811 o o PSP PUPPPPPOPPPPTPPP 141
Figure 820 CH contents in ambient and ideal cured samples.............ccccvvvvvnceenns 144
Figure 821 CH contents in Stiff and Wet MDC.........eveeeieieeiiieeeee s 144
Figure 822 CH contents in CEM1 and Fly ash concretes........c.cooeeeivvieivieeeiiieeeeee, 145
Figure 823 XRD of 20MPa CEML1 stiff mix from 1 day to 28 days of curing, plus the
pattern from anhydrous CEML...........ouiiiiiiiiiiiiiime e 146
Figure 824 XRD of 20MPa CEML1 stiff mix frdntlay to 28 days of curing................ 146
Figure 825 XRD of 50MPa CEM1 wet mix from 1 day to 28days of curing............ 147
Figure 826 XRD of 20MPdyFash stiff mix from 1 day to 28days of curing.............. 147

Figure 827 XRD of 50MPa Fly ash stiff mix from 1 day to 28days of curing.......... 148



XV

List of Abbreviations

CementNomenclature:

C=CaO Si = Si®
M = MgO F = Feds
N = NaO K=KO
Techniques:

BSEack Scattered Electron
CEM1Portland cement

DOHDegree of Hydration

DOPegree of Saturation

DTADifferential Thermal Analysis
EDXEnergy Dispersive-Ray Spectroscopy
GGBSround Granulated Blast Furnace Slag
PCPortland Cement

PFAPulverised Fly Ash

RHRelative Humidity

SCMSupplementary Cementitious Material
SEMScanning Electron Microscopy
STASimultaneous Thermal Analysis
TEMTransmissiotizlectron Microscope
TGAThermogravimetrid@nalysis
UC3Jnconfined Compressive Strength
W/B Water to BindeRatio

W/CWater to CemenRatio

XRDX-Ray Diffraction

A = AlGs
“E SQ
H=HO



XVi

Clinker and hydrated phases:

Alite (GS)3CaO.Si©

Belite (GS)2Ga0.SiQ

Tricalcium Aluminate ¢8)3CaO.ADs
Tetracalcium Aluminoferrite (8F)4Ca0.AD;.FeO;
GypsumCaS@2H0

Portlandite (CHCa(OH)

Calcium Silicate Hydrate-&H) CaO.SIoH0
Ettringite (Ap) 3Ca0.AD:.3CaS®32H0



Chapter 1

1.1 Introduction

Concrete is the most extensively usedn-made conguction material in the world1-3).

This is a result of the availability of plenty of raw materials for cement manufacture, its low
relative cost and # flexibility in operation$4). Sabiret al (5) wrote that its consumptioris
second only to water as the most utilizethn-madesubstance on the plang6, 7) Global
concreteproductionis approaching 20x #0kg per annun(8), and increasingsvast
developing nations upgrade and invest in their infrastructure

The use of concrete however,dssociated wittenvironmentalimpactsboth in terms of
deterioration generatedy the extraction of raw materiaand CQemissiors during
cementproduction Thecementindustryaloneis accountable for 5.0 % of the
anthropogenic C& 2, 911). Portland cement is the most commonly udgidderin
producing concreteTheglobal greenhouse gas emissiaenerated by prduction of
cement has led to research into how these emissions can be reduced. One such approach is
the increased use didditions.Additions are finelylividedinorganicmaterialsused in
concrete in order to improve certain properties or to achieve sgpgqmiopertiesaccording
to EN 206:2013+A1:2016oncreteSpecification, performance, production and
conformity) (12). Nearly inert additiorand pozzolanic or latent hydraulic addition
designated as type | arllare the types of inorganic additions listedEN
206:2013+A1:2016 hese materials may be their naturalform, industrial wastes or by
products or those thahecessitateonly minimal further processintp produce. By ash,
blast furnae slag, siliclume and metakaolirare commonadditionsthat can be used as
partial replacements for Portlancement These materials caenhanceconcrete durability,
lessenthe opportunity of thermal crackig in mass concrete and are of lovexergy and
CQ concentraton than cement(13, 14) Thomag15)wrote that additionsare often used
in concrete mixes tout downcement contents, improve workability, irease strength and
enhance durability through hydraulic or pozzolanic activity. Utilization of thegwdjucts
in cementandconcrete not onlystopsthem from being landilled but also enhances the
properties of concrete in the fresh and hardened states

Fly ash is an essential pozzolan, glyduct of coal combustion in the generation of
electricity, or it can be better described as a finely segregated remnant trapped from the
flue gas at codlired power plants. Most fly ash particles are spherical amorphous,

NI yIAy3a Ay ail S @y asthsya number of gdRantagescompared
with regular Portland cement. First,is a suiible cementsubstitute for mass structures
because the heat of hydration is lowértobablythe mostsignificantadvantage of fly ash is
that, beinga byproduct of coal combstion, it has a lower carbon footprint than Portland
cement Also,improvedstrength and durabilitypropertiescan beachieved fronconcrete
producedby partial replacement of Portland cementth fly ash than concretproduce
only with Portlandcement.The availabilityf fly ash extensively anywhere coal is being
burned is another adantage andihally,fly ash isusually cheapethan Portland cement

().



Curing of concrete is one of the most essential requirements for optimal performance in
any environment or applicationt isimportant for strength development and durability of
concrete(16). Neville(17)said thatcuring is the name given to steps to develop the
hydration of cement, which involves regulations of temperature and moisture flow from
and into the concreteTheneed for curing is because hydration of cement can take place
only in waterfilled capillaries This is why loss of water by evaporation from the capillaries
must be prevented. The objective of curing is to put concrete in a saturated form or almost
saturated, till the formerly watefilled space in the fresh cement paste has been replaced
to desied extent by the products afementhydration.Bentz and Stizman(18)wrote that
proper curingis equally emphasized to provide a source of external (or intewstBr to
replace that consumed by chemical shrinkage during tterdtion of the cementCurings
particularly importantfor concrete migs wherethe water/cement ratio i9elow0.42. This
type of concretds at greater isk of selfdesiccationCuring is vital alsib the cementused

to make the concretdas a high rat of strength developmengnd with the use of

additions which tend to hydrate more slowthian cement(19).

Durability of concrete is the capdity of concreteto preventweathering action, chemical
attack,abrasion, or any process of deterioratiancording to AGCommittee201 (Guide to
Durable Concretg(20)and this is highly affected by curiognditions If the concrete is not
properlycured, then the surface layeabout 30 to 50 mn{17, 21, 22)is most affectedlue
to the potentialfor evaporation of water from the concrete surfadhis means that
regulation ofmoistureis notjust for improving thecompressive strengtbf structural
element rather it also reducesurface permeability antchcreasedardnessso asto
improve thelongevity of astructure, especially onexposed tcharshenvironments

It has been established thélly ashmay improve thdong term strengthof concrete with
propercuring(19, 2325). However, it is known thdty ashhydrates more slowlythan
Portland cement. Therefordly ashconcretesvould normally require prolonged curing.
However,anecdotally this doesnot appear to be common pract¢and both concrete
strength and durabilityould be compromisedrherebre studying the effect of improper
curing on concrete durability is very important to correnbkvn errors in practie and
effective usage dily ash

Furthermore the degree of saturation of concrete may affect its measured stre(®@fh

28). Therefore, sincehanges in curing conditionsill affect the degree of saturation of the
resultant concreteany study of improper curing must also consider the effects of changes
in the degree of saturatiofDOS)

This stug investigatsthe effect of improper curing on concrete specimens. It will also look
at the effect of improper curing oooncrete properties that may affect concrederability,

in particular resistance to carbonation. The results will be interpreted vatarence to the
microstructures and phase assemblages of the ideally and improperly cured samples.
other to achieve thisim concretesamples were prepared, which covered a number of mix
design variables. These were cured under idealditions, or uder ambient conditions
followingdemolding afterone day

Performanceavas assessed by measuring unconfined compressive strength and drying
shrinkage. Transport properties (sorptivity and permeability) were determined according to
methods developed in theyblished literature while durability was assessed by accelerated



carbonation studies. Information on the phase assemblages and microstructases w
obtainedby characterisatiorusing SEM, TGA and XRD.

Theresearch addressed the followingjectives

1 Toinvestigatethe effect of improper curing on compressive strengttying
shrinkage sorptivity and permeability

1 To study whether these effects vary as a function of mix design parameters.

1 To determine the effect of changes in the degree of saturation of red@on its
compressive strength, and see whether this is affected by various mix design
variables.

1 To understand changes in performance by understanding changes in the degree of
hydration as measured lyy suite of analytical techniques.

1 To investigate theffect of improper curing on concrete durability, particularly
resistance to carbonation.

The research work ixplained under the following chapters outlined betow

1 Chapter 2 comprises of an overview on the hydratond microstructureof
Portlandandfly ashblended cement systemsffects of fly ash on durability,
durability of concretesproper curing anghrinkage

1 Chapter 3 explains detail the materials and thexperimentalmethods used in
the study

1 Chapter 4eportsthe impact ofimproper curhg onstrength developmenand
effect of degree of saturation on compressive strength.

1 Chapter 5 describethe effect of dryingon ideal cured concrete samples.

1 Chapter éexplains the effect of improper curing on dryisigrinkage predicted and
experimenal shrinkage were compared, alsffect of using fly ash on drying
shrinkage and different water binder ratio.

1 Chapter #eports the impact ofmproper curing on sorptivity, permeabilignd
resistance to carbonatian

1 Chapter &ollows the hydration mecinisms and developed microstructure of the
ambient and ideal cured concretes.

1 Chapter Presents gneral discussioon all the results

1 Chapter 1@ives the onclusion andurther works



Chapter 2Literature Review

2.1 Introduction

Concrete a a construction materias durable and flexible in its use. It is strong had
excellent sound reduction and firesistanceproperties It is normally the cheapest and
most readily available material anconstruction projectwhichhasresultedin its huge
consumption througbut the world It could be said that concrete underpins modern life.
Cement is still an indispensable material in making concret@dbity” S gradéion is
mainsource of environmental impacts of concrete structu¢28, 30) This has brought
abouta trend towards lower ahker factors, hence the use atflditionshas greatly
increased. However, these mategdlydrate more slowly, so proper curing becomesre
critical

We know how to make good structures, but we are reminded every day that not all
concrete structures are durable. Therefore, there is a need to improve concrete practice
such that durability cocerns are reducedCuring is one concrete practice that is not new to
civil engineers and construction workers histnot always practed, the effects of which
may not be seen for many yeafSuringof concrete iessentiafor strengthdevelopment

and durability with the mainobjective ofkeepingconcrete in a saturated state or
approximatelywet to help the hydration of cement. The curing process that follows placing
and consolidation of the plastic concrete can determine the rate and degree of hydratio
and the resulting strength of concrete and other properties. Baskeaf (31)wrote that
improper curing is one of the factors that hanezluced the service life of many structures
or resulted in mandatory comprehensive repairs, with great economic costs.

The effectsof improper curing may not appear to demonstrably affect concrete quality
immediately andthusits impact on strengthmaynot be anappropriate parametewith

whichto measurethe durability of a structureCabreraet.al (32)commented that assessing
curing methods based on the strengththe concrete does not adequately predict the
performance of the concrete in a structure, since the durability of the concrete is controlled
more by its porosity and permeability than its strength.

This chapter reviews theonstituents of concretethe hydration of Portland cement and
the durability of concreteFly ashone of thecommonadditionsandan important
pozzolanwhich has been in use for over 50 years will be reviewed alsanilhenceof fly
ashon the properties and microstructure of camte will be explainedtogether withthe
effects of improper curing on concrete durability.

2.2 Concrete

Concretes a construction materialyhere aggregate is bound with a hydraulic cement and
water. The properties otoncretes dependn the characteristicef the constituent
materials.Mindess(33)described concrete as composite materighroducedby mixing
cement,supplementary cementing materials, aggregates, water, and ateradmixtures

in appropriateproportions and allowing the resulting mixture to set and harden over time
Theaggregate does not takgart in this reaction and ideally it remains inert.



Concretecan be aurable building material. It provides superioefiresistance, compared
with wooden construction and can gain strength over time. Structures made of concrete
can have a long service lifgoncrete achievesigh compressive strength but a relatively
low tensile strengthit undergoes thermal movement ans vapour permeable

Some onstituentsof concrete listed ilEN 206:2013+A1:20H8e; cement, water,
aggregatesadmixtures and additiong hese are discussed briefly in turn below

2.2.1 Cement

Cement is a material which binds together solid bodies (aggreggterdening from a
plastic statePortland cement is by far the most important member of the farafly
hydraulic cementsthat is,cements that harden through chemical interaction with water

2.2.2 Aggregates

Aggregates are granular materials usually sandiadrar crushed stone that, generally fill
almost 60 to 75% of the volume of concrete. Aggregate properties certainly influence the
workability of plastic concrete and also the durability, strength, thermal properties, and
density of hardened concretdlost aggregates have specific gravities in the range of 2.6 to
2.7 (17). Therole of theaggregate is to provide much better dimensional stability and wear
resistance. Aggregates make the production of concrete more economical because they are
less expensive than Portland cement.

The aggregate may range in varying shapes and sizes from aagulgr shapes to

rounded edges, in most common concretes the aggregate particle sizes vary from 0.15 to
37.5mmAggregatesnay then bedivided into twospecific typesfine and coarsekine
aggregatesisually exist amatural sand or crushed stone with mqsarticleshavinga

diameter less than 4.75mpandpassing througmumber foursieve.Coarse aggregates are
any particles greater tha#h.75mm and retained oa number foursieve(34). The grading of
coarseaggregate is usualfyom 5 mm in particle size up to a maximuhat should not

exceed 40mn{35).

Generally, aggregates are much stronger than the cement paste, so their exact mechanical
properties are not considered to be of much importance (except for verystigimgth
concretes). Similarly, theare also assumed to be completely inert in a cement maisix

they do not hydrate and do not undergo any dimensional changeditionalphysical and
mineralogical properties of aggregate should be established before mixing concrete to
obtain a desirablenixture. These properties include shape and texture, size gradation,
moisture content, specific gravity, reactivity, soundnasd bulk unit weight. These
properties together with the water/cementitious material ratitetermine

the strength,workability, anddurability of concrete. Alsoni a good concrete mix,

aggregates should be cledmrd, strong particles free of absorbed chemicals or coatings of
clay and other fine materials that olnl cause the deterioration of concrete

2.2.3 Water

Water is anessentiaingredientin production of concreteWater reacts withcement to

start the hydration processGenerallyany natural water that is drinkableanbe used as
mixing water formaking conagte. The water needs to be free frooontaminants such as
silt, clay, acids, alkalis, organic matter and sewage and other impurities as they will have
adverse effects on the concrete. Impuritieshe watermay not just affect the strength of


http://www.engr.psu.edu/ce/courses/ce584/concrete/library/materials/aggregate/Strength.htm
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the concretebut it can also affect its appearance through staining, efflorescence and
surface dampness

2.2.4 Admixture

Admixtures are additives in concrete which are addedhe mixture immediately beforer
during mixing. Admixtures hawarious functions to improve thieehaviour of concrete and
are of two types chemical and miner&losmatkaet al (36)gave the followings the main
reasons for using admixtures :

1 To cut dowrthe cost of concrete construction

1 To accomplishachieve certain properties in concrete magticientlythan by other
means

1 Tocontrolthe quality of concrete during the stages of mixing, transporting, placing,
and curirg in adverse weather conditions,

1 To overcome certain emergencies during concreting operations

2.2.5 Additions

The use of additions in concrete is on increase as the industgkisg for ways to reduce
its carbon footprint, and reducing the clinker content witlsement in order to reduce the
emission of C&yenerated during the production of Portland cement. Fly ash, metakaolin,
silica fume and ground granulated blast furnatzggGGBS) are common additions used in
blending Portland cement. These additions were type Il accordifid\to
206:2013+A1:201612)andmay be Pozzolanic or latent hydraulic additidnsall cases,
theseadditionsare slightly depleted in calcium relative Bortland cementand usually

react at slower rates.

2.25.1 Flyash

Fly ash is generally grey in colour, abrasive, mostly alkaline, and refractory in fdyuash
aresiliceous or siliceous and aluminous més thatwhen combinewith water and

calcium hydroxide produceementitious products at ambient temperaturé37). Fly ashs

a byproduct of the combustion of pulverised coal in thermal power plants. The ash is
composed ofhe fine particles that are driven out of the boiler with the flue gases, before
being collected by electrostatic precipitators or other particle filtration equipment. The fly
ash particles are formed upon the solidification of molten material suspendggtin
exhaust gases upon caambustion Therapid cooling of these particles lead to fly ashes
generally being sphericand alsgorevents crystallisation of mineral phases, resulting in fly
ash comprising primarily of a glassy aluminosilicagdrix. The specific gravity of fly ash
varies andd lower than that of Portland cememntanging from 1.9 to 2.9he composition

of the incombustible components within the coal defines the composition of the flyaagh
all fly ash possessessibstantial amounts ddilica(SiQ), alumina (AIOs) and lime(CaQ.
According to EN197:2011(38)fly ash can replace Portland cement in proportionsgiag
from 6 to 55% by weight of the Portland cement.

2.2.5.2 Silicafume

Silica fume, also known as microsilica, is an extremely finecntalline polymorph of
silica, and is produced in electric arc furnaces asrbguct of silicon and ferrosilicon
alloy production It is captured from the oxidized vapour on top of the electric arc furnaces.



The particles are amorphous and ulfiae in size, averaging from 0.1 to 0.5 (B} Silica

fume is an efficient pozzolan and when use in concrete increases its compressive strength.
Theaddition of silica fume to concrete has a minimal effect on both initial and final setting
times at replacement levels ofH)% but leads to a slight increase in setting times at

higher replacement levels. The fine nature of silica fume, and the resultant incredibly high
specific surface area, can lead to a reduction in concrete workability.

2.2.5.3 Ground granulated blasturnace slag GGBFS)

GGBS is latently hydraulic materialwhich carstart to react hydraulically when watés
added to it,but the reactionis very slow. The reaction may be accelerated by the addition
of alkali GGBFS is a fine powder grounded from the glassy, lgramaterial that forms
when molten iron blast furnace slag is air guenched with water or steam. The fineness and
specific surface area of GGBFS is similar to cement particles and contains very limited
amount of crystals. GGBFS is highly cementitioustur@andwhen 80% ipartially

replacal bycementa reduction in compressive strength is obtained at 28 days while the
later-age strength increased with the slag replacement up to ¢88% Utilization of GGBFS
in concreteimproved the pore structure of concretandincrease its chloridebinding
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relative density of 2.85 to 2.95, with a bulknsity of 1050 to 1375 kg/inGGBFS is a quite
variable material due to the variability of its chemical composi(&m0)

2.2.5.4 Metakaolin

Metakaolinis not an industrial byroductbut a manufactured produ¢produced under
carefully controlled conditions. It is produced by heating kaolin, a natural clayahite
temperatures typically betweeB50 and 758C. At such temperatures, the kaolin is
dehydroxylated; transforming from kaolto metakaolin Adisordered structure and a
highly reactiveamorphous, pozzolanic material is developed from this processalkdolin
is often white in colour and greatjemand for specialist architectural applicatiofifiough
metakaolin is pedominantly an aluminosilicate that éerived from natural mineralghere
is slight variations irits chemical composition. Theariaton of thesilica contenis between
50 to 55%while the alumina contenvariation is between 40 to 45%e0;, TiQ, SQ,

P.0s, CaQMgO, Na,O andK:O are the other phases that can be present in metakaolin.
Metakaolin particles size are generally fineah cement but not as fine as silica ful(3
Consumption of Portlandite by metakaolin is through the pozzolanic reactivity and this
produce more efined pore structure in concret@l).

2.3 Portland Cement

Portland cementlinkeris produced by heating a mixture of calcium carbonate (limestone
or chalk) and an alumosilicate typicallyclayor shale) to about 1400C, rapidly cooling the
resultant clinkerand grinding the product with approximately 5% gypsum to produce
cement(42). Portland cement clinkeis a complex mixture of silicates and aluminates with

a composition primarily expressed in oxide equivalents. The principal oxides in the clinker
are CaOSiQ, AbOs, and FeOs. Portland cement clinkecomprisedour dominant

crystalline phases: tricalcium silicatg$®r alite); dicalcium silicate (belite S,

tricalcium aluminate (aluminate ors&) and tetracalcium aluminoferrite (ferrite ouAF).
Several more phasealsopresent in small quantities {8% by weight)ncludefree calcium



oxide (CaO), magnesium oxide (MgO) and alkal3 §ikd NgO). Calcium sulphate
(typically gypsumCaS®@2H0 (C¥))is added to regulate the rate of set and impacts the
rate of strength development.

The chemical composition of Portland cement reported in terms obthdesof the
various elements that are present is showTable 2.1while Table 2.Zummarissthe
four dominant phases of Portland cement and their typical feat(88s 4244).

Table2-1 Shorthand Notations for the Oxides in Portland cement taken fr¢&8)

Oxide Shorthand Common Name | Typical Weight
Notation Percent in
Ordinary Cement

Ga0 C Lime 63

SiO2 S Silica 22

Al2O3 A Alumina 06

Fe203 F Ferric Oxide 25

MaQ. M Magnesia 25

K20 K Alkalis 0.6

Naz0 N Alkalis 0.4

SO S Sulfur trioxide 20

CO2 e Carbon dioxide | -

H20 H Water .

2.3.1 Hydration of Portland cement

Hydration is the term used to describe the chemical reactions between the anhydrous
cement and water, and hydration commences from the momentdement and water are
mixed (45, 46) The individual cliker minerals (alite, belitetricalcium aluminate and
calcium aluminoferrite), are involved in various reactions torm numerous hydration
products. Calcium silicate hydrat€&H) is the main hydrateintermixed with portlandite
(CH), ettringite and the AFm phasddindessand Eng(47) explained the fundamental
characteristics bthe hydration of Portland cement as follows:

1 The cement paste will continue to be in fluid form if the respective cement grains
continue to be seprated from each other by water.

1 Greater volume is being filled by the products of the hydration reactibas the
one filled by the original cement grains.

1 Setting follows when the hydration products start to develop.

1 Continuation of hydration reactions result in additional bonds which are produced
between the cement graindhus strengthening of the systemascomplished.



Table2-2 Four dominant phases of Portland cement and their typical features in hydrated

cement pasteg33, 4244).

Shorthand CaS C2S C3A CsAF
notation
Technical Alife Belite Aluminate Ferrite Phase
name phase
Chemical Trcalcium | Dicalcium | Jrcalcium | Tetracalcium
Name silicate silicate aluminate aluminoferrite
Chemical 3Ca0-Si0z2 | 2Ca0-Si02 | 3Ca0-Alz03 | 4Ca0-Alz03
Formula
Weight Percent | 40-80 0-30 3-15 4-15
present in
cement
Reaction rate Moderate Slow Fast Moderate
Possible Al203, Al203,Fe203, | Fe20s3, SiO2, MgQ,
impurities Fe203,Mg0O | K20, Na20, | MgQ, K20, | TiO2

SOa Na20
Value of heat of | 450-500 250 1340 420
hydration(J/g)
Heat liberated | High Low Very high Moderate
Contribution fo | High at Initially low | Low Low
strength early ages | and high

later

2.3.2 Development of hydration product

The chemical reactions of pure cement compounds have been described clediffetgnt
authors(33, 4244)and may be summarized as follows:

Calcium silicate hydratese produced from the reactiobetween the two calcium silicates
and water. These @etions are written as:

G8ihis + 3CH
b pBSHIHCH

The calcium silicate hydrate, indicated ®%Hs has a variable composition, and so is often
represented as <GH. Tenniset al (48)explained that the first two equations agitical
since they determine the amount of&H produced.

2GS M ™

2G{ Equation2-1

TheGA reacts with water causing early setting (within a few minutdghe cement This
leads to flash set, where the cement stiffens without developing strength. To prevent this,
cement clinker is ground with a source of sulphates, typically gypsum. Under such
conditions, the @A reacts with the gypsum thus;

GA+3CH:b  HcC LAYy / Equation 22
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As the gypsum becomes depleted by this reaction, the ettringite and 4hedact further
to form calciummonosulfoaluminate

GAYH:+2G! b nWAYHH o/ Equation2-3

The monosulfoaluminate is thus tis¢éable phase in concretélowever, many modern

cements, e.g. CEM I, contain small quantities of limestone. Under such conditions, ettringite
forms, but instead of reacting to fornmonosulfoaluminatethe residual €A reacts to fom
calcium hembr monocarlmaluminate and the ettringite remains.

Meanwhile, he ferrite phase is much less reactive than thdCso it reacts much more
slowly. Its reaction may be written as:

CAF + 30, b H M s (A, R)¥Hs. + (F,A)blEquation 24

2.3.3 Mechanism of hydration

Hydrationbeginsas soon as the cement comes in contact with watee rEaction is
exothermicand the initialheatoutput is highassociated withrapid dissolution of the
individual clinker phases and calcium sulphatigich starts to develojpydrated products.
The dissolution o€:Sresults in the precipitation of a layer of a33H phase at the surface
of the cement grain. £ and GAF also dissolgeandreacts with calcium sulphte to form
ettringite, that is precipitated on the cement grain sucka Thanitial rapid reactiorbegins
to slow down after a few minutes, resulting in a low heat output. After the slow reaction
period, another period of accelerated hydratiomisticed, which is influenced mainly by
the nucleation and growth of the hydration products. Tdweleration period is where the
heat output reaches its maximunafter which itstarts to decline due to a decrease in the
hydration rate(49-55).

Figure 2.1 shows thelevelopment of the hydration of Portland cement, where the
hydration procedure is characterized into five stages based on the amount of heat
liberated

/ Stage 1
-<— Stage?2 —» - Stage 5

-« Stage3and4

C,S Hydration

C;A Hydration

|

Rate of Heat Evolution

Time (hours)

Figure2-1 Rate of heat evolution during the hydration of Portland cemef&3)
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2.3.3.1 Pre-induction period

The primary stage starts as soontls clinker comes inteontact with water, thee is a
very quick evolution of heaf49)that stops within 1520 minutes Tricalcium silicate
dissolves harmoniously and a layer di-&H phase precipitates at the cement particle
surface. Hydration in this phase is identified with an increase o€t#ieand OH
concentration in the liquid phase. The fraction@Shydrated in this phase stays low.
Tricalcium aluminate breaks up and reagtith C&*and SQ?* ions that exist in the liquid
phase, producing ettringite (AFt) that also precipitates at the cement padiaface. This
stage is called prinduction period.

2.3.3.2 Dormant or induction period

Second stage is called dormant or induction period, the reaction rate is very slow and may
lasta fewhours.It can bereducedby incorporatingprehydratedGS while mixingvith

water, increasing particle fineness by prolodgginding, and using higher wratios; while

it can belengthenedby cooling of the samplslowly, long lasting storage and doping with
AbOs (56, 57) Here the hydration of all the clinker minerals develops very slowly. The
concentratiors of calciumand hydroxideionsin the liquid phaseeaches anaximum The
sulphateconcentration doesiot changeasthat which is consumed to foriAFt is replaced

by the dissolution of additional amounts of calcisoiphate At this stage the cement

remains plastic and is workable.

In systemamostlyin alite and €S whenretarders and heat treatment hanot been used,
the inductionperiodis hardly noticedasshownin Figure2.2. In systemdike this, the
induction period is taken as the minimum in the hydration rate that is reached after the
pre-induction period, and just before the start of the ateration period(55).
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Figure2-2 Alite heat evoluion showingthe effect of heat treatment and particle size
distribution on the length of the induction period in alite hydratio(b4).

2.3.3.3 Acceleration stage

The &celerationstage is the third stagevhich is about 3 to 12 hours after mixing. In this
period hydration acelerates again and is regulated by the nucleation and growth of the
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resultant hydration product$49, 54) The rate ofGShydration accelerates and the
'secondstageG-SH' starts to be formed. Crystalline calcium hydroxide (portlandite)
precipitates from the liquid phas@endsothe concentration ofC&* in the liquid phase
steadily drops. fle maximum rate of hydration is attained at the end of this period. Initial
setoccursat about the time when the rate of reaction becomes active. The final set also
takes placebefore the end of this stage.

2.3.3.4 Postacceleration period

The burth stage alsocalledthe post-acceleration periogdis accompaniedby continuous
formation of hydration products but gradual slowing down of hydration rate. G5+
phasecontinuesto grow asG{ | y&Bcontinue to hydrate. The rate of additional
calcium hydroxiddéormation falls as hydrationfi -GSbegins to make the largest
contribution to hydrationWhen the calcium sulfatkad beenconsumedthe S0,*
concentration in the liquid phaseduces. Therefore, the AFt phase which has been
produced in the earlier stages of hydration begins to react with additiG#alandCAF,
producing monosulfate. When the initial water/cement ratio is higydrationcontinues
until all the original cementasreacted But, residal larger cement particles may remain
even in mature pastes. At low water/cement ratitise reaction may stop in the presence
of meaningful quantity of nomeacted material, when there iassufficient water for
hydrationto progress.

2.3.3.5 Final stage

The fnal stage can be identifielaly slow formation of products and the reaction is diffusion
controlled. Ageing of hydrated material occurs when the hydration process has been
completedandthe deposition of hydrates becomes constraineddogk of space. It is
characterised by a further polycondensation of ®i€ tetrahedra which are present and

an increaseén the average Si{xhain lengthof the GSH phasdormed (44). Hydration
progres&sslowly and some of the remaining anhydrous material reacts to develop more
inner product GSH. The ferrite phase seems to remain unreactédwever, current
investigations have swn that it can also be influenced by several factors including: lack of
space, lack of water, and the effect of particle size distribufih 58, 59)

2.4 Microstructure of cementitious materials

A BSE image of afland cement mortarcured for200 days is shown iRAgure 2.3
Scrivenel(60)explained that themicrostructuraldevelopment of cementitious materials is
through hydration, which increses the solid volume of the system. The microstructure
compriseaunreacted materials, pores and hydrates. Hydrates are produced in the space
initially filled with water (outer products) or within the space formerly occupied by the
cement grains (inner pradtt). The outer and inner product®ntainGSH, CHAFt and

AFm
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sand (aggregate)

“outer” or
“undifferentiated”
C-S-H

“inner” C-S-H

partially reacted
cement grain

calcium hydroxide
(CH)

Figure2-3 BSE image of Portland cememtortar at 200days(60)

The mcrostructure ofa Portland cemenpasteis shown irHgure 24. In Portland cement

the unhydrated cement grains appear bright; the calcium hydroxide phase shows light grey
and the other hydration products (mainly&H) look as various shades of darkezygiThe
poresappear uniformly black due to the low average atomic number of the epoxy that is
filling the pores

Anhydrous
clinker F

=3

Figure2-4 BSE image of Portland cement paste at 28days taken f(6f)

Thomagq33)wrote that in Portland cement paste, the hydration reaction is controlled by
the reaction of the tricalcium silicat@g:S)that generates calcium hydroxide (CH) and
calcium silicate hydrate ScH). The deposition of the two phases in the microstructure is
verydifferent. Calcium hydroxide precipitates in the water filled pores and calcium silicate
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hydrate (GScH) deposits usuallyraund the cement grains. The watélled space in a

freshly mixed cement paste represents space that is available for the formation of cement
hydration products. As hydration proceeds, the volume of this space, which initially was
determined by the watecement ratio(w/c) of the paste continuallyallsby the formation

of the hydrated gel, which has a bulk volume larger than that of the original unhydrated
cement. Part of the original watdilled space not occupied by the hydration products
constitutes fart of the pore system of the paste. The developmefithe pore structure
causeghe porous material (hardened cement paste) to be less permeable and more
resistant to the infiltration of fluids and damaging agents.

2.4.1 Pores in concretes

Hardened cemenpask is a porous material. The pore structure defines the properties of
the cement paste as much as do the hydrafesength, durability, shrinkage, creep and
permeability areall directly affectedby the pore volume and pore size distributiofihe
hydrationprocedure develops an increase in the unhydrated cement bulk volume by 2.1
times(62). Thepore structure, meanwhile, can be classified id@ classes of pores: gel
and capillary pags. The two classes are related, as both are a function of the hydration
process and reliant on the moisture content

2.4.1.1 Capillary pors

Capillary pores can be considered as space initially filled by watesre hydration of
cement grains can progress imat particular spacerhe capillary pores range in sfzem
MayyY (2 mn>Y I yR DN méchadicalagotdbratzfty adgectsyin2 &
concrete(62). Thecapillary pores appear as blaickFgure 24. Capillary pores are part of
the grass volume that has not been filled by the products of hydration. Since these
products fill more than twice the volume of the initial solid phase (i.e. cement) alone, the
volume ofthe capillary system is reduced hydration proceedsCapillaryporesdeperd on
initial separation of cement particles aage regulated bythe water-to-cement ratio (w/c)
beinglarger for higher w/cLarge apillarypores affect strength and durability
(permeability) with smaller pores impaatg onshrinkage.

2.4.1.2 Gel pores

Gelpores(Interlayer hydration spagere typicallywithin the primary hydration productG
SH and form30%of the total gel volumé63). While capillary porosity falls with increasing
hydration, gel porosity increaseGel pores are very small rangifigm 0.5 to 4 nm, about
an order of magnitude larger than the size of the watelecules.They have little effect on
strength, permeability, or shrinkage

2.4.1.3 Airvoid

Capillaryporeshave irregular shapsbut air voids are usually spherical. Normadiyall

amount of air gestrapped in the cement paste when mixing concrete. Entrapped air voids
may be as large as 3mwwhile entrained air voids usually range fras@ to 200um (34). The
entrapped and entrained air voids in the hydrated cement paste are much bigger than the
capillary voids, anddverselyaffect strength.
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2.4.2 Water phases in concrete

Water isfundamentalfor cementhydration In concrete, the water is always present in
three distinct forms, which arstructural water, gel water, and capillary wat&igure 25
showsa diagrammatic model of the type of water assoeidtwith the calcium silicate
hydrate.

2.4.2.1 Structural water

Structural water includes water of crystallization and chemically bound.evaporable
water that can only be obtained by hydrate decomposititbiis an integral part of the
structure of the differem hydration productsThis water may be removed at low relative
humidity or at high temperatures.

Interlayer
Water — > BigE.

Capillary
Water — ]

Physically
adsorbed
Water

Figure2-5 Diagrammatic model of water associated with&H (28, 34)

2.4.2.2 Gel water

Gel wateris held by capillary tension and strong hydrogen bonding on to the surface of the
main cement hydration product,qS¢H gel. This water, which is in nanomessale pores,

can be removed by evaporation at ambient or reduced pressure, at ambient or elevated
temperature(64). The physically bonded water having about 15% by weight of the cement
is water bonded to the solid material by adhesive for¢gsl water does not affect the
strength but its removal may ke basis for creep and drying shrinkage

2.4.2.3 Capillary water

Capillary water is the unbound water inside the pores that is usable for hydrationrdéis f
water is water that is beyond the range of solid surface forces and is considered to behave
asbulk wate.

2.5 Flyash

Fly ash is a bgroduct of the combustion of pulverized coalathermal power plantFly
ash isa fine particulate residuevhich is collected by dust-collectionsystem from
combustion gases before they are discharged the atmosphereRy ash is a fingrained
material consisting mostly of spherical, glassy partidieg size of particles varies
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depending on the sourceSome ashes may be finer or coarser than Portland cement
particles.The specific gravity ranggrom a low value of B0 for a subbituminouash to a
highvalue of 2.96 for airon-rich bituminous asl{3, 33, 37, 65)

The chemical compositioof fly ashis determined by the types and relative amounts of
incombustible matter in theoal. Most fly ashesomprisesilicon, alumirum, iron, calcium,
and magnesium elements. Commonly, fly ash from the combustion of subbituminous coals
containsmore calcium and less iron than fly ash from bituminous d&itllminous coals
yieldasheswith highglass contents, ricim SiQ, Al,O; and FeOs, and low in CaO
Mearwhile, fly aslesfrom subbituminous coals have very little unburned carbaie
higher in CaO and crystalline phadég.astesused in Europén composite cements mostly
have CaQ@evedsbelow 109%443) Table 2.3 showshemical and phase compositisyand
densﬂy ofsucha typial fly ashFly-ashparticles are mostly spherical withameteisfrom
M>Y {2 Theyshowpdzzolanic activitand havemetastable aluminosilicates that
will react with calcium ions, in the preseneémoisture, to form calcium silicate hydrates.

2.5.1 General effeciof fly ash in concrete.

The effect of fly ash on concretafibeen described in three forms which are morphologic
effect, pozzolanic effect, and miceggregate effec{66, 67) These three effects influence
each other but focus on different aspects of concrete performance.

The morphologic effect

The morphologic effect considers fly ash as comprising many microbeads, which work as

Gf dzoNROIFGAYy3 ol ffaé ogKSYy AyOf dzRSRhiskafibeF NBaK O
referred to as dilution effect experienced in blended system as a result of adding fly ash.

The effective water/cement ratio is increased due to replacement of cement by fly ash.

The microaggregate effect

The microaggregate effect of fly aghsumes that the microbeads in fly ash can be
distributed well in concrete and combine firmly with the gel formed during cement
hydration, and hence density of concrete is improved.

The pozzolanic effect

The main effect of fly ash is the pozzolanic effedtich considers that the Si@nd A}Os in

fly ash can be activated by portlandite, produced during cement hydration, and develop
more hydrates. The gel formed by the pozzolanic reaction can occupy capillary pores, and
S0 contributes to concrete strengtfhis is particularly true for high volume fly ash
concretes where the lonterm strength is often generated mainly from the pozzolanic

effect (66).
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Table2-3 Chemical and phase compositipand density of a typical fly as{¥3)

Chemical composition (%
Na20 15
MgQO 1.6
AlO3 279
Si02 48.7
P20s 0.2
S03 1.2
K20 42
ca0 2.4
TiO2 0.9
Mn203 It
Fe203 9.5
C 15
H20 0.3
Total 99.9
Phase Composition (%)
Quartz 2.8
Mullite 6.5
Hermatite 1.6
Magnetite 1.9
Carbon 15
Glass 86
Density(kg m-3) 2220

2.5.2 Workability

Workability is one of the most important properties of concrete, since concrete has to be
placed and consolidated to achieve the hardened properties as designed. Also concretes
that cannot be placed easily be well consolidated will not have the expected durability
which can lead to early deterioration A weloportioned fly ash concrete mixture will
improve workability compared to Portland cement concrete of saene slumg68-70).

This implies that fly ash concrete flows and consolidates better than a Portland cement
concrete vibrated at thesame slump. Improwkcohesiveness analreduction in

segregation was founathen usingly ash. Also the spherical fly ashripeles lubricate the

mix making it easier to pump and lowering equipment wear. d$eof fly ash in concrete

is advantageous as far as workability and durability is comck{tL).

In the same way as other pozzolanic materifiisash, when added to concrete, enhances
workability bymakingthe blendmore plastic and byeducingsegregation and bleeding. It
has been observed thatorkability isusudly improvedwith finer fly ashes. However,

grinding of fly ash increases tkpecific surfacareawhich reduces the workability as a

result ofirregular particlesrom mechanicaprocessing. lan older study(72), fly ash

grinding produced a decreased workability at 0.4 and 0.5 water binder ratios for all fly ash
binder ratios with a more marked effect for prolonged grindirigowever, workability
improved greatly when the water binder ratiwas increased t6.6and 0.7
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Ay ashreplacement levelsf 10%, 20%, and 308y weight of the totalcementitious
materialsin fly ash- kaolinblends showed that workability increased with the use of fly ash
and maximum workability was achieved at 30% fly ash replace(i8int

2.5.3 Effects of fly ash on the properties of hardened concrete

2.5.3.1 Effects on compressive strength

While the aforementionegbozlanic reaction should increase compressive streqtitis
reaction is slower than cement hydratiofherefore the rate of strength development may
be more graduabut it is sustained for longgyeriods than the rate of the strength increase
of Portlandcement concretg74, 75) Thecompressive strengthleveloping behaviour dfy
ashconcretemaydiffer from that of Portland cementoncretedue tothe method and
quantity offly ashused(76) The properties bthe fly ashjts chemical composition, particle
sizeandreactivity, plus thetemperature and other curing conditiorsse among the
variables that influence the strength development ofdish concreteGenerally, it is found
that the rate of strength deelopment is lower for fly ash mixtures, at early adas

strength gain in concretes with fly ash is significant between 28 and 18Q‘d8ys

KosiorKazberulet al (77)investigated thestrength development of concrete witk0%fly

ash addition ad reportedthat, while early age strengths were compromistig ashhad a

positive influenceon later agecompressive strengtin all cements testedA 25 %higher

strengthwas obtained for fly ash concretes after 180 days. Chindaprasit (75)also

concluded that blended cement pasteontainingdf | 8 a A USR b &pastédvidth NS & dzf |
higher compressive strengthligh strength concrete prepared with large volumes of low

calcium fly ash was investigated by Patral (78). Testingthe compressive strengtbf

cubescontaining 25% fly asht ages of 3, 7, 28, and 90 days with w/b of O@4ealed

lower compressive streng#fafter 3 and 7 days, but higher compressive strerajtier 28

and 90 days, compared with the xnvithout fly ash.

Hanehareet al (79)reportedon the influence of grinding fly ash on strength development
of fly asiicement mortarscured at different temperature Theyfoundthat increasng the
curing temperature promotes pozzolaractivity and high compressive strengtire
obtained at very early age Conseaently, laterincreasein strengthare limited, especially
for the mostreactive fly ashesThe mrformance of highvolume fly ash concrete was
investigated by Siddiqu@.4), whoshowed that the use of high volumes of flshaas a
partial replacement of cement in concrete reduced itsd2§ compressive, splitting tensile
and flexural strengths, modulus of elasticity, and abrasion resistance of the concrete.
However, continuous and important development at the ages of 913%ddays were
recordedfor strength and abrasion resistanc€his isa result ofthe pozzolanic reaction of
fly ash. Shafiq & Nuruddi@5)studied the degree dfiydration of OPC and OP®@/pastes
dried at different relativehumidities All samples were cured &fog room for 28 days
They reported that the compressive strength of mortar containing flyvaakhigher thana
100% OPC mortar.

2.6 Effects of fly ash on the durability of concrete

Durable concretes have the ability to withstand the destructive forces introduced by
environmental pressure and do not require extra maintenance. Improveniemsncrete
durability is one among many reasons wiyashis being used widely today, bah
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understanding of its effect on concrete durability is esseritinits correct and economical
application(80).

2.6.1 Effects of fly ash on permeability of concrete

Concretedurability may be considered to be controlled by its permeability to a certain
degree. Deterioration of concrete as a result of freezing and thawing, aiggliegate

reaction, carbonation, etc. can all be reduced when there is a decrease in permeability.
Pore refinement as a result of using fly ash and other mineral admixtures leagiduoced
permeability. Naik81)looked at the permeability of concrete containing laagaounts of

fly ash, and reportea significant improvement in concrete resistancestio permeability,

notably after 28 days, ascribed to pozzolanic reactions of fly ash. The coefficient of variation
values reported at 28 days were in the range o886 while 127% was obtained at 91

days. Fly ash usage in concratereasa the averaggpermeability values at both 14 and 28
days.

Thepermeabilityof fly ash concretevasstudied byThomas and MattheW82)using oxygen
permeability tests to investigate plain ordinary Portland cement and fly ash concrete at
three nominal stength grades. The concretevere moistcuredfor 1,3,7 and 28 days
before exposire to different curing conditions before testing. The reswtsfirmed the
significance of proper curing to obtain low permeability concrete, specifiaalbww

ambient relatve humidity. The benefitof usindgly ashin concretewere clear, with

concrete mixturegproducedwith 15, 30, and 50% fly as@placementexhibiting reductiors
in permeabilityof 50, 60, and 86%, respectivebgmpared to concrete withoutyf ash. The
following were the conclusions:

1 Fly ash concretes moist cured for 28 days had lower permaasiliian the same
grade of ordinary Portland cement concretegth the difference increasgwith fly
ash content

1 Permeabiliies werehighest at the shortesturing times, particularly at low
ambient relativehumidities

1 When the ambient relative humidity increased during storage, lgpegmeabilities
were obtained makingthe effects of the duration of moist curing less important.

1 Fly ash concretes cured angpmsed at 20C had lowepermeabilitiesthan the
same gradef ordinary Portland cemertoncrete evenat poorest curing and
storage conditions (onéay cure, low ambient relative humidity).

1 50% fly ash concretesired and exposed af6were more permeakbe than the
same strength ordinary Portland cemeatincrete unless adequate curing was
provided.15 or 30% fly asboncretesstayedless permeable than the control
concrete when cured for only orday and exposed to low ambient relative
humidity.

Beglariga et al (83)investigated the permeability of concrete incorporating fly ash.
Replacementevelsof 15% and 30 %ere used and thegoncluded that the addition of fly
ash reduced the air permeability of concress well ageducingthe measured capillary
porosity and total water absorptiarkElahiet al (84)studied the mechnical and durability
properties of high performance concretes containadyglitionsin both binary and ternary
systems. Theshowed that partial replacement of Portland cement with fly ash at both 20%
and 40% performed the best amongst all the other cenreptacement materials in

reducing the air permeability. Fly ash enhances the air permeability at 44 days
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2.6.2 Effects of fly ash on carbonation

Carbonation of concrete is one of the most destructive phenoaradfectingthe durability
and serviceability of camete structure. The mechanism of carbonation normally starts with
the ingress of atmospheri€Q along with water, developing carbonic acid, which is very
reactive with the hydrated cement paste, producing calcium carbo(@&CG). The

carbonic acigeads with the hydratedCqOH), and with other fundamental products, such
as theGSH, and with theanhydrous phasesicalcium silicatg3CaO-Sikpand dicalcium
silicate(2Ca0O-Si), producing CaC{¥85-87). Carboration of fly ash concrete was
investigated by Atig88)usingan accelerated carbonation test in a controlled environment.
Concrete mixtures of 0, 50 and 70% replacement of normal Portland cement with fly ash
were produced with water/cement ratios ranging eten 0.28 and 0.55. He reported that
fly ash concrete produced with 70% replacement carbonated more than that of 50%
replacement concrete and normal Portland cement concrete for moist and dry curing
conditions Fifty percent fly ash replacement concretgperiencediower or similar
carbonation to normal Portland cement concrataderboth curing conditions. The results
also showed that longer initial curing periods before testiegulted inlower carbonation
depth.

Khunthongkeavet al (89)reported that the reduced water/binderatio and reducedly ash
content generates a more excellent carbonation resistance. When comparirggithe fly

ash content, high CaO fly ash samples exhibited better carbonation resistance than low CaO
fly ash samples. They also observed that under natural exposure environments, the
carbonation ratewashigh for samples exposed in the ci§omparing arbonation of

concrete and mortar sampleshowed thatthe same trendsvere observed for both.
Papadakig90)introduced fly ash as a fine aggregate replacement, and showed that the
carbonation rate is reduced, whithe carbonation rate increases when fly ash is used as
cement replacement.

The dfectsof curing on carbonation @re also reported by Das and Pand€yl)wherean
extreme reducion in carbonation depth was obtained with an increase in curing time to 28
days. Their test results showed that the carbonation depth of concrete increased as fly ash
replacement increasedandthat the carbonation resistance of concrete increased notably
with a prolonged curing time.

2.6.3 Effects of fly ash on sorptivity

Sorptivity isa property relating to the pore structuref concrete near the surfacendcan

be used to asseshe quality of concreteThisproperty descriesthe WNJ 6 SQ 2F g G SNJ
pendration due to capillary action. Concrete with lax@lues of water sorptivityepresens

goodquality concrete

The dfects of fly ash on the durability properties of high strength concrete was investigated
by Nath andsarker(92). Cacrete mixtures having 30% and 40% fly ash of total binder were
used for casting the test samples. The addition of fly ash led to lower sorg@tiagrly age

with further reductiors obtained dter six montts. Alsosorptivity was reduceas thefly ash
content increagd. They concluded thagenerally, us of fly ash as partial replacement of
cement enhancedoncretedurability.

Tasdemi(93)examined the effect of mineral admixture andring conditiors on concrete
sorptivity. Samples were cured under three conditions, one air cured at 65%rRAPC (+
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3°C) for 28 dayswhile the second condition was an initial curing for 7 days under
polyethylene sheet and wet burlap at %D (+ 8C), with further 21 days air curing. The third
curing condition was water curing for 28 days in a water tank saturated with lime’at(20
3°C).The result revealed that the sorptivity coefficient of concrete kept in the laboratory
conditionwhich isthe air aired conditionwasextremelyhigh.

2.7 Hydration of fly ash

Hydration of fly ash cements is different from pure Portl@edthentin four ways94),
namely

1 The rates at which the clinker phases hydrate

1 The reducecamount of calcium hygroxide formed, as a result of the dilution of the
clinker by fly ash and the pozzolanic reaction

9 The composition of the clinker hydration products and

1 Further hydration products from the reaction of fly ash.

Thepozzolaniaeaction between fly ash andtcium hydroxidgoroducescalcium silicate
hydrate. The consumption of Ca(Q@HY the pozzolanic reaction reduces the alkalinity of
the pore solution, which may affect the durability of concrete structure, such as the
carbonation of concrete and corrosiafireinforcement(95). Conversely, therés alsoa
reduction in permeabilitywhichcan increase the service life of a concrete structage
reported by Chindaprasidt al (96).

Calorimetry can batilized to examinehe kinetics and mechanism of hydration in
cementitious systems withiariousadmixtures Agraph of the rate of heat evolution against
time for fly ash mixtures is shown Hgure 2.6. The two peaks describedHgure 2.1 with
the induction period betweenthem, can be seerSome cement blends also shawhird
peak(Fgure 2.1). This igssociged with the changen aluminate hydrated phasend is
normally a result oéxcess of tricalcium aluminate asdbstitutionof tricalcium
sulphoaluminate phase (Aby monosulphoaluminate (#)or renewel productionof the
former phase(43). Theduration of the induction period and the height of peallepend
uponthe acton of the cementitious magrial andindicatethe acceleratingr retarding
effectsof solid admixtures or additivesxistingin solutiors (97). NocuitWczelikand others
(78, 97, 98jound that when the fly ash contents increasdteat evolution is generally
slowed down WhileNocui-Wczeliksaid that this is as a resuf the lower rate of
pozzolanic reactiorDuranHerreraet al (99)also reported that fly ash additis do not
retard the hydration reactions of the cement but through dilution do significantly reduce
the heat releasepeak temperature at early ages under sesmiabatic conditions.

The glassy, aluminosilicate phas¢he maincomponentof fly ashthat corvertsto calcium
silicate hydrate and ettringite on hydratiodue to thepozzolanic reactiowith calcium
ions(43, 68) These calcium ions are discharged swtution from the calcium silicate
clinker minerals. Thpozzolanic reactiorsslowerwith fly ashes thasampleswithout
admixtures butthe microstructure reveals more compactmicrostructureand lower
permeability, due to the presence of highetSgH with low calcium hydroxideolume.The
hydrolysis of clinker merals is accelerated by alkalis ttedivaysexistin fly ash.
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Lower quantitieof calcium hydroxide arpresent inhardenedcement pastesvhen using

fly ash due tothe pozzolanic reaction. The reaction of alite in the early stages are mostly
retarded by fly ash and the middle stage reactiane accelerated94). The accelerated

reaction is traced to the presence of nucleation sites on fly ash grains. Tmeoecisapid
hydration of the aluminate and ferrite phasefenfly ashis presentand there is also a
change in the hydration rate of the belite phase up tod2§s Thus, tle action of fly ash
depends on the ratio of the glass, aluminosilicate phase and crystphim&es The higher

the glass content, the greater the action of fly ash will be at the same chemical composition
(100)
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Figure2-6 Semiadiabatic calorimetry curves for FA and control stas(99).

2.7.1 The mechanism of fly asteaction hydration

Hydration of fly ash starts with cement clinker hydrating firgon mixingwith water.

Calcium hydroxide is formed, thus creating the alkaline solution. Then the active compound
of fly ash reacts witiCa(OH)to produce calcium silicate hydrate and calcium aluminate
hydrate, resulting in thealcium concentratiom solution being reduce@nd thus
acceleratinghe hydration of cement clinker. Thettar hydration reaction equationas
describedby Fu et a(100)is shown as

X Ca(OH)*+ SiQ+ nHO = xCaO.SiX (n + x)kD Equation 2.5

x Ca(OH}M AOs; + mHO = xCaO. A);. (m + X)KHO Equation2.6

In equations2.5and 26: x>k3,

3 Ca(Oh)x+ AbGs + 2SiQ+ (M+x)HO = 3Ca0.ADs.2SiQ.(m + 3)HO Equation 2.7
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When gypsum is present, the calcium aluminate hydrate reacts further

produceAFt or AFm as shown in Eqa 8| and @.9)):

AbOs + 3 Ca(OH) 3CaSpr 29HO =3Ca0.ADs.3CaSw32H0 Equation 2.8
ALQO; + 3Ca(OH) CaSp+ 9HO = 3Ca0.AD:.CaS@12H0 Equation 2.9

Fuet al (100) usingXray diffraction showed that the main hydration produstof afly ash
blended cementvere GSH gel, ettringite and a small amount of Ca(®HMhey also
showed thatwith increasimg hydration,a large amount of fly ash begins to hydrate and
more hydration products are produced. The result indicates that the amount of calcium
hydroxide in the cement pasteésreduced as a result @iddingfly ash to the cement.
Production of #ringite wasreported atthe early age, andulphateconsumptiondue to
productionof ettringite wasincreasedy addingfly ash.Btringite was partially converted
to monosulfate within the firs7 days of hydration in fly asRortland cement pastesyvhile
the productionof ettringite continued to formwith hydrationup to at least 28 days in
pastes without fly ashAnalysis othe fly ash pasteslisplayed variouamounts of calcium
hydroxide and unreacteBortland cementhavingminor quartz and lehleuite hydrat&he
test showsthat hydration reactionseally take placén the fly ash cement pastesd to
some extenbon a particleby-particle basig101)

Sakaket al(102)clarifiedthe influence of the glass content and glass phase basicity on the
hydration of fly ash cementwith hydration characterized over long curing timm@wotypes

of fly ash with different glass contersti.e. 38.2% and 76.6%, were usexith replacement

of 20,40 and 60% Y mass They concluded that fly ash affected the hydration of clinker
minerals in the fly ash cemerttlydration of alite was accelerated, while thatludlite and
CAF was retarded. Alsaddition of fly ash resulted in a low CaO/giftio of @S;H, with

the CaO/Siexatios at 360 daysf 1.54 for ordinary Portland cement and 1.39 for fly ash
cement. Williamg103)discovered that in binary systems3H developed by the

pozzolanic reaction of fly ash had a lower Ca/Si ratam tthe one produced in the

hydration of Portland cemen(©5, 103, 104)

The degree of hydration and gel/space ratio of highlume fly ash/cement systemgas
studied by Lanet al (105) Samples were prepared at differemt/b ratiosand fly ash
replacement levelsvere 25% and 45% by weigh.smadl percentage of the fly asteacted
at 7 daysBut, the degree of fly ash reaction depends thie amount offly ash and the
water-to binder ratio of the pastet different curing agesHgher fly ashreplacement levels
showedlower degree of fly ash reactionLamet al (105)alsodiscovered thapasteshaving
45% to 55% fly asmore than 80% of the fly ashid notreactevenafter 90 daysof curing.

Narmluk andNawa(106)investigaed the effect of fly ash on the kinetics of Portland
cement hydration at different curing temperatures. They reported that the effect of fly ash
on the hydration kinetics of cement depends on fly ash replacenexeisand curing
temperatures.Hy ashretarded cementhydrationat early ages buacceleratd it in the

later period.
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The dfect of initial water curing conditions on the hydration degree and compressive
strengths of flyashgcement pasts prepared with low water to binder ratiwas studied by
Termkhajornkitet al (107) Hy ash replacement levelwere25% and 50%he hydration

degree of belitds influenced by water curing conditions, more so than that of fly ash and
alite. Hydration of fly ash still continues even without an additional, external supply of
water. It was also observed that the strong dependence of flg@sient concrete on

curing conditions does not come from the hydration degree of fly ash, but rather comes
from the hydration degree of cement, especially belite. Also the degree of hydration of OPC
and OPC/FA pastes driatdifferent relativehumiditieswas examined. The studised
ordinaryPortland cemenplus40 and 50% fly ash replacement pastiesignated as OPC,

FA40 and FA50. The samples were initially cured for 28addy¥% RH and later dried
different relativehumidities,at a constant temperature of 2C. The dege of hydration

was determined by measuring, using TG, the calcium hydroxisident. They concluded

that the addition of fly ash as partial replacement to cement slows down the rate of
hydration, as all fly ash based samples displayed lower degfdedration compared to

the respectiveOPC samples. Also drying conditions have significant effects on the degree of
hydration of cement pastes, which affects other properties such as compressive strength
(45).

Lothenbactet al (108)reported thatfly ashhydrationat ambient temperaturess slow and
that portlanditeis only consumeadfter hydration timegypically longer tharone week.
They also wrote that more portlandiie produced initially wherthe hydration of the
clinker is accelerated due to the filler effedhe initial hydrate assemblagia Portland
cementfly ash blend®f CcSH, portlandite ettringite, and AFm phses like
monocarbonate or monosulfatis similarto the pure Portland cemergystem,due to the
slow reaction of the fly astHigher temperatureaccelerate the reaction of fly astwhile
higherreplacement levelslow down the reaction.

2.7.2 Microstructure offly ash paste

Figure 27 show the backscattered electron (BSE) images ¢llended cement paste.
Different phases can be distinguished on the basis of their grey leviielfty ash paste,
the major solid phases of hydration products are CI%H; CA-H, CA-SH and unreacted
phases with the latter being eithecement grainsor unreacted fly ash particles. From the
BSE imaget is not easy to differentiate &-H, GA-SH and €SH, but theunreacted fly ash
shows a typicadphericalappearance
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Figue 2-7 BSE image of fly ash blended cement paste at 28 ag9)

The microstructual analysif fractured surface pastes at 7, 28 artl@aysvas
extensively discussed I8hindaprasiret al (96). At 7 days, the microstructures camples
containing 20%ly ashwere porous anghossessednany voids as seen in Figur8Zlhe
hydration products on the fly ash surfabarely progressedwith the surface othe fly ash
particlescoveredwith layers of smalfjuantity of hydration products. Some ettringite
needleshaddevelopedin unoccupied spaci the paste

suT  2BKU 5 sx2 %0 @6 - 2o mm

Figure2-8 Microstructure morphology of fractured surface paste of 20% fly ash at 7 days
taken from (96)

Figure 2.9 shows the morphology of fractured surface paste of 20% fly ashat@@@dlays.
Fly ash particles at 28 daysm noticed in three forms: particles with a dissolved surface,
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smooth surface, and a covering of hydration product and pozzolanic reaction. In the first
form, fly ash particles had traces of etching on their surface, revealing precipitation in the
pozzolaic reaction Thesmoothfly ash particles were unreacted or acted as an inert
material with the ability to increase the packing effect and served as a precipitatideus

for hydration compounds. ¥dration and pozzolanic products around titheash paricles

were noticed in the third form

Figure2-9 Microstructure morphology of fractured surface paste of 20% fly ash at 28 days
taken (96)

The fractured surface at 90 days is showFigure2.10.At 90 days etched fly ash particles
andevidence of fly ash hydratiomith broken fly ash surfacesvascommon.Hydrateshad
consumeda lot of fly ash particles. The pozzolanic reaction of flyastelerated at the

later ages angbroductionof CcS;H increasedThe pozzolaniaeactionbetween thefly ash
and Ca(OHXxoveredthe surface of fly ash particlegth G;ScH (3, 75, 77)The hydration
productlayer thickenedas thereactionprogressedThe hydratiorproductsdeveloping

from the cement grains and fly ash particiesre linked, although some particles still
remaired unreacted andserved aafilling effect

Figure2-10 Microstructure morphology of fractured surface paste of 20% fly ash at 90
days taken from(96)

Xuet al(110)reported that fly ash has both enhancement and retardation effects on
cement hydration and directly influences the pore systé&ifly.ash may ab provide
nucleation centres for the growth of hydration products such as CH.
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Wanget al (95)studied the microstructursof hardened cemently ash pastscontaining

50% fly ashup to fouryearsold. The microstructure of hardened cemeliy ash paste

revealed a coarser pore size distribution than plain cement paste at early ages. Meanwhile,
the pore size distribution of cemetiity ash paste was finer than that of cement paafeer

four years(68). Fly ash cement paste produces more hydration products from the age of 90
days tofour years, resulting in a significant improvememthe pore structue. Most of the
Ca(OH)formed byclinker hydration wasonsumedby the pozzolanic reactiojwith only a
smallquantity of Ca(OH)presentin the four yearold hardened cemently ash paste. Fly

ash particles that were small were found to be massively szhethile many of the large

fly ash particles remained nearly unreacted.

2.8 Effect of conditioning on poretructure

Drying of cement past®r conditioning is necessary before analysing by XRD, TG and SEM
This igo remove the water and prevent further hyalion reactions during storag@&rying
methods influence the microstructures in different wafd 1) Solvent exchange, oven

drying, freeze drying and vacuum drying are the most common methods used. Some of the
procedures involve the physical removal of water by using an oven or a vacuum, while
others substitute the water with a ligdithat has a lower surface tension, such as a
hydrophilic organic liquid, before drying to reduce capillary forég¢gimes amix of these
methods isused.However, each of the methods may alter the delicatierostructure of

the hardened cement paste, Wwdh might lead to structural and physical destruction of

some of the cement hydrates, specifically ettringite (AFt), monosulphate (AFm);&qd,C

as much water is connected with these phases. In hardened cement pastes having large
guantities of AFt, likealciumsulphoaluminate cements, the dehydration of ettringite has
been reported to be the basis of shrinkage cracks which are large enough to be observed by
SEB (112)

2.8.1 Solvent replacement

This procedure involves substiing) the bound/pore water in samples of hardened cement
paste with organic liquids. Solvent exchange has lzedmowledged to have a gentle effect
on the microstructure of cememaste(64, 113, 114)Solvents are iganic liquids that can

mix with water but have a higher vapour pressure than water. Organic solvents possess
physical properties that demonstrate various benefits for drying before pore structure
characterization. For example having a lower surface ten®duces the pore structure
damage during drying. The specific gravity of most organic solvents is also considerably
lower than that of water; thus, organic solvents may easily substitute the pore solution in a
hydrated cement paste by a simple countéffusion process. The solvents usually used for
drying cement pastes are the alcohols methanol, ethanol and isopropanol. Other solvents
that have been utilised to a lesser extent are acetone, benzene, toluene, xylene, and
pentane(115) Konecny and Naqyi13)reported that solvent replacement with
isopropanolgavesamples with fine porethat were least damagednd thatthis method is

the best to preserve the finest pores, compared to ovenfreezedrying. The length and
weight changes of particles in cement pastes immersed in isopropanol and methanol were
examined by Feldman and Beaud@ri4) The test revealed that samples immersed in
methanol or isopropanol showed the leastarostructural stress. Feldmga16)concluded

that there was no iteraction between isopropanol and hydrategment butthat
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methanol interacts with hydrated cement by penetrating theS¢H. Beaudoin et a{117)

also reported that methanol interacts with hardened cement paste and that the length of
CH crystals increased when immersed inma@bl, isopropanol oacetone.The advantages
of using this method were that it was the least damaging to pore structures, it gave the
finest pore size distribution, preserved the finest pores apgdlied the least stress.
Isopropanoldoes not react with cement and islequatefor use with XR[P118)

2.8.2 Oven drying

Ovendrying at105°Cis one of the most conveent drying techniques. It is much quicker
than most drying techniques and pore water removal is complete after 24 hours, with
specimen being monitored regularly during the drying process. Althoughcdwging is an
effective way to remove evaporable watiom a specimen, it has disadvantages, in that
microcracking may be induced into the specimen as a result of differential thermal
expansion and contraction of the constituent components during the drying.Clfcie
technique has been reported to be tmeethod which can eliminaté KS -& ¥ 2zy R ¢
water thoroughly and also destroyed the microstructtd1) Konecny and Naqyi13)
reported that pores of hardened cement paste were destroyed while Knapen&12)
concluded that oven drying &05°C is inappropriate because hydration was accelerated.
Dehydration of some cement hydrates wasserved and carbonation was favoured. Galle
(120)wrote that ettringite and GSH lost a meaningful volume of neevaporable wate
during oven drying at 16&and even drying a60°C did not protect the delicate
microstructure of hardened cement paste. Collrl (118)stated the following effects of
oven drying: damages pores in cement, dehydrateR;8 at105°C causes cracks in
cement aackdamage increases as dryitggnperature increasesemovesbound wder
from ettringite and cbesnot preserve microstructureA decomposition of some cement
hydrated productavith the increase of the temperature may also be obseratd
temperatures showrin Table 2.4

Table2-4 Temperature of the decomposition of cement pastes pha$é8)

Compound Temperature at which decomposition starts
Eftringite 60°C

Gypsum 80°C

C-S-H <105°C

2.8.3 Vacuum drying

Vacuum dryingnvolves putting the sample in a sealed container connected to a vacuum
generating mechanical pump where a vacuum is produced, pore water changes to vapour
and is extracted from the cement paste. The technique is sdothus relevant for older
specimensi.e. from about 28ays. Vacuurdrying is also believed to induce some
microcracking in the cement paste specimen. Knagiea (119)reported that vacuum

dying is an easy and fast technique to remove free water, especially when dealing with
early-age hydrated cemeni hey explained further that reliable resuliere obtained by

using vacuum dipg method since no interaction were formed. Also the Caf@&lgulated

by thermal analysis were good approximation of the real amair@a(OH) Zhang and
Glasse(64)however, revealed degradation of etigite and monosulphate. They also
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showed severe harm to the pore structure and pore volume. When comparing this method
to oven drying atl05°C Diamond(121)reported that vacuum drying eliminated less water.
Galle(120)reported that stresses and microcracks of samples were related to samples
dried at60° and 105C. Collier et gl118)suggested the following disadvantages of oven
drying(118)ettringite and monosulphate are degraded, the pore structure is critically
damaged and the pore volume increassttesses and microcracks are developeut
removalof less water than oven drying 405°C.

2.8.4 Direct freezedrying

Direct freezedrying is a quick drying technique that causes little destruction to the
microstructure of the cement paste. In this technique a specimen is immersed directly in
liquid nitrogen §196°C ) for about 5 minutes, after whiehvacuum is applied. Gal{@20)
concluded that freeze drying is a suitable drying technique priongecuryintrusion
porosimetry (MIPand observedhat the methodproducessignificantharmin the G ScH
related to thermomechanical stress.ndeaningful quantityof watermay remainin the
microstructure of thehardened cement pastél21) Konecny and Nagyl13)noted that
the pores of hardened cement pastavere destroyed by feze drying technique while
Taylor(43)was of the opiniorthat freeze drying produces better salts in
thermogravimetric analysis and scamgielectron microscopy. Colliet al(118)concluded
that freeze dryingnducedmore microstructuralcracking than other water removal
techniquesand states the followingidadvantage: cementpores were destroyedstresses
in G;ScHwere developed, an@vater wasbeing leftin cement The méhod is suitable for
use with TGA and SEM, yelemjuate for use with MIP

2.9 Durability of the concrete

The dirability of Portland cement concrete is described as the competence of concrete to
withstand weathering action, chemical attack, abrasion, or angothechanism of
deteriorationfor continuity ofits original form, quality and serviceability especially when
exposed to its proposed service environméBd). Gowripalan(21)wrote that the

durability of a structure is widely affected by the ability of tlmncrete to prevent passage
of different damaging substances from the environment. Durability in conamtersa
broadrangeof problems that could possibly reduce the service life of the structure.
Durability issuscommonly emerge as the materials ddtgate. Even though thermay be
no urgent safety issue for the material deteriorations, they will graduedlgto structural
damage, thamay endangethe structures(122) Alexander(123)wrote that corrosion and
external chemial attack concerns ardominant with these issuebeingresponsible for the
greatest cost®n repair and rehabilitation

Deterioration may be generated from the environment which the concrete is exposed or
through internal causes within the concrete itsé@lhe classification of causes of concrete
deterioration can le grouped into three categoriephysical, chemical, and mechanicethe
external causes may be due to adverse eBettfreezing and thawingo abrasion and
erosion, to attack by sulphasgresent in soil, groundwater and industrial liquids, to attack
by soft water and of marine environments, to steel reinforcement corrosion due to
carbonation and /or penetration of chlorides etc. The internal causes are corrosion of the
steel reinforcement i the chloride present in the mix components in alleggregate
reaction and unsoundness of the aggregate®4) In most cases, the deterioration of a
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concrete structure is a product of the combined effect of multi environmental factors and
loading which the usef a single durability paraeter cannot sufficiently definehe quality
of the concretg(122, 123)

All deteriorationmechanismsare affected by transport systems within the pore structure of
the concrete. The rate of therocessprimarily depends on the micrenvironmental
conditions on the cocrete surface, the connections of the pore system with the micro
environment and the reactions of the penetrated substances with certain components of
the matrix. The concrete composition, specifically the type of binder and theati@, has

a definite dfect on resistance to deterioration in a particular environment. Thus, it can be
established clearly that the main factor controlling all these parameters is the
microstructure of concret¢123)

2.9.1 Durability tests

When assessing the durability of concrete, consideration may be given either to

understainding the fundamental behaviour of concrete, or by performing ageing studies
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consiceration is given later on in the section to accelerated ageing studies.

2.9.1.1 Durability indices

Durabilityindicesare engineering parameterthat are physically measurable. These
describeor identify the concreteat early ages the asbuilt structureand ae sensitive to
important material, processing, and environmental factors such as cementwagier:
binderratio, type and degree of curingtc. Theobjectiveof material indexing is to pride
a repeatablesngineering measure of microstructuaad propeties relevantto concrete
durability at a relatively early age (e.g. 28 days). It mustdtablished howeve, that
durability index tests expressly point godrameters thatcontrol corrosion of rebars in
concrete(123) Sme of theadditionalcommon durabilityindicatorsasused in practice, or
under developmentvere discussed bilexandermnd Thomag125)andarelisted as:

1. Physical parameters (physical microstructure of the material)

1 Permebility to liquids and/or gaess
1 Water absorption and sorptivity

9 Porosity; pore spacing parameters
1 Mechanical parameters

1 Abrasion resistance

2. Chemical, physiehemical and electr@hemical parameters

9 Calcium hydroxide content
9 Diffusivity and conductivity
1 Resistivity

9 Electrical migraon.

Some of the concrete durability indices used in this project will be discuxsed.
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2.9.1.1.1 Permeability of liquids and /or gases

Concrete is a porous material and fluids (liquids or gases) may flow through concrete under
certain circumstances. The peratdality of cortrete to fluids is usually measured by

applying a pressure gradient across a concrete sample and measuring the rate of fluid flow.
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The permeability of@ncrete to water, often termed the hydraulic conductivity, is often
measured on a watesaturated cylindrical sample of concrete by sealing the curved surface
of the sample, applying water under pressure to one flat face, and measuring the rate of
water flowing out from the other faceThe tests used to measure gas permeability can be
divided into insitu and laboratory tests. Nearly all the tests use a similar apparatus to a
drained triaxial test, where a pressure is applied to one side of the sampl¢hanghs is
measured at the escape boundary. Other tests use migration in a sealed environment to
evaluate flow.

Permeability is the mosgssentialproperty of concretecontrollingits longterm durability
andA G Q& RaS thaflowfofflddhrough a prous medium under an applied pressure
head(126) Concrete permeability relies updts microstructure, moisture condition and
the characteristics of thpenetratingfluid; low permeabilityis obtainedwith dense
microstructurespossessing restrictegore interconnectivityWaterwould bethe ideal
mediumwith which to study permeability since this is the medium in which much
deterioration occurs. Howevewater permeability measements are extremely slow and
difficult, thereforerecentapproaches use gas permeabilitydefinethe concrete, with the
parameterbeingused as a durability indicat¢t25) Cabrera et af32)wrote that
measuringhe permeability of a concrete determinessuitable indication of the concrete's
durabilitywhile Sanjuan and Mune¥lartialay(127)also report thatair permeability
coefficient can be used as adequatetool to measurethe potential durability of real
concrete structures

2.9.1.1.2 Water absorption and sorptivity
Water Absorption

Absorption testingnvolves the use of BS 18822:2011(128)(Method for Determination

of Water Absorption) The testequires a minimum of three concrete cores tod from
the concrete to le testedor casting at least three cubes or cylinders prepared from fresh
concrete in accordance with BS EN 1229029) This test gives an insight into tivgernal
absorption qualities ofhe concrete. The durain of the testis 30minutes oncehe

samples have been preparedhich makes the test to be quiehdcheap.The test isalso
reliable The measured absorption of each specimen is calculated as the increase in mass
resulting from immersion and is expressasla percentage of the mass of the dry
specimenKhatib(130)also reported that vater absorption by shallow immersion is
commonly determinedy drying a specimen to constant madgpingit in water for a
specific time and measuring its increase in mass as a percentage of the dry mass

Sorptivity

Surface absorption is measuredaocordance to BS 182D8:1996(131)

(Recommendations for the determination of the initial surface absorption of concrefes.
test procedure provides data for assessihg uniaxial water penetration characteristics of
a concrete surfacelhe results may be considered to be related to the quality of finish and
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to the durability of the surface under the effects of natural weatherifigs is also known

as theCapillary wagr absorption of concrete or in most cases sorptivity. It involves placing
a sample with one surt just in contact with water and the mass or height of water
absorbed by capillary action is measured at different time inten/alsts of work(93, 130,
132-134)has been done otests on water penetration by capillary actisince thiss more
appropriate to define the quality of concret&he fineness of the capillary pores in concrete
causes absorption of waterizapillary action, hence a measure of the rate of absorption
provide a useful indication of the pore structure of concrete. If water is absorbed rapidly
the capillaries will be large and if the absorption is slow then the capillaries will be small
Sorptiity test used in this studwas determined using similar methodsed by Tasdemir
(93)F YR D: (38 SaAa

Sorptivity has been identified as an important concrete durahititiex(135) It is a

property relatedto capillarydevelopment, and is described as the gradiena @iot ofthe
volume of water absorbed per unit area of section surfagainstthe square root of the
absorption time(136) Ho et a137, 138)wrote that sorptivity is a property defining the

rate of water penetration due to capillary acti@md isassociated to the pore structure of
concrete near the surfaciom whichthe quality of concrete can be determinedllexander

et al(123)reported that the lower the water sorptivity index, the better is the potential
durability of the concreteSorptivity igparticularly sensitive to the neaurface properties

of concrete, and is thus a good indication of the nature and effectiveness of ¢LZBY

2.9.1.1.3 Porosity (Pore spacing parameters

The pore volume includes all pores, bagbl and capillary, but the interconnected porosity
is normally determined in laboratory tests, commonly by oven drying a sample and then
saturating it in water. Porosity affects most concrete properties, including strength,
permeability, shrinkage, andeep. Concerning durability, porosity affects concrete
transport properties and is thus a demanding parameter that can be used as a durability
indicator. Porespacing is also a demanding parameter, particulaitia regard to freeze
thaw resistance of conete, with specifications normally providing limits to the maximum
pore spacing125)

2.9.1.1.4 Mechanical parameters
Compressive strength

Compressive strength is generally used as the damehtal test of concrete quality, and

thus it has tdbe accurately determined. BS EN 1239P009 (139)which is Testing

hardened concrete @t 3: Compressive strength of test specimens) can be used as a
simple and readily available test évaluate the compressive strength of concrete cubes.
This is extensively used and approved by industry. The load at which the cube fails is
recorded and tfs is divided by the surface area of the cube in contact with the platens
through which force is applied to the concrete cube. The units adopted are MPa orN/mm
Increase in strength is obtained through curing as hydration products develop within the
water-filled capillary pores, water is consumed and more hydration products are formed
which reduces the porosity of the concrete thereby increases the durability.
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Modulus of elasticity

Modulus of elasticity of concrete is an essential determinant for egtimgahe deformation

of structural elements, also is a basic factor for determining modular ratio, which is used for
the design of structural members subjected to flexuBased on the property of modulus of
elasticity of concrete that it is proportionad the square root of compressive strength in

the range of normal concrete strengthee et al (140)wrote that elastic modulus of

concrete denoted by Es a basic fundamental parameter for calculating the static and
dynamic performance of structural elements specifically, deflection, side sway of tall
buildings, and vibration of concrete elentsnAlso, Eis a great indicator of degree of

concrete deterioration: lower &s as a result of more degradation. ThusisEEommonly

used for quality evaluation of concrete structures such as building components, pavements,
and bridge decks.

Elastic modulus of concrete is directly measured by the static uniaxial compressive test in
accordance with ASTM C469 at 28 days, which is called static elastic modulus. In practice,
elastic modulus of concrete is hormally determined from compressive strength loaised
design codes rather than the direct measurement.

2.9.1.1.5 Abrasion resistance

Surface abrasion isne of the most common forms of deterioration imposed on concrete
structures It is amechanical wearinthat can be a catalyst for other forms of deterioration
such as cracking and corrosion of reinforcing sf@dll) Abrasion can also be a form of
natural attacks on concrete. It mechanicajgneratedriction and rubbing that cause
seriousdamages on conete surface Acomplete weaing away otoncrete from structural
elementscan occur in worst case.

ASTM described abrasionthe physical wear due to hard particles or protuberances

forced against andhoving along a solid interfac&hus,abrasion resistace can be defined

as the ability of a surface fareventbeing worn away by rubbing or frictioRlorszczaruk

(142)reported that the majorfactors affecting the abrasion resistance of concrete can be

the environmental conditions and dosage of aggregate, themte strength, the mixture
proportioning, the use of special cement, the use of additisunsh as: fly ash, the addition

of fibre. Surface finishing and the curing conditions are two other important factors that

can have effect on abrasion resistancesc®2 Yy ONB 1 SQa KI NRySadaaz ¢gKAOK
strength determines how strong it will be to resist abrasion

Four common areawhich abrasion could be imposed on a concrete surface as stipulated
by ACI are; wear on concrete floors due to human traffeamdue to vehicular traffic with
studded tires and snow tire chains, abrasive materials in water affecting hydraulic
structures such as dam spillways, and high water velocities creating cavitation at the
concrete surface.

Abrasion test

Multiple abrasion ésts are available, but each varies in the type of wear pattern produced,
and thus each may have varying purpose to the wear expected in service for the subject
structure. Various ASTM methods which have been developed to determine the abrasion
resistanceof concrete are ASTM C418, ASTM C779, ASTM C944Tand_A$38 and
explained by Bakk@é43) Abrasionparametersare usuallymeasured in standard tests
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include mass loss and depth of wear, and these could be used as durability indicators for
abrasion(125)

2.9.1.1.6 Calcium hydroxide contet
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important in assessing the resistance of concrete to carbonation, and can be used as a
measurable parameter in this respect. TG was used to measure the calciuaxilgdr
content in this research andlias beerexplained in thanethodology and ecelerated
carbonation test was used to determine tioarbonation depth of the concrete samples
Das et a(85)reported that carbonation of concrete is one of the most damaging
phenomena that influence the durability and serviceability of concrete structures.
Carbonation is usually a slow process under natural condittbnos its being determined

by accelerated carbonation. It involvesdamaging the passivity of concrete owing to the
drop in the alkaline environment surrounding teeelreinforcement and thus encouraging
the corrosion of reinforcing steel. Carbonation esdribed as the procedure wherein the
hydration products [particularly calcium hydroxide(Qkb)] of cement react with the
dissolved carbon dioxide (@Qlowering the pH of the concrete pore solution from about
12.5 to less than 886). The process of carbonation normally begins withgleaetration of
atmosphericCQ and, along with water, produces carbonic acid, whichdry reactive with
the hydrated cement paste to develop calcium carbon@eacCeg). It is reported that C®
obviously reacts with the hydrate@dOH), and with other essential products, such as the
G-SH, and with the norhydrated products of tricalciumiliate and dicalcium silicatep
produceCaC®(87).

2.9.1.1.7 Diffusivity and conductivity

These procedures attribute to the transport of iorspecies through concrete, but also
involve diffusion of liquids and gases. Diffusion is transport as a result of concentration
difference while conduction at times called migration emanates from an electrical potential
difference and is an electrchemial parameter. Fick's first law for steady state diffusion
and the NerngtPlanck equation are the governing equatiotigs give rise to material
parameters in the form of diffusion coefficients and/or conductivity which can be used as
durability indicatos.

2.9.1.1.8 Resistivity

Resistivityis a very useful electrohemical parameter of concretind it is the inverse of
conductivity, It is a geometry independent material property describing the electrical
resistance and is fundamentally related to the penetrabiityluids and diffusivity of ions
through porous materialsThough it igifficult to anticipateresistivity fromideaof
concrete's constituents and the environment, igisnerallyeasy to measure and is often
used as an indirect measure of the probabitf corrosion initiation and corrosion rate in
reinforced concrete.

Direct resistivity measurements that can be obtained from samples provide an indication of
durability with regard to ion flow and water conterh orderto avoid the capacitance

effectan AC power supply should be selected. Example of resistivity / conductance testing
of concrete samples is shown in Figure 2.11. A measurement free of polarisation effects
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should be achieved if a signal generator is used to input a sine wave currenttégeyat
anywhere around 1040 Hz and the resulting voltage (or current) is measured.

Concrete sample

100mm copper electrode with
Non-conductive base conducting jelly
K -ve

Q or voltage drop

Figure2-11 Resistivity / conductance testing of concrete samples

2.9.1.1.9 Electrical migration

Chloride migration coefficienis an example of a parameter measured in migration tests
acquiredfrom the measured chloride penetration depth in a voltegygeelerated testlso
different methoduses the rapid chloride permeability test

Chlorideinduced corrosion is presently considdrto be the most important and most
serious deterioration mechanism for concrete structurglsloride penetration is specified

as an fundamental part of reinforcement corrosi@hloride ions (originating from

seawater or ddcing salt) may infiltrat¢hrough the pores to the interior of the concrete.
Chloride invasion is as a result of either diffusion, taking place in totally or partially-water
filled pores, or capillary suctioof chloride containing watg144) Chlorideinduced

corrosion commences when the concentration of chloride at the steel bars attains a
threshold value destroying the prottiee layer. The mechanisms by which corrosion
influences the load carrying capacity of reinforced concrete structures are: loss of
reinforcement section, loss of stegloncrete bond, concrete cracking and delamination
(145) Chloride levels appropriate to initiate corrosion of steel range between 0.17 and 2.5
m/m of chlorde atoms by mass of cement

2.9.1.2 Accelerated Ageing Tests

2.9.1.2.1 Accelerated carbonation test

Carbonation is a slow process thialerated carbonation tess normally used to test for
carbonation. Accelerated carbonation testin result is carbonated deptnd tisis
normally achieved by exposing concrete samples to higha@®relative humidity which
the samples can be carbonated. This study ussdrated NaBr solutiohaving65% RH
Rozie're Emmanuet al (146)reported that accelerated test can give reliable information
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on potential durability in a short term. Therefore carbonated depth conducted may be used
as an indicator to show edgralent performance. Also Khunthongkeatval (89)reported

that since the rate of carbonation in the natural environmentssaily slow due to low
temperature and low Cf&xroncentration level. Hence, the accelerated carbonation test is
practical to assess the carbonation resistance of concrete within a reasonably short time.
They further explained that estimatirtge carbonationdepth in the natural environment
based on the results of the accelerated test is a benefit obtained practically

2.9.1.2.2 Rapid chloride permeability test (RCPT)

The rapid chloride permeability test is frequently used name for the Standard Test Method
forElectric f LYRAOFIGA2Y 2F [/ 2yONBGSQa !'oAtAde G2 v
1202 12). This test method covers the determination of the electrical conductance of

concrete to provide a rapid indication of its resistance to the penetration of chloride ion

The method involves monitoring the amount of electrical current passed throughrB0
thick slices of 100nm nominal diameter cores or cylinders during acdirour period. A
potential difference of 60 V dc is maintained across the ends of the speaimeraf which
is immersed in a sodium chloride solution, the other in a sodium hydroxide solution as
shown in Figure 2.1Zhe total charge passed, in coulombs, has been found to be related to
the resistance of the specimen to chloride ion penetratidrhigh chloride permeability
would be 4000 coulombs, whereas a low permeability would be 2000 coulombs. ASTM
C1202provides a measure of the electrical conductivity of the concbetiedoes not
measures neither permealftyy nor chloride ion penetrabilityHowever, despite a number
of limitations the test does correlate reasonably well with otherssiransport measure
mentsand has the advantage of being relatively simple to conduct.

60V
[ " m
! I
NaCl ! Concrete | NaOH
solution ! sample | solution
| |
| |

Figure2-12 Schematic of rpid chloride permeability test

2.9.1.2.3 Freezethaw

Freezing and thawing have a substantial effattveathering of all masonry and concrete
materials It has been reported to be one of the causes of concrete deterioration and
failure. Durability loss through fre@ng and thawing action is common in concrete
structural elements in many parts of the wordpeciallyin cold climateg147-150)
Cracking and spalling of concrete are tteminant frequentdamages by frost actig
caused bygradualexpansion of the cement paste matrix froepeatedFreezethaw
cyclesFreezing and thawing mechanieaitivity, whencombinedwith the ingress of
deleterious salts, caactuallyreduce thedurability of concretestructural elementsAlso
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micro cracksre developedy wetting and dryingf the concrete together with freezing
thawing thermal shock action which permdsep penetration of aggressive iofis19)

The freezethaw resistance of concrete depends on the fre¢zaw resistace of hardened
cement pastebecauseconcrete degradation in aggressive mediums most commonly occurs
in the bindingof hardened cerent paste. This occur becausencrete is rich in alkali and
thusit reactsstronglywith acidic gasses and liquids asdoby considering that aggregate
usually have higher density and chemical resistafRteezehaw resistance is one of the
indicators that can be used to describe the durability of conc(@&0) Kumara(151)wrote

that freezethaw resistance of cement structures depends on the structurdefraterial,
which are its porosity, the size of pores and capillaries, their distribution and type (open or
closed pores)Penttala(152)also reported thatfeezethaw resistance of concrete depéds

on watercement ratio, air content and curing tim€&he research further explained that

there are two mechanisms of concrete destructiorder freezethaw conditions which are
surface damage and internal damagée test resultsevealedthat internal camage
determines the need for aientrainment in highstrength concretes while in normal or low
strength concretes, surface scaling determines the need for higher air content compared to
the internal damage freezthaw mechanism.

Liu andHansen(153)wrote that freezethaw damage is a common materiatennected
distress in concrete structural elemeraad it isextensivelyincreasedn the presence of
deicers used for pavement or bridge maintenance in wingrich is kmwn as salt frost
deterioration This degneration revealstself in twoforms: (1) internal frost damage
leading tomostcracking and loss of integrity, (2) superficial scalisgally associating with
gradualswelling and flaking of the mont&omponent

Air-entrained can be usedtprotect cacrete from freeze thaw damagg154, 155) This

can be achievelly adding akentraining agent to the concrete mixture. Thesusf air
entraining agentgan develooncrete that is highly resistant to severe frost action and
cycles of wetting and drying or freezing and thawing and has a high degree of workability
and durability.

Freezehaw tests

The damage by frost is mainlyusdied in a laboratory by acceleratéeeze; thaw cycles.
Rapid freezing and thawing test ASTM C @&®)are typical tests by which the internal
damage of the concrete specimen can be asseddetero et al (157)reported that
concrete resistance tfreeze; thaw damage icommonlyevaluated and classified
depending on the type of damage, whether external or interfiky further explained

that the standards used isome testsevaluate exteral damage and scaling by the loss of
mass of material, wite internal damage is usually evaluatedsome testdy the ultrasonic
pulse transmission time and the fundamental transeefrequency measurements

29.1.2.4 Sulphate

Qulphate attackcomprisesa sé of chemical andphysical interactions that develdgetween
hardened cement paste and Iphates. Slphatesadded during production afement,

usuallyas gypsum to prevent flash set may, depending on curing conditions, cause damage
in the form of expansion and arking in the form of delayed ettringite formatig58,

159) The formation of secondary suihate-bearing phases from quitate penetration at the
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surfae@ of the cementitious materials has been attributed to the loss of mechanical
performance.

Ground water and sea watéravingsulphate chemicals which are transported through the
pore spaces of adjacent concretes have been knownftoencedeterioration in concretes
due to the formation of compounds such as ettringite, gypsium and thailen@60-162).
Sulfate attack mape exhibitedphysically when dissolved salts diffuse through the
concrete and precipitate in pores, causing daméifs-165)

The developrant of gypsium results in spalling and reduction of hydrated cement paste to
cohesionless mass with exposed aggregate and loss of strength in mortars and concretes,
due to decalcification ofSH in cemenpaste(166, 167)Rtringite formationin hydrated
cement systems is also associated with expansion and cradiiby specifically ddayed
ettringite formationwhich iscommonlydue to heat curing can result in greaterrdage to
cement based structured 68) Thaumasite form of suphate attack resultdass of binding
power of cement paste and consequently losstodrsgth in mortars and concretfl 69)

Sulphate test

Expansion test isormallyused toexamine siphate attack with sulpéte solution
concentration of about 50g/(170)in order to accelerate the test process, but this is much
higher than field conditiond.ower concentations of about 3g/lhas been usedther
researcherg171, 172¥or properreflection offield conditions Expansion is affected by size
of samples with deterioration being more rapid for smaller samfile®, 173)

2.10 Improper curing

Concrete is the most widely used construction material in the world becagsa ibe
durable.However, thesdundamental properties caonly be achieved if theorrect
procedures are maintained@ementhydrationrequires water, therefore for concrete to
achieve its full potential, samples must be cured propérhe objective of curing is to keep
concrete saturated or as nearly wet to assist the hydration of centdyration can only
continue when the relative humidity withirhe concrete is greater than 80%7). This is
why loss of water by evaporation from the capillaries must be preve(itéj

Improper curingwill haveimpact on the degree of hydration, so thafectengineering
performance(unconfined compressive strength, shrinkagaeyl alsodurability

(carbonation, permeability, sorptivitylf concrete ipermitted to dry without being cured,
moisture from the surface will evaporatndresultin insufficient water forcement

hydration. Also, there will be moisture gradient across the section whicleatllto
development of uneven strengtiGowripalan et a{21)reported that inadequate curing can
result in a very weak and porous material near the surface of the concrete that is exposed
to ingress of various destructive substances from the environment. Alse8astal (31)

wrote that inadequate curing igfactor that has shortened the service life of many

structures and haforced extensive repes, with a huge economic costs

The bllowingare the effects of improper curingsstatedby Punmia et a174)

1 Appearance of iimute cracks on the concrete surface
1 Development ofriternalcracks due to heat of hydration
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1 Development of neven strength across the sectiomith anoverallstrength
reduction.

1 Reducedesistance tambrasionat the exposed surface

1 Increased concretpermeability andsubsequentlecrease in durability.

1 Reducedesistance to the aan of frost and weathering.

The effects of improper curing will be more conspicuous in the parts of structures that are
either directly exposed or those that have largefanes compared to depth such as roads,
canals, bridges, cooling towers, chimneys, etc

2.11 Effects of degree of saturation on compressive strength

The cegree of saturationsdefinedas the volume of voids filled with water divided by the
total volume of void, andexpressed as a percentaffer5) Jianhua JianfL76)alsowrote
that the noisture contentgenerally comriseswater vapour and ¢juid water in the

O 2 y ONX (i iBie@aenvikoyinfeStiilie tothe pore structure

Concrete structureare exposedo continuous variations in temperature and moisture
content, arisingas the effects of climate load in a natuesdvironment. Establishinghe
relationship ketween moisture content andompressive strengtin concreteis of great
importancein predictingthe durability ofconcrete structuresChanges in moisture content
affectthe strength of porous solidén most casedryinginfluencesstrengtheningwhile the
wetting producesa weakening of porous medi@ihe moisture content of concreteowever
is alsoa significantfactor affecting deterioration, specificalgikalgaggregate reaction,
freezecthaw damage, concreteatbonation, chloride ion diffusion ansteel corrosion in
concrete structureg177, 178)

It is known thatthe degree of saturation affects measured streng®7, 28) Meanwhile,
samples cured under typical ideal, i.e. saturateanditions will be fully saturated upon
strength testing. Thereforaneasuring strength ad constant degree of saturatiois
essential foraccuratelyshowingthe effects of improper curingPopovicg179)investigated
changes in curing conditions and shovikdt the highesitcompressive strengths of
concrete specimens wemeveloped when samples were moist cufetlowed by a 2day
air curing before the strength tesiVhile ar cured samplegollowed by 3day moist curing
developedower concrete strengths thasamples that wereured continuously iir. The
reduction in compressivstrengthobtainedby soaking concreteamples in water before
testinghas beerassociatedo the absorptionof water by the gel pore€l80) Soaking
concretespecimens itbenzne or paraffin, whicltannot be absorbed into gel porafoes
not have anyeffect on strength However, under extremely dry conditions,teeagth
reductioncan be observe81).

Pihlajavaarg181)reported that moisture conditionsr changes in moisture content have a
critical effect on the strength, shrinkage and creep of mature concrete, andgtreatgths
obtained from concretes that he been dried wereabout two thirds higher thathe
strengths from wet concrete samples.

Evalation ofthe moisture effect on the strength of concrete specimeawvhich had been
cured completely was investigated by ChemgR8). Arelationship betweenthe concrete
propertiesand themoisture contentsrormally experienced in outside conditionss
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developed They concluded that theoisture content does have a significant effect on
compressive strengttwith specimens stronger at lower degrees of saturatidowever, a
surprisingincrease in compressive strengtfas obtainedat an almostsaturated condition

Shoukryet al (27), worked on concrete mechanical properties to determine ideal air
temperatures between 20 and 22 °C and relative humidity between 40 a¥difGer
laboratory condition. The development of concr&gechanical properties when cured
under different environmental conditions were also defined. Different tests were used to
measure modulus of elasticity, compressive strength, and split tensile strength at varying
temperatures and humidity conditions to study their effects on normal carcrEhey
concluded that temperature and moisture perform a large function in influencing the
properties of concreteHigher temperaturs and moisture levelseduceconcrete
compressive and tensilrengths andcorrespondingelasticitymoduli.

2.12 Effects of dying on concrete

Concrete structural members will experience a range of climatic conditions, both in terms
of temperature and relative humidity. Also, in hot weather, where the temperature is
sometimes oveB5°C or more, direct sunlight caimcrease theemperature of concrete
members up tdb0°C(182) In theseconditions, the properties of concrete may experience
obvious changes. Generally, at increasemperature, concrete surfaces will lose moisture
which could affect the hardened properties of concrete, by contributing to drying shrinkage
cracking. Also, micro cracks might show up as a result of thermal stress and thus would
affect the hardened propeigs of concrete.

This aspect of the study has investigated the effect of drying mature concrete at a constant
temperature The temperature of AT was chosen because at this temperature the

concrete will dry and its microstructure will not be damagecderaiture available on effects

of low or moderate temperatures on cured concrete were limited while there are lots on
very high temperature§183192)in order to assess the strength of concrete in case of any
accidental fire.

The effect of drying on fly asfoncretes was considered in thlegidy, there are few or no
literature on theeffect of medium or low temperature on fly ash concretes. Lots of
research has been conducted on effects of high temperafLi®®, 193197)on curing. All
the studiesrevealed thatfly ashconcretes performed better than Portland cemaeatthigh
temperature They alkeported an initial increase in concrete compressive stremgth an
increase irthe temperature butwith additional increase in the temperature there was a
decrease in compressive strength

2.12.1 Effect of medium or low temperature on concrete

Imaneet al (198)worked to show the sensitivity of the concrete in different climatic
environments, by studying concrete samples which had been cured for 2®&efye

being subjected to 24 hours of cold temperatusgy and-10°C) or to high temperatures
(40, 50 and 60 °C) with use of a thermal enclosure. The results were presented in three
phases according to various temperatures observed in the experiment. Betd/6&@ to 0°
C, there was an increase in the average compressieagth. A second phase, phase Il,
occurred when temperatures were between 0°C to 10°C, and 10°C to 40°C, here the
concrete showed good resistance to temperature and temperature had limited influence
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on concrete. Phase Ill was divided into two parts, ésults from 40°C up to 50°C showed
a gradual increase in strength for all concrete examined. The second part of phase Il
revealed dereasestrength as the temperature increased from°a&to 60C. They
concluded thatemperatures @rform a big functionn affeding the properties of concrete
and hgher temperatures wilproducelower concrete strength isompression.

The effects of medium temperature and industriakfmpducts on the key hardened
properties of high performance concrete was studied byusidiin et al (182) Two

industrial byproducts, silica fume and Class F fly ash, were used separately and together
with normal Portland cement to producerie concrete mixes in addition to the control
mix. The concrete specimswere cured in water at 2T for 3, 7, and 1days before
exposing the samples to medium temperature of@®r 50C. The dried concrete samples
were tested for compressive strengththe age of 28 and 91 days. Test results reveal that
the temperature environment at 3& generates higher compressive strength than the
temperature environment at StC. They concluded that the compressive strength of
concrete decreased as the temperatunereased. Also the effects on thedition show

that all types of concrete havirggditionsrevealed highestrengthperformancethan

normal Portland cement and that increase in temperature has little adverse éfifect
concreteswith additions

Janotka ad Nurnbergerovg186)examined the &ect of temperature on structural quality

of cementpaste and higkstrength concrete with silica fumé&he concrete samples used in
the experiment were cured for 28 days before exposintgtoperatures of 40, 60, 100, and
200PC.The result showed a slight increase in prism compressive strength up 6 1@0dle
strength decrease was obtained at elevatethjgeratures. They report that the lower
strengths measured explain that structural deterioration of concrete is distinctly influenced
by increase in temperature and also elevated and prolonged heating will result in loss of
weight and the growth of the airoids portion(186)

The dfectsof moisture and temperature on the mechanical properties of concvetee

studied byShoukryet al (27). The tenperatures considered in thegtudywere within the
range-20°C to +50C.The results showed thatoncrete specimens were stronger at lower
temperatures and weaker at higher temperatures. Also there was a notable decrease in the
compressive strength and tensile strength in all the tested samples as the temperature
increased.

2.13 Shrinkage

Shrinkage of concrete is the principal cause for various kihdsaoks which affect the
serviceability and durability of concrete. It is described as the reduction in volume of
unloaded concrete at a constant temperature. The loss of water during the drying process
and chemical reactions has been reported to be thienpry cause of shrinkage. Shrinkage

of concrete occurs at two specific phases which are early and later ages. The early stage is
normally the first day when concrete is setting and beginning to haf@ief, 200) Twenty

four hours after casting and beyond is refer to as later ages or long(tE8) As a result

of low strength and strain capacity at early age, coreistreally susceptible to internal
stresses. Shrinkage cracking occurs when tensile stresses due to restrained volume
contraction exceed the tensile strength of concrete this leads to cra¢Rdit) There are

many types of shrinkage that affect concrete, namely plastic shrinkage, autogenous



42

shrinkage, chemical shrinkage, drying shrinkage, carbonation shrinkage and thermal
shrinkage

2.13.1 Plastic shinkage

Plastic shrinkage is the shrinkage of freshly placed concrete that occurs when the concrete
is still fluid. The duration is normally short, nearly one to two hours. It starts first after the
water glaze disappears from the concrete surface and @ndsediately hereafter, when

the concrete set$202) Plastic shrinkage in concrete is@mgicatedinteraction of internal

and externaldevelopment which is controlled generably the loss of watedueto drying.

It leads toproductionof water menisci that exertontraction forces within the
microstructure(203) Also it can be as a result of a capillary pressure in the pore system of
the material building up due to the loss of wat@lastic shrinkage is induced by

evaporation of water and fly depends on the bleeding rafg04)

Plastic shrinkage cracking due to restrained shrinkage is a primary problem that often
occurs in concrete structures with a relatively large surface area or thin concrete elements
(having a high surface area volume ratio) such as concrete walls, bridge decks, slabs, and
overlays. Also concrete pavements, specifically those in road and airfield construction, are
liable to plastic shrinkage due to their comparatively large, exposed, and occasionally
unprotected surface. Early age cracks resulting from this capillary shrinkage may have an
unfavourable effect on the durability of concrete pavements. High performance concretes,
having low water to cement ratio, and combuheith silica fumedue to the minutenessf
poresformed and reduced bleeding rate, are also prone to plastic shrinkage cracking. Fresh
concrete is sensitive to plastic shrinkage cracking especially during hot, windy, and dry
weather environments when the evaporation rate is considerably highen bleeding

rate. Alsoplastic shrinkage cracks develop without any specific pattern with lengths varying
from few centimetres to several metres, and widths that can reach values of 0.1 to 3mm
(205)

2.13.2 Drying Shrinkage

Drying shrinkage occsidue to the loss of moisture from hardened concrete. This shrinkage
is explained as the volume reduction that concrete experiences as a result of the movement
of moisture when exposed to a lower relative humidity environment than the initial one in
its own pore systeni206) Also Neubaueet al (207)wrote that most of the drying

shrinkage occurs in the &H, while calcium hydroxide (CH), gahous cement and

aggregate all restrain shrinkagsitcin (208)wrote that drying shrinkage develops when
concrete dries in dry air and as concrete releases some of its internal water; menisci
emerge within the coarse appamt capillaries which resulted into mass loss. Drying
shrinkage of the hydrated cement paste starts at the surface of the concrete and advances
further or less rapidly through the concrete, based on the relative humidity of the ambient
air and the size afapillaries Drying shrinkage in concrete is as a result of drying of water
enclosed in the pore structures and the combined decrease in moisture content. It is a
surface phenomenon the drying progress begins at the surface which is exposed to drying
and dowly infiltratesinto the concrete(209) The major cause ofederioration of concrete
structures can be as a result of dryingiskage(201)
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2.13.3 Autogenous shrinkage

Autogenous shrinkage of concrete can bechbedas themacroscopic volume
developmentthat take placeafter the initial settingdue toremovalof moisture from
capillary poregor continuity ofcement hydration reaction@10» ! t a2 A dQa | Y|
reduction inlength under constant temperature without any movement of moisture to or
from concrete(211) This is a change that occureatrly ages when no moisture trefes is
allowedwith the environment. This volume reductiondsnnectedto chemistryand

internal structural development@utogenous shrinkage ggenerallya concern in high
strength or highperformance concretevhere the strength is greater tha40 MPaand
where thewater-to-cement (w/c) ratiois low(199) Holt also defined @ogenous shrinkage
of cement paste and concrete as the macroscopic voldmelopment that existvhen
there isno moisture tranported to the outside of thesurrounding environmentltis an
external volume changanda phenomenon in which cementitious materials shrink at a
constant temperatue without any change in weightuogenous shrinkage increases as
the watercement ratio dereases and the microstructure of cement becomes denser

2.13.4 Chemical shrinkage

Chemical shrinkage, which is the reduction in the volume of hydration products compared
with that of the reacting constituents. This has been considered as the main driving
mechansm behind autogenous shrinkage. The chemical shrinkage is the outcome of the
reactions between cement and water, which result to a volume reduction. Chemical
shrinkage, starts immediately after mixing of water and cement and the rate is greatest
during thefirst hours and days. Chemical shrinkage is considered as an internal volume
reduction. The rate of chemical shrinkage rely on cement and conoridieire

specifications, like the cement fineness and the ability of cement dispe($8$h 210, 211)

2.13.5 Carbonation shrinkage

The surface zone of concrete experiences shrinkage due to carbonation as a result of
drying.The reaction between carbon dioxide and the hardened cement pastdtsin
carbonation shrinkage. Th@lume reduction caused by carbonation shrinkagadslerate
(212, 213) Alsocarbonation shrinkage is possibly produced by the sodftgof crystals of
Ca(OH)at the time under a compressive stress that is imposed by the drying shrinkage.
This leads to depositing of Cafispaces free from stress thereby temponaiiicreasing

the compressibility of the hydrated cement paste. Carbonation shrinkage becomes
gradually more obvious when concrete is constrained to alternating wetting and drying in
air containing C&(17).

Carbonation of concretis a slow process arigl one ofthe most destructiveoccurrence

that affect the durability angerviceabiliy of corcrete structures. Carbonation igpaocess
wherethe hydration productspecificallycalciumhydroxide (CEDH)) of cement react with
the dissolved carbon dioxid€Q), thusreducing the pH of the concrete pore solution from
approximately 12 to Ies than 986). The process of carbonatiorormally beginsvith the
ingress of atmospheric G@nd, along withwater, forms carbonic acid, which is very
reactive with the hydrated¢ement paste, forming calcium carbonate (CgCCQarbonation
shrinkages due tochemical reactions between hardened cement paste and carbon
dioxide. When Cg&reacts with calcium silicate hydra(€SH), it inducesa decrease in its
calciumsilica (C/S) ratiazvhich resultdo water loss. Carbonation shrinkage is a function of
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relative humidity and is greatest around 50 per cent relative humidity. Carbonation
shrinkage, although not very signifitdtself, cancontribute to the effect of drying
shrinkage and thereby lead to crackimtg magnitude is usually negligibleaomparison to
the other types of shrinkag

Carbonation reduces the permeability and pore volume of concrete. The reduction of
permeability and porosity was found to be much more in concrete, which has low strength
as a result of high wateto-cement (w/c) ratio. Also carbonation increases the density,
strength, modulus of elasticity, and shrinkage of the concrete. The majonéattiat affect

the carbonation shrinkage are permeability of concrete, moisture content, relative
humidity, high w/c of the mixture, and rate of carbon dioxide in thg(2l4, 215)

2.13.6 Thermal Shinkage

Solid materials such as concrete experience contraction on cooling and expansion on
heating. Thermal expansion is generated by insufficient heat dissipation during the cement
hydration and cooling of concrete. The liberated heat increases the canemperature
causing thermal expansion when the cement hydrates at early age. As the hydration
reactions attain their peak, the rate of heat liberation decreases and concrete starts to
dissipate heat and cools down, causing contraction or thermal shg@Ka massive

concrete however, the variation in the rate of heat dissipation between the interior and
exterior concrete can produce a thermal gradient, leading to thermal strains, and
associated stresses which can influence cracking. This specificalppiein structural
elements of greater thickness when the rate at which hydration heat released is larger than
the rate of diffusion through conduction. Eadge thermal cracking takglace within a

few days in thinner sections, but it may take longedevelop in thicker sections which

cool more gradually. Thermal shrinkage is a concern with the concrete at early age when
the tensile strength is low and in massive concrete structure where the heat of hydration
produced is very high. Massive concretieistures such as bridge piers, dams and nuclear
containments usually experience serious thermal expansion at times the maximum
temperature may get to 70°C or more at early age especially during constr21i61219).

2.13.7 Mathematical modelling of drying shrinkage

Concrete shrinkage models are expected to determine an estimate of shrisikage They
takeinto account relative humidity, notional dimension, concretanpressive strength,
and type of cement as parametefor predicting the shrinkage straifihe CE®IP 90 model
is valid for concrete that has an averafeday compressive strength in the range of 20
MPa to 90 MPand an environmental relative humidity in the range oftd@.00%.at a
mean temperature ob to 30°C(220, 221)

The equations by CEHBP 1990 are only applicable for the longitudinal shrinkage
deformation of plain or lightly reinforced normal weight concrete elemefie CEB-IP
1990 modeMdeals with dry curing conditions only. Timodel isappropriateto the
expaimental result in the early age, butunder predicts the dryinghrinkage at a later age
(221)

The total shrinkage or swelling strains OO taken from(222)may be calculated from

- oD - T O O Equation2.10
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Where:

- Is the notional shrinkage coefficient

- - ) Equation 2.11

- 'Q pompit w —] pmn Equation 2.12

"Q is the mean compressive strength of concrete at the age of 28days)(MPa
Q p Tt

T is a coefficient whicldepends on the type of cement

I = 4for slowly hardening cementSL

I =5for normal or rapid hardening cements N and R,

I = 8for rapid hardening high strength cements.RS

f PR D  For40% YO w wlEquation 2.13

i g UQEYO wwld

f P —— Equation2.14

RH is the relative humidity of the ambient atmosphere (%)
RH = 100%
T is the coefficient to describe the development of shrinkage with time.

The developmat of shrinkage with time is given by

8
\ \ e .
f o o Equation 2.15

Whereh=8 ¥6 Equation 2.16

h is the notational size of member (mm),i&\the cross section and sithe perimeter of
member in contact with the atmosphere

0 =1day
ho = 100mm

tis the age of concrete (days)
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tsis the age of concrete (days) at the beginning of shrinkage or swelling

This equation is potentiallyseful in terms of giving desigrs anindication of the
magnitude of drying shrinkage and the likelihood of cracking

Shrinkage model dfb Model Code 2010

Shrinkage model dfb Model Code 20165 the latest version thus the research examined
the shrinkage prediction using fib Modelde 2010 and compare with the result with
experimental data and the existir@eBFIP 1990

The drying shrinkag%cds(t) is calculated by means of the notional drying shrinkage
coefficient? cdsdfem), the coefficient RH{RH)taking intoaccount the effect of the
ambient relative humidity and the functidnds(t-ts) describing the timedevelopment:

Zeds o(fem) = [ (20 + 1100 gs 1) . €xp M as2. fom) ]-106

According to thdib shrinkage model, the notionalrying shrinkage coefficientepends on
the mean compressive strength of the concrete28 daydeml Yy R 2y G KSd€D2 STFF A O,
|y RIS 'both accounting fothe cement type. The evolution of thdrying shrinkage strain

%cds (t-ts) =2cas 0(fcm)-j rH(RH) .ugs (t-ts)

is given by multiplying the notional drying shrinkage coeffickasat o(fcm) by the
coefficient

Jru=[-1.55.[1¢(— ]Jfor40 YO wwk s:

j RH:[O-25 . [1( (— ]for RH wwbis:

for taking into account the effect of ambient relative humidRy(in %) andy the time
dependent function

I gs(t-ts) = W 8
js1= — 8 P8t

Where

h 4s 1and D gs 2 are coefficients, deendent on the type of cement and was taken from
table5.1-13 in fib Model Code 2010.

The latter depends on the current age of the concrethe age of the concrete at the
onset of dryingsand on the notional sizk = 2 -Ad u of the member

The shape and size effect is only considered intitne-dependent functior ds(t—ts) by
the notional sizén in the fib shrinkagamodel
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Neither the duration of moist curing nor the curitgmperature are considered in théb
shrinkage model, which is intended for predicting shrinkage strains of contiatgbers
moistcured at normal temperatures for longer than 14 days.

2.13.8 Factorsaffecting siwrinkage

Thereare lots of factors that affedhe shrinkae of concretes. The factors haveen
classified as internal and external factors. Internal factors affecting drying shrinkage of
concrete are those related to its constituents and are fixed once and for all when the
concrete is cast. Examplef such arecements, aggregates, and admixtures; concrete mix
design; watercement ratio and water content; and aggregate properties and volume
fraction. Also some are related to the construction of the concrete such as placing,
compaction, and curing. The exterrfattors affecting loss of moisture from concrete are
ambient conditions and size and shape of the concrete member under consideration.
Ambient conditions that affect drying shrinkage consist of relative humidity, wind velocity,
and air temperature. The eatnal factorsarethe factors which can vary after casti(p6,
223). Thefactors affecting drying shrinkage are presentedable 25.

Table2-5 Factors affecting shrinkage strain

Category Influencing Factors

Internal factor Aggregate — volume and

mechanical properties

Cement types and content

Water-cement ratio

Concrete strength

Member size

External factor Curing condition

Temperature and humidity

Age when drying begins

2.13.8.1 Aggregate

Aggregates have a larger modulus of elasticity when contpaith cement paste. Thus
aggregategpresence in concrete acts to internally restrain shrinké&#4) The volume and
type of agyregates in the concrete mixase of thefactor that affectthe shrinkage of
concrete. Aggregates restrain the shrinkage of cement paste. Hence an increase in
aggregate volume and theprrespondingeduction in thevolume of cement paste will lead
to a reduction in shrinkageConcreteshrinkagecan be easily reduceuly increasing the
coarse aggregate contenieville(225)wrote that the sze and grading of aggregate do not
influence the magnitude of shrinkage but a larger aggregate permits the use of a leaner mix
and hence results in a lower shrinkage. Concrete of low workability contains more
aggregate than a mix of high workability madghwaggregate hence this resslinlowering
shrinkage.

An experimental study texplainthe effect of various aggregate materigsmponentson
the drying shrinkage property imortar and concrete specimens usifogirteen kinds of
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fine aggregate materialsnd three kinds of coarse aggregate matenmads investigated by
Zhanget al (226) Theresultsobtained showedhat the charactestics of fine and coarse
aggregate materialsggform an nfluentialrole inregulatingthe drying shrinkage property
of mortar andconcrete. They concluded thate drying shrinkageolume of concretes
usuallysmaller than the drying shrinkage of mortaisthe same age, due to the effect of
coarse aggregate on drying shrinkagelthat the smaller the coarse aggregate shrinkage
strain the less is the drying shrinkage strain of concrateaning that the coarse aggregate
helpin restraining thedrying shinkage of concrete, andlsohelp inregard to the drying
shrinkage development of concrete

Mu and Forth(227)useddifferent quantities of coarse aggregate in modelling by using
900kg/n¥, 1050kg/n? and 1200kg/m of coarse aggregates respectively. The resitiws

that the shrinkage decreases with the rise in the amaafrdggregate. This is shown in
Fgure2.11.Holts(199)performed tests on neat paste, mortar, and concrete to check

effect of aggregates on shrinkage. The result shows that the neat paste had much greater
shrinkage than the mortar due to the lack of aggate to provide restraint. Also another

two tests were done to compare the restraint provided by increasing the aggregate, both in
size and volume to test concrete and mortar. Concrete samples shrink less than the mortar
(199)

— CA 900
— CA 1050
CA 1200

o] 10 20 30 40 50 60 70 80 90 100

age(d)
Figure2-13 Effect of coarse aggregate content Taken fr¢@27)
2.13.8.2 Cement types and content

Higher cement content increases the shrinkage and cracking tendency of concrete at a
constant water/cement ratio. This as aesultof the larger volume of hydrated cement
paste which is liable to shrinkagRayet al (228)result revealed that higher performance
concrete havindower w/cement ratiohad a higher shrirdge due to higher paste volume
Also Mu and Fortti227)in modelling kepthe water to cement ratio and the amount of
coarse aggregate in the three mixgenstant with three differentontents of cementto be
550kg/m?, 425kg/n? and 300kg/ni, as seen in Figure 2.1Pheresult revealed that
shrinkagencreases as the cement content increases. They concludedhéatontiaction

of cement paste in concrete is tlwgigin of shrinkageand the shrinkagef concrete is
equivalentto the fraction of paste in the concrete
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300
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shrinkag

50
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Figure2-14 Effect of cement contenfaken from(227)

2.13.8.3 Water Content

Water content of the concrete can be regarded as the fundamental factor that influences
shrinkage. lhas amain functionduring earlyageshrinkageby regulatinghe amount of

free water,and the development of the microstructure and pagstem, which
correspondingly changde capillary tensiomnd meniscus development (autogenous
shrinkage)217). Also the more water that is available to evaporate from the concrete, the
higher the tendency to shrink on dryin(R17) The result o28-day-old samples of cement
pages cured at 20C, with four diferent w/c ratios by Neubaueret al (207)shows that
higherw/ c ratios produce higher area anmrticle shrinkages. Thisdsie to the fact that
higherw/ c valueswill make the samples to be more porous thresulting in a morepen
microstructure. Thus &rinkageincreased witthighw/ c ratios.

The shrinkage of concrete can be effectively reduced by keeping the water content of the
paste (water/cement ratio) as low as possible, and the tatajregate content of the
concrete (volume of restining aggregates) as high as possible. This will result in a lower
water content per unit volume of concrete and consequently lower shrinkage is obtained.
Bissonnetteet al (201)found that the influence of w/c ratio on the shrinkage of
cementitious materials was relatively small. Bloom and Bef{#R®)found that the higher

w/c concrete exhibited the largest ying shrinkage. The test result from Zhaal (226)
showed that the drying shrinkage strain becomes larger when there is incressal

amount of water.

2.13.8.4 Age

Neubaueret al (207)showed the effect of age by presenting thaea and particle shrinkage
values of7, 14 and 28 day old cemesamples withw/c is0.5 cured at 26C. Thearea
shrinkageand the particle shrinkage decrease wittisreasing ag of the specimenAt
intermediate humiditiedbetween40to 80%areashrinkage and particle shrinkage at early
ages aragelatively large but, at later ages, these valuessigaficantly lower. This suggests
that the stresses associatedth capillary tersion, which is the predominamechanism at
intermediate relative humidities have a decreasirifget on shrinkage at later ageghus
young specimen has highdirinkage
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2.13.8.5 Size

Thesizeof concrete structural elements have amportant effectover the rae of drying
shrinkage. Aargerratio of surface area twolume willmake the rate of evaporation of

water from concreteasterwhich will result irfaster rate ofshrinkagg(224) The shrinking

of large concrete elements is slower than that of smaller specimens. The effect of specimen
size on shrinking rate can be expressed by the voluntgsa ratio. Higher shrinkage strain
result was obtained in smaller sigpecimeng230, 231)

2.13.8.6 Effect of superplasticizers

Chemical admixtures, such as superplasticizers, water reducees)tedining agents, and
shrinkage educing admixtures, are often used with concrete. The effect of superplasticizers
on the shrinkage of concretsannot be ignored sincguperplasticizers help to reduce the
water content of concrete, which is one of the important factors affecting shrinkage
shrinkagereducing admixture cadecrease the surface tension of the capillary pore
solutionresulting in a reduction of the capillary tension. It wasnd to reduce both
autogenous and drying shrinkagtrains(199) Al-Saleh(230)found a moderate effect on
shrinkage strain specimen with usepésticizing admixturevhich isin contrast to what is

in literaturewherean increase of about 20% was reporteyiBrooks(232)

2.13.8.7 Effect of fineness of cement

The fineness of the cement also influences the shrinkage of concrete. The rate of hydration
of Portland cement relesupon the surface area of the clinker particles; finer cements
develop strength more quickly. The finer pore sture of finer cements results inigher

early age shrinkage in concrete. Also the fineness of cement influences the dryimggbr

of concrete when the water content is increased as a result of fineness, the drying
shrinkage is increas€@33)

2.13.8.8 Effect d Mineral Admixtures

Different mineral admixtures are often used in concrete to improve compressive strength
and other mechanical properties. There are different conclusions on the effect of these
materials on drying shrinkage and cracking. Three nigjues of mineral admixtures
commonly utilized in concrete are fly ash, slag, and silica fume. The type, fineness, and
percentage of cement replacement are the main parameters controlling the effect of
pozzolanic materials on earfyge shrinkage

2.13.8.9 Effects ofSilica fume on shrinkage

Silica fume (SF) is a-pyoduct of the silicon and ferrosilicon industry. The reduction of
high-purity quartz to silicon at tempetares up to 2000C produces Siyapours, which
oxidizeand condense in the lowemperature zoned tiny particles consisting of nen

crystalline silica. More than 95% of silica fume particles are finer than 1um. Silica fume has
a very high content of amorphous silicon dioxide and consists of very fine spherical particles
(234)

Silica fume was found to increase the autogenous shrinkage significantly due to refining the
pore structure of concrete. Khatet al (235)suggested that, although lorigrm shrinkage

is reduced with the use of silica fume, the early age increase in shrinkage may lead to
significant cracking because the tensile strength of concrete is l@art ages. Generally,
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the inclusion and increase in the proportion of silica fume decreases drying shrinkage
strain. Silica fume did not affect the total shrinkage; however, as the proportion of silica
fume increased, the autogenous shrinkage of ksglength concrete increased and its
drying shrinkage decreased. This pattern of behaviour is observed in the reaiiLnfy
conducted by Mazloomat al (235, 236) The maximum plastic shrinkage strain was
observed in silica fume cement concrete which was attributed to theemsified nature of
this silica fume and the lowest plastic shrinkagirain was noted in the plain cement
concrete(237) The influence of silica fume on the plastic skaige of concrete exposed to
hot-weather conditions (a wind velocity of 15 kmtemperature of 48C and RH of 35%)
was studied byAlF-Amoudiet al (238) The result shows thatlastic shrinkage strain
increased with increasingpntentof silica fumeThis trend wa®bservedn all the concrete
specimens prepared with the selected silica fume cements

Zhanget al (239)conductedan experimental study on the autogenous shrinkage of
Portland cement concrete (OPC) and concrat®iporating sita fume. The result
obtained revealedhat both the wi/c ratio and theaddition of silica fume had significant
effect on the autogenous shrinkage strain of the concrete. The autogenous shrinkage
increased with decreasing wi/c ratio and with increasing dilioze content

2.13.8.10 Effects of Ground Granulated Blast Furnace Slaglornnkage

Ground granulated bladurnace slag (GGBFS) is gobyduct of making iron and sé& It is

a fine powder groundrom the glassy, granular material that is produced when maiten

blast furnace slag is air quenched withter or steam. GGBFS has the same features in
fineness and specific surface area to cement particles. It contains very limited amount of
crystals and is highly cementitious in nature. GGBFS was found to qalydeprove the

pore structure of concret€3, 40) Variety of results has been obtained in drying shrinkage
with GGBFS concretes. Both increases and reductions in the shrinkage has been observed.
The study on creep and shrinkage of high strength concrete conducted by Li a(2#¥po
reported a reduction in the drying shrinkage of concrete having 30% replacement of
ultrafine GGBS. The inclusion of GGBS helps to promote hydration of cement and increases
the density of hardened cement paste. This strengthemsgbre structure of concrete,

thus producing concrete that is more resistant to deformation. Evaluati@utiigenous
shrirkage of concrete made with wfanging from 0.27 to 0.42 and Granulated blast

furnace slagGGBypreplacement level of 0%, 30%, ar@PGby Leeet al (241)present

increases in shrinkage. The concrete made @Wi@BS exhibited higher autogenous

shrinkage than ordinary concrete without a@®%ES, and the higher th&@S replacement

level, the greater the autagnous shrinkage at the same w/this may be due to the

greater chemical shrinkage and finer pore structure of the concrete @S than pure
Portland cement, and the particle shape@GES.

2.13.8.11 Effects of Fly ash on shrinkage

Incorporatingfly ash considerably reduced autogenalsinkage ohigh- performance
concrete (HPC) hE higherthe fly ash content, théower autogenous shrinkage. It is
deliberatedthat the basiccharacteristics bfly ash, such as igpherical particle shape and
delayed hydrationgontribute to the reduction ohutogenous shrinkagef HPC containing
fly ash. This is the conclusion made by &kal (242)and similar result was obtained by
Termkhajornkitet al (243,244) Atis(208)reported that additionof high volumes of fly ash
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in concrete with a low watecementitious material ratio resulted in a reduction in the
dryingshrinkage values of up to 30% when comparedrdinary Portand cement QPG.

Chindaprasiret al (245)worked on mortar samplessing fly ashes dfifferent fineness
reported that all of the fly ashes reduced the drying shrinkage of the mortars. Though the
drying shrinkage is influenced by many factors, the results indicated that the water to
cement ratio was the prime factoFly ash in concrete decreased dryingrskage when the
w/b ratio and the binder content were adjusted to achieve the samel@g strength of the
control concrete Alsoconcrete with 30% fly ash showed less shrinktga that with 40%

fly ash(92).

Bjegovicet al (246)worked onquaternaryblended cemento produce concrete. e results
presentedby themconcludedthat the influence of fly ash has overcome the influence of
slagand limestone on giinkagesincepast research has shown that bate addition of
slag, as binder, and limestone, as filler, to conciateses an increase in shrinkg@d7,
248). The inclusiowf fly ash to concrete causes a decrease in shrinkage

2.13.8.12 Effect of curing

Curing is one of the factors that affects drying shrinkage that is related to the construction
of the concrete. When concrete surfaces are exposed to the gihnere there is moisture

loss which leads to shrinkage. The curing method, duration and temperature have a
significant effect on eartpge shrinkage. Proper curing can protect against moisture loss
from fresh concrete. Huo and Woli(i@49)examined the earhage behaviour of high
performance concrete (HPC) under various curing methods. The results show that proper
moisture-curing methods can &ctively limit the development of shrinkage strains. Also
curing concrete for longer period would produce lower shrinkage deformation and lower
evaporation rate. Nassif et &21)discovered that the shrinkage of the air cured concrete
was highest, followed by the specimens coated with the curing compound, andhben
burlap-wrapped specimens. They concluded that different curing methods have an effect
on autogenous and drying shrinkage for HPC. They suggested that the HPC mixture needs
to be cured with wet burlap immediately after finishing to prevent autogenoumkhge

since autogenous shrinkage occurs mainly in the $iesenhours

The effects of curing conditions on concrete shrinkage were studied by Alsayed and Amjad
(250) Reinforced concrete slabs on grade were exposed to a hot, dry climate, and the
effects of intermittent wet and dry curing were considerddhe study concluded that
intermittent wet curing reduces thaltimate shrinkage of concrete, aradso increases the
exposure time needed to develop it amwdet curing produces concrete with less

susceptibility to weather variations.

Six curing compounds were usedMgncyand Whitting(251)to examine the effectiveness
of different types of curing compounds in retaining water for hydration, promoting
congaete strength, andeducing permeabilityMoisture lossvas also considered he result
shows thatall the curing compounds decreased the moisture Esdall performed better
than the aircured treatment, but none performed as wellaater-cured specimens.
Reduction in moisture loss from concrete was reported by Warad (252)when curing
compounds were appliethb concrete samples. Alshe second peak in evaporation, which
occured in aircured specimens, wadiminatedin cured sampledn order to reduce the
undesirable effets caused by excessive water evaporation from concrete surfaces, which
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induce plastic shrinkage cracking and thereby reduo@bility, Nabilet al (253)studied
the effectiveness of curing proceduremmely plastic sheet, curirgpmpound, cold water
and polypropylendibre on the properties of concrete. Thedfect of curing on plastic
shrinkage cracks, evaporation rad strength was evaluate@hey concluded thahe
most efficientway to minimize plastic shrinkage is to use a curing compound folltwed
the application of a plastic sheet coyand the most eftient measure to decrease
evaporation is the application of a plastic sheet cover.

Effect of curing methods on the properties of plain and blended cement cononetes
investigated byAlGahtani(16), the efficiencyof two curing compounds, namely water

based and acrylibased, was evaluated. The resultdtwdt study indicatedhat the curing
compounds were effective in moisture retentiamd decreased the plastic and drying
shrinkage strainA study conducted to assess the effect of curing on shrinkage
Maslehuddinet al (254)concludedthat the applicaton of curing compounds decreases the
shrinkagestrains andeinforcement corrosion, thereby enhancing theerall life of a
structure.A field study was conducted to assess the effect of curing methods and specimen
size on the plastic and drying shrinkageain in plain and silica fume cement concretes by
Al-Amoudiet al (231) The effect of specimen size and method of curing on @astd

drying shrinkage and some of the mechanical properties of silica fume and plain cement
concrete specimens were evaluatethe result indicated thahe shrinkage strains in both

the plain and silica fume cement concrete specimens cured by contiates-ponding

were less than that in similar concrete specimens cured by covering them with wet burlap.
Alsogood curings suggested to avoictacking of concrete due to plastic and drying
shrinkage, particularly under hot weather conditions

2.13.8.13 Effectof Ervironmental Conditions

Influence of environmental condition on concrete structures is an external factor which can
vary after casting. Alind Urgess§206)wrote that ambient conditions, size and shape of

the concrete member under consideration are the external factors that affect loss of
moisture from concrete. &ative humidity, wind velocityand air temperaturénas been
highlighted as the mbient conditionswhich affectthe loss of moisture from theoncrete
surface Higher drying shrinkageill occur when there igecrease in relative humidity, rise

in ambienttemperature, increase in air movement around tbencrete, and increase in the
lengthof time for whichconcrete is subjected to drying conditionde degreeof early age
drying shrinkaggreatly depends on the surrounding environmental conditions. The degree
of early age drying shrinkage increases when theircigase irevaporation of free water
from the fresh cacrete (255) Drying commences when the evaporation rate exceeds the
bleeding rate, risk of drying depends on the environment and on the bleeding rate of the
concrete(256) Drying shrinkage of the hydrated cement paste starts at the surface of the
concrete and advances more lessvery quickijthrough the concrete, depending on the
relative humidity of theambientair and the size of capillari¢208)

2.14 Summary

This chaptehas reviewedhe constituents of concrete, the hydration of Portland cement
and the durability of concretel he effects of fly ash on hydration, microstiure and

transport properties of fly ash blended systems, drying shrinkage, factors that affect
shrinkage and concrete shrinkage models which are expected to determine an estimate of
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shrinkage strain were summarized. Althougk scientific literature stresesthat curing of
concrete is essential for strength development and durability and that the main objective of
curing is to keep concrete in a saturated state or nearly twdtelp the hydration of

cement, this does not appear to be common in practa® the effects of improper curing
have only infrequently been reported in the literature.

Furthermore, the literature has shown that thegkee of saturation affects measured
strength and thatstrengths obtained from concretes that have been driedatveut two
thirds higher tharthe strengths of saturatedoncrete samples. Meanwhile, samples cured
under typical ideal, i.e. saturated, conditions will be fully saturated upon strength testing.
Therefore, since changes in curing conditions will affect theedegf saturation of the
resultant concrete, this study on effect of improper curing also consider the effects of
changes in the degree of saturation.

The durability of concrete may be highly affected by curing conditibtise concrete is not
properlycured, then the surface layés most affectediue to the potential for evaporation
of water from the concrete surfac&his means thategulation ofmoistureis notjust for
improving thecompressive strengtbf structural element rather it also reducesurface
permeability andncreasesardnessso as to improve théongevity of astructure,
especially onexposed tcharshenvironments Many studies show thdty ash improves
the durability of concrete withproper curing However, it has also been showrat fly ash
hydrates more slowly than Portland cement. Therefore, the effect of improper curing
becomes more critical when considering composite cement systems.

Thus the aim of this research is to compare the impact of improper curing on strength
develgpment to concrete properties which may affect durability that is permeability,
sorptivity and resistance to carbonation. Then, so as to understand how improper curing
brings about these changes in performance, the degree of hydration of various systems has
also been determined using a suite of analytical techniques.
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Chapter 3Materials and experimental rathods

This chaptepresentsthe materials anaégxperimentalmethods that were used for the
study. The tests methodselectedfor the study have been grouped inthree as shown
below:

1 Engineering performanoghich was evaluated in terms of compressive strength
and drying shrinkage, transport propertie(ptivityand permeabilityand
resistance to carbonatiarThese were tested in different forms of concrete as
shown in flow chart in Figurd.1.

1 Effects of dryingvere investigated on concrete cubes.

1 Hydration and microstructural studies on cement paste samples using:
thermogravimetric analysi@ GA) X-ray diffraction(XRD)and backscattered
electron image anagiswith scanning electron microscopy (SEM).

The Schematic for each set of samples was shown in the experimental flow chart in Figure
3.1(see Table 3.fbr composition).

3.1 Materials

The materials used in the research projects were:

Portland cement, (CEM I)

Fly asHclass F fly ash from Drax power station),
Two types of oven dried aggregate

Water.

= =4 —a -4

3.1.1 Portland cement (CEM I)

High strength CEM 1 52.5 N from Hanson Heidelberg Cement Group was used in all the
experiments. All cement was taken from the same hatind stored in sealed containers
throughout the duration of the projecfThis cement has @inker content of at least 95%

and hashigh one day strength developmerithis complies with BS EN 1:9% 2011(38).
Chemical composition, as determined by XRF and provided by the manufacturers, is shown
in Table 3.1, andthe mineralogy, as determined by XRD Rietveld analysis (also pedorm

by the manufacturer) is presented Table3.2.
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Effects of drying test on

100 x 100 x 100mm

Microstructure and
composition on paste
samples

DOS (Ambient cured)
12Mixes. 3 samples
cured at 1,2,7 & 28
days. Total is 144
cubes

concrete cubes of —

12 Mixes ideally cured
at 28 days. 3 samples
dried at different 7
days. Total is 252
cubes

SEM 12 Mixes cured
at 28 days. Total is 24
of 2mm thick

Compressive
strength using 100
x 100 x 100mm
concrete cubes 12
mixes

Sorpfivity test on
100 x 100 x

100mm concrete
cubes. 12mixes

6 samples ambient &
ideal cured at
1,2,7,28,56 & 90days.
Total is 432 cubes

6 samples ambient &
ideal cured at 28
days. Total is 72
cubes

Permeability 12
mixes using

50mm diameter
and 40mm height

6 samples ambient
& ideal cured at 28

days. Total is 72
cubes

TGA samples in fine
powder ~ 6ml to 8ml

(Phase assemblage)

8mils tube with 14 to
16mm diameter

cured at 1,7 and 28
davs.

XRD Samples in fine

powder placed in a
10mm diameter holder

Shrinkage on 75 x
75 x 200mm
concrete prism.

12 mixes

4 samples ambient
& ideal cured at 28

cured at 1,7 & 28 days

Figure3-1 Schematic for each set of samples

Carbonation test
on 100 x 100 x
100mm concrete
cubes. 12mixes

days. Total is 48
prisms

6 samples ambient
& ideal cured at 28

& 90 days. Total is
144 cubes
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Table3-1Composition of CEM 1 52.5N Table3-2Clinker compounds by Rietveld
Manufactured at Ribbésdale analysis
Compound (% wt) Clinker compounds by Rietveld analysis
(]
SiO2 19.85 CsS 58.8
Al203 493 CaS 17.8
Fe203 214 C:A 51
i i CsAF 53
MgQO 2.01
503 3.13
K20 0.58
Na20 0.37
Cl 0.07
Loss on Ignition 2.60
Not Detected 0.37
Total 100

Curing Conditions

Two curing conditions were used in the study for most of the mii@sal curing condition

is curing at 2@ 1°C temperature an@9% relative humidityRH)while ambient curing
condition is curing atemperature of20 + P Cand 42+ 5%RH Third curingcondition
appliedthe minimum curing conditioas specified in BS EN 13670:2009 based on the ratio
of the mean compressive streriig at 2 and 28 days followed by continued curngler
ambientcondition (& /f s +ambient) If the value of f/f,gis less than 0.5 then the third

curing condition will be appliedh& mean compressive strengths at 2 and 28 dfy/$.s)

of 20MPa fly ds concrete calculated was 0.46 thus this mix used the third curing
conditions.Additional concrete cubesf 100 x 100 x 100mm were casted for further
investigation and this is presented in the flow chiarFigure 3.2.

9 samples initially
cured in fog room then
exposed to ambient

Fly ash concrete

20MPa used the third curing at 7, 28 days
curing condition and until constant

weight is obtained

Degree of saturation
test on concrete cubes

having 100 x 100 x 12 samples ideally
100mm on minimum cured for first 3 days.
curing time in BS EN 3 samples tested at 3
13760 day when wet while

others were ambient
cured at 7 and 28
days and immersed in
water.

Figure3-2 Addition concrete cubes casted for minimum curing condition
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3.1.2 Fly ash

Drax power station supplied all tHly ashused in the research; this complies with BS EN
450-1:2012(257) Enouglfly ash was obtained at the start of the study for all the tegis
avoid changes irhe composition of the material. The fly adénsitycalculated is
2.3194g/cmThefly ashchemial compositionas obtained by XR&shown in Tabl&.3,
while density and fineness of the binders obtained were presented in Table 3.4

Table3-3 Chemical compositiomf Drax Fly Table3-4 Density and Fineness of the

Ash Binders
Compound DRAX ELY Binder Cement Fly ash
ASH (% wt) Density (gm/cm?) 3.3047 231

Si02 50.73 Fineness (cm%gm) 3125 3013
Al203 25.49

Fe203 10.05

Ca0 2.28

MaQ 1.63

SOz 0.41

K20 3.46

Na20 0.90

P20s 0.20

TiO2 1.04

V2 0Os 0.05

Cr203 0.02

Mnz04 0.10

Z0Q 0.03

S10 0.04

Y203 0.09

Zr02 0.09

BaO 0.11

3.1.3 Aggregates

All of the aggregates used in this study rtiet requirements for particle size distributi@s
set out inBS EN 12620:2002 + A: 2@q@88) The coarse agyegate was uncrushetbDmm
quartzite aggregateThe fine aggregatwassandwhose particle diameters ranged from
150 um to 5mm. The fine and coarse aggregates were oven dr&tlibefore useThe
particle $ze distribution offine aggregatds shown irfable 3.5while Table 3.6shows the
particle size distribution of 10mm coarse aggregdiee aggregate grading curve is shown
in Hgure 33.
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Table3-5 Partide size distribution of fine aggregate

Sieve size (mm) Percentage cumulative | BS 882: 1992
passing (%) Requirement

10 100 100

5 98.3 89-100

23 899 60-100

1.18 81.1 30-100

600 pym 69.9 15-100

300 pm 26 5-70

150 ym 3.1 0-15

75 ym 0.8 =

Table3-6 Particle size distribution of 20mm coarse aggregate

Sieve size (mm) Percentage cumulative | BS 882: 1992
passing (%) Requirement
14 100 100
10 92.175 85-100
5 3.18 0-25
2.36 0.188 0-5
100
80
60
40
20
0
0.1

Sieve opening (mm)

Figure3-3 Aggregate gradingurves

3.1.4 Water

—Sand

—10-mm
coarse

100

Potable mais water, as permitted by BS EN 106005259)wasused for all casting
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3.2 Mix design, curing and exposure conditions

Three curing conditionsvere usel throughout this study, namely

1. According to EN 1986:2005(259) 99%relativehumidity at a temperature of20, O
+1,0)°C

2. Demoulding after 24 hourthen leaving the samplasmder ambient conditions,
typically20.0 £ 10 °C42 uv%relative humidity

3. Moist curing first for a time as defined in Euro code 2 BS EN 136702609
followed by curinginder ambient conditions.

Two concretamixes wereanvestigateda stiff mix having 10 to 30mm slump aadvet mix

with aslumpof 60 to 180mmThe reason for using twamixeswasto investigate how water

content impacts upon curing under nadeal conditims. Most research uses high slumps

and according td eychenneet al(261) low slump concrete is more suitable than one with

high slump in road construction. However, low workability concretes have lower(BCO
andsoiflowcarbo®2 y 4 G NUzOG A2y A& G2 06S FOKAS@OSR (KSy
improper curing needs to be investigated.

Two binders were employeEMI and CEM | wittB0%replacement byfly ash Three
target strengths20, 50 and 80MPwere investigatedSamplesveretested in triplicate for
unconfined compressive strength (UCS) &,17, 28, 56 and 90 days. The bintgye,
slumps, target strength, curing conditions and the cudngationfor the experimentare
shownin Table3.7

The mixes were worked out usingpread sheet created by Pasfsor PhiPurnell of Leeds
University based upon the tables, graphs and figures from the BRE mix design method
(261) Moisture content and absorption tests were carried out on the aggregates to
determine potential water uptake by the oven dried materjdl®e adjusted wate
calculated serve as guide to known the actual water to add in order not to exceed the
required slumps for the mixthe result of moisture content and absorption tests were
presented in Table 3.8.

Trial mixes were made up and a slump test was carriedn@0 and 60MPa targeted
strengthsmixes to check that the conete had the desired workability. The targeted
strength of 60MPa was chosen to represent the high strength concretes. Materials for 21
concretecubes with dimensions of 100 x 100 x 100mm wesasured, tocast18 cubes of
concretes Ths measurement 021 cubes provideag&nough material for 3 cubes to be

tested after 12,7,28,56 and 9@ays curing. Threextra cubes worth of material were

added due to the inevitable loss of materials on the ngx@guipment and through any
spillages

The water to binder ratio of the cements was found using the Equ&ibnThefly ash
content was multiplied by a reduction factof 0.3 since flash is not an efficient binder as
cement.

—1 00 Q¢ Equation 3.1
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Table3-7 Concrete nix designsused in this study

Mix NO | Binder Type | Target Slump Wib ratio Water Cement | Fly ash Fine Coarse
Strength (mm) (kg/m?) (kg/m?) Content Aggregate | Aggregate
(MPa) (kg/m?3) (kg/m?) (kg/m?3)

1 CEM1 20 10 to 30 0.66 180 275 0 849 1033

2 50 0.36 180 499 0 650 1007

3 80 0.19 180 930 0 440 786

4 CEM1 20 60to 180 |0.66 225 343 0 911 805

) 50 0.36 225 624 0 675 760

6 80 0.19 225 1162 0 391 506

7 30% Fly ash | 20 10 to 30 0.66 165 223 96 844 1026

8 50 0.36 165 405 174 631 978

9 80 0.19 165 755 324 398 712

10 30% Fly ash | 20 60to 180 |0.66 205 277 119 906 801

1 50 0.36 205 504 216 651 732

12 810 0.19 205 938 402 332 429
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3.3 Test Method

3.3.1 Slump Test

The sump test is used to detemine the workability of fresh concrete. It is an indirect
measurement of concrete consistency or stiffnédsestandardused in the slump test
according taBS EN 1235P(262) is that when fresh concrete is compacted into a mould in
the shape of a frustum of a cone and when the cone is withdrawn upwtreslistance the
concrete has slumped provides a measure of the consistency of the conthetslump test
was carried oubn all the mixes before casting to be sure that the mixes have the required
slumps of 10 to 3énm for the stiff mix and 60 to 18@m for the wet mix.

3.3.2 Absorption and Surface Moisture

The absorption and surface moisture of aggregates were determined angoodBS EN

10976 (263)so0 that the total water content of the concretmuldbe controlledand correct
batch weights determinedAdjustments to water content depend on both the absorption and
moisture content of the aggregate thus water content adjustments for moisture content of
aggregates were carried out to calculate the water adjustment.

According to report ofSuchorsket al (264)Surface moisture content can be obtained by
subtractingabsorption from the moisture content that is

Surface moisture content = Moisture contenfbsorption

They reported also thaf an aggregate im air-dry state that is when the aggregateirface is
dry butthe pores are partially filled with water, thtetal moisture content is less than the
absorption and the surface moisture contemill has a negative value. Thisocess will lead
to the aggregate absorbgwater when mixed in concret&.hus ér aggregatesaving
extremelyhigh absorptiormndare batded in an unusually dry statdhe amount of water
absorbedshould be added taeepthe intended water cement ratio and consistency.

All the calculations involved to gengeahe data shown in Tabl@8were presented in
AppendixA with the table showingtie water content adjustments for moisture content of
aggregates used to prepare the concrete mixes.

Table3-8 Aggregates surface moisture content, Total moisture contend absorption

Fine aggregate

Coarse aggregate

Surface moisture -2.63% -1.02%
content

Total moisture content 0.42% 0.25%
Absorption 3.05% 1.27%

The new water binderatio calculated due to the adjusted watebtained from the
aggregates is presented in Table 3.9




Table3-9 Adjusted water used to cast the concrete and w/b ratio.
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Adjusted
Target water Cement Fly ash Fine Agg Coarse Agg
Binder type | strength(MPa) | Slump (mm) | (kg/m?3) (kg/m?) (kg/m?3) (kg/m3) (kg/m?3) w/b
CEM1 20| 10to 30 212.87 275 0 849 1033 0.77
50 207.37 499 0 650 1007 0.42
80 199.59 930 0 440 786 0.21
CEM1 20 | 60 to 180 257 17 343 0 911 805 0.75
50 250.50 624 0 675 760 0.40
80 240.44 1162 0 391 506 0.21
30% fly ash 20| 10to 30 197.66 223 96 844 1026 0.78
50 191.57 405 174 631 978 0.42
80 182.73 755 324 398 712 0.21
30% fly ash 20 | 60 to 180 237.00 277 119 906 801 0.76
50 229.59 504 216 651 732 0.40
80 218.11 983 402 332 429 0.20
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3.3.3 Mixing, Casting and Curing

Mixing started after weighing outall of the mix ingredients in theorrectproportions and
making sure that all the metal instruments and toalgre moist (mixing drum, trowels,

mixing trays, and rods). Theasured that the moisture contentvasnot drasticallyreduced by
the properties of the metallic instruments. The coarse aggregate was placed into the mixing
drumfollowed by fine aggregate .The mixeas turred on and alloved to mix forone minute.
Portland cement was added after stoppitige mixer, this alsevas allowed to mix with the
aggregates in the mixer before adding water to the mix. Half of the water was first added to
the mix and the remaining water was gradually added. Mixing contifiseeanother few
minutes.The mixer was stopped and some of the@mts were poured into slump cone to
measure the slump. After the slump test was completed, the mixertwagd on again to

mix the contents together before pouring into 1&@m x100mm x 100mm steel moulds. The
moulds were oiled and placed on a levdlkurface vibrating table to be filled with the
concrete mixture and compacted. The filling of the mowldsdone in two layers. The cast
concretes cubes were put on a flat table and left for 24 hours to cure in a controlled
environment After 24 hours, he specimens were striped from their respective moulds and
placed in the fog room to cure at a constant temperature of 20 °C and 99%RH or put in the
casting shop at a constant temperature of20and 43 %RH.

3.4 Unconfined Compressive Strength (UCS)

Compressig strength is the competence of a material or structure to resist compressive
loads. It is the most frequent measure used by engineers in designing buildings and other
structures.

The unconfined compressive strength test wiasasuredusinga Retrofit Tonpact Concrete

and Transverse Beam Machine according to BS EN 132@3®) The concrete cubes were

placed into themachinein such a way thahey sat on and were loaded upon sides which had
0SSY WYI OKAYSRQ FTAYAAKSR |a (GKSasS 4gBNBE GKS
compressia load was applied to the cubestil the concrete cubes failed. An average
compressive strength fahe three samples tested for each mix cured under each condition.
Theideally-curedsamples were tested immediately after removal from the watke cubes

just being made surface dry with a towel before testing.

3.5 Sorptivity

Sorptivity is a propertyrelatedwith capillary effectswhichis describedas theslopeof the
volume of water absorbed per urdtrea of section surface and the square root of the
absorption time(136) Ho et a137, 138)lso reported that sorptivity is a property
associating to the pore structure of concrete near the surface wtéchdetermine quality of
concrete and as a property illustrating the amount of water infiltration due to capillary force.

Dias(135)while working on eduction of concrete sorptivity with age through carbonation
wrote that rptivity, isan indcator of moisture transport intaunsaturated specimensyhich
has beeridentified ascrucial indicator of concrete durability, due to following reasons:

(i) The test method used for iigvestigation followshe waywater and other damaging
agentswill pass throughmost concretes and
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(ii ) It is an excellentmeasure of the quality of the near surface coate, which governs
durability associatetb reinforcement corrosior§135)

3.5.1 Sorptivity test

Sorptivity method applied in this wk wassimilar to methods used by Tasder(88), and

D: y S BL%}a Sorptivity tests werearried out on 100 x100 x 100 mm concrete culfidse
schematic set up was shown in Figure 3.4 dredtest was conducted on three triplicate
samplesSix concrete cubes were cast for each mix; half of the samples were cured in the fog
room designated asleal condition a0’ Cand 99% RH while the other half were cured in

the laboratory under ambient condition &0° Cand 42% RH for a period of 28 days.
Subsequent to curing, the samples were dried in an atef0°Cto constant mass which is up
to 100 dgs.After drying, the samples were allowed to comlambient temperatureWith the
trowelled area facing upwardhe lower areas on the sides of the specimens were coated with
petroleum jelly so as to ensure unidirectional flow. The coated samplestwenaveighed
beforebeingplacedin a trough of water, with the water level kept at about 5mm from the
base of the specimens. The specimens were removed from the traugface water removed
with adampened tissugand weighed at different time intervals up one hour to evaluate

mass gain. At each ofd¢le times, the mass of water strbed by each specimewvas

calculated by subtracting the initial mass from ttegordedmass.andfrom this the sorptivity
coefficient(k) was calculated using the followingpeession:

K=——= Equation 3.1
n

Where:

Qis the amount of water absorbed in®mwhich was calculated by dividing the mass of the
water absorbed irkg, by the density of water (100@/m?3)

t is the time in seconds,
Acrosssectional area of thepgcimen thatwas in contact with the water in fn

K sorptivity coefficient in rffm?2st/2

Concrete Samples

200 mm

Figure3-4Schematicsetup of sorptivity test
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In determiningk, values ofQ/Awere plotted againsk (andk was takeras the slope of the
straight line as shown below Fgure 3.5

y = 0.0235x

QIA (n#/m?)

* QA

0.04 - . ——Linear (Q/A)
0.02 -
0 T T T T )
0 2 4 6 8 10
t12(sed’2)

Figure3-5 Linear fit for the determination of sorptivity coefficient for2Z0MPa CEML1 stiff mix
ambient cured

3.6 Permeability

Permeability is onef the main essentiadriteria controlling the durability of concrete.
Permeability of concrete regulates the ease with which liquids, gases and diffused harmful
materials like chloride or sulphate ions or carbon dioxide, can permeate concrete. It is also
associated to the deterioration generated by freezing and thawing since it restrains the ease
with which concrete can be filled with water. All the detrimental effects on durability engage
the transport of fluids through the concrete except mechanical detation (17). Bhargava

and Banthig126)described permability as migration of fluid along a porous medium under
an applied pressure aneported that permeability is the most influential characteristic of
concrete controllingts longterm durability. Cabrera et &B2)stated that estimation of any
curing method based on the strength of the concrete does not sufficiently predict the
performance of the concrete in a structure, as the durability of the concrete is more
controlled by its porosity and permeability than its strength. They further explained that
measuring permeability of a concrete grants a sufficient explanation of the concrete
durability. Sanjuan and MuneMartialay(127)also saidhat permeability and compressive
strength are separate properties of concrete therefaie permeability value can be used as a
sufficient toolto measure thepotential durability of concrete structures and not the
mechanicaktrength

Permeability is determined in the laboratory by measutimgflow rate of a fluidof known
viscosity through a samptd knowndimensiors. This igollowed by determining the intrinsic
LISNYSFoAfAGE 2F GKS al YLX S dzaAy3 5QI NO& Q&

K =—=— Equation 3.2
y q

K is the intrinsic permeability @n

f
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—is the flow rate in /s

a is the cross sectional area it m

ad) is the change in fluid pressure in Pa
k is fluid viscosity in PaS

Lis the length of specimen in m

3.6.1 Preconditioning of Samplesdiore Measuring Permeability

The air permeability of concrete is greatly affected by its moisture corfieht225) The
presence of liquid in sample pores prevents gas flowing through the sample. Drying of
samples is very important before measuring gas permeability. Researtlageused several
methods to dry samples before measuring gas permeahility methods used should be
carefully selected as pore structures can be damaged in the process.

Air permeabilityof concrete is on the increase due to preconditioning temperature when the
degree of saturation of concrete is low by Sanjuan and MuMgftialay(127) They found

out thatincrease in the preconditioningmperatureencouragesncreasen air permeability
coefficientdue to clear impacof the degree of saturation on this parametghen they

worked on oentdrying as a preconditioning method for air permeability testconcrete The
preconditioning proces may change the microstructure of the concrete, thereby creating

micro cracks and damaging theSE gel . Some methods of drying have been recommended

to avoid extreme drying. The preconditioning process generates gradients of moisture in mass
concrete ad may develop microstructural alteration.

Gallie(120)reported thatoveRRNE Ay 3 3INBI Gt & RI YI 3S& thekS YI 4GS
capillary porosity area and proposed freedying as good enough process to investigate

cement based materials pore structure with MIP. Overestimation of total porosity during
ovendrying at 108C was also reported as hydrates like ettringite arifClost an important

amount of norevaporable water. However, water porosity obtained by odeying at 66C

and vacuurddrying were in close agreement and more realistic.

Dhir (265)noted also that the moisture condition of concrete can highly change the results
obtained, while Parrot{266)concluded that air permeability and water absorption rate were
susceptibleo the moisture content of the concrete.

3.6.2 Permeability Experiment

Permeabilitytesting wascarried outat room temperatureusing the Leeds calbnstructed by
Cabrera and Lyaale(267) Input pressures were varied between 0.5 and 2.5 bar with
atmospheric outlet pressure. A bubble flow rate meter was used to measure the flow rates.
The samples for the permedity test were cast in a PVC cylinder. The length of the cylinder
was40mm and diameter was 50mnTthesampleswvere cured for 28 days under either
standard or ambient conditions, after which the samples were put irothrento dry at 40°C
+1°C until constat weight; this temperature was selected as it was deemed high enough to
allow for pore water to be driven off in a reasonable time and not so high as to result in
decomposition of the GH or the ettringite Also Nevillg§225)reported that conditioning a
specimen in air at a constant relative humidity as long as 28 days does not necessarily result in
a uniform moisture condition within theoncrete.Thus the samples were in the oven to dry
for 60 days.
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In this research nitrogen was useat permeability testingasopposed to oxygen (as was the
case in thevork of Cabrera and Lynsdd267). The equation for calculating permeability
proposed byGrube and Lawreno@68)wasalteredslightly to take account of the change in
gas as shown in equation belowhedifference between this testing and that of Cabrera and
Lyrsdale(267)is the temperature at which the samples were dried, as explained above.

Grube and Lawreno@68)reported that when a compressible fluid, such as nitrogen is used,
amRATASRAES SIjNIDE A 2y & K 2dattiBnbéo® wasluliell o SuBgEsted K dza
by Grube and Lawrence:

o "E6 8 O
| o - Equation 3.3
AE E

Where

P. is theabsolute applied pressure (bar)

P2 is pressire at which the flow rate is measured in bar and is 1.01325 bar
—is measured in cifs

Land a measured in m

P& Wp 1 = dynamic viscosity of nitrogen at 20°C (g/cm/s

Thedried concrete samples were sandatitheir endsto expose the pore struare and
remove any potential coatings from oils used in the moulds

The experimental setip is shown in Figurg6. Concrete samples (S) weight and the height
were measured before beingyt into the rubber cylinder (Ayhich wasplaced into the plastic
ring cylinder (B). This wataced into the Leeds cell and the metal O ringh{&jput in place
before the cell cp (D) was positioned. A force wapgplied vertically downward in order to
form a seal to ensure that all nitrogen passing through the systemidavgo directly through
the sample.

Nitrogen gas waforced through the sample at@efined pressure after which the flow was
allowed to normalise to a steady flow (generallylI®minutes). The time for a known volume
of nitrogento pass through the sanigp wasrecordedby usinga bubble flow meter. This was
repeated three times t@rovide an average and standard deviation daeknsure that the

flow had fully normalised.

This procedure was repeated for each sample at a different applied pressures16521and
2.5 bar (above atmospheric). Ten millimetres (10mm) flowmeter tube was used for more
permeable samples, and five millimetres (5mm) for less permesdoigples. All mixes were
tested in triplicate at 28 days following curing under standard andiantlzonditions.



69

Figure3-6 Components of the Leeds c€R67)

3.7 Determination ofDegree of Saturation

The degree of saturation was measd by weighing concrete samples which had been cured
in the fog room al(’C and 99% Rfdr 28 days(defined as100% DOSExcess water was
removed from thesamplesurface andhe samplesveighed. All the specimens were put in

the oven to dry a#(°Cto constantweight The temperature4(®®°Cwas chosen to avoid
damage to the concrete cubes from microcracking. The specimens were dried for three
months in order to remove any liquid water in the pores of the specimens and to stop the
curing process of all thepecimens at the same time. All the samples were weighed until a
constant massvasobtained which predicts that the DOS of the samples vadose to zero

The UCS was also measuegdhis point

DOS for the samples cured at®@0and 42%RH waseasured byveighing the sampleshich
had been cure@lso at 28 dayslthe compressive strengtht 28 days was measured asix
samplesvere immersedn water forthree hours Three of the samples weneemoved from
water after three hours, thaveight was recordedo get the mass and U@&s determined
after. The remaining three samples were put in o¥@nseveral daysintil a constant mass is
obtainedfollowed by measuring the UCS.
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3.8 Carbonation

Carbonation is the reaction between concrete and atmospheric T2 praess starts at the
exposed surface and proceeds in a diffusion controlled manner. The pore structure of the
concrete plays an important role in defining the carbonation behaviour of concrete.
Therefore, improper curing may be assumed to have a deletegtfast on carbonation
resistance. Also Carbonation is a measure of concrete durability.

3.8.1 Carbonation experiment

Carbonation of concrete is a loigrm process in natural environment as a result of the low
concentration of carbon dioxide in the environmenmthich is only about 0.6:9.04% by
volume(269) Therefore, an accelerated carbonation testing system was used to carbonate
the concrete irthe shorttime available

Carbonatim experiments were performed on 100x100x100mm concrete cubes cured under
idealor ambient conditions for 2&nd 90 daysAfter curing, samplewere allowed to dry
underanambient environment for two weeks in order to stabilize the internal relative
humidity of the concretes. This hadpto reduce the variation in the internal relative humidity
between the concrete samples before subjecting them to accelerated carbonationdests;
sowill minimizethe effect on the carbonation depth resultsy making thepores not to be
saturaed, so carbonation can proceadore readily.Thereafter concrete samples were taken
to acarbonationchamberwhere dried C@was introduced initially to accelerate the initial
intake of the C@ The experimerdl set upis shown inFgure3.7.

Figure3-7 Carbonation Experiment Set Up.

Hundred per cent of (100%) e®as introduced to the carbonation box at the flow rate of
0.8m%¥s. Saturated sodiumbromidesolutionwas used to controlite relative humidity RH)of
the chamber a65%. This RH value was chosen since it has been established that carbonation
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of concrete is fastesit this humidityrange as reported by H270)and conformswith the
NBO2YYSYRE (A2 64 AaNBWISYEHR Q6 Wy T 0

The concrete samples were in the carbonation box for two weeks, after wthielsample

were renoved from the box for cuttinglThe freshly cut samples were spealywith a 1%
phenolphthalein solutiorof 70% ethyl alcohdR71) Carbonation depth was measured from

the edge of the specimen to the beginning of the purple zone and these depths were recorded
as the average of the three samples in mm. The depths of the trodelo$ithe cubes were

not considered as part of the carbonation depth.

3.9 Drying Shrinkage Test

Dryingshrinkage experiments were carried out by using samples cast in 75 x75x 200mm steel
moulds. The specimeanvere removed from their mould 24 hours after casfiand demec

points were fixed on the concrete samples at the measured points (50mm horizontal and
37.5mm vertical from both ends). The initial length was recorded, before putting the samples
in either the fog roomor in the control room respectively.

Thedrying shrinkage strain waseasuredevery day for the first 28ays, excluding weekends
and bank holidays when there was no access to the laboratory. The measurement continued
in the control room aftercuring for 28 days for samples cured under standamalditions. The

test was carried out according BS 1SO 1928:2009(272) Dryirg shrinkage measuremest
continued up to six months after casting.

3.10 Measuring the degree of hydration

Degree of hydration is thpercentageof cement which has already reacted in any mix. Ideally
the ultimate degree of hydration is 100%thkpracticallythis final conditionwill never occur
(273) Measuring the heat of hydration, the nevaporable water content and calculating the
amount of calcium hydroxide reted in the mixare some of theexperimental techniques
usedto measure the degree of hydration of Portland cement. The techniques mentioned
above used comparison of the measured values with predicted or measured values of fully
hydrated pastg274) In this work threeanalyticattechniques will be used to measure the
degree of hydration which are XRD, TG and SEM

3.10.1 Sample Preparation for XRD, Bad SEM

The XRD, TGA and SEM experiments were performed on paste sdPagkessamples were
used for the three tesd, as the presence of quartz in concrete sanslanaffect the accuracy
of the tests or swamp the data of interesSamples were prepared by using the same water /
binder ratioasin concrete mixes presented in Table 3[8e fresh prepared pastevere
poured irto 8 ml plastic tubesaving a diameter of 14 16 mmand a thickness of 2 mmvith
tight lidsshown in Figure 3.8. The prepared pastes wssaled in order to prevent moisture
loss andplaced in tube rotator at temph overnightto minimize the effects of settlement and
bleeding.The samples were removed fraime rotator after 24 hourswhereuponthe idealy
cured samples were sealed shown in Figure 3.Hhd cured imwater bathat 23C,while
the plastic tubes for thembientcuredsamples werdeft open at both endsand left to cure
in the casting shopl'he ambientured samples were shown in Figld®.The samples were
curedfor 1, 7 and 2&lays.
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Figure3-8 8ml tube used for the paste samples

Figure3-9 Ambient cured samples

Figure3-10 Samples prepared to be cured in the bath

The samples were removed from the plastic tubes at the desired age, after which an isomet
slow speed saw was used to slice the pia. A thin layer of one millimetngas removed

first, followed by cutting of three two millimetre thick samples for each of the experiments.
Thesamples that were ready to b=t and showing the cut endsere shown in Figurg.11

and the samples cut fdrydration stoppage were shown in Figure 3.12
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The first 1mm was cut then 2mm
SEM sample

Figure3-11 Paste samples after curing ready for cutting

Figure3-12 SEM sample after cutting

3.10.2 X-ray Diffracion (XRD)

XRD is a technique used to determine crystalline phases in samples. The technique involves
the use of direct Xays at the sample®Ramachandran and Beaudd®i75)defined XRD as the
elastic scattering of-kay photms by atoms in a periodic lattice. An intensity peak of

diffracted xrays deelops when the distance travelled by rays diffracting from consecutive
atomic planes differs by an integral number of wavelengths of theyxcausing constructive
interference. This happens when atoms are periodically distributed throughout the sample i.
the material is crystalline. Inydrated cementét can be used to identify crystalline phases

such as calcium hydroxide (Portlandite) and ettringite. Various application of XRD analysis in
concretes include measurement of glass content in pozzolaniertaks, degree of hydration

and to predict the strength of slag cements.
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Each crystalline material has a unique XRD pattern where the peak positedsfinedby
the spacing of crystallographic plarescordingta N} 33Qa I gY

y <T' nBRdafioy 34

Where:

n = an integer corresponding to the order of the diffraction peak

< I ¢l @StSy3aitkK 2F (G(KS NIRAIFIGAZ2Y dza SR
d = characteristic spacing between crystal planes
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Bye(276)reported that identifying phases present in clinker by XRD has been a supplement to
microscopy, particularly when identifying potgrphs which may be difficuto distringuishif
several are presenXRD can be qualitative or quantitative. In this study the data had been
considered qualitativelyi.e. identifying the phases which are present in the pastes

3.10.3 XRD Measurement in this stly

Paste samples wereyHration stoppedby immersing in isopropanol prior to analysianfples

were groundto a fine powder with pestle and mortéefore beingplaced ina 10mm

diameter holder using the back loading methdnl order to minimise the effeatf preferred
orientation, samples were preparecardgully and minimal pressure was applied when back

loading the samples onto the sample holdé2g7, 278)A Bruker D2 Phaser withGuX-ray

source (wavelength 0.154184nm) workiagB00W (30KV at 10mA) was used. The scan step

aAT S 61L& nonu' T 0 p&tenddérdcdlicdtédiogeyhe ardge7Bo 708~ | Y R
with effective total time of 3403 s he divergence slit, air scatter, filter and Sollessli¢re

setto 1, 1, 0.5 and 2.5 respectively

3.10.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis techniques arel@ly used taneasure the rate ofiydration of
cement /blended cementThese techniques are easy to use and yield important results within
a short time. In TGA changes in weight of samples are followed as a function of temperature
with decomposition temperres characteristic of specific phases. Unreacted gypsum can be
identified by endothermal peaks in the temperature range 4@0°Cthe GSH gel at
temperatures below 150°@ttringite at temperaturesl20¢130°C calcium hydroxide by an
endotherm in the ange450¢550°C, and calcium carbonate at €860°C(275) Furthermore,
mass loss over the range-5680°C can be used as a measure of the bound water content, and
thus as a proxy for the degree of hydration.

3.10.5 TGA measurement in this research

TGA technique was used in this research to measure the degtearation of samples by
using the tangent method to evaluate the Portlandite (CH) content and the equivalent, (CH)
from the calcium carbonatéCaC@) content The sum of theCH and (Clycontents were

used to asseghe degree of hydratiof eachsanple.
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A Stanton Redcroft Thermal Gravimetric Analyser TG 760 was usedanitiergen
atmosphere. Samplesf f -8eng were loaded in a clean crucible and heated froft@0

100@ at a constant rate of Z2C/min. The mass loss due to portlandite composition, and
hence the portlandite content, was determined at the midpoint between the inception and
end of the masolss event using the tangent methaas sketched iigure 313. The same
methodwas usedverthe temperature range 60800°Cto determinethe calcium carbonate
content, as shown in red iAgure 313.
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Figure3-13 Measuring the Portlandite and Calcium Carbonate using thegent method,
taken from(279)

%Ca(OH) 00 E— Residue Equation 3.5
CaCo= 0 0 N —— Residue  Equation 3.6
[Ca(OHJes= U O _— Equation3.7
Where:

MLch mass loss due to dehydroxylation of CH

MLcacos mass loss due to decarbonation of CaCO
Mcrumolar mass of CH, taken as 74g/ mol

Mwu2omolar mass of water, taken as 18g/mol
Mcacodnolar mass of CaGMcacos= 100g/mol
Mcozmolar mass of CG= 44g/mol

TotalCH = %Ca(OH) [Ca(OH)eq Equation3.8
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3.10.6 Bound water content

The bound water content (W was taken as the difference between the mass loss at 50 and
550°C, at which point it was assumed that all the phases containing water had fully
decomposed. W normalised to the total mass loss at 550°C was calculated esjugtion

3.9

Wh= — X100 Equation 3.9

Where
Wsso = mass loss at 580

Wso = mass loss at 850

3.10.7 Scanning electron microscopy (SEM)

SEM is a technique used to syuchicrostructure of materials and has been broadly used in
exploring microstructure of cementitious materials. This technique has also been applied to
study the degree of hydration of cement or blended cement at different agedifferent
researcherg18, 60, 108, 274, 280, 2849th quantitatively and qualitativeh\SEM image is
produced whera beam of electrons f®cussed over the sample surface and scattered
electrons are collected by detectors and this is ugedonstruct an image. Th@dmmon
characteristics of SEM are enhanced resolution, high magnification and large depth of field
which results in a three dimensional appearance of texsudaceq275)

The production ofacondary electrons, backscattered electrons (BSEjrayswill normally
depend onthe way the electrons interact with the samp282) Secondary electrons are lew
energy electrons and they give information relating to the topography of the sample. BSE are
highrenergy electrong>50 eV)282)from the primary incident beam that are ejected back

out from the sample. These BSE are used to produce a different kind of image. Such an image
uses contrast to give information about the average atomic number ofdhepte. As the

atomic number of a feature increases, more electrons are reflected and appear brighter.
Features having low atomic numbers appear dark grey or blechk. result, different phases

can be identified according to greyscale and this can be fesdtie characterisation and
quantification of the various phases present in the samRlepeatable contrast that makes

BSE images a useful techniques are the flat polished surfaces and paired detectors on either
sides of the beam which adequately remoepographic contrast60). This study involved the
use of BSE imaging

3.10.8 SEM measurement in this project.

Preparation of ample isvery importantphaseof the SEM techniquéVhen using BSB t

determine thedegree of hydration bhydrated cement paste sampldigt polishedsampless

better in otherto reduce edge effect&283) Thethick discg2 mm)described in section 3.10.1
were used for SEM analysisielfirst wo layer of2 mm discafter a thinlmmlayerhad been
removed, was examined for each sample. The dias hydration stoppeldyimmerspnin iso
propanol for 24 hours before drying in vacuum desiccaitie samples wereesin
impregnatedusing an epoxy based resin and a hardener. The resin impregnated samples were
further polishedby using silicon carbidpaper and then diamond paste obtain flat surfaces
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Figure 3.14 shows the resin impregnataimplethat had been coated witbharbon ready for
the scanning electron microscope for image capturing.

Figure3-14 Resin impregnated carbon coated samples for scanretectron microscope

A Jeol 5900 Lstanning electron microscopéth accelerating voltage of 15KeNMas usedor
imaging.Electron images were collected at a magnification of x400 and a workingcistd
10-10.5 mm, and were analysed to determine the degree of hydration.

3.10.9 Image analysis

Image analysis was carried out on BSIEM images to detmine the degree ohydration The
analysisaused the assumptiothat the volume fraction in a three dimensiahsurface is equal
to the area fraction of a two dimensionsiirface. Thessumption is based on the principle of
stereology, which uses two dimensional sections to interpret three dimensional structures
(18, 284)

Aconsistent analysis technique was applied to all the images by using a grey level histogram
as shown in Figurg.15 The histogramvas obtained for each image. Four components of the
hydrated paste n@rostructure: capillary porosity, calcium hydroxide (CH), calcium silicate
hydrate gel along with other hydration products, and unhydrated cement will be displayed by
the histogram. The histogram also indicates the number of pixels in the image having each
possible brightness value (between 0 and 2Ps)es in the microstructure appear as dark
spots on the electron images and can be easily distinguished from the hydrated ({hSs¢s

and CH)GSH are dark grey, buthe grey level varies depending on t&8éS ratio,

temperature, water content and micro porosifg0, 281, 285)Other phasegHt, Ak, AR)

cannot be easily established based on grey level alone as a result of mingling wits-the C
phase(60, 275) TheCHphase is brighter than the-SH phaseand appears as light grey while
unhydrated cement is the brightest.

prnrmity thydrates Vf&uk}ﬂl‘ﬁus
C-5-H
CH
Porosity AN
A
1 1 1
0 50 100 150 200 255
Black —————  Grey level White

Light atoms Atomic number Heavy atoms

Figure3-15Grey level histogram o& hydrated cement pasté279)
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For a fly ash blended cement paste, it is often difficult to distinguish between the unreacted

fly ash grain and the CH phase as they have similar grey levels. The grey value of the remaining
fly ash overlapped wh that of CH and GH gel, which prevented the discrimination of the
remaining fly ash on the basis of grey level segmentation as shoMguire 316. In

gquantitative analysis, different approatiad been developednd usedor the segmentation

of the unreacted FA particlesndadditions(104, 109, 286, 287This study used the

qualitative approach to determine the degree of hydration using the grey level segmentation.

IITIIIIIITIIIIIIIIITIIIIII

o S0 100 150 200 250

Figure3-16Grey level histogranof a fly ashblended cementpaste from(109)

(P: porosity, HP: hydration products other than Portlandite, Ztlandite, An: unreacted
clinker @rticle, FA: §f ash)

Degree of hydration

The degree of hydration was determined for 28 day old samples using the exprdssions
for the cement and fly ash blended systems.

0Qa, :
DH— 0O =1- Equation3.10

YO O .
DR— O =1- Equation 3.11
Where:

V(o)cemiS the volume fraction of cement before hydration
V(o)scMis the volume fractiomof unreacted SCM before hydration
Vincem IS the volume fraction of unhydrated cement at hydration time t, and

Viyscmis the volume fraction of unreacted SCM at hydration time t.
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Chapter 4Effect of improper curing ostrength development

Impact of improper aring was examined on compressive strength by testing 100 x100
x100mm concrete cube¥he composition of the materials used has been explained in
chapter three Figure 4.1 shows the various experimgwhere the concrete cubes were
used

Compressive strength .
Degree of saturation

12 mixes )
12 mixes

6 cubes per each mix
curedat 1,2,7,28,56 &
90 days ( ambient and
ideal cured)

Total is 432 cubes

3 samples per each
mix ambient cured at
1,2,7. and 28days

Total is 144 cubes

Drying of concretes Sorpfivity
12 mixes ideally cured Banerdioentios 12 mixes
at2h'days 6 samples per each

100 x 100 x 100 |
|| % X o mix cured at 28 days

(ambient and ideal
cured)

3 samples dried at 7
different days

Total is 252 cubes

Total is 72 cubes

Carbonation

12 mixes

6 samples per each
mix cured at 28 and
90 days (ambient and
ideal cured)

Total is 144 cubes

Figure4-1 Various tests made with 100 x100 x100mm concrete cubes

Table 4.1 presents the binder type, targeted strength, slumps, homenclature used in the
figures, measured slump during casting, numbered of cubes castethamndater binder ratio.

The study used twelve mixes with three strength of 20,50 and 80MPa with 52.5 N CEM1
ordinary Portland cements and 30% fly ash replacement to prepare the concrete cubes for
compressive strength experiment. Some properties of the aaraed fly ash are given in

Tables 3.1 to 3.4. The water/cement ratio used in the each of the mix were obtained using the
aggregates absorption, surface moisture content and total moisture content given in Table
3.8. These values were used to calculatealditional water added to the mix since the
aggregates were dried. 10 mm diameter uncrushed coarse aggregate and quartz sand of
diameter 150um to 5mm was used with the particle size distribution of the aggregates
presented in Tables 3.5 and 3.6 while th& proportions used are given in Table 3.9.



Table4-1 Nomenclature used in the graph with measured slump

80

Target Measured
strength | Slump slump Number of cubes
Binder type | (MPa) (mm) Nomenclature | (mm) w/b
CEM1 20| 10to 30 20 S-C 25 21 0.77
50 50 S-C 20 42 0.42
80 80 S-C 10 42 0.21
CEM1 20| 60to 180 |20W-C 110 42 0.75
50 50 W-C 95 37 0.40
80 80 W-C 100 42 0.21
30% fly ash 20| 10to 30 20 S-FA 18 21 0.78
50 50 S-FA 25 21 0.42
80 80 S-FA 30 21 0.21
30% fly ash 20| 60to 180 |20 W-FA 60 21 0.76
50 50 W-FA 100 21 0.40
80 80 W-FA 110 21 0.20
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The total of 432 cubes of 100 x100 x 100mm concrete cubes were casted in 24 batches, all the
sampes in each batch were either ideally or ambiently cured until the testing date. Each batch
is made up of 18 cubes testing three cubes for 1,2,7,28,56 and 90 days.

The unconfined compressive strength was measured using a Retrofit Tonipact Concrete and
Trarsverse Beam Machine according to BS EN 123B0e ideallycured samples were tested
immediately after removal from the fog room, the cubes just being made surface dry with a
towel before testing while the ambient cured samples were tested straight away.

Degree of saturation was measured by using 100 X 100 X 100 mm concrete cubes. Ambient
cure condition was use and the samples were cured for 1,2,7 and 28 days. The compressive
strength for degree of saturation was determined in triplicate by immersing thepbes in

water for three hours prior to testing. This was to remove any influence of the degree of
sample saturation on the measured strength. The water cement ratio and the mix proportions
were the same with the samples prepared for strength developmbfd. concrete cubes

were casted for all the 12 mixes.

The variables considered in this experiments were listed as follows:

the two curing conditions which are ideal and ambient,
the two slumps of 10 to 30 and 60 to 180mm,
the two binders CEM1 and 30% fiyhaand

1
1
1
9 the three targeted strengths of 20,50 and 80MPa

Compressive strength under different curing conditions will be examined with varying degrees
of saturation (0% DOS and 100%DOS), the effect on normal and blended concrete will be
investigated. This wiknable us to study improper curing on strength then understanding
impact of degree of hydration, then work further to understand impact on the concrete
properties that may affect concrete durability.

Investigation vere carried out to determine the follomg:

1 Compressive strength development

91 Degree of hydration

1 Degree of saturation

9 Transport Properties and resistance to carbonation.

The compressive strength and transport properties will give an indication of the engineering
performance, which can then lrelated to the degree of hydration

4.1 Compressive strength dCEMI Concretes

In all theFgures presented the ambient cured samples weaesignated witHetter A and the
idealcured samples used letter I. Also slumps having 10 to 30mm which were stiff neix we
abbreviated to S and the wet mix with slumps 60 to 180 mm usedr|&éteOther

abbreviatiors used for better understanding of the figurean be seen in Table 4.1

An increase in the compressive strength with ages noted in all the concrete samples,
irrespective of the curing methodsed. In almixes with target strengths &0OMPaachieved
compressive strengtgreater than 30MPawhile mixes wittbOMPaactualstrengtis was
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approximately 60MP.aHowever, mixes witBOMPa target strengtifailed to achéve this, with
most having compressive strengths of between 50 and 60 MPa.

Figures4.2 shows the compressive strength of CEM1 stiff mix cured in ambient and in fog
room. In all the three target strengthgonsidered therewas nosignificant difference in
compressive strength as a function of curing regime. This was unexpected, since theoretically,
concretecured under ideal conditions should havaigher strengthWhen concrete is

exposed tcambient conditionsevaporation of water takes place ataks ofmoisture will

result in the incomplete hydration dhe cement and henclwer compressive strengtbf

the concretefollows.

Thesituation where the ambient cured samples were showing higher strengths than ideally
cured samples has beettributed to the increase in the secondary forces between the
surfacesf the cement ge{179, 288)xnd also the reduction in thdisjoining pressure due to
the drying Few researcherg@88, 289Yyeported similar result in their work.

80

o))
o
|

IS
o
1

N
o
|

—=— 20 CEM1 Ideal stiff
— o 20 CEM1 Ambient stiff
—— 50 CEM1 |deal stiff
— v 50 CEM1 Ambient stiff
80 CEM1 |deal stiff
80 CEM1 Ambient stiff

Compressive strength (MPa)

o
1

0 ' 20 ' 40 ' 60 ' 80 100
Age (Days)

Figure4-2 Compressive strength of CEM1 stiff n{sdumps 1630mm)

As shown in Figuré.3also over the first 28 days, curing conditions did not have an apparent
effect on strength development when constriteg wet mix.However, beyond this, differences
were apparentUnlike for the dry mixes, there did appear to be a slight decrease in
performance when the samples were cured under ambient conditions. The extent of this
difference in performance diminishedrer so slightly with increasing target strength.

This implies that loss of water from the samples cured under ambient conditions led to a
reduction in the degree of cement hydration, with a consequent negative impact on
compressive strengttComparing thee results with those from the dry mixes, the

observations are somewhat counterintuitive. The wet mixes had a greater water content than
the dry mixes, yet it was the wet mixes which seemeate affectedby desiccation during

curing under ambient conditi® One possible explanation is that the wet mixes had a greater
paste content and so a greater surface area from which water could evaporate (assuming that
water would not evaporate from the aggregat@nother reason is that there is more water in

the wetmixes which will make the concretes to evaporates more than the stiff mix.



83

80
© 60 4
o
=
=
%’ 40
=
% —— 20 CEM1 Ideal Wet
@ 20 + - « =20 CEM1 Ambient Wet
& —— 50 CEM1 Ideal Wet
5 - + -50 CEM1 Ambient Wet
O 4l 80 CEM1 Ideal Wet

80 CEM1 Ambient Wet

I N I ! I ! I N 1

! 1
0 20 40 60 80 100
Age (Days)

Figure4-3 Compressive strength of CEM1 wet nm{sdumps 66180mm)

4.2 Compressive strength dfly ashConcretes

Figures4.4 show the ompressive strengtidevelopmentof stiff and wet mirs prepared with
30%fly ash Unlike for the CEM | mixes, thagires show thaFly ashdealy-cured samples
were strongerthan the ambient cured samplésom beyond about 7 dayd his result clearly
shows that poor curing affects thieydration, and hencstrengthdevelopmentof fly ash
concretes more adversetihian CEM toncretes in agreementvith other researche(19, 66,
289-295) This had been explained ing literature when considering the effect of fly ash on
the properties of hardened concrete specifically on effects on compressive streigihar to
wet CEMI mixes, the effect of nedeal curing diminished with increasing target strength.
Furthermore the diminished performance under nadeal curing conditions became evident
at earlier ages as the target strength dropped. Thus, the 20 MPa mix started to show
diminished performance when cured under nmeal conditions after 7 days, while this
diminished performance was seen after 28 days for the 50 MPa mix and only at 90 days for
the 80 MPa mix. This suggests that the higher w/b riatailitates loss of water more readily,
presumably due to the increased porosity of the mix. Meanwhile, lower w/b régiad to

lower porosity and smaller capillary pores. This impedes evaporation from the concrete and
thus the effects of improper curing are not seen until later for the higher strength mixes.
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Figure4-4 Campressive strength of fly ash stiff migslumps 1630mm)

As for the stifffly ash-bearing mixes, the wet mixes were adversely affected by improper
curing conditiongFigure 45), with all ambient cured mixes having lower compressive
strengthsthan the ideally cured samplesAgain, the difference diminished with increasing
target strength, but the deviation in strength was not seen until later ages when compared to
the stiff mixes. This suggests that the higher water contents of the wet mixes led to less
desiccation of the fine porstructured hydrated cementfly ashblend.
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2 40
o
k7]
o
=
7 5 —=—20 FA Ideal Wet
e — = -20 FA Ambient Wet
g_ ——50 FA Ideal Wet
8 — » -50 FA Ambient Wet
0 —+—80 FA |deal Wet
-~ « - 80 FA Ambient Wet

0 ' 20 ' 40 60 80 100
Age (Days)

Figure4-5 Compressive strength dfy ashconcrete wet mix(slumps 66180mm)
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4.3 Compressive strength of 2Bly ashstiff mix with minimum aring
period (f2/f 25)

The minimum curing period was definedTiable F.1 in BS EN 13670:2(2&80)for curing
class 4corresponding to a surface concrete strength equal to 35 %e$pecified
characteristic strength)The tableassesses the performance of concrete by considehiag
ratio of the mean compressive strengtafter 2and28 daydf; /f2s), determined from initial
tests or based on known performance of concrete of corapke composition. In all the CEM
concretesthe value of §mdfcm2swasgreater than 0.5hence the third curing regime
mentioned in section 3.2 wawt required. Thed/f cmzsvaluesfor the fly ashcontaining
concretes were calculateéndonly the 20 MPa stiff mix concreteecessitated prolonged
moist curing, with aricmdfcmzsvalue 0f0.46.UsingTable F.1 foatemperatureof less than
25°C, the minimum curing time is 2.8ays Since curing for half days was impractical, this was
approximated to 3lays The cubes wereured in the fog room foB days after castingoefore
being transferred tdhe laboratory at2(°C and 42% relative humidityr the remaining time

The compressive strengttevelopmentof the 20 MPa,fly ashconcretestiff mixcuredunder

all 3 conditionss shown in lgure4.6.The figure shows the effect of three days moist curing
in the fog room before exposing to ambiesdnditions While curing under ambient
conditions from 1 day had a detrimental effect on strength from 7 dawsasds, there was no
such drop off in strength development for the sample moist cured for 3 ddyesresult
agrees with other finding&L07, 179)
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40 _
©
o
é 30 -
L
i<}
c
2 204
[72]
o *
= i
% 10 ,g
a ;
g 5 I —— 20 stiff mix FA 99%RH
o 1 —— 20 stiff mix FA Ambient
20 stiff mix FA f2/f28 strength
-10 T T T T T T T ¥ T T 1
0 20 40 60 80 100
Age (Days)

Figure4-6 Compressive strength of 20MPa fly ash Concrete with.

4.4 Compressive strengtdevelopmentof saturated CEM1samples.

The compressivstrength of concretdalls as the degree of concrete saturation riggartlett
and MacGrego¢180)explained thathe reduction in strength as a result of immersing
concrete compression test specimens in water has been assogidtiethe absorption of
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water by the gel pores since immersing the specimens in benzine or pavdffeh cement

gel cannot absorphas no effect on strength. The same principle is likely responsible for the
increase in strength that happens when specimens are left in air to dry. They further explained
the differences between uniform and namiform moistue changes throughout the volume

of the specimen, and their respective effects on the specimen strength.

One of the explanatiomgiven fothe effect of uniform moisture change on strengttbessed
on the Griffiths fracturgheory. When water is absorbedto the gel, forcing the gedurfaces
further apart, Van der Wails forces between gel partielesreduced. These adhesive forces
are proportional tothe specific surface energy; the critical stress for a goraok size is
therefore reduced when the termolecular distanceare increased.

Bartlett and MacGregof180)concluded thathe compressive strength of a concrete
specimen isnfluenced both by moisture content changes that are uniform throughbat
specimen volume and msture content gradients between the surfacetbé specimen and
interior.

Popovicg179)checked he effect of a moisture gradient on the specim&henstudying the
effect of curing method and final moisture condition thre compressive strength of concrete.
Swellingat the surfae of the coreis obtainedwhere the moisture content is increased a
result of soaking while the surface layghrinks due to airdrying The material at the centref
the coreisrestrained by these volume changes thiates not gain or lose moisturédset of
residual strains and correspondisgltequilibrated residual stressese created by the
restraint.

Consequently, concrete samples which had been cured undeidsah, ambient conditions
would have exhibited a variation in moisture content frone tdry surface to the saturated
bulk. This would have meant that direct comparisons between ideallgd and ambient
cured samples, as just discussed in the preceding section, may not be appropriate. An
accurate comparison can only be made when the samplged under different regimes had
the same degree of saturation upon testifitheefore, a fresh set of ambiertured samples
was prepared, where theamples wereured as before butnmersed in water for three
hoursimmediately prior to strength testingt 2, 7 and 28 day&igurest.7to 4.12shows the
compressive strengtbevelopmentof the variousmixescured under ideal conditions,
ambient conditions and ambient conditions yet saturated following immetsion

The figures clearly shothie deleterious #ects of improper curing, with the saturated,
ambient cured sampleall exhibiting lower strengths than the equivalent ideally cured
samplesTheseresults agree with other finding§27, 28, 179181)

Figures4.7 to 4.9 show the results from the CEM | stifiixes. These Figures will be compared
with one another since putting them together will be too clumps and difficult to understand.
The diminished strength development was evident from 7 days onwards for thed2Ba

MPa mixes, but from only 2 days for the 80 MPa e 80 MPa mix was affected by
improper curing from an earlier age. This was likely due to the very low water/cement ratio,
which meant that any evaporation of water from the surface reduced thewrhof water
available for hydration. This was evident later when determining the degree of cement
hydration upon improper curing for the various mixes.
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Figure4-8 Compressive strength d30MPaCEM1 Stiff Midand Immersed
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Figure4-9 Compressive strength #80MPaCEM1 Stiff Mixand Immersed
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Figure4-10 Compressive strength #0MPaCEM1 Wet Mixand Immersed
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Figure4-11 Compressive strength d0MPaCEM1 Wet Mixand Immersed
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Figure4-12 Compressive strength d0MPaCEM1 Wet Mixand Immersed

Figures4.10to 4.12 showthe compressive strength of CEM1 wet ssxcured under the three
conditions which will be compared to one another to avoid toaaghgraphs in one position.
Diminished performance was seen with improper curing from &aad beyond for the 20
MPa mixHowever, it was not seen until later for the 50 and 80 MPa mixes. In this instance,
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unlike for the dry mixes, there appeared to hdficient water present in the mix to delay the
effects of improper curing. The 20 MPa mix was affected at an earlier age betfausere
open pore structure allowed more rapid water loss (as seen when following the dryihg of
various mixes in Chaptére.

4.5 Compressive strength dfly ashmmersed samples

Figures4.13 to 4.15show the compressive strength development of the $lfiashmixes

under the three testingonditions.As explained earlier, in order to prevent the figures being
too cluttered,these three sets of data will be displayed separately. The reselts similar to
those obtained from the CEM | mixes, with diminished strength observed for samples cured
under nonideal conditions from 7 days onwards and a diminishing effect with istrga
strength.
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Figure4-13 Compressive strengtROMPaFly ashStiff Mix and Immersed
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Figure4-14 Compressive strengtbBOMPaPFA Stiff Mixand Immersed
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Figue 4-15 Compressive strengtBOMPaFly ashStiff Mix and Immersed
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Figure4-16 Compressive strengtROMPa Fly astwet Mix and Immersed
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Figure4-17 Compressive strengtbOMPaFly ashwet Mix and Immersed
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Figure4-18 Compressive strength d0MPa Fly asiWet Mix and Immersed

Figures4.16 to 4.18 showhe compressiveatrengthdevelopment for the wefly ashmixes

under the three testing condition3 he loss of strength due to improper curing diminished

with increasing target compressive strength, such that the 80 MPa concrete did not show any
loss of performance whecured under norideal conditionsit was somewhat surprising that

the fly ashmixes dd not show reduced performance.

4.6 Compressive strength of 20MHAdy ashstiff mix with ambient
cured immersed andff .simmersed

Figure 4.19 shows the compressive strendgivelopment of the stiff 20MPa fly ash mix. The

figure shows four curves, the idealtyred samples, the samples cured and tested under

ambient conditions, the saturated ambientired sample and finally the sample moist cured

for three days, in line witBS EN 13670:2009, and tested in the saturated state. The latter

case follows the minimum curing time specified in Table F1 of BS EN 13670:2009 based on the
foff 26 compressive strengths. The prolonged curing certainly improved performance compared
to the sanple moistcured for only one day, but there was still diminished performance
compared to the samples moist cured for 28 days.
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Figure4-19 Compressive strength of 20MAgy ashStiff Mix and §/f .s Immersed

4.7 Compressive Strength at 28 days

The strength development for ideally cured and ambient cured samples then immersed at 28
days was shown in Figure 4.20. The reason for this is to compare the compressive strengths at
28 days with other experiments that weconducted at only 28 daylSgure4.20 shows that
the pattern that will be used to present the results at 28 days especially when comparing the
ideal and ambient cured samples. The pattern starting from left will show CEMhigiEf$ of
20,50 and 80MP#ollowed by CEM1 wet mixes of 20, 50 and 80MPa. The fly ash stiff and wet
mixes of 20,50 and 80MPa follows respectively. Other abbreviation used can be found on
Table 4. 1.
I Ambient cured
CEM1 B \deal cured Fly ash

70 4 Stiff mix Wet mix
K

7

Stiff mix

2 Wet mix

60

50

compressive strength (MPa)

208-C 50S8-C 80S8S-C 20W-C 50W-C 80W-C 20 S-FA 50 S-FA 80 S-FA 20 W-FA 50 W-FA 80 W-FA

Figure4-20 Figure showing the igaphs mixes and the binders
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Figure4-21 Compressive strength of Ambient and Ideal cured concretes at 28 days

Figured.21shows the compressive strengthahbient andideal cured concretes of CEM1
andfly ashat 28days. The figures show thdealcured samplesad higher strengths than
ambientcuredsamples Theeffect is moe pronounced at lower strengthbjgher percentage
loss due to ambient curingf 21.39%,29.78%,38.54% and 20.94% were obtained irP20M
concretes for stiff and wet mixes oEGI1 andly ash samples. The percentage loss due to
ambient curingeduces as the strength increases that is 80MPa had the lowest percentage
between ideal and ambient cured samples followed by 50MPa. There isdiffgince in
CEM1 wet mix where the 50MPa percentage is higher than the 80MRhient cured

samples having lower strength is as a result of early drying of concrete which stop the cement
hydration before the pores are blocked by hydration products heteeslopments of a more
continuous pore structures. Also the ideal samples were in the environment where the
hydration of cement can occur. This result agrees with other find283, 251, 288, 289,

296)

In Figue 4.21comparing the stiff mix with the wet mix, there is hage effect for CEM I, but
the fly ashblends thecompressive strengttvas higher for thestiff mixes than the wet, but
ambient curing had a greater effect, such that ambieuatedstiff mixesperformed worse

than ambientcuredwet mixes.This shows thathe lower water content meant that the dry
mixes were more susceptible to improper curing for the slotwadratingfly ashblends Also
the differencethat can be seen is thatiéalcured sampleseemed to be slightly weaker when
they were wet mixes
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Figure4-22 Compressive strength of CEM1 aRty ashconcretes

Figured. 22shows the effect of improper curing on compressive strength of CEMilyaash
concrete.ln the figure 20,50 and 80 denotes ttargeted strength while letter A is for
ambient, letter S for stiff, | for ideal and W for wet nfixom the figuresamples containinfy
ashshowed lower strengths, irrespective of curing conditidngoroper curing affectedly ash
mixes more than CEM | mixes and the effect is more on stiff mixes. This result agrees with
other findings(296, 297)

4.8 Conclusion

This chapter has looked at the effect of improper curing on strength development of CEM1
and fly ash concrete3.he strength development were observed on samples were cured for
1,2,7,28,56 and 90 dayAmbient and ideal cureompressive strengths of stiff and wet mixes
were checked, while the ambient and ideal compressive strengths of CEM1 and fly ash
concretes were compared\n increase in the compressive strength with ages noted in all

the concrete samplegrespectiveof the curing methods sed.

There was no significant difference in compressive strength as a function of curing regime for
CEML1 stiff mix cured in ambient and ideal conditions for all the three targeted streDegtin.

the first 28 days, curing conditiongdchot have an apparent effect on strength deyainent

when considering wet mix in CEMawever, beyondhis, differences were apparenthe

extent of this difference in performance diminished ever so slightly with increasing target
strength Thus loss ofvater from the samples cured under ambient conditions led to a
reduction in the degree of cement hydration, with a consequent negative impact on
compressive strength.

Fly aststiff mix samples show similar result to wet CEM1 mixes, the effect ofde@icuring
diminished with increasing target strengtfihe wet mixes were adversely affected by

improper curing conditions, with all ambient cured mixes having lower compressive strengths
than the ideally cured samples. Also, the difference diminished witle@sing target

strength, but the deviation in strength was not seen until later ages when compared to the
stiff mixes.
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Samples that were moist cured for three days in the fog room before exposing to ambient
conditions compressive strengths were strongkee §amples cured for 28 daystime fog
room.

All the ambient cured samples and immersed in water for three hours before testing show the
deleterious effects of improper curing, all exhibiting lower strengths than the equivalent
ideally cured samples.

Thestrength development for ideally cured and ambient cured samples then immersed at 28
days shows thaidealcured samplesadhigher strengths than ambierdured samplesThe

effect is more pronounced at lower strengths ate fpercentage loss due to ambiecuring
reduces as the strength increasédso amples containindgly ashshowed lower strengths,
irrespective of curing conditiongmproper curing affectedly ash mixes more than CEM |

mixes and the effect is more on stiff mixes.
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Chapter SEffects ofdrying

5.1 Effect of drying in lhe present work

While it is known that the degree of saturation of concrete can affect its strength, it is not
immediately clear to what extent this occurs and whether various mix design variables affect
the degree of strengthajn. Therefore, theffect ofdryingon concretewas investigated by
dryingconcretesamples to constant weight at 40 with regular strength testing@oncrete

cubes were cast and cured for 28 days at 99% RH’at Bamples were removed from the fog
room and all the samples were weighed and recorded before being put in the oven. Samples
at 28 days were weighed before testing for compressive strength and recorded as time 0,
subsequent samples were removed from oven weighed and tested. Bdbdbows the

system of age adopted in the research for the drying experiments. Mass changes were
reported as percentages.

Table5-1 Drying age used in the experiment

Age(days) Drying age (day)
28days 28

28days +2 30

28days + 5 35

28days+7 42

28days + 14 56

28days +21 77

28 days + until constant 197

weight (120)

5.1.1 Effects of weight loss as a result of drying

Figure 5.3shows the continuous weight loss for a selection of concretes. This pattern was
observed in all the mis i.e. stiff and wet mixn CEM1 andly ash concretes. Other Figures
were presented in the appendiXhe 20MPa samples lost more moistiméially which is

higher than the 50 and 80MPa concreté&sis is due to the fact thahe low strength mixes

do have a higher water/cement ratio and so a greater poro§i®/MPa concretes moisture
lost were next to 20MPa, this might be as a result of more watdrémmix than 50MPa
concretes which is added during the processing to make it more workable because of high
content of binder in the mix.
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Figure5-1 Change in mass for 20,50 and 80MPa CEML1 stiff mix

5.2 Effeds of drying on compressive strength

The effect of drying on the compressive strength as the concretes loses moisture in the oven
is checked also at variodsying agdndicated in Table 5.The moistue lost isrecordedfirst

and the result is presenteid Table 5.2before testing the compressive strengdls the

concrete dries out

The percentage change in mass and compressive strength®d 26d 801Pa concreteaCEM1
wet mixis shown irHgure5.2 The Figure show thatsathe concrete lasmoisture therewere
increase in compressive strength. This was observed in all the sitkes stiff or wet CEM1
and fly ash concretes. Other results were shown in the appendix.

1 ———20 CEM | wet mix % change in mass

—— 50 CEM | wet mix % change in mass
i ~=— 80 CEM | wet mix % change in mass
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Figure5-2 Percentage change in mass aodmpressive strengtiof CEM1 wet mixconcrete
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5.3 Compressive strength of concretes as the binder contents
increases

The targeted strength used in the study were 20, 50 and 80MPa antbthposition of the

binder had been presented in Tabl®3The higher he targetedstrength the more binder in

the mix. The effect of water binder ratio can be been also as the binder content in the mix
increases. As the binder contents increases the water binder ratio reduces and this produces
more strength as shown in Figub.3. The binder water of 20,50 and 80MPa wei& 0042

and 021 respectively.

80

70 ~ I —

o [/1‘-\(,/‘
E 50 -}
\E/ §
e 40 4
= | /
5] 7
& |

20 - —— 20 CEM1 stiff UCS

- —— 50 CEM1 stiff UCS
197 80 CEM1 stiff UCS
0 I ¥ I % I ¥ T I f I y I 2 I

L I L |
20 40 60 80 100 120 140 160 180 200
Drying age (Days)

Figure5-3 Compressive strength of 20, 50 and 80MPa CEML stiff mix

AlsoFigureb.3 shows the compressive strength of thad¢le targeted strength used in the
experimentas the concrete is dryindhis figure clearly shows the strength development as
the concrete losmoisture as a result of drying. The result is the same with wet mix, and the
two mixes offly ashconcretes. Theesult shows increase in compressive strength for all the
samplesThe increase in strength revealed the importance of curing, as effective curing
reduces the loss of water and increases the hydration of the cement, and hence reduces the
total porosity aml increases the probability of the pores being either blocked or narrowed
down by continued formation of hydration pradts (298)

5.4 Effect of drying on compressive stretigof stiff mix andthe wet
mix

Figureb.4 show the effect of drying on stiff and wet mixesalhthe targeted strength wet

mix is greater than stiff mix. The difference see@@IPabetween the stiff and wet mix is
greater than the one observed in tliegher strengthconcretesespecially when the drying age
is 185 daysThis result support or confirm the result obtained by-Aitle et al(299)that

under ®vere conditions in a hot climate, the introduction of supplementing quantity of water,
or the incease in the w/gatio, until a certain limit, has no marked influence on the strength
of concrete since under standard conditions, an increas#/@ratio would inevitably lead to

a decreased strength of condee
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Figure5-4 Compressive strength of Fly ash stiff and wet mix

5.5 Effect of drying on Compressive strength of CEM1 &hglash
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Figure5-5 Effect of drying on compressive strength of CEM1 &g ashConcrete

The compressive strength of wet mix CEM1 indshconcretes is shown ifgure5.5. The
compressive strength dly ashconcretes was gher than that of CEM1 concretes as the
concretes lost moisture. The same result is found in 20MPa stiff mix while 50 and 80 MPa
were almost the same and slightly higher. This result explain the importance of curing before
drying and effect of usinfly as in concrete mixes aneffect of exposing concretes to

prolonged drying. The result shows an increase in compressive strength as the concrete dries
and as the age increasddy astctoncretes exhibit higer strength than CEM1 concretes at

later age. Thisesult confirms increase in strength at later age especially with the use of fly

ash as patrtial replaceme(it5, 77) In the experiment the targeted strength of 80MPa was
reached when the concretes dries out. This result agvéth similar finding by Safiuddin et



102

al (182) Even the result of fly ash concretes when exposed to elevated temperature confirms
an initialincrease in compressive strength with an inceeasthe temperature up tb00°C

(193) Also other researchefd.85, 194197)confirms that fly ash concretes prevent the
decrease of concrete strength against high temperature

5.6 Mass loss in ideal ged sample as a resutif drying

The effect of drying was studied on ideally cured concretes. The concrete samples used for
this experiments were cured in the fog room for 28 days. At 28 days all the samples were
removed from fog room the surface were wipaith towel to remove any residue water, the
samples were weighed and put in the oven at@0The samples were dried at seven different
times as shown in Tablel5.at the designated time of testing the samples weight were
measured before testing the cqmessivestrength. Theamount of water lost as a result of
drying wererecorded andoresented in Table 5&hile Figurs 5.6 and 5.8hows the same
result but in graphical form fdvetter understandingpf the result In Figuress.6 and 5.7all

the fly ashconcretes were represented rokenlines and CEM1 samples in sdiiees. Figure
5.6 shows the percentage change in mass for CEM1 and fly ash concrete stiffthax.
Figure,20MPa CEM1 samples lasbre water than the fly ash sampleslso in the Fige high
strength concretes fly ash samples lost more water than the CEM1 samplestioiseis
noticeable as the drying age increases.

Table5-2 Mass loss in ideal cured concrete as a result of drying

20MPa | 50MPa |80MPa |20MPa |50MPa | 80MPa

Age(Days) | CEM1 CEM1 CEM1 PFA PFA PFA
Stiff mix

1 -1.75 -0.95 -0.85 -1.74 -0.88 -1.19
5 -2.91 -1.41 -1.51 -2.20 -1.62 -2.03
7 -3.51 -1.72 -1.55 -2.64 -1.91 -2.10
21 -5.29 -2.53 -2.56 -3.48 275 -2.84
42 -5.74 -3.25 -3.21 -4.08 -3.20 -3.64
70 -5.97 -3.94 -4.63 -5.17 -4.38 -5.40
Wet mix

1 -1.71 -0.78 -0.61 -2.63 -1.11 -1.55
5 -2.81 -1.26 -1.41 -2.76 -1.79 -2.39
7 -3.07 -1.43 -1.79 -2.92 -2.04 -2.67
21 -4.60 -2.35 -3.50 -3.91 -295 -3.86
42 -4.89 -2.92 -4.56 -4.86 -3.48 -5.20
70 -5.72 -4.52 -5.98 576 -4.98 -7.02

The m@ttern seen in Figure 5.6 shows that lower strength concretes loses more water than the
higher strength concretes, and when considering higher strength concretes 80MPa lost more
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water than the 50MPa. The results revealed that 20MPa CEML1 concretes werg@onoues
followed by 20 and 80MPa fly ash,80MPa CEM1, 50MPa fly ash and 50MPa CEML1 concretes.

Figure 5.7 presents the percentage change in mass for CEM1 and fly ash concrete wet mix .
Figure 5.7 shows similar pattern to the Figbré but with slight diffeent. Thewet mix

especially at the early drying age percentage change in mass is the same with the stiff mix but
at the later drying age 20MPa CEM1 and fly ash samples were having the same value and the
80MPa fly ash lost more water than the lower strengtincretes as shown in Figure 5.7

The Figures shows that in drying process concretes with larger pores evaporates more water.

] —— 20 CEM I stiff mix % change in mass
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Figure5-6 Percentage change in mass for CEM1 and fly ash concrete stiff mix
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Figure5-7 Percentage change in mass for CEM1 and fly ash concrete wet mix
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5.7 Change in weight immbient cured samples

The inpact of degree of saturation on compressive strength was examined by immersing the
ambient cured samples in water for three hours. The concrete samples were weighed before
and after immersion before testing the compressive strength. TalBlstiowsthe percentage

of water absorbed in three houfsr CEM1 and fly ash concretes. Fighi&and 59 shows the

rate of water absorbed by thstiff and wet mixconcrete sample<CEM1 concretes were
presented in solid lines and fly ash concretes were shown in broken lines.

The rate of water absorpn in stiff mix concretes presented in Figure &®ws that2z0MPa

fly ash concretes absorbed more water than CEM1 concréteen considering the high

strength concretes 80 and 50MPa fly ash absorbed more water than CEM1 concretes. Also at
28 days 50 and 80MPa CEM1 concretes were having the same absogie.

Table5-3 Change in weight in ambient cured samples

20MPa | 50MPa | 80MPa 20MPa 50MPa | 80MPa

Age(Days) | CEM1 | CEM1 | CEM1 PFA PFA PFA
Stiff mix

1 0.98 0.98 0.98 0.98 0.98 0.98
2 1.12 1.05 1.01 1.97 1.17 1.17
7 2.48 1.25 1.04 2.54 1.47 1.55
28 2.61 1.49 1.52 3.13 1.83 2.10
Wet mix

1 0.98 0.98 0.98 0.98 0.98 0.98
2 1.61 0.95 1.12 2.05 1.38 1.28
7 223 1.23 1.40 264 1.80 1.76
28 3.09 1.84 1.97 3.26 2.32 2.49
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Figure5-8 Percentagerncrease in mass for CEM1 and fly ash concretes in stiff mix
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Figure5-9 Percentage increase in mass f6EM1 and fly ash concretes in wet mix

The percentage increase in mass for CEM1 and flyasmixconcretess presented in

Figure 59. The Figure shows that fly ash concretes absorbed more wader CEM1

concretes in lower strength samplesich is thesimilar to theresult shownn Figure 5.8. fie
gapbetween the CEM1 and fly ash samples seen in wet mix is not as wide as the one shown in
stiff mix.In high strength concretes the result is thengaas the stiff mix concreté20MPafly
ashabsorbed more watethan the 50MR fly ash concretesAlso the difference between the

80 and 50MPa fly ash in wet mix is not as wide as the one seen in the stiff mix. The slight
difference seen in 80 and 50MPaMCEwet mix is that 80MPa absorbed more water than the
50MPa from the early age up to the 28 days while in stiff mix 50MPa absorbed more water at



106

the early days and were having almost the value at the 28 drgsres 5.8 and 5.9 shows that
concretes witharger pores permits larger water absorption.

5.8 Conclusion

Effect of drying has been considered in this chapter, the result revealed that lower strength
samples lost more moisturhan the high strength concrete$his is due to the fact thahe
low strengh mixes do have a higher water/cement ratio and so a greater porosity

The effect of drying on the compressive strength as the concretes losetimdisthe oven
is checkedt various drying agencrease in compressive strength is obtaiasdhe concrée
lost moisture

Since the age of the concrete is up to 190 daysadhconcretes exhibit higér strength than
CEML concretes at later age. This result confirms increase in strength at later age especially
with the use of fly ash as patrtial replacement

The mass loss as the concretes driesshaiws that in drying process concretes with larger
pores evaporates more waténus 20MPa concretes lost more water hence they are more
porous. Also when the ambient cured samples were immersed in wilitexsh cocretes
absorbed more water than CEM1 concretlts revealed that fly ash concretes were more
affected by improper curing and were more poroussampleswith larger pores permits
larger water absorption.
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Chapter 6Results and Discussion 8hrinkageFollowing iceal and
Ambient Curing

This chapter presents the results of the study into shrinkage following curirgy inhelal and
ambient conditionsDrying &rrinkageis one of the significarfactors that contribute to
development of cracks which haeatensiveeffect on failure, durability, serviceability and
reliability of the structureThus, Brinkage of concrete is a very important property of
concrete to be examinednd also it is very essential to use an accurate prediction model to
predict shrinkage.

Concree prism of 75 x75x 200mm were used for the test. Twelve mixes were used also and
each mix have the same water binder ratio with compressive strength samples. Two prisms
were used for each curing condition. The ambient and ideal cured samples were catsted a
same time with six concrete cubes of 100 x100 x100mm used for sorptivity-tesy. eight
concrete prisms having the same variables with the compressive strength were CHs#ed.

test procedure s been explained in section 3.9 and the purpose eftést is to know the
effect of improper curing on engineering performance

The drying shrinkage result is presented with discussion of the results in this chapter. In
analysing the dataaccording taBS EN 1992-1:2004+A1:2014(300)it is assumed that the
variations in the results that are within approximately £+ 20% are accurate and in agreement
with theoretical predictions, as they can be connected to experimental tolerances.

The aerage ambient temperature and the relagivhvumidity in the laboratory during the test
period wee 20° + 2Cand 36 + 5%espectively Concrete samples were cast and demoulded
after 24 hoursDEMECS were mounted on the two sides of the samples, ambient samples
were stored in the control room hawthe temperature o2 + 2Cand relative humidity

(RH) of 36 £ 5%. The ideal cured samples were put in the fog room to cure for 28 days at the
temperature of 26C and 99% RH. After curing the ideal samples were removed from fog room
and kept in the samenvironment with the ambient samples. The drying shrinkage
measurement of the samples were taken every week till the next six months. Ambient sample
measurement is from day one in the control room while the ideal cured samples were taken
after 28 days. Tide 3.9 shows the parametes used in casting the concrete, i.betbinders,
targeted strengtls, slumpsthe calculated and thedjustedwater content used to cast the

cubes.

6.1 Effect of curing on drying shrinkage

The effect of curing on drying shkiage igresented in Figure 6.The Figure shows the
shrinkage of concretes measured when the samples \aerbient and ideally cured’he

result shows that the ambient cured samples have the highest shrinkage value than the ideal
cured sample$or lower (20MPa)and high targeted strengths (50 and 80 MPa), whieie
cured in the fog room before putting in the control roofiine shrinkagebtained is the same
for CEM 1 wet mix and fly ash concretes both stiff and wet mix and this is presented in the
appendix.The esult obtained is attributed to fact that the well cured concretes reduces
drying shrinkage by protecting against moisture loss from fresh ni@&% Curing is essential
from the fact that hydration o€ement can take place only in watiited capillaries so in
orderto obtain a good concrete, the placing of an appropriati& must be followed by curing
in a suitable environmerduringthe early stages of hardening and a lossvater by
evaporationfrom capillaries must be preventdd?7, 301) The mostadequatemethod of



108

curing is tokeep the exposed camete surfacesnoist continuously by ponding or spraying
with water. This method keepthe concrete fully saturated durintpe curingperiod,and is
ideal condition 6r strength development antydration of cemen{16). Curing helps concrete
to develop enough tensile strengtb resist contraction stresse$he continuous
development of strength reduces shrinkagéis result agrees with similar findings$, 221,
230, 231, 24251, 254)

— — 20 CEM1 stiff Ambient
— 20 CEM1 stiff Ideal

1000 4 — — 50 CEM1 stiff Ambient
——50 CEM1 stiff Ideal o — ===
80 CEM1 stiff Ambient -
80 CEM1 stiff Ideal ol
800 - =
m
= 4
~ 600 -
[0}
(o))
©
e
£
= 400
w
200
0 v T T T T T T T
0 50 100 150 200

Age (Days)
Figure6-1 Ambient and Ideal Cure&hrinkageof CEM1 stiff mix

6.2 Predicted and experirantal shrinkage

CEBFIPModel code 9Gandfib modelcode2010was used to predict the drying shrinkage
based on the data that were used in the experiment. Such data were the compressive
strength of the cubes to calculatenfwhich is the mean compressigtrength of concrete at
the age of 28 days (MPa)]. This was converted to cylinder strength by multiplying the cube
compressive strength by 0.85.Thetational size of memberalculated was based on the
dimension used to cast the concrete samples for thgrdy shrinkage. Also the relative
humidity of the control room at the time of the experiment which is 36 2#4$ used to
calalate the shrinkagefFigure 6.Zhows the development of shrinkage with time as
calculated by usin@EBFIPModel code90and fibModel code 2010The result of the
predicted shrinkagérom the model codeshows the uniform shrinkage distribution with
time. The shape is the same in all the mixes for all the targeted strength and binders. The
experimentalresults are compared with thehrinkage models discussedrlier.
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Figure6-2 Predicted shrinkage and gasuredambient andideal Shrinkagefor 20MPaCEM1
wet mix.

Measuredambient, idealnd predicted shrinkage strains mbrmal concete having targeted
strength of 20MPa are shown in Figur@.6lhe result shows tha&ZEBFIPmodel code 90
overestimate the shrinkage at the early age and under estimate at #age for ambient cured
samplesThe predicted value is almost the same forableuredsamples. The Figure also

shows that fib Model 2010 overestimate the shrinkage values both at early and later age. The
result issimilar to other finding$221)

Figure 6.3hows the predicted shrinkage and the experimental shrinkage of high strength
concretes. The predicted shrinkage vaftam model code 9@s very low to either ideal cured
samples or ambient cured sampléor 50MPa and 80MPa concretdée same result is
obtained for either stiff or wet mix concretes. This value agrees with other findingshthat
CEPBFIP 90 modalinderestimates the shrinlge strain for high strength concreté.e. samples
with compressive strength above 40 MP220, 228)In the CEB-IP Model Code 1990, the
concrete characteristic cylinder strength is specified up to 80NInitowever Clause 2.1.1.1
comments stateéhat constitutive relations for concrete characteristic cylinder strength higher
than 50N/mn? should be used with caution and appropriate judgement because available
information on behaviouof concrete with characteristicylinder strength higher than

50N/mn is limited(222) Also in Figure 6.3, meticode 2010 overestimate the ideal cured
sample but underestimate the ambient cured sample but Figure 6.4 shows a slight different
when considering the shrinkage of 80MPa. Model code 2010 @stierate ideal cured

sample at early age but a little overestite at later age while ambient cured samples were
under estimated.
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Figure6-3 Predicted and Experimental shrinkage of 50MPa CEML1 stiff mix
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Figure6-4 Predicted and experimental shrinkage of 80MPa CEML1 stiff mix

The rest of the result were shown in appendix for CEM1 wet mix and fly ash stiff and wet mix
showing the same result with slight differences.
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6.3 Normalised Shrinkage

Normalising the shrinkage of aneit cured samples at one day to shrinkage of ideal cured
sample at 28 days is just to remove or eliminate the effect of moisture loss between the day
one and the 28 days. This is achievedbigtractingthe shrinkage values at 28 days of

ambient cured samle from the rest of the ambient shrinkage values. The normalised
shrinkage is necessary in order to compare the ideal shrinkage at 28 days with the ambient
values. Figure B.shows the normalised shrinkage value compared with the predicted and the
ideal shiinkage. The result shows that the normalised ambient shrinkage has lower shrinkage
than the ideal cured sample. This is the result obtainedHerstiff and wetmixesCEM1and

fly ash samplepresented in appendix
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Figure6-5 Normalised shrinkage with Model code 2010 for 20MPa CEM1

Incorporating the predicted value intwormalised drying shrinkagaso revealed that model
code2010 over predicted the drying shrinkage at eaalyd later age for 20 and 50MP@&he
LINBRAOGSR @I t dre with th@ideallcured Satnpies at BOMPaawhile the
normalised shrinkage and ideal shrinkage were having the same value for 50MfPesult
of ambientnormalised shrinkage with model code 204:@d all ideal dryinghsinkage were
the same with the predicted shrinkage which had been explained isebton 6. 2.

6.4 Effects of cement content on drying shrinkage

The experiment involved three targeted strengths which w2de50 and 80MParhe
shrinkage of the three tardged strength were compared for two different binders and mixes.
The cement content iROMPais the least among the three followed BpMPa and 80MPa
The mixes with highest cement contents is 80MPa and has the highest shrifikageffects

of drying shrikkage on cementontent is shown in Figure 6.6
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Figure6-6 The effects otement content on drying shrinkage

The result shows that higher cement content displayedh&ighrinkage followed by 50 and
20MPa. e low strength concret2OMPa has the least shrinkage either in ambient cured or
ideal cured samples. Similar result is also obtaindly iashconcretes. The result obtained is
similar to other findings where the higher cement contents in high strengtitretes shrinks
more. Bissonnetteet al concluded thathe effect of paste volume on shrinkage was
significant, with drying shrinkage directly proportional to the paste volume cor{ii, 228)
The only difference to this result is in stiff mix ambient cured samples where the 50MPa
shrinks more than the 80MPa concest Also in stiff mix ideal cured samples 20MPa and
50MPa were having almost the same value.

6.5 Effects of water contents on shrinkage

The effects of water content on drying shrinkage is examined by working on two different
mixes. The stiff mix having theumps between 10 to 30mm and the wet mix with slumps
between 60 to 180mm. Figure®shows the shrinkage of stiff mix and the wet mixthe
figure all the wet mixes were designated with broken lines and stiff mixes with solid lines.
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Figure6-7 Shrinkage ofStiff mix and the Wet mix

The result from figuré.7shows that wet mix has the higher shrinkage value than the stiff mix.
The same result is seen in tfig ashconcretes eitheambient cured or ideal ¢ad. This is a
proof that concretes with mor@aste content andvater experience more shrinkage since
these mixes has more paste ahidherwater contentvalueswhichwill make the concrete to

be more porous hence resulting in a more open microstruc{@f¥) Also increasig the unit
water content can result ithe increase of capillary water amount which will lead to more
shrinkage straif226) In 5MPa CEM1 ambient cured samples shows a different result where
the stiff mix sample has higher shrinkage than the wet sample.

6.6 Effects ofFly ashon drying shrinkage

The experiment used 30%y ashas a replacement in all the mixes. The effect of shrinlage
fly ashis shown in Figure 6.8n this Figurashrinkage of CEM1 concrete was compared \th
ashconcretes and the result revealed thi ashconcretes has lower shrinkage values than
the CEML1 concretes in all the wet mix for three targeted strenghis is due tthe fact that
fly ashreplacementwill improvethe pore structure of conete by pozzolanic reaction which
will lead tolower drying shrinkage of thidy ash concreteg244, 302)The result obtained is
the same with other findingf92, 208, 25, 246)

The rest of the result is shown in the shrinkage appendix and the same result is seen for
20MPa stiff mix ambient and ideal cured samples, 50MPa stiff mix ambient cured samples
while a slight different result is obtained for 50MPa stiff ideakdusample ,80MPa stiff

ambient cured sample and ideal cured sample. Here the CEML1 has a lower shrinkage than fly
ash concretes. At 80MPa stiff ideal cured samples the fly ash shrinkage is lower initially but

AYONBFAaSR YR AGQa wdcfetesAKGf & KAIKSNI GKFEY /9awm
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Figure6-8 Shrinkage of CEM1 concretes and Fly ash concretes

6.7 Conclusios

Shrinkage of concrete is the principal cause for various kinds of cracks which affect the
serviceability and durability afoncrete.Thus the impact of improper curing on drying
shrinkage was examined on CEM1 and fly ash concretes. Concretes that were not properly
cured have the highest shrinkage value than the ideal cured samplesediieobtained is
attributed to fact that the well cured concretes reduces drying shrinkage by protecting against
moisture loss from fresh mise

The effect of drying shrinkage on volume of paste examined showed théigherthe
cement contents irthe mix the more theshrinkage.

When compaing the drying shrinkage of stiff and wet mix of CEM1 and fly ash concvedes,
mix has the higher shrkage value than the stiff mix

In all the mixes when comparing the dryisigrinkage of fly asboncretes with CEM1ly ash
concretes has lower shriage values than the CEM1 concretes in all the wet mix for three
targeted strength. This is due the fact that fly astreplacementwill improvethe pore
structure of concete by pozzolanic reaction which will leadltover drying shrinkage of the
fly ashconcretes

CEPRFIP 90 modelinderestimates the shrinkage strain for high strength concretes while
model code 2010 works better with high strength concretes.
































































































































































































