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To my family
This is why we took as many photos of concrete
as mountains on our road trips.







Contents

List of figures xi
List of tables xvii
Preface Xix
Acknowledgments xxi
About the author XXiii
1 Introduction 1

Reference 3

2 Cementitious materials: Chemistry and hydration 5

Introduction §
Portland cement 6
Supplementary cementitious materials 9
Hydration 11
Mix design and proportioning 16
Cements 18
Supplementary cementitious materials 18
Aggregates 20
Water 20
Admixtures 21
Effects of water 21
Temperature effects 23
Summary 25
References 26

3 Benefits of curing on concrete performance 29

Introduction 29
Cracking 29
Fundamentals 29

vii



viii

Contents

Shrinkage 32

Reducing the risk 37
Durability 39

Introduction 39

Chemical mechanisms 40

Physical mechanisms 50

Reducing the risk 54
Strength 57

Fundamentals 57

Mechanisms 58

Curing and strength 58

Controlling strength 60
Modulus of elasticity 61

Fundamentals 61

Factors affecting stiffness 61
Creep 62

Fundamentals 62

Factors affecting creep 62

Controlling creep 63
Sustainability 63

Definition 63

Factors affecting sustainability 64

Curing and sustainability 66
References 67

Curing in practice

Introduction 71
Selecting curing methods 71
Accounting for structure type 71
Accounting for concrete materials and mixture proportions 74
Accounting for the weather 75
Temperature control 76
Heating 76
Cooling 81
Moisture control 84
Evaporation retarders 86
Forms 87
Misting, flooding, and spraying 88
Burlap, plastic, and waterproof paper 89
Curing compounds 92

71



Contents ix

Sealers 97
Internal curing 98
Lithium silicate sealant 105
Rain protection 105
Where, when, and how long? 105
Protection between placing and curing 106
Start of curing 109
Curing duration 110
Duration of moisture control 111
References 115

Measurement and specifications 119

Balancing theory and practice 119
Heating and cooling 119
Minimum temperature 119
Maximum temperature 121
Temperature differentials 122
Moisture control 123
Ponding and fog sprays 123
Burlap, plastic, and paper 123
Evaporation retarders 124
Curing compounds 124
Application rate 125
Internal curing 127
International specifications 127
Initial curing period 128
Final curing period 128
Special conditions 134
Verification of curing 136
Initial curing period 136
Final curing period 137
Measurement of curing compounds 137
Performance-based methods 138
Guide specification 142
Moisture control 142
Temperature control 144
General requirements 145
Payment 145
References 146



x Contents

6 Real-world experience 149

Introduction 149

Hot climate 149
Alsayed and Amjad (1994) 149
Hoppe et al. (1994) 152
Al-Gahbtani (2010) 153

Cold climate 155
Boyd and Hooton (2007) 155
Bouzoubaa et al. (2011) 157

High-performance concrete 159
Huo and Wong (2006) 159
Poursaee and Hansson (2010) 162
Zhimin and Junzhe (2011) 164

Performance parameters 165
Petrou et al. (2001) 165
Johnston and Surdabl (2007) 167
Radlinski et al. (2008) 169
Bouzoubaa et al. (2010) 172
Peyton et al. (2012) 173
Tamayo (2012) 177

Specifications and testing 178
Choi et al. (2012) 178
Kropp et al. (2012) 180

Summary 182

References 184



List of figures

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8
Figure 3.1

Figure 3.2

Figure 3.3

A micrograph of a cement grain; etched polished
section viewed in reflected light.

A micrograph of a partially hydrated cement grain
showing C-S-H (fingers and flowers) and CH
(hexagonal plates).

Hydration chart.

C-S-H imaged in an environmental SEM showing a
petal-like morphology.

Dense hydrated cement paste after several months
of hydration. Note some large unhydrated fly ash
particles in the system.

Systems that hydrate rapidly early will tend to slow
sooner, leading to reduced long-term performance.

An illustration of the relative volumes of materials in a
hydrating paste system with a w/c of 0.475.

An example of a corner break, likely exacerbated by curling.

Photograph of a mortar cube loaded in uniaxial
compression. The planes of failure are as predicted by
Mohr’s circle.

Plots of measured strength and modulus for a single
mixture, compared with when cracking occurred in a
ring shrinkage test. Note that modulus increases more
rapidly than strength initially (even allowing for the
different scales).

Micrograph illustrating randomly oriented cracks in a
damage zone. Principal crack growth direction is top
to bottom in the image.

11

13

15

15

22
23

30

32

33

Xi



xii  List of figures

Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12
Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16
Figure 3.17

Figure 3.18

Figure 3.19

Sketch illustrating the closing forces set up by the
water meniscus as a capillary dries out.

Star crack due to drying shrinkage.

Plot showing relationship between evaporation rate
and temperature differential in samples at 44°C.

Plot of concrete resistivity (a measure of potential
durability) against strength for mixtures containing a
variety of cementitious binders.

Plot illustrating the effect of wet curing at various
depths (in millimeters) on sorptivity over time.

Micrograph showing that paste has expanded
(mottled), leaving voids (light) around the aggregate
(dark) that has not expanded in DEF-affected mortar.

Micrograph showing salt deposits in a crack near the
surface of a damaged concrete.

Illustration of the relative volumes of various oxides of
iron formed when it corrodes.

A crack in ASR-affected aggregate.

Typical S-N curve relating load—strength ratio to
number of cycles to failure in a plain concrete beam.

Two images of a sample of magnesium chloride salt

that has dissolved in water absorbed from the atmosphere.

A slab at a car wash. The concrete in the driving lane
around the building where wet cars leave the facility is
severely distressed, whereas the same concrete slab not
continually wet is in good condition.

Typical D-cracking.

Typical data that relates compressive strength with
curing time for small samples.

Increasing test sample size results in a reducing effect
of poor curing in compression tests.

Data showing significant increase in chloride
penetrability with poor curing.

5., <«

Figure 3.20 Representation of sustainability’s “triple bottom line.”

33
35

38

40

41

43

45

46
49

51

52

53
55

59

59

60
64



List of figures xiii

Figure 4.1  Spalling caused by weakened layers formed by bleed

water trapped under a curing compound applied too early. 72
Figure 4.2 'Typical plastic shrinkage cracks. 77
Figure 4.3 Markings left in concrete that froze when it was fresh. 77
Figure 4.4 Multilayer blankets. 78
Figure 4.5 A heater that is vented to prevent CO, buildup over the

young concrete. 79
Figure 4.6 Dusting as the result of excessive carbonation and

poor surface hydration. 79
Figure 4.7 A recommended steam curing cycle. 80
Figure 4.8 Liquid nitrogen being used to cool a batch of concrete. 82
Figure 4.9 Typical output from HIPERPAV showing when

cracking may occur. 84
Figure 4.10 Plot comparing cumulative bleed and evaporation volumes. 86
Figure 4.11 Mist sprays to increase RH above the surface of the

concrete. 88
Figure 4.12 Plastic sheeting to prevent drying. 90
Figure 4.13 Buff-colored staining that occurred under folds in

plastic sheeting. 90
Figure 4.14 Tents used to protect young concrete from wind and sun. 91
Figure 4.15 Comparison of calculated versus measured drying

times for six curing compounds under a range of

drying conditions. 94
Figure 4.16 Rapid chloride penetrability test data for treatments

after 28 days. 95
Figure 4.17 Curing compound being sprayed by hand. 96
Figure 4.18 Curing compound being applied using a power spray

system. Note the windshields attached to prevent wind

losses. 96
Figure 4.19 Australian guidance on the relative efficacy of different

curing compound chemistries. 97
Figure 4.20 Porous lightweight fine aggregate used to provide

internal curing. 99



xiv  List of figures

Figure 4.21

Figure 4.22
Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28
Figure 4.29

The distribution of curing water using different
methodologies.

Probability of crack widths with different replacement.

Autogenous deformation in microstrain for mortar
mixtures with various lightweight aggregate systems.

Average moisture contents for bridge decks with and
without internal curing.

Scanning electron microscope (SEM) images of
different forms of superabsorbent polymers that can be
used for internal curing.

Effect of SAP dosages on autogenous shrinkage of concrete.

Plot of bleeding rate as a function of w/cm.
Plot of recorded bleeding rate over time.

Maturity of the field concrete is equivalent to maturity
of the laboratory concrete when the area under the
curves is the same.

Figure 4.30 Rebound number of concrete surface versus water loss.

Figure 4.31
Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5

Figure 5.6

Figure 5.7

Figure 6.1

Surface water absorption versus water loss.
Nomograph to predict evaporation rates.

Roadway with nonuniform application of curing
compound.

Water loss at 72 hours versus application rate of curing
compound.

Illustration of required overlap of spray patterns.

Reflectance versus application rate for white-
pigmented curing compound applied to fresh mortar at
different rates.

How permeability of concrete treated with different
types and amounts of curing compounds can be
correlated with an equivalent wet curing period.

Surface water absorption versus depth for concrete
cured with different methods.

A plot of shrinkage of field-exposed samples over time.

100
101

102

103

103

104

107
108

113
114
114
122

126

126

132

138

140

141
151



List of figures xv

Figure 6.2 A typical plot of plastic shrinkage for the different
curing techniques. 154

Figure 6.3 A typical plot of drying shrinkage for the different
curing techniques. 155

Figure 6.4 Typical variation of pulse velocity with time and

curing technique. 155
Figure 6.5 Mass loss of cores tested under salt scaling. 158
Figure 6.6 Plot of concrete temperatures for varying protection

systems. 160
Figure 6.7 Shrinkage data. 161
Figure 6.8 Evaporation rates. 162
Figure 6.9 Internal moisture content at 50 mm from the surface

of the prisms: OPC, slag, and fly ash. 163
Figure 6.10 Water sorption data. 164
Figure 6.11 Effect of curing on strength development compared

with strength predicted by maturity. 170
Figure 6.12 Effect of curing on compressive strength. 171

Figure 6.13 Effect of curing time and design strength on carbonation. 173

Figure 6.14 Ranking of fresh properties of the various bridge decks

with respect to crack density. 175
Figure 6.15 Ranking of hardened properties of the various bridge

decks with respect to crack density. 176
Figure 6.16 Ranking of curing method of the various bridge decks

with respect to crack density. 176
Figure 6.17 Doppler radar speed sensor mounted on a curing cart. 179

Figure 6.18 Typical plots of mass loss under salt scaling testing for
various mixtures using PAMS curing compound. 181






List of tables

Table 2.1
Table 2.2
Table 2.3

Table 3.1
Table 4.1
Table 4.2
Table 4.3
Table 5.1
Table 6.1
Table 6.2

Table 6.3
Table 6.4
Table 6.5
Table 6.6
Table 6.7
Table 6.8

Range of Portland Cement Chemical Composition
Cement Chemistry Notation

Effects of Changes in Cement Characteristics on
Concrete Properties

Time for Capillaries to Become Discontinuous
Coefficients for Chemical Shrinkage

Strength Development of Concrete at 20°C

Hildorf’s Recommendations for Minimum Curing Periods
Recommended Concrete Temperatures

Test Data for Varying Curing Techniques

Mass Loss Data for Varying Binder Type and Curing
Technique under Salt Scaling Testing (kg/m?)

Compressive Strength Data, MPa for Field Cores
Visual Rating of Sidewalks

Descriptions of Mixtures

Weather Conditions at Time of Placing Decks
Extent of Cracking in Bridge Decks

Guide to Selecting Curing Type (Low Value = High
Performance)

19

42
100
111
112
120
150

156
158
159
168
177
178

183

XVii






Preface

Students are taught that curing concrete is important, but in practice curing
is often a low priority on the construction site. This is most likely because
the benefits of the cost of curing are not immediately apparent, and the con-
sequences of poor curing may only appear later in the life of the structure.

The fundamental principle behind the curing of concrete is simple: The
mixture should be kept warm and wet for several days after placement in
order to achieve the properties needed. This is because cement hydration is
a relatively slow process that requires sufficient water available to continue.
Drying normally occurs at the surface, meaning that poor curing affects
the surface by reducing resistance to the environment and abrasion; yet this
is precisely the zone that is exposed to bad weather and tires.

Demands on modern concrete are increasing, while raw materials are
changing and budgets are shrinking, together requiring that closer atten-
tion is needed to ensure that the best value is obtained from the cementi-
tious materials in a mixture.

The aim of this book is to help those involved with working in concrete
construction understand why curing is important, that it is indeed possible
and worth the effort, and to show how it can best be carried out.

The discussion includes the fundamentals behind hydration and why
curing is needed; how properties are affected; and how curing can be
effectively specified, provided, and measured. The final chapter includes a
review of published work evaluating curing in real-world structures.
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