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ABSTRACT 

The incorporation of supplementary cementitious materials (SCMs), such as slag and fly ash, 

in conventional concrete systems yields several benefits such as reduced carbon footprint and 

longer service life, leading to sustainable construction. Considering the economic and technical 

advantages, as well the lowering of the environmental impact, these materials are extensively 

used in many construction projects. At present, the strength, elastic modulus and shrinkage of 

SCM based concretes used in India are based on values suggested by the international codes or 

limited studies with locally available SCMs. Hence, there is a need for more extensive testing 

and evaluation of concrete with SCMs (say, slag and fly ash).  

This work provides a comprehensive experimental study on the influence of slag and fly ash 

on the short- and long-term compressive strength, elastic modulus and the evolution of 

shrinkage response of concrete. A new Limestone Calcined Clay Cement (LC3), with about 

50% clinker, 30% calcined kaolinitic clay and 15% limestone, has also been assessed. Further, 

the applicability of popular shrinkage prediction models was studied for the blended cement 

concrete. Consequently, in order to achieve the objectives of the current research work, sixty-

three concrete mixes were made with different water-binder ratios and binder contents with 

varying dosages of slag and fly ash. The concrete mixes were designed such that the 

compressive strengths were in the range of 25 to 65 MPa. The research programme was 

performed in four phases. In Phase-1, the characterization of raw materials, preliminary casting 

and testing of concrete were carried out. In Phase-2 and Phase-3, short and long-term laboratory 

tests were performed on concrete specimens. The total and autogenous shrinkage strains, after 

28 days of curing, were measured up to 1000 days of exposure. In Phase-4, various shrinkage 

prediction models available in the literature were evaluated. 

The findings from the present study show that early age (say ≤ 7 days) compressive strength 

of blended concrete was normally less than that of OPC concrete. However, extended curing 

resulted in a substantial increase in the compressive strength over and above that of 

conventional OPC concrete. The slag-blended concrete develops compressive strength at a 

higher rate than fly ash blended concrete. From the current work, it can be concluded that 

ternary blended concrete experienced extended gain of compressive strength. Concretes with 

LC3 are shown to exhibit equivalent or better compressive strength in comparison with OPC 

and fly ash blended systems. The relationship between the compressive strength and elastic 

modulus is seen to be essentially unaffected by the presence of slag and fly ash. Hence, the 
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existing prediction equations for conventional concretes can be used for blended cement 

concrete. From, the study, it was observed that IS 456 and fib Model Code 2010 are less 

conservative than the ACI 209 and ACI 318 prediction models. Also, it has been confirmed 

that the ratio of cube to cylinder compressive strength can be taken as 1.21, for the specimen 

sizes and concretes considered here. 

The results obtained from this study give a better understanding on how slag and fly ash 

affect the shrinkage response of concrete. It is seen that slag and fly ash, as partial substitutes 

of OPC, do not have a significant effect on the shrinkage of concrete. The two types of fly ash, 

however, yielded a marginal difference in the shrinkage evolution. Ternary blended concrete 

exhibited marked differences of about 100 microstrain in shrinkage compared to binary 

systems.  

The measured shrinkage strains were compared with five different models to assess the 

adequacy of the shrinkage predictions. The models considered were ACI 209, RILEM B4 and 

B4s, fib Model Code 2010 and IS 1343. Most models yield conservative predictions, except 

the fib Model Code 2010. Also, strength-based models, such as IS 1343 and B4s, gave 

reasonably good predictions even though they do not explicitly account for the composition. 

With the aim of more appropriate long-term predictions of the later age shrinkage, the 

parameters of the B4 and B4s models were adjusted using the early age experimental data.  

This work provides an extensive database of the mechanical performance of SCM blended 

concrete in the Indian context, which can significantly benefit practicing engineers and 

researchers. In general, it is seen that the use of SCMs does not negatively affect strength 

development, elastic modulus and shrinkage, considering the same binder content and water-

binder ratio.  

 

Keywords: Supplementary cementitious materials (SCMs), Slag, Fly ash, Limestone Calcined 

Clay (LC3), Compressive strength, Elastic modulus, Shrinkage, Prediction models. 
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1. INTRODUCTION 
 

1.1 BACKGROUND 

The most significant and common parameters used to quantify the quality of concrete are its 

strength, durability, shrinkage and creep response. A good concrete should satisfy the purpose 

for which it has been designed and also, it should be serviceable throughout its design life. The 

behaviour of concrete can be evaluated based on its short-term and long-term performance. 

Short-term performance includes the strength of the concrete in compression, tension, flexure 

and bonding, and its elastic modulus. On the other hand, the long-term performance of concrete 

includes durability, shrinkage, creep and fatigue response. Performance of concrete is 

influenced by several factors such as type and composition of cementitious materials, water-

binder ratio, binder content, volume of aggregate in the mix, ambient temperature and relative 

humidity, geometry of the member. 

Realistic estimations of shrinkage and creep of concrete are important for long-term 

performance and serviceability of concrete structures (Vandewalle, 2000). For the design of 

complex concrete structures, like long-span prestressed bridges and nuclear containment 

cooling vessels, it is important to use an appropriate prediction model to analyse their time-

dependent behaviour. Shrinkage can cause an increase in deflection, and redistribution of 

stresses in reinforced concrete structures. In addition to this, shrinkage causes loss of prestress 

in prestressed concrete structures. The main factor of loss is due to elastic shortening, shrinkage 

and creep of concrete. Subsequently, the design capacity of the concrete member could be 

reduced or the structure could even suffer premature failure. Also, cracking due to restraining 

of the volumetric shrinkage strain facilitates corrosion in reinforced/prestressed concrete 

structures. In the case of pre-stressed concrete elements, the shrinkage induced strain also 

contributes to the loss of pre-stress.  

Supplementary cementitious materials (SCMs) like fly ash, slag, silica fume, metakaolin 

etc. are used widely as modern construction materials in new infrastructure projects and repair 

and rehabilitation of existing structures, as they are found to improve the service life of concrete 

structures (Huo et al. 2001). In spite of tremendous applications of SCMs, the durability and 

the long-term performance of these blended cementitious materials is far from being 

completely understood, and their modelling remains critical as the properties vary largely from 

the conventional ordinary portland cement (OPC) concretes. Amongst the durability 
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parameters, shrinkage response of concrete is considered to have an important role in 

determining the long-term serviceability of the structure. Also, the values of elastic modulus 

and the ultimate shrinkage strain of concrete used in concrete design are often based on the 

values provided in international codes or based on the limited literature available for the 

materials used in Indian concretes. Since very limited work on shrinkage response has been 

carried out on Indian concrete, the information of the shrinkage characteristics of SCMs 

blended concrete is still limited. Hence, the findings from the present research work will 

provide more details to the existing data on the short and long-term mechanical performance 

of blended concrete using slag and fly ash. Further, a new limestone calcined clay cement 

(LC3) is studied here so that more extensive use in structural applications could be encouraged. 

 

1.2 OBJECTIVES OF THE PRESENT STUDY  

The main aim of the thesis is to provide some answers to the key research questions of 

determining whether SCMs used typically in India change the strength evolution and shrinkage 

response of concrete significantly and whether existing models can used for predicting the 

long-term response reasonably. The specific objectives are: 

1. To study the effect of slag, fly ash and limestone calcined clay on the compressive 

strength development and elastic modulus of concrete.  

2. To study the influence of the incorporation of slag, fly ash and limestone calcined clay 

on the total and autogenous shrinkage response of concrete. 

3. To assess the applicability of existing shrinkage prediction models for blended cement 

concrete and to calibrate the model parameters for better prediction. 

The objectives of the study lead to the research approach outlined below: 

• Laboratory testing for mechanical performance of concrete blended with slag and 

fly ash are conducted in accordance with ASTM, IS standards and RILEM 

recommendations. 

• Compression tests at the ages of 2, 7, 28, 90 and 365 days are done, along with tests for 

the static elastic modulus of concrete at 28 days. The shrinkage evolution of concretes 
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was monitored from 28 days to about 1000 days on sealed and unsealed prisms and 

cylinders. 

• Application of existing shrinkage prediction models and improvement of the 

predictions through adjustments of the parameters, where possible. 

 

1.3 SCOPE 

The present research work discusses the behaviour of fly ash and slag blended cement, and 

LC3 concrete in terms of compressive strength development, elastic modulus and shrinkage 

response in normal strength concrete with 28-day mean cube compressive strengths ranging 

between 20 and 55 MPa. Materials in this study were restricted to two brands of 53 Grade OPC 

and LC3, two slags (from two different sources in India) and two fly ashes (Class F and Class 

C). The parameters varied in the study are water-binder ratio, total binder content, and type and 

dosage of slag and fly ash; the type and volume fraction of aggregate has been kept constant. 

All the specimens were moist-cured. Total and autogenous shrinkage responses of concrete 

were monitored on standard cylindrical and prismatic specimens after the curing period of 28 

days. However, the autogenous shrinkage until 28 days was not included in the measurements. 

The shrinkage prediction models assessed in this study are restricted to ACI 2092R-95 2008, 

RILEM B4:2014 and B4s:2014, fib MC 2010 and IS 1343:2012. 
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1.4 STRUCTURE OF THE THESIS 

The key phases and the steps involved in achieving the objective are described in  

Figure 1.1. 

 

Figure 1.1 Key phases involved in the research work 

 

The thesis is structured as seven chapters including this chapter.  

Chapter 2 provides the detailed literature review related to the present study. The influence of 

SCMs on the strength development and elastic modulus has been presented in the first section. 

The second section briefly reviews previous studies on the influence of slag and fly ash on the 

shrinkage response of concrete. The chapter also provides a detailed description of shrinkage 

prediction models. 

Chapter 3 presents the experimental programme, including the information on material 

characterisation, mix proportion and the composition of concrete. A detailed description of the 

experimental setup and the procedures used for various tests are also included in this chapter.  

Chapter 4 has a detailed discussion of results on the influence of fly ash and slag on 

compressive strength development and the static elastic modulus of concrete. The evolution of 

compressive strength with time is presented, followed by a discussion on the influence on the 

SCM type and its dosage on the strength development and the variations in the results. A 

Phase I

• Raw material characterization 

• Mix proportioning 

• Trial mixes

Phase II

Long-term testsShort-term tests

Shrinkage

• Autogenous shrinkage 

• Total shrinkage

• Compressive strength 

development

• Elastic modulus 

Phase III

• Assessment and Calibration 

of Shrinkage Prediction 

Models

Phase IV

Data Analysis
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comparison of strength evolution with ACI 209 prediction is done. Also, a comparison of the 

strength to elastic modulus relation with the standard equation is made. 

Chapter 5 deals with the shrinkage response of fly ash and slag blended concrete in 

comparison with conventional OPC concrete. This chapter discusses the total shrinkage 

response of concrete followed by the influence of geometry on the shrinkage of concrete. 

Discussions of the autogenous shrinkage and mass loss also presented in this chapter. 

Chapter 6 examines the application and adjustment of various shrinkage prediction models. 

Chapter 7 presents a summary of the conclusions drawn from this work and also lists the 

recommendations for future study. 

Three appendices are presented, which provide the data obtained from the tests. Appendix A 

consists of the compressive strength development plots. Appendices B1 and B2 have the results 

of shrinkage (total and autogenous) response of concrete on cylindrical and prismatic 

specimens, respectively. Appendices C1 and C2 consist of data on mass loss in cylindrical and 

prismatic specimens. Appendices D1 to D8 provide the comparison of the shrinkage prediction 

models with the experimental results. Appendix E reports the step-by-step procedure for the 

shrinkage calculation using different prediction models. 
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2. LITERATURE REVIEW 
 

2.1 GENERAL 

In recent times, the demand for supplementary cementitious materials (SCMs) has shown 

substantial increase in infrastructure and housing projects. It has also been established that 

these materials provide significant durability and long-term advantages over the conventional 

ordinary portland cement (OPC) concrete systems (Mokhtarzadeh and French, 2000). Hence, 

information of the materials on the mechanical performance, the progress and state-of the-art 

on the subject must be well understood before use in tropical countries like India. The objective 

of this chapter is to discuss the significance of slag and fly ash on short and long-term 

mechanical characteristics, such as compressive strength development, elastic modulus and 

shrinkage response of concrete in comparison with the OPC concrete systems. Also, a detailed 

description of existing shrinkage prediction models is provided in this chapter. Note that the 

literature review is limited to the examination of previous work on the effect of SCMs on 

strength evolution and shrinkage. 

 

2.2 EFFECT OF SUPPLEMENTARY CEMENTITIOUS MATERIALS ON 

COMPRESSIVE STRENGTH AND ELASTIC MODULUS  

Compressive strength of concrete is an important parameter for the design of concrete 

members, as it gives overall information about the quality of the concrete and has a direct 

relation with the microstructure of the hydrated cement paste. In addition to this, compressive 

strength of concrete is a vital factor for structural design and is quantified for compliance 

purposes. Over the past decade, development in new concrete such as high performance and 

high strength concrete have become practicable.  

The elastic modulus of concrete is also a significant property in the mechanical performance 

of concrete since it not only controls the deformation but also decreases the stress transfer to 

the nearby concrete members, which can lead to a premature failure. In the place of pre-stressed 

concrete construction, elastic shortening is responsible for triggering losses in prestress, and 

could decrease load carrying capacity and even lead to unpredicted failure of the segments. 

Hence, information on the elastic modulus of concrete is important in order to control 

deformation and to provide effective serviceability of the structure (Nassif et al., 2005). 
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2.2.1 Effect of slag and fly ash on the compressive strength development of concrete   

SCMs such as fly ash, ground granulated blast furnace slag (GGBS), silica fume and 

metakaolin are used widely as in binary blends in high-performance concrete as they enhance 

the short and long-term performance of concrete (Oner et al., 2005; Yang et al., 2007). 

Selection of these materials needs more consideration due to their different properties in early 

age and in long-term, i.e. initial reaction of fly ash, slag and silica fume are slower than the 

OPC, which retards the early age strength development and hence requires a longer curing 

period to attain a similar strength as that of OPC concrete. The performance is related to that 

of the pozzolanic reaction of fly ash and that the hydration of slag yields more refined pore 

structure. Also, in the long-term it improves the service life of the cement-based materials 

(Thomas et al., 2008; Ortega et al., 2014). On the other hand, adding a large amount of a single 

type of SCM could result in the delay of initial setting and low early age mechanical 

characteristics. In such cases, ternary blends can be used to balance the fresh and hardened 

properties of concrete (Khan et al., 2000; Bleszynski, et al., 2002; Schlorholtz, 2004).  

The initial rate of hydration of slag is primarily dependent on the presence of the lime 

content. Mostafa et al. (2001) confirm a drastic decrease of free lime that occurs during the 

early age of hydration in slag. Unlike fly ash, the reactivity of slag mainly depends on 

temperature (Miura and Iwaki, 2000). In other words, slag cement reacts slowly at lower 

temperatures (Sivasundaram and Malhotra, 1992). Studies of Hamling and Kriner (1992) and 

Lim and Wee (2000) report that as the fineness of slag increased from 400 m2/kg to 600 m2/kg, 

the 28-day compressive strength increased considerably. Furthermore, the source of the slag 

was not significant for the performance of slag blended concrete (Wainwright and Rey, 2000). 

The early age strength development of slag-blended concrete was less than in the OPC 

concrete. Moreover, a substantial increase in the compressive strength was observed for a 

replacement between 40% and 60% than OPC concrete (Khatib and Hibbert, 2005; Atis and 

Bilim, 2007; Oner and Akyuz, 2007). However, a significant decrease in the strength was 

observed for a high replacement of cement by slag (80%). This could be due to the presence of 

unreacted slag acting as a filler material rather than it contributing to strength development. 

Studies of Hui-Shen et al. (2009) report that replacement level of 15%-30% was considered as 

an optimal dosage to get an equivalent strength of OPC concrete at 28 days.  
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In general, the combined use of different SCMs in concrete could reduce the efficiency of 

the cementitious systems. In other words, the compatibility between the binders is an issue 

which is to be considered in the proportioning of the concrete mixture. For instance, the 

reaction of Class F fly ash requires a high alkalinity of pore water than with slag or silica fume 

in the mix (Fraay et al., 1989 and Neville, 2006). Since the combination of SCMs having low 

surface area and the reactivity do not contribute to the early age strength development, Mehta 

and Gjorv (1994) have recommended to use a mixture of highly and normally reactive materials 

such as silica fume and fly ash to enhance the compressive strength development at early age 

(Mehta and Gjorv, 1982; Ozyildirim and Halstead, 1994; Khatri et al., 1995). Studies of Li and 

Zhao (2003), Tan and Pu (1998), Wu et al. (2003), Mehta and Gjorv (1982) and Ozyildirim 

and Halstead (1994) report that a ternary blend of slag and fly ash with OPC had excellent short 

and long-term compressive strength, and it improves the microstructure and the hydration rate 

compared to binary blends.  

2.2.2 Effect of slag and fly ash on the elastic modulus of concrete   

Generally, the effect of SCMs on the elastic modulus is similar to that of compressive strength. 

Therefore, the elastic modulus of SCM concrete is generally lower at early ages and marginally 

higher at prolonged curing time in comparison with the conventional OPC concrete system. 

Studies of Ghosh and Timusk (1981), Mehta (1983), Rezansoff and Stott (1990), Swamy and 

Bouikni (1990), Brooks (1992), Tikalsky and Carrasquillo (1992), ACI 233R-95 (2000), Jin 

and Li (2003), Newman and Choo (2003) and Johari et al. (2011) observed marginal 

differences in the elastic modulus of slag and fly ash blended concrete in comparison with 

conventional OPC concrete. Naik et al. (1998), Lane (1982), and Yildirim (2011) concluded 

that the early age elastic modulus of Class C fly ash was superior to that of Class F fly ash but 

on prolonged curing, Class F fly ash yielded an increase in the elastic modulus of concrete. 

This could be due to the increase in pozzolanic reactivity of fly ash with time. However, ACI 

232.2R-96 (2002) and Kuder et al. (2012) report that high volume of slag or fly ash concrete 

had higher elastic modulus due to the densifying effect of unhydrated cementitious particles 

acting as fine aggregate. 

2.2.3 Influence of LC3 on compressive strength development and the elastic modulus 

of concrete  

Limestone Calcined Clay Cement (LC3) is a ternary blend of limestone, calcined clay 

(kaolinite) and gypsum with low clinker of 40 to 50%. The production can be done by either 
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blending or intergrinding the materials. Typically, clay containing 50 to 60% of kaolinite, can 

be calcined at around 700-800°C to remove the impurities and chemically attached hydroxyl 

group and thus making it as reactive, amorphous and pozzolanic. The ratio of calcined clay to 

limestone is typically fixed in the range of 2 to achieve a similar strength of OPC concrete 

(Scrivener et al., 2014). Githachuri and Alexander (2013) concluded that portland limestone 

cement shows similar long-term performance in the concrete system. Being more pozzolanic 

in nature, the calcined clay improves the microstructure and enhances the pore structure at early 

ages (Tironi et al., 2013). Examining the beneficial effects of limestone and calcined clay, the 

studies by Antoni et al. (2012) report that the incorporation of limestone and calcined clay as a 

blend produces similar mechanical properties as that of conventional OPC concrete mix.  

2.3 EFFECT OF SUPPLEMENTARY CEMENTITIOUS MATERIALS ON 

THE SHRINKAGE OF CONCRETE 

Volume changes in concrete would be more if it is free to deform; usually the structures are 

restrained by their foundation, by neighbouring concrete members subjected to different 

conditions of loading, orientation and reinforcement. Shrinkage is a time-dependent volumetric 

deformation of concrete related to loss of moisture that occurs at different ages of drying. It is 

predominantly related to the loss of water in the cement matrix. Shrinkage is categorized as 

plastic, autogenous, thermal, drying and carbonation shrinkage. 

• Plastic shrinkage is due to loss of water from the concrete to the surrounding 

atmosphere through evaporation in the plastic state. 

• Autogenous shrinkage (chemical shrinkage + self-desiccation) is caused by loss of 

internal water from the capillary pores after initial setting of concrete due to cement 

hydration. This may sometimes be called basic shrinkage, especially if the early 

autogenous shrinkage is not considered.  

• Thermal shrinkage in concrete is due to the temperature drop after final setting. 

• Drying shrinkage is due to loss of water from the concrete to the surrounding 

atmosphere through diffusion. 

• Carbonation shrinkage is caused by reaction of atmospheric carbon dioxide (CO2) 

with the hydrated cement product (CH). 
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The current study focuses on the shrinkage of hardened concrete caused by loss of moisture 

both internally and externally. The following section reviews the time-dependent volumetric 

strain due to autogenous and drying response of concrete. 

Drying Shrinkage 

Drying shrinkage in concrete is caused by the diffusion of water to the surrounding atmosphere. 

It refers to loss of capillary water by evaporation resulting in volume reduction. The volume 

change in concrete due to drying is not equal to volume of water removed (Mehta and Monteiro, 

2006). This is because of the fact that the loss of free water from the larger capillary pores does 

not affect the volume change. However, water held by capillary tension in small pores may 

cause high shrinkage in concrete. It is only possible that drying shrinkage is connected to the 

removal of interlayer water. Depending on the size of the capillary pores and the relative 

humidity, the drying progresses more or less rapidly through the concrete. In a SCM blended 

concrete, drying shrinkage is low since the capillary pores are very fine and are not well 

connected by hydrated products.  

Autogenous shrinkage 

Autogenous shrinkage in concrete is an early deformation caused by loss of water from the 

capillary pores due to hydration, without any loss of water to the atmosphere. The mechanism 

and magnitude depend only on the mix proportion of the concrete and not on the external 

factors such as environmental condition. The magnitude of autogenous shrinkage is different 

for normal and high-performance concrete (Holt, 2001). Autogenous shrinkage is assumed to 

be negligible for concretes with higher water to cement ratio (say  0.40). However, for the 

high-performance concrete with lower water to binder ratio (≤ 0.42) it is of concern since it 

contains more cementitious content with less water (Holt, 2001; Nishiyama, 2009). Typically, 

autogenous shrinkage strains for normal strength concrete are about 40 × 10-6 and 100 × 10-6 

at one month and five years, respectively. On the other hand, at lower water-binder ratio (0.17) 

it is reported as a high value of 700 × 10- 6 (Tazawa and Miyazawa, 1995). 

Figure 2.1 shows the evolution of autogenous and drying shrinkage of concrete in a standard 

cylindrical specimen. In general, the total shrinkage of a cementitious material is the sum of 

autogenous and drying shrinkage.  
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Figure 2.1 Evolution of shrinkage response in concrete (plotted based on Neville, 2006) 

 

2.3.1 Effect of slag and fly ash on drying shrinkage of concrete  

SCMs with different physical properties and chemical compositions influence the shrinkage 

response in concrete differently. However, past studies report that the effect of SCMs is highly 

variable and cannot be generalized on shrinkage response of concrete. Studies of Al-Sugair 

(1995), Bloom and Bentur (1995) and Wiegrink et al. (1996) report that the addition of SCMs 

increases drying shrinkage. However, studies by others concluded a significant decrease in the 

shrinkage response of SCM blended concrete (Alsayed, 1998; Jianyong and Yan, 2001). For 

example, for slag and fly ash concrete with the same binder content, a lower water-binder ratio 

could produce a lower shrinkage strain. On the other hand, if the binder content is reduced at a 

constant water-binder ratio, the drying shrinkage tends to increase at early ages and remains 

constant in the long-term with respect to the portland cement concrete (Brooks and Neville, 

1992). This is because slag and fly ash concrete have lower compressive strength at early ages, 

and subsequently, in the long-term when the compressive strengths of the non-blended and 

blended concrete are similar, the shrinkage response is similar as well. Previous studies also 

report that for a similar mix proportion, incorporation of slag tends to have a marginal effect 

on shrinkage of concrete (Whiting et al., 2000). Likewise, Class F fly ash could reduce drying 

shrinkage with an increase in the dosage in comparison with the OPC concrete (Gesoǧlu et al., 

2009). Studies by Deshpande et al. (2007) report that, due to high Ca/Si ratio and low alkali 

content, Class C fly ash causes more shrinkage than Class F fly ash and OPC mix. Also, high 

dosages of silica fume could increase the shrinkage response of concrete. In ternary blended 
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system, Class F and Class C fly ash in combination with silica fume or slag in OPC concrete, 

could reduce the drying shrinkage further (Guneyisi et al., 2010). 

Work of Li and Yao (2001), Lee et al. (2006), and Gesoǧlu et al. (2009) concluded that the 

incorporation of slag in OPC mix could result in lower drying shrinkage because of its lower 

capillary porosity and its denser microstructure. Thus, the incorporation helps promote the 

hydration and increases the density of hardened cement paste. This strengthens the pore 

structure and improves resistance to shrinkage deformation. The findings of Tazawa et al. 

(1989) and Yuan et al. (2015) are also in agreement with the same. Additionally, it was found 

that prolonged curing reduces the shrinkage strain in slag blended concrete systems (Wee and 

Wong, 2002; Deshpande, 2007). Studies of Yuan et al. (2015) report that a decrease in the 

shrinkage was observed at early ages with an increase in the replacement level of slag. Hooton 

et al. (2009) stated that replacement levels between 20% and 80% do not affect the shrinkage 

response of concrete. In the case of high-volume slag blended concrete, Sakai (1992) made the 

conclusion that for a replacement level of 50-60%, an increase in the shrinkage strain was 

observed whereas further increase in the replacement (70-80%) resulted in the decrease of 

shrinkage. Similar behaviour was also reported by Brooks (1992). In contradiction, Wedding 

et al. (1981); Chen and Chan (1989), and Juenger and Jennings (2001) concluded that an 

increase in the slag content increases the shrinkage response in concrete. It could be because 

of the higher paste volume in slag substituted concrete, due to its lower specific gravity and 

higher proportion of mesopore and pore volume, and high surface area (ACI 233R-95, 2000).  

The ACI 232.2R-96 (2002) Recommendation reports that the shrinkage response of fly ash 

blended concrete increases marginally for a constant water-binder ratio, also the variation 

remains weak for a replacement level between 20-30%. Previous work from Mehta (1989), 

ACI 232.2R-96 (2002), and Chindaprasirt et al. (2004) found that the fineness of fly ash is 

insignificant on the shrinkage response of mortar. This could be due to the reduction of water 

demand with the presence of fly ash in the system. Ravindrarajah and Tam (1989), observed 

that an increase in the curing period reduces the shrinkage strain in fly ash blended concrete. 

This is related with the lower porosity resulting from the slowness of the pozzolanic reaction. 

Studies of Symons and Fleming (1980), Ghosh and Timusk (1981), Cripwell et al. (1984), 

Dunstan (1984), Nelson et al. (1992), Tia et al. (2005), Borsoi et al. (2009), and Gesoğlu et al. 

(2009) conclude that the incorporation of fly ash as a replacement of cement reduces shrinkage 

compared to that of OPC concrete. The beneficial effect is being more pronounced with an 
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increase in the replacement level of fly ash (Teorenau and Nicolescu, 1982; Atis, 2003; Atis et 

al., 2004; Rivest et al., 2004; Yang et al., 2007; Khatib, 2008; Davis, 2012). The main 

mechanism of lower early age drying shrinkage of fly ash blended concrete is due to the filler 

effect, which decreases the porosity and connectively between the pores (Papadakis, 2000; 

Poon et al., 2000; Siddique, 2006; Yang et al., 2007). However, in the long-term, shrinkage 

might be further reduced compared to that of early age due to the densification of the binder 

matrix. Such densification is a result of micro-filling, pozzolanic effect and the shape property 

of fly ash, which prevents the internal moisture evaporation and is different at later ages. In 

contradiction, Akkaya et al. (2007) report that fly ash and ultra-fine fly ash both increase the 

shrinkage, and the reason was the decrease of the difference in the connectively of pore 

structure, which could make free water escape easily (Akkaya and Konsta, 2004; Atis et al., 

2009). 

2.3.2 Effect of slag and fly ash on autogenous shrinkage of concrete  

The autogenous shrinkage of concrete is a function cement/binder type, which could be more 

influenced by the hydration of C4AF and C3A than that of C2S and C3S (Tazawa et al., 1999; 

Lura et al., 2003). Previous studies of Lim and Wee (2000), Lee et al. (2006), Tazawa (1997), 

Saric-Coric (2003) point out that autogenous shrinkage of slag blended concrete increases with 

an increase in the fineness and the replacement level. This is because of the hydration reaction 

of slag in the long-term, and due to enhancement of pore refinement that leads to increase in 

capillary tension and contraction stress, which increase the autogenous shrinkage (Omar et al., 

2008). Additionally, at higher replacement because of the high paste volume, there is further 

increase in the autogenous shrinkage. (ACI 233R-95, 2000; Lura et al. 2003). According to 

Tangtermsirikul (1998) and Naik (2007), the fly ash blended concrete has lower early age 

autogenous shrinkage because of chemical shrinkage. However, the long-term autogenous 

shrinkage was found to increase (Naik, 2007; Khayat and Mitchell, 2009). Chindaprasirt et al. 

(2004) and Termkhajornkit et al. (2005) report that the autogenous shrinkage of fly ash paste 

increases with the progressing the degree of hydration. Chan et al. (1998) and Lura et al. (2003) 

conclude that HVFA concrete has further lower autogenous shrinkage.  

2.4 MODELS FOR PREDICTING THE SHRINKAGE OF CONCRETE 

Over the last century, many models have been developed for predicting shrinkage and creep 

response in concrete structures, and the main contributors were under the auspices of the 

American Concrete Institute (ACI), International Union of Laboratories and Experts in 
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Construction Materials, Systems and Structures (RILEM) and International Federation for 

Structural Concrete (fib). These organisations facilitated the collaboration of various 

researchers to create the prediction models for shrinkage and creep of concrete. The most 

significant models for prediction of shrinkage of concrete that are widely accepted are that of 

ACI: 209R-92, 2008, RILEM B4, 2014 and fib Model Code 2010. The input parameters for 

each prediction model can be divided into intrinsic and extrinsic factors. Intrinsic parameters 

are the concrete composition, i.e., cement content, type of cement, w/c ratio, aggregate to 

cement (paste) volume, and properties of aggregate and the standard compressive strength and 

the elastic modulus of concrete. The extrinsic parameters are relative humidity and 

temperature, the age at which the drying and the loading (in case of creep) of specimen started, 

the effective thickness of the cross section (V/S). Both extrinsic and intrinsic factors are 

considered in the formulation of the prediction models. The detailed description of each 

prediction model, the factors accounted for in the calculation and the equations are discussed 

in the following sections. In addition to this, Annex 1 provides the steps for the model 

calculations. 

2.4.1 ACI 209, 2008 Model 

The ACI 209, 2008 model uses a hyperbolic function of time multiplied with various correction 

factors such as curing method, relative humidity, size, slump, type of cement and air content in 

the mix design. The ACI model prediction is found to correlate well with the experimental 

measurements for the compressive strength up to 45 MPa (Omar et al., 2008). For 100% RH, 

the model yields no change in the shrinkage strain, which is inconsistent with the test values. 

The advantage of the model is its ease of use in calculation. The evolution of shrinkage can be 

derived from: 

εsh (t, tc) = 
   (t - tc)α

f + (t - tc)α
×  εshu Equation 2.1 

where, f and α are constants that depend on the shape and size of the member. The code 

recommends the average value for f of 35 for 7 days moist curing and 55 for 1-3 days of steam 

curing, and α as 1 to form flatter hyperbola. The time ratio does not differentiate between drying 

and autogenous shrinkage. εshu is the ultimate shrinkage strain and t - tc is the age of drying. In 

the absence of laboratory data and for local aggregates with an ambient relative humidity of 

40%, the average value for the ultimate shrinkage strain is taken as: 
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shu = 780 × 10-6 Equation 2.2 

Other than the standard condition, the model suggests a multiplication factor (γsh) for the 

ultimate shrinkage strain. 

shu = 780 × γsh 10-6 Equation 2.3 

γsh = γsh tc × γsh RH × γsh vs × γsh s × γsh ψ ×  γsh c ×  γsh α Equation 2.4 

(i) Correction factor for curing (γsh tc) 

For 7 days moist curing and for 1-3 days of steam curing the correction factor (γsh, tc) is 1. 

The correction factor for initial moist curing can also be obtained by linear regression analysis 

equation shown below. 

γsh tc = 1.202 – 0.2337 log (tc) 

(ii) Correction factor for ambient relative humidity (γsh Rh) 

The correction factor for ambient relative humidity is calculated from the equation below. 

Further, the code does not predict any swelling of concrete. 

γsh Rh = 1.4 – 1.02h  if 0.4≤ h ≤ 0.8 

γsh Rh = 3.0 – 3.00h if 0.8≤ h ≤ 1 

 

(iii) Correction factor for volume to surface ratio (γsh vs) 

The model allows the capture of size effect of the member in terms of the volume-surface 

ratio for members with ratio and average thickness other than 38 mm and 150 mm, respectively. 

Average thickness (d) is defined as four times the volume-surface area (4V/S).  

 

Alternatively, it also allows the use of the average-thickness method to account for the effect 

of member size. The correction factor by this method is higher as compared to volume-surface 

method.  

γsh vs = 1.2e[-0.00472 (v/s)] 
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γsh d = 1.2 – 0.0015d 

γsh d = 1.2 – 0.0060(V/S) 

 

For (t - tc) > 1; 
 

γsh d = 1.17 – 0.00110d 

γsh d = 1.17 – 0.00456(V/S) 

For both the methods, γsh should not be taken less than 0.2. Also, the model proposes the 

values of γsh εshu ≥ 100 × 10-6 mm/mm, if the concrete is under seasonal wetting and drying 

cycles and γsh εshu  ≥ 150 × 10-6mm/mm, if it is under sustained drying. 

(iv) Correction for slump (γsh s) 

γsh s = 0.89 + 0.00161s 

where, s is the slump of the fresh mixed concrete. 

(v) Correction for fine aggregate (γsh ψ) 

γsh ψ = 0.30 + 0.014ψ  if ψ ≤ 50 % 

γsh ψ = 0.90 + 0.004ψ  if ψ >50 % 

where, ψ is the ratio of fine aggregate by weight expressed in percent. 

(vi) Correction for cement content (γsh c) 

γsh c = 0.75 + 0.00061c 

where, c is the cement content in the mix expressed in kg/m3. 

(vii) Correction for air content (γsh α) 

γsh α =0.95+0.008α  

where α is the air content of fresh concrete mix in percent 

 

2.4.2 B4, 2014 Model  

The improved B4 model (RILEM TC 242) allows for the enhancement of multi-decade 

prediction, separates autogenous and drying shrinkage, and introduces a new formula and 

parameters in consideration with the effects of admixtures and aggregate type. The range of 
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applicability of B4 are much broader than the previous model B3. The range of various terms 

for B4 model that have been calibrated typically for practice are (i) 0.22 ≤ w/c ≤ 0.87 (ii) 1.0 ≤  

a/c ≤  13.2 (iii) 15 MPa ≤ fc ≤ 70 MPa (iv) 200 kg/m3 ≤ c ≤ 1500 kg/m3 (v) 25 °C  ≤  T  ≤  75 

(vi) 20 °C ≤  Tcur ≤  30 °C, (vii) 12 ≤ V/S ≤ 120. Since this has been made a possible calibration 

with multi-decade bridge data along with wide range of concrete strength with possible 

compositions. Equivalent time curve for creep and shrinkage was introduced in the model to 

allow to capture the effect of temperature on shrinkage and creep data and the aging rate. On 

account of theoretical reasons, all these effects are made as accelerations or decelerations that 

were governed by the activation energies (U). Thus, results in a horizontal shift in the 

logarithmic scale. The temperature effect on the curing and aging process is described as: 

𝑡0̃ = 𝑡0 β𝑇ℎ  

 

𝛽𝑇ℎ = 𝑒𝑥𝑝 [
𝑈ℎ

𝑅
(

1

293
−

1

𝑇𝑐𝑢𝑟 + 273
)] Equation 2.5 

 

For any constant temperature, Tcur, ∈ 22 °C, 30 °C 

𝑡̃ = (𝑡 − 𝑡0) β𝑇𝑠 

 

𝛽𝑇𝑠 = 𝑒𝑥𝑝 [
𝑈𝑠

𝑅
(

1

293
−

1

𝑇 + 273
)] Equation 2.6 

 

𝑡̂′ = 𝑡′β𝑇ℎ 𝑎𝑛𝑑 𝑡̂ = 𝑡̂′ + (𝑡 − 𝑡′) β𝑇ℎ   Eqaution 2.7 

 

where, Uh and Us are the activation energies for hydration and shrinkage. In the absence of test 

data Uh/R and Us/R can be taken as 4000 K. In the Equations 5 and 6, Tcur and T refers to 

average curing and environmental temperature respectively. When the temperature is 20 °C the 

equivalent times reduces to actual time and duration (i.e). 

𝑡0̃ = 𝑡0;  𝑡̃ = 𝑡 − 𝑡0 𝑎𝑛𝑑 𝑡 ′̂ = 𝑡′; 𝑡̂ = 𝑡 Equation 2.8 

 

For high water-binder ratio, autogenous shrinkage is normally neglected. Though, for modern 

high-performance concrete with lower water-binder ratio, chemical and mineral additives 

exhibit substantial autogenous shrinkage. Hence, the model separates the total shrinkage (ϵsh, 

total) into autogenous (ϵau) and drying shrinkage (ϵsh) strains: 

𝜖𝑠ℎ,𝑡𝑜𝑡𝑎𝑙 (𝑡̃, 𝑡̃0) = 𝜖𝑠ℎ(𝑡̃, 𝑡̃0) + 𝜖𝑎𝑢 (𝑡̃, 𝑡̃0) Equation 2.9 
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Drying Shrinkage 

ϵ𝑠ℎ(𝑡̃, 𝑡̃0) =  ϵ𝑠ℎ∞ (𝑡̃0) khS (𝑡̃) Equation 2.10 
 

(i) Time curve: 

𝑆(𝑡̃)  = tanh√
𝑡̃

𝜏𝑠ℎ 
  Equation 2.11 

 

(ii) Final drying shrinkage is given as  

𝜖0 = 𝜖𝑐𝑒𝑚 (

𝑎
𝑐
6

)

𝑝𝜖𝑎

 (

𝑤
𝑐

0.38
)

𝑝𝜖𝑤

(
6.5 𝑐

𝜌
)

𝑝𝜖𝑐

 Equation 2.12 

Shrinkage correction for the effect of aging on elastic stiffness is given as: 

ϵ𝑠ℎ∞ (𝑡̃0) = −𝜖0𝑘𝜖𝑎

𝐸(7𝛽𝑇ℎ + 600𝛽𝑇𝑠)

𝐸( 𝑡֮0 + 𝜏𝑠ℎ𝛽𝑇𝑠)
 Equation 2.13 

 

The evolution of elastic modulus according to ACI is modified to recover the 28-day value 

which is given by; 

𝐸(𝑡) = 𝐸28√
𝑡

4 𝑑𝑎𝑦𝑠 + (
6
7) 𝑡 

 Equation 2.14 

 

𝐸 (7𝛽𝑇ℎ + 600𝛽𝑇𝑠) = 𝐸28√
7𝛽𝑇ℎ + 600𝛽𝑇𝑠 

4 𝑑𝑎𝑦𝑠 + 0.85(7𝛽𝑇ℎ + 600𝛽𝑇𝑠 ) 
 Equation 2.15 

 

𝐸(𝑡0̃ + 𝜏𝑠ℎ 𝛽𝑇𝑠) = 𝐸28√
𝑡0̃ + 𝜏𝑠ℎ 𝛽𝑇𝑠 

4 𝑑𝑎𝑦𝑠 + 0.85 (𝑡0̃ + 𝜏𝑠ℎ 𝛽𝑇𝑠) 
  Equation 2.16 

 

 
 

(iii) Half time drying shrinkage 

𝜏𝑠ℎ = 𝜏0𝑘𝜏𝑎 (𝑘𝑠

𝐷

1𝑚𝑚
)

2

  Equation 2.17 

Half time drying shrinkage τsh characterizes the drying rate and it depends on the effective 

thickness of the member, where D = 2V/S 



20 

 

ks = 

1.00 infinite slab 

1.15 infinite cylinder 

1.25 infinite prism 

1.30 sphere 

1.55 cube 

 

𝜏0 = 𝜏𝑐𝑒𝑚 (

𝑎
𝑐
6

)

𝑝𝜏𝑎

(

𝑤
𝑐

0.38
)

𝑝𝜏𝑤

(
6.5 𝑐

𝜌
)

𝑝𝜏𝑐

  Equation 2.18 

Parameters ϵcem, τcem, and the exponential components pϵa, pϵw, pϵc pτa, pτw, and pτc are the 

constants that depend on the type of cement, as given Table 2.1. kϵa and kτa are dimensionless 

factors that depend on the aggregate type according to Table 2.2. The information about the 

aggregates are unknown, the kϵa and kτa can be taken as 1. 

(iv) Humidity dependence  

𝑘ℎ = {
1 − ℎ3                            ℎ ≤ 0.98

12.94(1 − ℎ) − 0.2      0.98 ≤ ℎ ≤ 1
  Equation 2.19 

 

Table 2.1 Shrinkage parameters depending on cement type for B4 

Parameter 
Normal cement  

(R) 

Rapid hardening 

cement (RS) 

Slow hardening 

cement (SL) 

τcem (days) 0.016 0.08 0.01 

pτa -0.33 -0.33 -0.33 

pτw -0.06 -2.40 3.55 

pτc -0.10 -2.70 3.80 

ϵcem 360×10-6 860×10-6 410×10-6 

pϵa -0.80 -0.80 -0.80 

pϵw 1.10 -0.27 1.00 

pϵc 0.11 0.11 0.11 
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Table 2.2. Aggregate dependent parameter scaling factors for shrinkage for B4 

Aggregate Type kτa kϵa 

Diabase 0.06 0.76 

Quartzite 0.59 0.71 

Limestone 1.80 0.95 

Sandstone 2.30 1.60 

Granite 4.00 1.05 

Quartz Diorite 15.00 2.20 

 

Autogenous Shrinkage 

It is necessary to estimate the magnitude and evolution of the autogenous shrinkage which give 

a strong contribution to the total shrinkage strain when a low water to binder is involved. 

Although this empirical formula does not include the volume change of fresh concrete within 

the first few hours before the initial set of concrete. The development of autogenous shrinkage 

is calculated from: 

𝜖 𝑎𝑢(𝑡̃, 𝑡̃0) = 𝜖𝑎𝑢∞ [1 + (
𝜏𝑎𝑢

𝑡̃ +  𝑡̃0
)

∝

]
𝑟𝑡

 Equation 2.20 

∝ = 𝑟𝛼 (
𝑤/𝑐

0.38
) 

(i) Final autogenous shrinkage 

𝜖𝑎𝑢∞ = −𝜖𝑎𝑢,𝑐𝑒𝑚 (
𝑎/𝑐

6
)

𝑟𝜖𝑎

(
𝑤/𝑐

0.38
)

𝑟𝜖𝑤

 Equation 2.21 

(ii) Half time autogenous shrinkage: 

𝜏𝑎𝑢 = 𝜏𝑎𝑢,𝑐𝑒𝑚 (
𝑤/𝑐

0.38
)

𝑟𝜏𝑤

 Equation 2.22 

The parameters ϵau,cem, τau,cem, rα and the exponential components rϵa, rϵw, rτw, rt are taken 

from Table 2.3 based on the type of cement considered. 

Table 2.3. Autogenous shrinkage parameters depending on cement type for B4 

Parameter 
Normal cement  

(R) 

Rapid hardening 

cement (RS) 

Slow hardening cement 

(SL) 

τau,cem (days) 1.00 41.00 1.00 

rτw 3.00 3.00 3.00 

rt -4.50 -4.50 -4.50 

rα 1.00 1.40 1.00 

ϵau,cem 210×10-6 -84×10-6 0 

rϵa -0.75 -0.75 -0.75 

rϵw -3.50 -3.50 -3.50 
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Parameters for admixtures and aggregates 

For high strength/performance concrete, the model accounts for the effects of admixture and 

their interaction is taken care of by admixture dependent parameter scaling factors that are 

given in Table 2.4. The scaling factors are to be multiplied to specific cement-type dependent 

parameters. 

Table 2.4 Admixture dependent parameter scaling factors for shrinkage for B4 

Admixture class (% of c) × τcem × ϵau,cem × rϵw × rα 

Re (≤0.5), Fly (≤15) 6.00 0.58 0.50 2.60 

Re (>0.5, ≤0.6), Fly (≤15) 2.00 0.43 0.59 3.10 

Re (>0.5, ≤0.6), Fly (>15, ≤30) 2.10 0.72 0.88 3.40 

Re (>0.5, ≤0.6), Fly (>30) 2.80 0.87 1.60 5.00 

Re (>0.6), Fly (≤15) 2.00 0.26 0.22 0.95 

Re (>0.6), Fly (>15, ≤30) 2.10 1.10 1.10 3.30 

Re (>0.6), Fly (>30) 2.10 1.10 0.97 4.00 

Fly (≤15), Super (≤5) 0.32 0.71 0.55 1.71 

Fly (≤15), Super (>5) 0.32 0.55 0.92 2.30 

Fly (>15, ≤30), Super (≤5) 0.50 0.90 0.82 1.25 

Fly (>15, ≤30), Super (>5) 0.50 0.80 0.80 2.81 

Fly (>30), Super (≤5) 0.63 1.38 0.00 1.20 

Fly (>30), Super (>5) 0.63 0.95 0.76 3.11 

Super (≤5), Silica (≤8) 6.00 2.80 0.29 0.21 

Super (≤5), Silica (≥8) 3.00 0.96 0.26 0.71 

Super (≥5), Silica (≤8) 8.00 1.95 0.00 1.00 

Silica (≤8) 1.90 0.47 0.00 1.20 

Silica (>8, ≤18) 2.60 0.82 0.00 1.20 

Silica (>18) 1.00 1.50 5.00 1.00 

AEA (≤0.05) 2.30 1.10 0.28 0.35 

AEA (>0.05) 0.44 4.28 0.00 0.36 

WR (≤2) 0.50 0.38 0.00 1.90 

WR (>2, ≤3) 6.00 0.45 1.51 0.30 

WR (>3) 2.40 0.40 0.68 1.40 

Note: Re - retarder, Fly - fly ash, Super - superplasticizer, Silica - silica fume, AEA - air 

entraining agent, WR - water reducer. 
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2.4.3 B4s, 2014 Model 

B4s model is a strength-based simplified version of the model B4. It uses the mean cylinder 

compressive strength (f̄c) of concrete to estimate the shrinkage strain. Parametric scaling 

factors that account for the type of cement used, aggregate type and specimen geometry are 

employed for the estimation of the shrinkage strain. If the information on the strength of the 

concrete is unknown, f̄c can be calculated as: f̄c ≈ f'c + 8.3 MPa or f̄c ≈ f'c + 8 MPa. 

The methodology for prediction of shrinkage strains using the B4s model is given as: 

(i) Estimate of drying shrinkage  

The ultimate drying shrinkage strain is given by: 

𝜖0 = 𝜖𝑠,𝑐𝑒𝑚 (
𝑓̅

𝑐

40 MPa
)

𝑠𝜖𝑓

 Equation 2.23 

 

where, ϵs,cem  and 𝑠𝜖𝑓 are shrinkage dependent parameters based on the type of cement as 

given in Table 2.5. 

(ii) Drying Shrinkage halftime 

Drying shrinkage halftime can be calculated as: 

𝜏0 = 𝜏𝑠,𝑐𝑒𝑚 days (
𝑓̅

𝑐

40 MPa
)

𝑠𝜏𝑓

 

 

Equation 2.24 

The parameters 𝜏𝑠,𝑐𝑒𝑚 and sτf can be obtained from Table 2.5. 

(iii) Autogenous shrinkage half time 

𝜏𝑎𝑢 = 𝜏𝑎𝑢,𝑐𝑒𝑚 𝑑𝑎𝑦𝑠 (
𝑓̅

𝑐

40 MPa
)

𝑟𝜏𝑓

 

 

Equation 2.25 

Refer Table 2.6 for Autogenous shrinkage parameters 𝜏𝑎𝑢,𝑐𝑒𝑚 and 𝑟𝜏𝑓. 

(iv) Final autogenous shrinkage 

𝜖𝑎𝑢∞ = −𝜖𝑎𝑢,𝑐𝑒𝑚 (
𝑓̅

𝑐

40 MPa
)

𝑟𝜀𝑓

 Equation 2.26 

 

The values of 𝜖𝑎𝑢,𝑐𝑒𝑚 and 𝑟𝜀𝑓 are given in Table 2.6 
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(v) Autogenous shrinkage 

𝜖 𝑎𝑢(𝑡̃, 𝑡̃0) = 𝜖𝑎𝑢∞ [1 + (
𝜏𝑎𝑢

𝑡̃ +  𝑡̃0
)

∝𝑠

]
𝑟𝑡

 Equation 2.27 

The values of ∝𝑠 and 𝑟𝑡 are given in Table 2.6 

Table 2.5 Shrinkage parameters depending on cement type for B4s  

Parameter 
Normal cement  

(R) 

Rapid hardening 

cement (RS) 

Slow hardening 

cement (SL) 

τs,cem  0.027 0.027 0.032 

sτf 0.21 1.55 -1.84 

ϵs,cem 590 x 10-6 830 x 10-6 640 x 10-6 

sϵf -0.51 -0.84 -0.69 

 

Table 2.6 Autogenous shrinkage parameters for B4s for regular cement (R), rapid 

hardening cement (RS) and slow hardening cement (SL) 

Parameter 
Normal cement (R), Rapid hardening 

cement (RS), Slow hardening cement (SL) 

τau,cem  2.26 

rτf 0.27 

ϵau,cem 78.2 x 10-6 

rϵf 1.03 

∝𝑠 1.73 

rt -1.73 

 

2.4.4 fib Model Code 2010  

The fib model code 2010 was developed by the International Federation for Structural Concrete 

(fib) in the year 2013. Compared with the previous CEB Models, the current model separates 

the total shrinkage into basic and drying shrinkage. Also, new functions and correction factors 

have been incorporated to capture the long-term behaviour of concrete for shrinkage prediction. 

The model is valid for the structural concrete with a mean compressive strength ranges between 

20 MPa and 130 MPa, at a mean temperature ranging from 5°C to 30°C and a relative humidity 

in the range of 40% to 100%. The total shrinkage εcs(𝑡, 𝑡𝑠) in concrete can be calculated as: 

εcs(𝑡, 𝑡𝑠) = εcbs(𝑡) ×  εcds(𝑡, 𝑡𝑠) Equation 2.28 
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The total shrinkage comprises of basic εcbs(𝑡), and drying shrinkage εcds(𝑡, 𝑡𝑠) of concrete is 

obtained from: 

εcbs(𝑡) = εcb0(𝑓𝑐𝑚) × βbs (𝑡) Equation 2.29 

εcds(𝑡, 𝑡𝑠) = εcds0(𝑓𝑐𝑚) × βRH  × βds(𝑡 − 𝑡𝑠)  Equation 2.30 

The basic shrinkage parameter is calculated from basic notional shrinkage coefficient 

εcb0(𝑓𝑐𝑚) and time functionβbs(𝑡);  

εcb0(𝑓𝑐𝑚) = −αbs [
0.1 × 𝑓𝑐𝑚

6 + 0.1 × 𝑓𝑐𝑚
]

2.5

× 10−6 Equation 2.31 

βbs(𝑡) =   1−𝑒(−0.2 × √t) Equation 2.32 

Final drying shrinkage can be calculated by notional drying shrinkage parameter εcd0(𝑓𝑐𝑚), 

humidity co-efficient βRH and the time development function βds(𝑡 − 𝑡𝑠) as given in equations 

33, 34 and 35 respectively.  

εcd0(𝑓𝑐𝑚) = [(220 + 110 × αds1)] × 𝑒(−αds1 𝑓𝑐𝑚)] × 10−6 Equation 2.33 

βRH =  −1.55 [1 − (𝑅𝐻3)] Equation 2.34 

βds(𝑡 − 𝑡𝑠) = [
𝑡 − 𝑡𝑠

0.035 × ℎ2 + (𝑡 − 𝑡𝑠)
]

0.5

 Equation 2.35 

where, h is the notional size of the member. (ℎ =  
𝐴𝑐

𝑢
), where Ac and u are the cross-sectional 

area of and perimeter of the member in contact with the atmosphere. Co-efficient bs, ds1, ds2 

are the shrinkage parameters that depend on the strength class of cement as given in Table 2.7 

Table 2.7 Co-efficient used for basic and drying shrinkage of concrete 

Strength class of cement bs ds1 ds2 

32.5 N 800 6 0.013 

32.5 R, 425 N 700 4 0.012 

42.5 R, 52.5 N, 52.5 R 600 6 0.012 
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2.4.5 IS 1343, 2012 

The Indian standard code for prediction of prestressed concrete IS 1343:2012 specifies the 

procedure for estimating shrinkage in concrete. The total shrinkage strain comprises two 

components, autogenous shrinkage and drying shrinkage strain.  

The total shrinkage strain (Ɛcs) is given by 

Ɛ𝑐𝑠 =  Ɛ𝑐𝑎 + Ɛ𝑐𝑑 Equation 2.36 

 

where,  Ɛcd = Drying shrinkage strain 

 Ɛca = Autogenous shrinkage strain 

 Ɛcs = Total shrinkage strain 

In the absence of test data, the values of autogenous shrinkage can be taken from Table 2.8. 

Table 2.8 Unrestrained autogenous shrinkage (Ɛca × 106) 

Grade of concrete 
Autogenous shrinkage 

Ɛca × 106 

M30 35 

M35 45 

M45 65 

M50 75 

M60 95 

Development of autogenous shrinkage with time is calculated as 

Ɛ𝑐𝑎(𝑡) =  𝛽𝑎𝑠(𝑡) . Ɛ𝑐𝑎 Equation 2.37 

where, 

𝛽𝑎𝑠(𝑡) =  1 − 𝑒𝑥𝑝(−0.2√𝑡 Equation 2.38 

The final drying shrinkage strain (Ɛcd,∞) is calculated from 

Ɛ𝑐𝑑 , ∞ = 𝑘ℎ. Ɛ𝑐𝑑 Equation 2.39 

Values of Ɛcd can be taken from the Table 2.9. 
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Table 2.9 Unrestrained drying shrinkage values (Ɛcd × 106) 

fck (MPa) 

Unrestrained drying shrinkage values (Ɛcd × 106) for concrete 

with portland cement 

RH= 50% RH = 80% 

25 535 300 

50 420 240 

75 330 190 

Note - The values for the other designated grades may be obtained by 

interpolation. 

kh is a coefficient depending on the notional size h0 and is taken from Table 2.10 for 

corresponding values of h0.  

Table 2.10 Co-efficient depending on the notional size 

h0 (mm) kh 

100 1.0 

200 0.85 

300 0.75 

≥500 0.70 

Development of drying shrinkage strain is calculated from: 

Ɛ𝑐𝑑(𝑡) =  𝛽𝑑𝑠(𝑡, 𝑡𝑠) . 𝑘ℎ . Ɛ𝑐𝑑  

Equation 2.40 

𝛽𝑑𝑠(𝑡, 𝑡𝑠) =  
(𝑡, 𝑡𝑠)

(𝑡, 𝑡𝑠) + 0.04√ℎ3
 Equation 2.41 

 

where, 

t = age of the concrete at the moment considered, (days).  

ts = age of the concrete at the beginning of drying shrinkage, (days). 

h0 = notional size of the cross-section, (mm). 

ℎ0 =  
2 𝐴𝑐

𝑢
, Ac is the concrete cross-sectional area and u is the perimeter of that part of 

the cross-section which is exposed to drying. 
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2.5 SUMMARY AND RESEARCH SIGNIFICANCE  

This chapter discussed the literature related to the influence of SCMs on the mechanical 

performance of concrete, particularly when slag and fly ash are blended in OPC concrete 

systems. The discussion in the initial part gave an insight on the importance of the SCMs on 

the compressive strength development, elastic modulus and shrinkage response of concrete. 

The studies state that the incorporation of slag and fly ash reduces the early age strength 

development, which could be compensated by prolonged curing. Also, the elastic modulus 

depends on the compressive strength and it was observed from the previous work that SCM 

blended concrete does not influence the elastic modulus of concrete. The chapter also 

delineated the influence of slag and fly ash on the shrinkage behaviour of concrete. The past 

works shows that the shrinkage response of SCM blended concrete depend on the type and 

dosage. Various shrinkage prediction models are also deliberated in detail along with the 

parameters used for the calculation. From the state-of-the-art discussed in this chapter, it can 

be concluded that limited work has focussed on the shrinkage response of concrete in the Indian 

context. Hence, this study aims at the understanding of the shrinkage of fly ash and slag blended 

concrete with locally available materials.  
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3. MATERIALS AND EXPERIMENTAL PROGRAMME 
 

3.1 INTRODUCTION  

Estimates of shrinkage strain for typical concretes used in India, especially with supplementary 

cementitious materials (SCMs), are very limited. Particularly, since shrinkage testing has been 

rarely performed in India, the existing knowledge is rare. This scenario makes it difficult for 

implementing these short-term and long-term material parameters in structural design in a 

rational manner. Therefore, there is a need for comprehensive testing and evaluation of the 

mechanical and long-term performance characteristics of concrete so that appropriate values 

can be used at the designing stage. Consequent to this need, an elaborate experimental 

programme is performed to obtain and compare the performance characteristics of concrete 

with various combinations of binders, SCMs and water/binder contents.  

This chapter describes the experimental programme used for the mechanical 

characterization of various types of concrete used in this work. Relevant properties of the raw 

materials used for preparing the concrete have been provided, along with a discussion on the 

various mixes and the mix proportioning. The section on test methodology describes the testing 

parameters, apparatus used, and the procedures adopted for fresh concrete and hardened 

concrete characterization, including short term and long-term mechanical properties, such as 

compressive strength, elastic modulus, and the shrinkage response.  

In fact, the experimental study involved the three phases as given below. 

Phase I - Mix proportioning and fresh concrete characterization: This phase consisted of 

selection of materials including types of binders and SCMs, characterization of raw materials, 

fixing binder contents and corresponding water/binder ratios, mix proportioning, trial mixing 

of concrete to fix chemical admixture dosage, and final batching and specimen preparation, 

including fresh concrete testing. 

Phase II - Characterization of short-term mechanical properties: The evolution of cube 

compressive strength, and elastic modulus were determined using appropriate tests.  

Phase III - Characterization of long-term mechanical properties: Shrinkage behaviour was 

studied using cylindrical/prismatic specimens over a period of 1000 days 



30 

 

For each mix belonging to a certain category, the types of specimen cast are listed below: 

• Category CmP  

o 15 cubes of 100 mm 

o 9 cylindrical specimens of 150 mm diameter and 300 mm height 

o 6 prism specimens of 75 mm × 75 mm × 285 mm 

• Category CmA  

o 15 cubes of 100 mm 

o 6 cylindrical specimens of 150 mm diameter and 300 mm height  

• Category LC3  

o 15 cubes of 100 mm 

o 9 cylindrical specimens of 150 mm diameter and 300 mm height 

o 6 prism specimens of size 75 mm × 75 mm × 285 mm  

The details of the specimen prepared for each mix are provided in Table 3.1. As there was a 

limited supply of CmA cement, the study was restricted to a few mixes.  

Table 3.1 Details of specimens for categories CmP, CmA and LC3 concrete 

Category w/b 

Total binder 

content 

(kg/m3) 

100 mm cubes 

150 mm diameter 

and 300 mm 

height cylinders 

75 mm × 75 mm × 

285 mm prisms 

CmP 

0.65 280 

15 specimens were 

tested for each water 

to binder ratio at 2, 7, 

28, 90 and 365 days 

of curing  

3 specimens were 

tested for elastic 

modulus and 6 

specimens were 

tested for shrinkage 

on each water to 

binder ratio 

6 specimens were 

tested for shrinkage 

on each water to 

binder ratio 

0.55 340 

0.50 310 

0.60 310 

0.45 360 

0.40 360 

0.35 380 

CmA 

0.50 310 15 specimens were 

tested for each water 

to binder ratio at 2, 7, 

28, 90 and 365 days 

of curing  

6 specimens were 

tested for shrinkage 

on each water to 

binder ratio 

- 0.55 340 

0.60 310 
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Table 3.1 (continued) Details of specimens for categories CmP, CmA and LC3 concrete  

Category w/b 

Total binder 

content 

(kg/m3) 

100 mm cubes 

150 mm diameter 

and 300 mm 

height cylinders 

75 mm × 75 mm × 

285 mm prisms 

LC3 

0.50 310 15 specimens were 

tested for each water 

to binder ratio at 2, 7, 

28, 90 and 365 days 

of curing  

3 specimens were 

tested for elastic 

modulus and 6 

specimens were 

tested for shrinkage 

on each water to 

binder ratio 

6 specimens were 

tested for shrinkage 

on each water to 

binder ratio 

0.45 340 

0.40 360 

 

 

3.2 CONCRETE-MAKING MATERIALS 

3.2.1 Binders 

53 Grade ordinary portland cement (OPC) of two different brands and limestone calcined clay 

cement (LC3) were used as primary binders. LC3 is a new type of cement, which is a blend of 

calcined clay, limestone and clinker content of about 50 %. The ratio of calcined clay to the 

limestone was in the range of 2 (Scrivener, 2014). SCMs were included as partial replacement 

in OPC mixes to produce binary and ternary blends of binders. The SCMs used are: 

• Ground-granulated blast furnace slag from two sources 

• Class F fly ash, and  

• Class C fly ash  

• Limestone calcined clay (preground with the clinker in LC3) 

The physical properties of the binders and SCMs were determined based on appropriate 

standards, and the results are presented in Table 3.2, along with the nomenclature used (IS 

1727-2004, ASTM C204-11). The oxide composition of each material was determined using 

X-Ray fluorescence spectroscopy, and the results are presented in Table 3.3. From the physical 

characteristics, it is seen that LC3 binder has higher fineness in comparison to all other binders. 

  



32 

 

Table 3.2 Physical properties of binders and supplementary  

cementitious materials (SCMs) 

Binders and SCMs 
Specific 

Gravity 

Specific surface 

area (m2/kg) 

Cement brand P (CmP) 3.18  320  

Cement brand A (CmA) 3.15  340  

LC3 cement (LC3) 3.01  520  

Slag from Source A (SgA) 2.86  360 

Slag from Source B (SgB) 2.89  430  

Class F fly ash (FaF) 2.49  330  

Class C fly ash (FaC) 2.46  390  

 

Table 3.3 Chemical composition of binders  

Oxides 
% Concentration 

CmP CmA LC3 SgA SgB FaF FaC 

Al2O3 4.07 4.73 10.82 17.38 21.06 29.95 31.46 

CaO 59.61 65.11 41.77 35.61 31.46 1.28 13.76 

Fe2O3 5.37 3.86 3.66 1.04 1.87 4.32 6.17 

K2O 0.27 0.54 0.17 0.58 0.88 1.44 0.12 

MgO 0.82 1.20 1.78 8.03 8.57 0.61 2.28 

Na2O 0.23 0.50 0.18 0.36 0.36 0.16 0.59 

SiO2 20.42 19.44 31.03 33.82 32.38 59.32 39.89 

SO3      0.16 3.19 
 

The oxide compositions of both cements CmP and CmA are comparable, and within the 

expected range. The two slags are also similar in composition. However, as expected, the 

calcium oxide content of Class C fly ash is higher than Class F fly ash indicating its 

cementitious nature. 

3.2.2 Aggregates 

Crushed granite size fractions of 5-10mm and 10-20 mm were used as coarse aggregates in a 

proportion of 40:60, and locally available river sand with maximum size of 5 mm was used as 

fine aggregate, for all concrete mixes. The determination of physical properties was done 

according to IS 2386-I and III, and the results are given in Table 3.4 and Figure 3.1. The particle 

size distributions of the fine aggregates are seen to fall within Zone II, according to the 

classification in IS 383-2007. 
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Table 3.4 Physical properties of aggregates  

Physical 

property 

Coarse aggregate Fine aggregate 

0 - 5 mm 5 -10 mm 10 - 20 mm 

Batch 

1 

Batch 

2 

Batch 

3 

Batch 

1 

Batch 

2 

Batch 

3 

Batch 

1 

Batch 

2 

Batch 

3 

Specific gravity 

(SSD) 
2.76 2.72 2.78 2.77 2.60 2.66 2.53 2.34 2.40 

Water 

absorption (%) 
0.43 0.41 0.40 0.41 0.60 0.66 0.74 0.80 0.72 

 

 

Figure 3.1 Particle size distribution of aggregates used in the study 

 

3.2.3 Superplasticizers  

Commercially available sulphonated naphthalene formaldehyde (SNF) and polycarboxylate 

ether (PCE) superplasticizers were used for the work, and the nomenclature and physical 

properties are presented in Table 3.5. Following the suggestions of the admixture suppliers, 

SNF-1 superplasticizer was used for the concrete mixes made with CmP, and SNF-2 was used 

for mixes with CmA. For the LC3 mixes, PCE based superplasticizer was used since earlier 

studies done at IIT Madras had shown that SNF based SP could have compatibility issues with 

LC3 (Nair, 2018). 
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Table 3.5 Properties of superplasticizers (as given by from the suppliers) 

Property 
SNF-1 

(Daracem 811) 

SNF-2 

(Daracem 910) 

PCE 

(Master Glenium 

8233) 

Appearance  
Dark brown colour 

liquid  

Dark brown colour 

liquid  

Reddish brown colour 

liquid 

Specific gravity  1.17 1.24 1.08 

pH 7 – 8 6.6 6.0 

%solid content 44.5 40.9 34.0 

 

3.3 CONCRETE MIX DESIGN  

3.3.1 Mix proportions  

The concrete mixes for the research work were designed to represent typical grades of concrete 

used in the construction industry in India. Accordingly, all mixtures were designed to have 

mean compressive strength ranging between 25 and 60 MPa (i.e., concrete grades ranging 

between M20-M50). Based on the existing literature on compressive strength development of 

concretes with binary and ternary blends of the chosen binders, a preliminary estimate of the 

water content for the different grades of concrete was made. Consequently, the water/binder 

ratio was varied between 0.35-0.65. The entire casting was done for three categories of 

concretes as listed in Table 3.1, based on the type of primary binder used (i.e., Cement P – 

CmP, Cement A – CmA, and LC3 cement). The mix design was done as per IS 10262:2010. 

 

Mixes were prepared with different replacement levels of cement with four SCMs, as listed 

in Table 3.6. The mix nomenclature style is shown in Figure 3.2. The first three letters indicate 

the cement type (e.g., ‘CmP’), the next two numbers and three letters represent the level of 

binder replacement by the lone SCM (in %) and its type in binary blends. For ternary blends, 

this is followed by the level of binder replacement by the second SCM and its type. For 

example, a ternary blend with 20% Slag B and 20% Class F fly ash will be denoted as ‘-20SgB-

20FaF-’. If there is no SCM in the mix, then, it is denoted as ‘NoSCM’. The two numbers 

following this indicate the w/b (e.g., ‘-0.55-’). The last three digits indicate the total binder 

content. For example, CmP- 15gSgA-0.50-310 represents the mix with cement CmP and 15% 

replacement by Slag A (SgA) for w/b of 0.50 and total binder content of 310 kg/m3. Trial mixes 

were made to finalise the required SP dosage for a slump of 100 mm ±30 mm, and the SP 

dosage used is shown in Table 3.6. Note that in the case of CmP-NoSCM-0.50-310, two mixes 
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were made with slightly different aggregate combinations, as shown in rows 10 and 55 in the 

table; the second mix with is denoted as CmP-NoSCM-0.50-310x. 

 

 
Figure 3.2 Nomenclature for the concrete mixes 

 

Table 3.6 Concrete mix proportions 

Sl. 

No. 
Nomenclature 

Total 

binder  

content 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Total 

water 

content 

(kg/m3) 

SP, as % 

weight 

of 

binder 
0-5  

mm 

5-10  

mm 

10-20 

mm 

1 CmP-NoSCM-0.65-280 

280 744 477 716 182 

0.00 

2 CmP-30SgA-0.65-280 0.00 

3 CmP-30SgB-0.65-280 0.05 

4 CmP-30FaF-0.65-280 0.00 

5 CmP-NoSCM-0.55-340 

340 719 461 692 187 

0.00 

6 CmP-15SgA-0.55-340 0.00 

7 CmP-15SgB-0.55-340 0.02 

8 CmP-15FaF-0.55-340 0.03 

9 CmP-15FaC-0.55-340 0.55 

10 CmP-NoSCM-0.50-310 

310 743 477 715 155 

0.02 

11 CmP-15SgA-0.50-310 0.18 

12 CmP-15SgB-0.50-310 0.11 

13 CmP-15FaF-0.50-310 0.00 

14 CmP-15FaC-0.50-310 0.19 

15 CmP-30SgB-0.50-310 0.30 

16 CmP-30FaF-0.50-310 0.10 

17 CmP-30FaC-0.50-310 0.14 

18 CmP-50SgB-0.50-310 0.30 

19 CmP-50FaF-0.50-310 0.30 

20 CmP-20SgB-20FaF-0.50-310 0.55 

21 CmP-20SgB-20FaC-0.50-310 0.55 

22 CmP-20FaF-20FaC-0.50-310 0.36 
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Table 3.6 (continued) Concrete mix proportions  

Sl. 

No. 
Nomenclature Total 

binder  

content 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Total 

water 

content 

(kg/m3 

SP, as % 

weight 

of 

binder 
0-5 

mm 

5-10  

mm 

10-20 

mm 

23 CmP-NoSCM-0.60-310 

310 731 469 704 186 

0.36 

24 CmP-15SgA-0.60-310 0.00 

25 CmP-15SgB-0.60-310 0.05 

26 CmP-15FaF-0.60-310 0.36 

27 CmP-15FaC-0.60-310 0.36 

28 CmA-NoSCM-0.65-280 

280 685 529 794 182 

0.05 

29 CmA-30SgA-0.65-280 0.06 

30 CmA-30SgB-0.65-280 0.08 

31 CmA-30FaF-0.65-280 0.05 

32 CmA-NoSCM-0.55-340 

340 662 512 768 187 

0.00 

33 CmA-15SgA-0.55-340 0.03 

34 CmA-15SgB-0.55-340 0.12 

35 CmA-15FaF-0.55-340 0.00 

36 CmA-15FaC-0.55-340 0.03 

37 CmA-NoSCM-0.50-310 

310 684 529 793 155 

0.40 

38 CmA-15SGgA-0.50-310 0.45 

39 CmA-15SgB-0.50-310 0.48 

40 CmA-15FaF-0.50-310 0.30 

41 CmA-15FaC-0.50-310 0.30 

42 CmA-30SgB-0.50-310 0.52 

43 CmA-30FaF-0.50-310 0.30 

44 CmA-30FaC-0.50-310 0.40 

45 CmA-50SgB-0.50-310 0.59 

46 CmA-50FaF-0.50-310 0.25 

47 CmA-20SgB-20FaF-0.50-310 0.12 

48 CmA-20SgB-20FaC-0.50-310 0.42 

49 CmA-20-FaF-20FaC-0.50-310 0.30 

50 CmA-NoSCM-0.60-310 

310 673 520 781 186 

0.05 

51 CmA-15SgA-0.60-310 0.05 

52 CmA-15SgB-0.60-310 0.04 

53 CmA-15FaF-0.60-310 0.10 

54 CmA-15FaC-0.60-310 0.15 

55 CmP-NoSCM-0.50-310x 

310 

695 496 744 155 0.02 

56 CmP-30FaF-0.45-310 723 491 737 140 0.65 

57 LC3- NoSCM-0.50-310 708 491 736 155 1.00 

58 CmP-NoSCM-0.40-360 360 703 477 716 144 0.65 

59 CmP-30FaF-0.35-410 410 699 475 713 133 0.60 

60 LC3-NoSCM-0.40-340 340 704 488 732 136 0.85 

61 CmP-NoSCM-0.45-360 

360 

721 463 694 162 0.10 

62 CmP-30FaF-0.45-360 721 463 694 162 0.23 

63 LC3-NoSCM-0.45-360 687 476 715 162 0.36 
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3.3.2 Mixing procedure, casting, curing and storing of specimens  

The concrete mixes were prepared in a vertical-axis forced-action pan mixer, with a capacity 

of 250 litres. Before batching, the moisture content of aggregates was determined and suitable 

corrections were done for the water content needed for the aggregates to be in (saturated surface 

dry) SSD conditions. The materials used were weigh-batched and then transferred to the pan 

mixer that was previously wetted with a cement slurry. The sequence of mixing consisted of 

dry mixing of coarse and fine aggregate for about 1 minute; 20% of total measured water was 

added to the aggregates and mixed for 2 minutes, followed by 4 minutes rest to facilitate the 

saturation of aggregates; subsequently, the binder materials were placed in the pan mixer and 

mixed for 1 minute; 60% of water was then added and mixed for 1 minute; and finally, the 

superplasticizer was added to the remaining water and transferred to the concrete and mixed 

for a minute. Altogether, the mixing was finished in 10 minutes. A slump test was done to 

assess whether the target slump had been achieved.  

The specimens were cast using table vibration for about 15 to 20 seconds. The surface of 

each specimen was finished and the top was covered with a plastic sheet to keep the moisture 

evaporation and kept in the casting yard for 24 hours. Subsequently, the specimens were 

demoulded and shifted to the mist room (RH ~ 85-95%) for curing until the test date. After the 

curing period, specimens for each test were transferred to a temperature and humidity-

controlled room, in which the temperature was maintained at 25±3°C and the relative humidity 

was 65±5%. The temperature and humidity were continuously monitored. Figure 3.3 (a) and 

(b) show sample histories of the temperature at two locations of the laboratory, respectively, 

and Figure 3.3 (c) shows the humidity level in the laboratory. 
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Figure 3.3 Histories of temperature at two locations within the laboratory, denoted as (a) and 

(b), and (c) the relative humidity 
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3.4 EXPERIMENTAL PROGRAMME 

This section describes the various tests done on the prepared concrete specimens.  

3.4.1 Tests on fresh concrete  

In order to check the uniformity of the mixes and the workability characteristics, tests on fresh 

concrete were done conforming to the corresponding codes and standards listed in Table 3.7.  

Table 3.7 Codes and standards followed for the testing of fresh concrete 

 

Test Standard designation 

Slump ASTM C143M-15a-2000 

Air content ASTM C 231-1997 

Fresh unit weight ASTM C138M-16a-2001 

Temperature ASTM C1064M-2012 

 

• Slump test - The slump was measured in accordance with ASTM C143M-15 a. The value 

was used to evaluate the consistency and workability of fresh concrete. 

• Fresh unit weight - The ASTM C138 standard was followed to determine the unit weight 

of fresh concrete. 

• Air content - The air content of freshly mixed concrete was done according to ASTM 

C231, pressure method type B.  

• Concrete temperature - The temperature of fresh concrete was obtained in accordance with 

ASTM C 1064 standard, using a digital thermometer. 

 

The properties of fresh concrete for all mixes are presented in Table 3.8. As seen from the 

table, the initial slump values for the mixes considered were in the range of 70 and 135 mm, 

and the slump retained after 30 minutes was between 20 and 100 mm. The measured air content 

of the mixes was in the range of 1.2 to 2.6 %. The measured fresh concrete unit weight of the 

concretes made with CmP and CmA is between 2360 and 2440 kg/m3, and between 2290 and 

2490 kg/m3, respectively. 
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Table 3.8 Fresh concrete properties 

Sl. 

No. 

Designation Concrete 

temperature 

(°C) 

Slump (mm) Air  

content 

(%) 

Fresh 

unit 

weight 

(kg/m3) 

Initial  
After 30 

minutes 

1 CmP-NoSCM-0.65-280 32 90 50 2.40 2385 

2 CmP-30SgA-0.65-280 32 135 90 2.60 2400 

3 CmP-30SgB-0.65-280 32 80 40 2.00 2400 

4 CmP-30FaF-0.65-280 31 95 30 2.10 2385 

5 CmP-NoSCM-0.55-340 30 100 75 2.10 2400 

6 CmP-15SgA-0.55-340 32 120 90 2.00 2360 

7 CmP-15SgB-0.55-340 30 85 35 1.80 2400 

8 CmP-15FaF-0.55-340 30 130 100 1.20 2405 

9 CmP-15FaC-0.55-340 29 95 50 1.50 2360 

10 CmP-NoSCM-0.50-310 30 100 55 1.80 2370 

11 CmP-15SgA-0.50-310 30 95 40 2.10 2400 

12 CmP-15SgB-0.50-310 32 130 80 2.50 2370 

13 CmP-15FaF-0.50-310 31 100 55 2.40 2405 

14 CmP-15FaC-0.50-310 28 95 50 1.80 2370 

15 CmP-30SgB-0.50-310 33 80 30 2.10 2390 

16 CmP-30FaF-0.50-310 31 100 55 2.10 2390 

17 CmP30FaC-0.50-310 29 100 50 2.00 2360 

18 CmP-50SgB-0.50-310 31 95 30 2.25 2440 

19 CmP-50FaF-0.50-310 30 95 30 1.70 2370 

20 CmP-20SgB-20FaF-0.50-310 30 95 50 1.40 2360 

21 CmP-20SgB-20FaC-0.50-310 30 85 45 1.30 2365 

22 CmP-20FaF-20FaC-0.50-310 30 100 40 1.50 2360 

23 CmP-NoSCM-0.60-310 29 85 50 2.00 2360 

24 CmP-15SgA-0.60-310 31 100 60 2.20 2390 

25 CmP-15SgB-0.60-310 33 120 50 1.90 2385 

26 CmP-15FaF-0.60-310 31 110 45 2.00 2400 

27 CmP-15FaC-0.60-310 29 80 35 1.80 2360 

28 CmA-NoSCM-0.65-280 29 100 45 2.40 2290 

29 CmA-30SgA-0.65-280 30 100 40 2.50 2430 

30 CmA-30SgB-0.65-280 31 105 40 2.40 2360 

31 CmA-30FaF-0.65-280 32 85 40 2.50 2430 

32 CmA-NoSCM-0.55-340 30 95 50 2.30 2440 

33 CmA-15SgA-0.55-340 32 130 45 2.40 2430 

34 CmA-15SgB-0.55-340 29 95 35 2.50 2315 

35 CmA-15FaF-0.55-340 30 85 55 2.00 2430 

36 CmA-15FaC-0.55-340 32 95 40 1.20 2460 

37 CmA-NoSCM-0.50-310 29 80 35 2.50 2490 

38 CmA-15SgA-0.50-310 30 80 50 2.00 2425 

39 CmA-15SgB-0.50-310 29 110 50 2.20 2360 

40 CmA-15FaF-0.50-310 31 90 50 1.80 2450 

41 CmA-15FaC-0.50-310 30 90 40 1.40 2430 

42 CmA-30SgB-0.50-310 32 110 45 2.00 2460 

43 CmA-30FaF-0.50-310 30 110 35 1.50 2430 

44 CmA-30FaC-0.50-310 30 125 50 1.30 2430 

45 CmA-50SgB-0.50-310 32 120 40 2.00 2430 

46 CmA-50FaF-0.50-310 32 100 30 1.80 2460 

47 CmA-20SgB-20FaF-0.50-310 32 110 45 1.80 2460 
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Table 3.8 (continued) Fresh concrete properties  

Sl. 

No. 

Designation Concrete 

temperature 

(°C) 

Slump (mm) Air  
content 

(%) 

Fresh 

unit 

weight 

(kg/m3) 
Initial  

After 30 

minutes 

48 CmA-20SgB-20FaC-0.50-310 30 95 55 1.50 2430 

49 CmA-20-FaF-20FaC-0.50-310 30 80 50 1.80 2430 

50 CmA-NoSCM-0.60-310 30 120 55 1.40 2425 

51 CmA-15SgA-0.60-310 29 110 55 2.40 2430 

52 CmA-15SgB-0.60-310 27 70 50 2.20 2460 

53 CmA-15FaF-0.60-310 30 90 50 2.00 2360 

54 CmA-15FaC-0.60-310 30 90 40 1.40 2430 

55 CmP-NoSCM-0.50-310x 30 80 50 2.20 2400 

56 CmP-30FaA-0.45-310 29 100 50 2.05 2415 

57 LC3-NoSCM-0.50-310 32 80 20 2.10 2480 

58 CmP-NoSCM-0.40-360 32 90 50 2.40 2385 

59 CmP-30FaF-0.35-380 30 120 40 1.90 2400 

60 LC3-NoSCM-0.40-340 30 120 30 2.30 2460 

61 CmP-NoSCM-0.45-360 29 90 50 2.10 2400 

62 CmP-30FaF-0.45-360 30 90 50 2.00 2385 

63 LC3-NoSCM-0.45-360 30 120 30 1.90 2410 

 

3.4.2 Tests on hardened concrete  

Tests for the hardened concrete properties studied in this work conform to the standards given 

in Table 3.9. 

Table 3.9 Codes and standards followed for the testing of hardened concrete properties 

 

Test Standard designation 

Compressive Strength IS 516-2004 

Elastic modulus ASTM C 469-2010 

Shrinkage 
RILEM TC 107-1998; 

ASTM C157-2008 

 

Compressive strength test 

Compressive strength was measured for all the concrete mixes considered in the study. For 

each concrete mix, three 100 mm cube specimens were tested each at the age of 2, 7, 28, 90 

and 365 days. The specimens were tested in a testing system of 3000 kN capacity (Controls 

make). The loading rate was set at 140 kgf/cm2/min (as per IS 516-2004). 
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Elastic modulus of concrete test 

The testing procedure of ASTM C 469-2010 was adopted to determine the static elastic 

modulus of concrete. For each concrete, three specimens of 150 mm diameter and 300 mm 

height were tested at 28 days. Before testing, both the ends of cylinders were sulphur capped/ 

ground to obtain uniform contact surfaces. The tests were conducted in a 3 MN capacity system 

(Controls make) using the software interface for the E-modulus. Three compressometers as 

shown in Figure 3.4 (a) were used to measure the strains. The least count of each 

compressometer is 0.02 micron and it can travel a distance of ± 1.5 mm. The three gauges were 

placed equidistant around the circumference of the cylinder over a gauge length of 150mm 

keeping the lock knob in the locked position and secured in place by the help of upper and 

lower needle points driven onto the specimen using a soft mallet. To secure them, elastic bands 

were placed around the gauges as shown in Figure 3.4 (b). After setting up the gauges the lock 

knob is released to allow free movement during the test. The load ramp applied in three cycles, 

between 5% and 40% of expected ultimate compressive load. A sample loading curve is shown 

in Figure 3.4 (b). Load vs. time and stress vs. strain were recorded by a computer-based data 

acquisition system. In addition, the data file in MS Excel format was also obtained and stress 

vs. strain data for each specimen were plotted separately; a sample curve is shown in Figure 

3.4 (b). The slope of the loading portion of the third cycle was used to calculate the elastic 

modulus of the concrete. 

 

Figure 3.4(a) Axial displacement transducers  



43 

 

 

 

 

Figure 3.4 (b) Elastic modulus test setup in testing machine with typical loading history and 

stress-strain curve.  

After the test was completed, each specimen was subjected to monotonic compressive 

loading until failure to determine the compressive strength. 

Shrinkage test 

As recommended by RILEM TC 107-1998, 150 mm diameter and 300 mm height cylinders, 

and in accordance with ASTM C-157-2008, 75 × 75 × 285 mm prismatic specimens were used 

to evaluate the shrinkage response. Both methods were used in order to assess if the results are 

comparable as either method is often used in practice. After 28 days of curing in a mist room, 

all the specimens for the shrinkage study were transferred to the testing room (t0 = 28 days). 

The specimens were kept at 25C and 65% RH in the testing room. 
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Shrinkage tests on cylinder specimens  

A 150 mm gauge length digital demountable mechanical (DEMEC) strain gauge as shown in 

Figure 3.5 was used in this study. It consists of a digital dial gauge attached to an invar bar. A 

fixed conical point is attached at one end of the bar and a moving conical point is mounted on 

a knife edge pivot on the other side. The pivot movement is measured by the dial gauge. The 

least count of the dial gauge is 0.001 mm. A reference invar bar is used to calibrate the dial 

gauge before taking measurement on each day.  

 

Figure 3.5 DEMEC strain gauge used for the work 

A setting-out bar made of invar with two conical points at 150 mm gauge length was used 

to fix the reference disc in position on the cylindrical specimens, as shown in Figure 3.6. Three 

specimens each were used to measure the total and autogenous shrinkage. Firstly, the surface 

of the specimen was cleaned with emery paper to remove irregularities so as to ensure that the 

reference discs were fixed properly and in the same plane. Two vertical lines (as shown in 

Figure 3.6, and named as Side 1 and Side 2) were drawn diametrically opposite to each other. 

Reference discs of 9 mm diameter provided with a conical hole of diameter 2 mm at the centre 

were used. A two-component epoxy-based adhesive was applied and with the help of the invar 

setting-out bar, the reference disc was glued firmly. The setting-out bar was held in position 

for a minute to allow the adhesive to harden. 

Reference bar 

Setting-out bar 
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Figure 3.6 Prepared concrete specimens for measuring shrinkage strain  

 

A commercially available aluminium tape, of soft foil backing with high performance 

transparent acrylic adhesive on one side, was used for wrapping the specimens in this work. 

The width and thickness of the foil were 120 mm and 0.06 mm, respectively. For measuring 

total shrinkage, three cylinders were covered with aluminium tape only on the top and bottom 

faces ensuring that the entire length of the vertical curved faces were exposed. For the 

specimens used for measuring the autogenous shrinkage response of concrete, aluminium tape 

was wrapped over the curved face of the cylinder, as well as the top and bottom so that no 

surface is exposed. Altogether, the preparation of specimens was done within two hours, and 

the measurement for total and autogenous shrinkage commenced immediately after that.  

Two sets of measurements were taken on each side of the specimen by placing the fixed 

conical point of the DEMEC gauge at position A and the moving pivot at position B (noted as 

AB), and by placing the fixed point at B and moving pivot at A (BA). Average of AB and BA 

values were noted for calculating the length change for each side. All the measurements were 

recorded in mm. Similarly, the measurement for the other side (Side 2) was taken and the 

shrinkage strain was calculated. 

Shrinkage tests on prism specimens  

In accordance with ASTM C 157-2008, shrinkage was measured using six 75 × 75 × 285 mm 

concrete prisms. Metal studs were placed in position at the centre of the two ends of the 

concrete mould and held there by passing the unthreaded portion through a hole in the end 

plates of the moulds (see the stud structure in Figure 3.7). The studs were ensured to be at the 

centre of the side plates in order to set the axis of the specimen and the studs during the testing. 

 

 

Side 1 Side 1 
A A 

B B 
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After casting, the process of curing and the specimen preparation after the curing period was 

the same as that used for cylindrical specimen, for both autogenous and total shrinkage 

measurements. 

A length comparator frame, as shown in Figure 3.8 (fabricated at IIT Madras), was used for 

determining the change in length of the prism specimens. It is provided with a digital dial gauge 

of 0.001 mm precision. The dial gauge is rigidly mounted on the frame in a measuring yoke. A 

reference bar made of invar with a length of 300 mm was used to calibrate the frame. The two 

ends of the bar are machined as 6 mm diameter spherical ends. Before each measurement, the 

base, shrinkage studs in the specimen, and the reference invar bar were thoroughly cleaned 

with acetone or ethanol so as to ensure that there was no dust or sand particles, which may alter 

the true measurements. In order to ensure that the zero setting of the measuring system is 

consistent throughout the test period, before each set of reading the reference invar bar was 

placed in position in the comparator and zero value of the dial gauge was set. After the initial 

checks, stainless steel balls were placed in the conical groove of the shrinkage studs and the 

specimen was placed on the length comparator. The dial gauge reading was observed. Two set 

of readings were measured on each specimen, by placing the mark position upward and after 

turning it upside down. The average of these was considered for calculating the shrinkage strain 

of the specimen. 

 

Figure 3.7 Studs fixed at the specimen ends for measuring shrinkage 
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Figure 3.8 Length comparator frame with digital dial gauge in accordance with ASTM C157: 

(a) with length comparator, and (b) with standard prismatic specimen 

 

Shrinkage measurements for cylinders and prisms were made every day for the first one 

week. Thereafter, the readings were periodically taken once in two days for two weeks, once 

in three days for the next two weeks, followed by weekly once for a month. After that, for every 

fifteen days, measurements were taken for about ten months each and later once in thirty days.  

3.5 SUMMARY  

This chapter gives the details of the test programme for the mechanical properties and 

shrinkage response of concrete. The details of various materials used and the concrete mixes 

have also been discussed. The testing methodologies for the fresh and hardened concrete 

properties are also discussed. 
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4. RESULTS AND DISCUSSION – COMPRESSIVE STRENGTH 

AND ELASTIC MODULUS OF CONCRETE 
 

4.1 INTRODUCTION 

Supplementary cementitious materials (SCMs) are used in many concrete mixes to reduce the 

cement content, and also to enhance the long-term performance and durability of the concrete. 

Ground granulated blast furnace slag (GGBS) or slag, fly ash, silica fume and metakaolin are 

often included as SCMs. Utilization of these materials not only reduces the environmental 

impact but also enhances the properties of concrete in fresh and hardened states. However, 

considerable differences in the mechanical properties could be observed in SCM blended 

concrete from a normal conventional concrete system because of the hydration kinetics and the 

hydrated structures resulting from the varying replacement level of cement by SCMs 

(Lothenbach et al., 2011; Chowdhury and Basu, 2010). Hence this part of research aims to 

address the effects of SCMs on the mechanical properties of concrete, mainly the strength 

development and the elastic modulus of concrete. 

This chapter reports on the effect of slag and fly ash on the compressive strength 

development and the static elastic modulus of concrete. The discussion will essentially focus 

on the effect of water to binder ratio, the effect of replacement level of slag and fly ash in the 

concrete system, the influence of fly ash type, and the effect of ternary blends on the evolution 

of compressive strength. Also, tests were carried out to determine the elastic modulus of 

concrete at the age of 28 days for different binder systems that were compared with existing 

standards. 

4.2 COMPRESSIVE STRENGTH  

Cubes of 100 mm were curing in a mist room until testing at the ages of 2, 7, 28, 90, and 365 

days. The average compressive strength was obtained from at least three specimens, and is 

given along with the standard deviation in Table 4.1. Overall, the scatter is low and within 

acceptable limits. The individual compressive strength plots with the standard deviation are 

shown in Figures A-1 to A-16 in Appendix A. The mean compressive strengths of concrete 

ranged from 20 to 55 MPa at 28 days, and from 32 to 64 MPa at 365 days. The 7-day to 28-

day compressive strength ratio for the concretes in this study was in the range of 0.50 to 0.98. 

This shows that the evolution of the compressive strength within 7 days could be higher than 

the general recommendation of 0.67 (Neville, 2006).  
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Table 4.1 Cube compressive strength of concrete (MPa): average (and standard deviation) 

Sl. 

No. 

Mix  

Designation 

Age of testing (in days) 

2 7 28 90 365 

1 CmP-NoSCM-0.65-280 9.6 (1.1) 19.6 (1.3) 30.2(0.7) 32.1 (1.2) 33.9 (1.0) 

2 CmP-30SgA-0.65-280 11.0 (1.7) 19.0 (2.2) 31.1(0.8) 32.0 (1.5) 34.2 (1.7) 

3 CmP-30SgB-0.65-280 13.4 (0.9) 24.9 (1.3) 33.3 (1.5) 38.6 (1.1) 39.2 (0.1) 

4 CmP-30FaF-0.65-280 5.9 (0.9) 13.1 (0.7) 22.3 (1.3) 36.3 (1.4) 39.0 (0.0) 

5 CmP-NoSCM-0.55-340 28.3 (0.8) 39.7 (1.7) 44.4 (2.2) 46.5 (0.4) 48.0 (1.0) 

6 CmP-15SgA-0.55-340 15.3 (0.5) 22.6 (1.0) 40.7 (1.2) 47.2 (1.8) 50.0 (1.9) 

7 CmP-15SgB-0.55-340 23.6 (1.2) 33.6 (0.9) 48.1 (1.0) 53.5 (0.8) 55.5 (0.4) 

8 CmP-15FaF-0.55-340 12.9 (0.5) 23.3 (1.2) 39.8 (1.4) 50.8 (0.9) 54.8 (1.8) 

9 CmP-15FaC-0.55-340 14.7 (1.2) 30.9 (1.5) 43.7 (0.7) 54.1 (1.1) 57.7 (0.4) 

10 CmP-NoSCM-0.50-310 32.1 (1.2) 40.2 (1.1) 45.7 (0.5) 48.6 (0.6) 49.3 (1.4) 

11 CmP-15SgA-0.50-310 15.6 (0.6) 38.3 (0.7) 52.5 (0.7) 59.5 (1.2) 62.2 (1.9) 

12 CmP-15SgB-0.50-310 24.8 (1.9) 38.2 (1.7) 52.6 (1.1) 56.0 (0.4) 58.1 (1.1) 

13 CmP-15FaF-0.50-310 18.1 (1.6) 23.8 (1.7) 35.6 (0.7) 57.1 (1.1) 62.9 (0.2) 

14 CmP-15FaC-0.50-310 19.5 (0.7) 27.0 (0.1) 42.0 (1.5) 58.8 (1.5) 61.1 (0.1) 

15 CmP-30SgB-0.50-310 24.4 (1.9) 39.8 (1.5) 52.2 (0.9) 62.9 (1.4) 63.4 (1.5) 

16 CmP-30FaF-0.50-310 11.7 (0.1) 20.4 (1.7) 37.0 (0.9) 50.0 (0.8) 55.3 (0.5) 

17 CmP-30FaC-0.50-310 22.4 (1.4) 33.7 (1.5) 47.1 (0.9) 59.0 (1.4) 59.0 (0.8) 

18 CmP-50SgB-0.50-310 17.2 (0.8) 25.8 (1.0) 42.1 (1.7) 61.6 (1.5) 62.8 (0.2) 

19 CmP-50FaF-0.50-310 4.3 (1.2) 10.8 (0.8) 21.2 (1.0) 43.1 (1.2) 44.0 (0.2) 

20 CmP-20SgB-20FaF-0.50-310 17.9 (1.0) 25.0 (0.2) 32.7 (1.3) 50.3 (1.1) 52.3 (1.0) 

21 CmP-20SgB-20FaC-0.50-310 19.4 (0.8) 28.1 (1.3) 39.6 (0.7) 53.5 (1.5) 55.0 (0.7) 

22 CmP-20FaF-20FaC-0.50-310 12.3 (1.2) 32.3 (1.0) 43.7 (1.7) 50.6 (0.7) 50.5 (0.7) 

23 CmP-NoSCM-0.60-310 12.9 (0.8) 20.1 (1.4) 32.4 (1.2) 34.5 (0.8) 37.1 (1.9) 

24 CmP-15SgA-0.60-310 13.1 (0.7) 27.9 (1.8) 43.8 (0.8) 45.3 (1.1) 46.1 (0.3) 

25 CmP-15SgB-0.60-310 11.9 (1.1) 19.4 (0.9) 32.5 (0.5) 40.2 (1.0) 42.9 (0.5) 

26 CmP-15FaF-0.60-310 9.3 (0.6) 23.7 (0.4) 31.3 (0.8) 41.5 (1.2) 44.8 (0.2) 

27 CmP-15FaC-0.60-310 16.5 (0.9) 23.5 (0.8) 34.7 (1.1) 42.1 (1.1) 44.3 (1.6) 

28 CmA-NoSCM-0.65-280 15.6 (0.9) 24.3 (1.1) 26.3 (0.6) 31.9 (0.8) 34.3 (2.3) 

29 CmA-30SgA-0.65-280 15.9 (0.9) 20.8 (0.6) 24.1 (1.5) 31.0 (1.2) 31.7 (1.0) 

30 CmA-30SgB-0.65-280 11.4 (0.8) 21.5 (2.0) 26.0 (0.3) 29.3 (1.4) 36.0 (1.9) 

31 CmA-30FaF-0.65-280 12.6 (0.5) 15.8 (0.8) 19.5 (0.6) 28.3 (0.5) 32.0 (1.9) 

32 CmA-NoSCM-0.55-340 28.1 (1.6) 35.6 (0.9) 43.7 (0.6) 44.4 (2.2) 45.2 (0.9) 

33 CmA-15SgA-0.55-340 21.0 (0.8) 29.2 (0.8) 39.5 (1.5) 40.6 (1.4) 40.9 (2.8) 

34 CmA-15SgB-0.55-340 29.7 (0.7) 37.1 (0.7) 44.6 (1.4) 46.9 (1.2) 50.4 (0.5) 

35 CmA-15FaF-0.55-340 20.3 (0.9) 33.0 (0.9) 40.2 (2.3) 44.4 (0.7) 49.4 (1.1) 

36 CmA-15FaC-0.55-340 15.2 (0.2) 23.2 (0.5) 42.5 (2.0) 45.3 (1.0) 45.1 (2.7) 

37 CmA-NoSCM-0.50-310 30.7 (0.3) 34.2 (0.9) 43.2 (1.2) 54.4 (0.8) 54.7 (1.5) 

38 CmA-15SgA-0.50-310 16.2 (0.5) 24.7 (1.5) 43.8 (0.4) 54.2 (1.7) 56.1 (1.4) 

39 CmA-15SgB-0.50-310 27.6 (0.9) 35.6 (0.9) 48.1 (1.8) 49.1 (1.0) 55.0 (1.7) 

40 CmA-15FaF-0.50-310 26.2 (1.6) 33.1 (0.6) 46.6 (2.7) 51.1 (2.2) 54.5 (1.9) 

41 CmA-15FaC-0.50-310 21.5 (1.4) 23.4 (0.9) 44.0 (1.2) 46.0 (1.8) 45.6 (0.6) 

42 CmA-30SgB-0.50-310 26.5 (0.7) 35.6 (1.0) 44.3 (1.1) 52.9 (1.0) 55.8 (0.6) 

43 CmA-30FaF-0.50-310 10.8 (0.9) 19.4 (0.9) 35.7 (0.9) 39.1 (1.0) 40.9 (1.9) 

44 CmA-30FaC-0.50-310 15.9 (0.9) 25.0 (1.2) 40.3 (1.0) 47.3 (2.5) 46.8 (0.5) 

45 CmA-50SgB-0.50-310 30.4 (1.1) 37.0 (0.6) 45.9 (0.5) 57.2 (2.8) 61.3 (1.0) 

46 CmA-50FaF-0.50-310 4.8 (0.3) 13.0 (0.0) 25.7 (0.6) 28.4 (1.0) 32.3 (1.9) 
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Table 4.1 (continued) Cube compressive strength of concrete (MPa): average (and standard 

deviation)  

Sl. 

No. 

Mix  

Designation 

Age of testing (in days) 

2 7 28 90 365 

47 CmA-20SgB-20FaF-0.50-310 21.2 (1.3) 36.6 (1.1) 42.4 (0.9) 50.6 (0.6) 55.1 (0.3) 

48 CmA-20SgB-20FaF-0.50-310 21.1 (1.5) 29.6 (1.1) 43.4 (0.7) 44.6 (2.2) 43.9 (1.5) 

49 CmA-20SgB-20FaC-0.50-310 14.8 (0.8) 18.4 (1.8) 27.3 (1.4) 40.3 (1.1) 49.3 (1.7) 

50 CmA-NoSCM-0.60-310 17.4 (1.1) 25.7 (1.2) 31.4 (1.2) 36.7 (1.5) 42.7 (2.6) 

51 CmA-15SgA-0.60-310 16.1 (0.5) 25.4 (1.3) 32.8(2.5) 39.8 (1.1) 43.9 (2.4) 

52 CmA-15SgB-0.60-310 16.4 (0.5) 24.0 (1.0) 39.4 (1.2) 42.7 (1.6) 42.7 (0.4) 

53 CmA-15FaF-0.60-310 20.9 (0.2) 25.7 (1.4) 35.9 (1.2) 43.1 (0.4) 44.7 (1.6) 

54 CmA-15FaC-0.60-310 15.2 (0.2) 20.2 (0.5) 26.6 (1.6) 30.7 (0.1) 35.5 (1.2) 

55 CmP-NoSCM-0.50-310x 31.3 (1.5) 41.6 (1.4) 46.3 (0.9) 49.9 (0.8) 50.6 (0.9) 

56 CmP-30FaA-0.45-310 17.2 (1.1) 26.9 (0.3) 38.3 (1.0) 46.2 (0.8) 48.7 (2.7) 

57 LC3-NoSCM-0.50-310 29.3 (0.9) 41.1 (0.2) 44.9 (0.2) 52.1 (0.7) 53.2 (0.9) 

58 CmP-NoSCM-0.40-360 35.5 (1.4) 47.7 (1.5) 54.9 (0.2) 56.6 (0.5) 57.2 (0.6) 

59 CmP-30FaF-0.35-380 26.8 (1.1) 47.2 (1.3) 53.4 (1.6) 60.7 (2.0) 62.6 (1.1) 

60 LC3-NoSCM-0.40-340 33.9 (0.7) 48.9 (1.7) 55.3 (1.3) 60.6 (2.3) 61.9 (1.8) 

61 CmP-NoSCM-0.45-360 21.2 (0.4) 33.7 (1.3) 47.3 (2.3) 48.9 (0.9) 48.9 (0.3) 

62 CmP-30FaF-0.45-360 13.4 (0.5) 26.0 (0.9) 42.7 (0.2) 50.5 (1.0) 51.1 (1.6) 

63 LC3-NoSCM-0.45-360 23.4 (0.9) 36.7 (1.2) 49.2 (1.6) 54.6 (0.8 55.4 (0.6) 

 

4.2.1 Effect of cement type on compressive strength development  

Indian standards require that the ratio of calcium oxide (CaO) to silicon dioxide (SiO2) content 

in ordinary portland cement to be not less than 2, which CmP and CmA satisfy. The CaO/ SiO2 

ratio for CmP, CmA and LC3 was 2.78, 3.34, and 1.34, respectively. The compressive strength 

results were higher when the sum of CaO+SiO2 and CaO/SiO2 was larger. The 28-day mean 

compressive strength obtained with CmP, CmA and LC3 cements was 45.7, 43.2, and 44.9 

MPa, respectively, when the water-binder ratio was 0.50 and total binder content was 310 

kg/m3. Though the 28-day strength was comparable, there was a continued gain in the strength 

of CmA concrete beyond 28 days, which was not observed in the other cements. This could be 

attributed to the higher CaO/SiO2 content, which produces more C-S-H at later ages. The same 

trend was observed in all the mixes produced with the CmA cement. Figure 4.1 (b), (c) and (d) 

compare the strength development of CmP and CmA concrete for each water to cement ratio. 

Except for w/c of 0.55, CmA concrete tends to have marginally higher early age strength, 

though the 28-day strength was comparable. It can be seen from Figure 4.2 that the compressive 

strength of all the concretes, as anticipated, are higher at lower water to cement ratio.  
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Figure 4.1 Effect of cement type on compressive strength development of concrete: 

(a) CmP, CmA and LC3 with w/c = 0.50, (b) CmP and CmA with w/c = 0.65. 
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Figure 4.1 Effect of cement type on compressive strength development of concrete: 

 (c) CmP and CmA with w/c = 0.55, (d) CmP and CmA with w/c = 0.60. 
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Figure 4.1 Effect of cement type on compressive strength development of concrete: 

 (e) CmP and LC3 with w/c = 0.45 

 

 

 

 

Figure 4.2 Effects of water-cement ratio on the evolution of compressive strength: 

(a) w/c=0.50 and 0.60 with CmP 
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Figure 4.2 Effects of water-cement ratio on evolution of compressive strength: 

 (b) w/c=0.50 and 0.60 with CmA and (c) w/c=0.40 and 0.45 with CmP 
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4.2.2 Effects of slag and fly ash on compressive strength development 

Figure 4.3 (a) shows that the 2-day strength of blended cement concrete is lower compared to 

that of the CmP-NoSCM mix. However, the later strengths are higher in the SgA and SgB 

mixes, yielding the same as those of CmP concrete at 7 days. In the case of water to binder 

ratio of 0.60, as seen in Figure 4.3 (b), SgB and FaF mixes exhibit lower strength at early ages 

though the 28-day strength is comparable with that of the CmP-NoSCM concrete. On the other 

hand, SgA concrete shows better strength at all ages with the CmP concrete having the least 

long-term strength. 

The compressive strength results of concrete with CmA are presented in Figure 4.4 (a) and 

Figure 4.4 (b). As seen in the case of CmA mixes, the strength at w/b = 0.50 is lower for the 

blended binders. However, for this cement, the strengths at other ages are similar for all the 

concretes. As shown in Figure 4.5 (a), at higher water to binder ratio (w/b = 0.65) the strength 

development of the CmP-NoSCM concrete was comparable with SgA blended concrete. As 

expected, Class F fly ash concrete exhibits lower compressive strength at early ages. However, 

the long-term strength developed is more pronounced at 90 days and above. CmP-30SgB-0.65-

280 concrete exhibits a substantial increase in the strength in comparison with other concretes. 

It can be seen from Figure 4.6 (a) that there was no significant trend observed in the strength 

development in comparison with CmP mix. Figure 4.5 (b) and Figure 4.6 (b) depict the strength 

development of CmP and CmA concrete with w/b of 0.55 and total binder content of 340 kg/m3. 

It is clear from the plots that the early age strength of No-SCM concrete in both the binders is 

comparatively higher. Nevertheless, there is no significant increase in the strength beyond 28 

days. At the same time, in the case of blended concrete, the development of compressive 

strength is more pronounced beyond 28 days. The results agree with those reported by other 

researchers (Shariq et al., 2010; Lübeck et al., 2012) that the early strength of slag and fly ash 

is lower when compared to the strength of non-blended concrete, due to the slow rate of 

hydration. 

Figure 4.7 and Figure 4.8 describe the effect of fly ash type on the evolution of compressive 

strength, where it can be observed that is a significant increase in the strength of fly ash blended 

concrete (both FaF and FaC) in the long term. Also, Class C fly ash concrete exhibits higher 

strength in comparison with that of Class F fly ash, which can be attributed to the higher 

calcium oxide content of the former (Yildirim et al., 2011; Yurdakul et al., 2014). 



57 

 

 

 

 

 

 

Figure 4.3 Effect of SCM on the evolution of compressive strength of concrete with CmP 

(a) w/b = 0.50 and (b) w/b = 0.60 
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Figure 4.4 Effect of SCM on the evolution of compressive strength of concrete with CmA 

(a) w/b = 0.50 and (b) w/b = 0.60 
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Figure 4.5 Effect of binary blends of slag and fly ash on compressive strength development 

with CmP (a) w/b =0.65, (b) w/b = 0.55 
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Figure 4.6 Effect of binary blends of slag and fly ash on compressive strength development 

with CmA (a) w/b =0.65, (b) w/b = 0.55 
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Figure 4.7 Effect of fly ash type on compressive strength development with CmP  

(a) w/b= 0.55, (b) w/b =0.50, and (c) w/b = 0.60 
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Figure 4.8 Effect of fly ash type on compressive strength development with CmA  

(a) w/b= 0.55, (b) w/b =0.50, and (c) w/b = 0.60 
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4.2.3 Effects of replacement level on compressive strength development 

Figure 4.9 and Figure 4.10 indicate the influence on the development of compressive strength 

when cement is replaced by an equal mass of slag (SgB) and fly ash (FaF) while maintaining 

a constant water to binder ratio. It can be seen from Figure 4.9 that as the replacement level 

increases, the early age strength decreases while the long-term strength development is 

achieved. Similar results were reported by Hooton (2000) that an increase in the dosage of slag, 

for a given water-binder ratio and nominal air content, yielded an increase in the compressive 

strength at 28 days and beyond.  

From Figure 4.9 (a) it is clear that there was a marked difference in the strength at 2 days. 

On the other hand, the 7-day strength was comparable with No-SCM concrete. Thereafter, the 

strength development was more pronounced. However, as seen from Figure 4.10 (a), the 

concretes made with CmA binders have similar strength, at all ages of testing.  

Figure 4.9 (b) and Figure 4.10 (b) expound the compressive strength of FaF series concrete 

with CmP and CmA binders, respectively. At early ages, i.e., 2 and 7 days, the FaF blended 

concrete yields lower compressive strength in comparison with control mix. Subsequently, the 

long-term compressive strength tends to increase with the prolonged curing time. This may be 

because of the higher fineness of the Class F fly ash, which enhances the pozzolanic properties 

and particle packing density (Sata et al., 2007). As in the case of 50% replacement level, the 

strength developed in concrete with FaF blended cement is noticeably reduced compared with 

non-blended concrete, as expected (Yang et al., 2007) 
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Figure 4.9 Effect of replacement level on the evolution of compressive strength of CmP 

blended with (a) SgB and (b) FaF 
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Figure 4.10 Effect of replacement level on the evolution of compressive strength of CmA 

blended with (a) SgB and (b) FaF 

 

4.2.4 Effects of ternary blends on compressive strength development 

As observed in Figure 4.11(a), the strength of ternary blended concrete with CmP cement is 

lower until 28 days. Correspondingly, SgB-FaC mix shows good enhancement of strength in 

comparison with other ternary blended system. Similar results were found by Yurdakul et al. 

(2014). Furthermore, a marginal difference in the strength was observed in the cases of SgB-

FaF and SgB-FaC concrete. In the case of FaF-FaC blended concrete, the 2-day strength was 

less than the other mixes. However, at 7 and 28 days there was substantial increase in the 

strength and similar strength is attained at 90 and 365 days. Altogether, the ternary blend 

provides a positive effect on the evolution of compressive strength, with the result being more 
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pronounced at 90 days and above. In the case of CmA mix concrete (Figure 4.11(b)), ternary 

blended concrete shows lower strength. However, the No-SCM concrete strength evolution 

stabilised at 365 days, whereas, for SgB-FaF and FaF-FaC blended concrete systems there is 

further increase in strength. 

 

 
 

Figure 4.11 Ternary effect on the evolution of compressive strength of (a) CmP and (b) CmA 

cement concretes  
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4.2.5 Effects of LC3 on compressive strength development  

As noted from Figure 4.12 (a), the evolution of compressive strength in M30 and M50 concrete 

mixes was comparable for the CmP-NoSCM and LC3-NoSCM mixtures up to 28 days. This is 

despite the fact that the LC3-NoSCM-0.40-340 had lower binder content to produce the similar 

target strength, which signifies improved strength potential with LC3 concrete. Nonetheless, 

for the CmP-30FaF concrete mix, which had lower water content in the mix to attain similar 

28 days strength, the early age strength characteristics were found to be lower. There was a 

negligible increase in the compressive strength at later ages (from 28 day to 365 day) in the 

CmP-30FaF and LC3-NoSCM mixes as opposed to the CmP-NoSCM system. In addition, the 

M30 mix of fly ash blend concrete and LC3 binder concrete showed a marginal increase in the 

compressive strength than M50 concrete. Figure 4.12 (b) shows the compressive strength 

development of concrete made with constant water to binder ratio and binder content of 0.45 

and 360 kg/m3, respectively. The compressive strength of LC3 concrete was found to be higher 

at all the ages. The results indicate that with similar mixture proportions, the LC3 binder can 

produce better compressive strength in comparison with No-SCM and 30FaF mix  

 

Figure 4.12 (a) Effect of fly ash on evolution of compressive strength of concrete with CmP 

and LC3 binders 
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Figure 4.12 (b) Effect of fly ash on evolution of compressive strength of concrete with CmP 

and LC3 binders, for w/b=0.45 and total binder content 360kg/m3 

 

4.2.6 Effect of specimen size and shape on compressive strength  

A general cube to cylinder strength conversion factor of 1.25 is taken for normal strength 

concrete (Narayanan, 1994). However, the ratio does not remain constant for all strength as the 

influence of the shape of the specimen decreases with higher concrete strength (Neville, 2006). 

The variation of cube to cylinder ratio for the concrete with respect to the cylinder compressive 

strength obtained at 28 days from this work is shown in the Figure 4.13, for the specimen 

dimensions considered. The average 28-day 100 mm cube to 150 mm diameter cylinder 

strength ratio obtained is between 1.18 and 1.29, and the value of 1.25 can be considered for 

practice for these types of specimens. 

  

Figure 4.13 Cube-cylinder strength ratio from this study 

Mean cylinder compressive strength (MPa)

15 20 25 30 35 40 45 50

R
at

io
 o

f 
cu

b
e 

to
 c

y
li

n
d

er
 s

tr
en

g
th

 

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.40

1.45

1.50



69 

 

4.2.7 Prediction of Compressive Strength Development  

ACI 209 provides an empirical model to predict the compressive strength as a function of time 

which is expressed as follows.  

𝑓𝑐
′(t) =

𝑡

𝛼 + 𝛽 𝑡
 𝑓𝑐

′(28) Equation 4.1 

where, α and β are constants, 𝑓𝑐
′(28) is the mean cylinder compressive strength of concrete at 

28 days and 𝑓𝑐
′(𝑡) is the compressive strength of concrete at any age t. For 150 mm diameter 

and 300 mm long cylinders, and for Type I cement and moist curing, ACI 209 suggests the 

constants α and β to be taken as 4 and 0.85, respectively. Considering the parameters to be 

valid for all types of specimens and concretes, the ratio of compressive strength of concrete at 

time t to the mean compressive strength at 28 days can be expressed as follows. 

𝑓𝑐
′(𝑡)

𝑓𝑐
′(28)

=  
𝑡

4 + 0.85 𝑡
 Equation 4.2 

Figure 4.14 represents the variation of the 
𝑓𝑐

′(𝑡)

𝑓𝑐
′(28)

 ratio (denoted as strength ratio, fcratio, 

herein) as a function of time, for various concretes. The ratio corresponding to the experimental 

data is indicated by the markers. The solid curve gives the trend estimated by Equation 4.2, and 

the dashed lines give the 95% confidence interval (CI), which were calculated by assuming a 

normal distribution, as follows: 

CI = fcratio ± 1.96 × CoVexperiment × fcratio Equation 4.3 

where, CoVexperiment is the coefficient of variation of the experimentally observed fcratio at 

corresponding age.  

As seen in Figure 4.14 (a), the OPC concrete with high w/b, CmP cement, and without any 

SCMs (CmP-NoSCM-0.65-280 and CmP-NoSCM-0.60-310) follows the trend predicted by 

ACI 209. The early-age strength of other OPC concrete is relatively higher than those predicted 

by the ACI equation. Also, almost all the concrete with CmA cement exhibit higher fcratio than 

predicted, especially when cured for more than 28 days. This may be because of the higher 

amount of CaO in this cement than in CmP cement. As shown in Figure 4.14 (b) and Figure 
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4.14 (c), respectively, all SgB blended concrete had higher strength than expected while the 

SgA blended concrete followed the predicted trend. This can be attributed to the higher fineness 

of SgB in comparison with SgA. Figure 4.14 (d) and (e) show the effects of FaF and FaC, 

respectively, with FaC concretes having higher than the expected strength. However, in FaF 

concrete, the long-term strength ratios at 90 and 365 days are much higher than other blended 

concrete. This may be because the Class F fly ash exhibits retarded pozzolanic action (Sata et 

al. 2007).  

It is to be noted that the blended binders can vary significantly in terms of physical and 

chemical properties, and therefore the trends obtained should be used in calculations only when 

experimental data are not available and only when the binders are similar to those used here.  

 

 

 

 

Figure 4.14 Comparison of (
𝑓𝑐

′(𝑡)

𝑓𝑐
′(28)

) data for (a) OPC, (b) SgA, concretes with the ACI 

prediction model and 95% confidence interval 
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Figure 4.14 Comparison of (
𝑓𝑐

′(𝑡)

𝑓𝑐
′(28)

) data for (c) SgB, (d) FaF and (e) FaC concretes with the 

ACI prediction model and 95% confidence interval 
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4.3 ELASTIC MODULUS RESULTS 

The results of the elastic modulus tests on concrete at 28 days are presented in Table 4.2, as the 

average of three specimens. The serial numbering in the table corresponds to earlier Tables 3.6, 

3.8 and 4.1 for facilitating cross-referencing – note that there is a break in numbering as the 

elastic modulus was not determined for the concretes with CmA. The values are in the range 

of 22 to 40 GPa, with standard deviations varying between 0.05 and 2.2 GPa. 

Table 4.2 Elastic modulus values at 28 days. 

Sl. 

No. 
Mix Designation Mean elastic moduli (S.D), in GPa 

1 CmP-NoSCM-0.65-280 29.7 (1.5) 

2 CmP-30SgA-0.65-280 31.4 (0.1) 

3 CmP-30SgB-0.65-280 34.4 (1.0) 

4 CmP-30FaF-0.65-280 29.3 (0.0) 

5 CmP-NoSCM-0.55-340 35.7 (0.4) 

6 CmP-15SgA-0.55-340 37.4 (1.2) 

7 CmP-15SgB-0.55-340 36.7 (0.5) 

8 CmP-15FaF-0.55-340 34.4 (0.1) 

9 CmP-15FaC-0.55-340 34.5 (0.9) 

10 CmP-NoSCM-0.50-310 33.4 (1.5); 36.1 (1.1)* 

11 CmP-15SgA-0.50-310 40.1 (0.7) 

12 CmP-15SgB-0.50-310 35.8 (1.3) 

13 CmP-15FaF-0.50-310 30.1 (0.7); 31.2 (1.2)* 

14 CmP-15FaC-0.50-310 36.7 (2.2) 

15 CmP-30SgB-0.50-310 37.5 (0.5) 

16 CmP-30FaF-0.50-310 32.8 (1.3); 33.8 (0.8)* 

17 CmP-30FaC-0.50-310 35.2 (0.8) 

18 CmP-50SgB-0.50-310 36.9 (1.5) 

19 CmP-50FaF-0.50-310 22.8 (1.1) 

20 CmP-20SgB-20FaF-0.50-310 31.7 (1.7) 

21 CmP-20SgB-20FaC-0.50-310 39.3 (0.6) 

22 CmP-20FaF-20FaC-0.50-310 34.3 (1.6) 

23 CmP-NoSCM-0.60-310 36.6 (0.6) 

24 CmP-15SgA-0.60-310 32.8 (1.9) 

25 CmP-15SgB-0.60-310 29.3 (1.4) 

26 CmP-15FaF-0.60-310 34.3 (0.9) 

27 CmP-15FaC-0.60-310 39.9 (0.9) 

55 CmP-NoSCM-0.50-310x 35.7 (1.3) 

56 CmP-30FaA-0.45-310 27.7 (2.2) 

57 LC3-NoSCM-0.50-310 34.7 (1.9) 

58 CmP-NoSCM-0.40-360 40.6 (0.9) 

59 CmP-30FaF-0.35-380 39.9 (1.0) 

60 LC3-NoSCM-0.40-340 38.2 (0.8) 

61 CmP-NoSCM-0.45-360 35.8 (0.6) 

62 CmP-30FaF-0.45-360 33.6 (1.6) 

63 LC3-NoSCM-0.45-360 37.6 (1.3) 

* Data from additional sets cast separately for a different test programme 
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4.3.1 Effect of fly ash and slag on the elastic modulus of concrete with CmP cement 

The elastic modulus of FaF blended concrete was lower than the CmP mixes concrete at all 

replacement levels in this study. The concrete with 30% replacement level had slightly higher 

values than 15%, and much lower for 50% replacement. The impact of Slag B is seen to be the 

same as that of compressive strength at any replacement level. Figure 4.15 points out that there 

was a significant increase in the elastic modulus for concrete with slag replacement between 

15% and 30 %. Furthermore, 50% replacement with slag and fly ash did not give much higher 

modulus at 28 days. However, it should be noted that the plots combine data from mixes of 

different binder contents, water contents and strengths, and therefore should be considered with 

caution.  

 

Figure 4.15 Effect of replacement of cement with slag and fly ash on the elastic moduli of 

concrete with CmP cement  

  

4.3.2 Relations between compressive strength and elastic modulus 

A comparison of the measured mean elastic modulus of concrete and the model predictions 

(say, IS 456:2000; ACI 318:2008; ACI 209:2005; and fib Model Code 2010) as functions of 

the measured cube compressive strength is shown in Figure 4.16. The description and details 

of the code recommendations are discussed below.  

IS 456 estimates the elastic modulus of concrete at 28-days, Ec as follows: 
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Ec = 5000 √𝑓𝑐𝑘 Equation 4.4 

where, fck is the characteristic 28-day cube compressive strength (MPa).  

The ACI 318 report recommends the following model for Ec. 

E𝑐 = 4733 √𝑓′𝑐 Equation 4.5 

where, f'c’ is the specified cylinder compressive strength of concrete (MPa).  

However, ACI 209 suggests that the elastic modulus of concrete at any time t (defined as 

Ect) can be calculated as follows. 

E𝑐𝑡 = 𝑔𝑐𝑡[𝑤3(𝑓′
𝑐
)𝑡]1/2 Equation 4.6 

where, gct is equal to 0.043; w is the unit weight of concrete (kg/m3); and (f’c)t  is the cylinder 

compressive strength at time t (MPa).  

The elastic modulus of concrete can be predicted using the fib Model Code-2010 as follows. 

𝐸𝑐𝑖 =  𝐸𝑐0 ×  𝐸 ×  (
𝑓𝑐𝑚 

10
)

0.3

 Equation 4.7 

where, Eci is the modulus of elasticity of concrete at 28 days (MPa); fcm is the mean cylinder 

compressive strength of concrete (MPa); Ec0 is 21.5 ×103 MPa; and E is 1.0 and 1.2 for 

quartzite and basalt or dense limestone aggregates, respectively. 

IS-456 and ACI 318 consider the characteristic compressive strength from cubes (fck) and 

cylinders (f’c), respectively, whereas fib MC-2010 and ACI 209 use the mean compressive 

strength of cylinders in the calculation of elastic modulus. For comparing the predictions, the 

mean cylinder compressive strength was converted to the mean cube compressive strength by 

multiplying with 1.21, taken from the average ratio of cube to cylinder mean compressive 

strength obtained in the tests conducted this study. Also, for IS 456 and ACI 318 the 

characteristic/desired compressive strength was calculated from σcharacteristic = σmean - ks, where 

constant “k” was taken as 1.65 and the standard deviation “s” was taken as 1.12 from the cube 

compressive strength data in this study. A plot of the mean values and the predictions of elastic 
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modulus of concrete is given in Figure 4.16. It is clearly seen that the ACI 318 and ACI 209 

model predictions are more conservative than the recommendations of IS 456 and fib MC 2010. 

 

Figure 4.16 Relation between the elastic modulus and compressive strength of concrete 

 

4.4 SUMMARY  

This chapter describes the effects of supplementary cementitious materials on compressive 

strength development and elastic modulus as observed from the tests conducted in this work. 

The major findings are: (i) water to binder ratio is an important factor that influence the 

evolution of compressive strength on blended concrete; (ii) fly ash blended concrete systems 

develop compressive strength at slower rate than the slag blended concrete; (iii) fly ash 

concrete shows substantial strength gain after 28 days, while the same was not perceived in the 

slag bended concrete systems; (iv) strength development of Class C fly ash was higher than 

Class F fly ash concrete; (v) ternary blended concrete shows a prolonged strength gain at all 

ages of testing; and (vi) early age strength ratio of No-SCM concrete are reasonably higher 

than the ACI prediction; also, with prolonged curing time, FaF blended concretes yielded 

considerably higher strengths than other concretes; (vii) the elastic modulus predictions of ACI 

209 and ACI 318 are more conservative than those of fib MC 2010 and IS 456. 
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5. RESULTS AND DISCUSSIONS – TOTAL AND AUTOGENOUS 

SHRINKAGE OF CONCRETE 
 

5.1 INTRODUCTION 

Shrinkage in concrete, particularly drying shrinkage, is a major concern for structural design 

as it directly affects the risk of cracking in concrete elements. Drying shrinkage is the 

phenomenon that is caused by the loss of moisture from the pores of hardened concrete. The 

rate of evaporation or drying depends on the temperature, relative humidity, water to cement 

ratio and the surface area that is exposed to the surrounding atmosphere. Consequently, drying 

shrinkage occurs when the concrete member is exposed to the atmosphere and is allowed to 

undergo volume change. It is considered that the shrinkage of normal concrete after the curing 

stage is predominantly due to drying since the contribution from the autogenous shrinkage is 

minimal or even negligible (Tia et al., 2005; Holt, 2005).  

This chapter presents the measured shrinkage strain data from cylinders and prismatic 

specimens exposed to controlled laboratory environment. Total and autogenous shrinkage of 

non-blended cement concrete, and concrete blended with fly ash and slag have been discussed 

in terms of the effects of: a) different binder composition, b) different water to binder ratios 

and total binder content, c) supplementary cementitious material and their dosage and d) size 

of the specimen. Note that though the conventional term "autogenous shrinkage" is used in this 

work, some researchers prefer to use the term "basic shrinkage" for the shrinkage strains 

measured on sealed specimens, which could be all the more relevant when the very early age 

deformations are not accounted for, as in the present work where measurements are initiated 

only after the 28 day curing period. Additionally, the loss of mass in sealed and unsealed 

specimens have also been measured to complement the shrinkage data. 

5.2 SHRINKAGE MEASUREMENTS IN SLAG AND FLY ASH BLENDED 

CONCRETE 

The testing procedure for the shrinkage measurements was discussed in Section 3.4.2. of 

Chapter 3. Figure 5.1 through Figure 5.8 presents typical plots of shrinkage and mass loss in 

the cylinders and prisms under sealed and unsealed conditions. The plots are given for each 

pair of measurements made on every specimen, as well as the average values. Appendix B1 

presents all the plots of measured total and autogenous shrinkage strains on normal and 

logarithmic scales. Similarly, the shrinkage strains of all prismatic specimens are plotted and 
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given in Appendix B2, which were obtained from the absolute change in the length of each 

specimen. Mass losses in the cylinder and prism specimens were measured at the same time 

interval as the shrinkage measurement, and the details are presented for all specimens in 

Appendices C1 and C2. The measurements are generally plotted up to more than 1000 days, 

after exposure or curing up to 28 days (i.e., t0 =28 days).  

As discussed in Chapter 3, the specimens were prepared within two hours after the desired 

curing period and the measurements were started. However, the time of measurement could 

not be exactly the same and therefore the measurements made within the first 24 hours are not 

reported. The plots in the following sections represent the average shrinkage strain from three 

identical specimens, for total and autogenous shrinkage, both with time in the normal scale and 

in log scale. 

Figure 5.9 through Figure 5.12 show the shrinkage responses of concretes with the OPCs 

CmP and CmA, along with that with LC3. As seen from Figure 5.1, CmA concrete shows lower 

shrinkage by about 150 microstrain than the LC3 concrete, and the responses of the CmP and 

CmA concretes differ marginally by 80 microstrain. Figure 5.10 through Figure 5.12 give the 

comparisons between the CmP and CmA concretes for water-binder ratio and total binder 

content of 0.55 and 340 kg/m3; 0.60 and 310 kg/m3; 0.45 and 360 kg/m3, respectively. Overall, 

there is a small difference in the shrinkage strain among the different types of concrete with 

CmP and CmA, for the various water to binder ratios and binder contents. A comparison of 

CmP and LC3 concrete for a constant water- binder ratio and binder content in Figure 5.12, 

shows that the shrinkage strains of CmP and LC3 concrete are comparable until around 70 

days. Afterwards, the rate of evolution of shrinkage was slightly higher in the case of LC3 

concrete as compared with CmP.  
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Figure 5.1 Measured total shrinkage strain on unsealed CmP-NoSCM-0.65-280 cylinders  

 

  
Figure 5.2 Measured total shrinkage strain on unsealed CmP-NoSCM-0.65-280 cylinders 
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Figure 5.3 Measured autogenous shrinkage strain on sealed CmP-NoSCM-0.65-280 cylinders 

 

  

Figure 5.4 Measured autogenous shrinkage strain on sealed CmP-NoSCM-0.65-280 cylinders 

  

 

Time after curing (t-t
0

), days

200 400 600 800 1000 1200

 S
h

ri
n

ka
ge

 (
m

ic
ro

st
ra

in
)

0

50

100

Side 1
Side 2
Average

(a) CmP-NoSCM-0.65-280 

Specimen-1 (sealed)

 

Time after curing (t-t
0

), days, log scale

1 10 100 1000

 S
hr

in
ka

ge
 (

m
ic

ro
st

ra
in

)

0

50

100

Side 1
Side 2
Average

(b) CmP-NoSCM-0.65-280

Specimen-1 (sealed)

 

Time after curing (t-t
0
), days

200 400 600 800 1000 1200

S
h

ri
n

ka
ge

 (
m

ic
ro

st
ra

in
)

0

50

100

Side 1
Side 2
Average

(c) CmP-NoSCM-0.65-280

Specimen-2 (sealed)

 

Time after curing (t-t
0
), days, log scale

1 10 100 1000

S
hr

in
ka

ge
 (

m
ic

ro
st

ra
in

)

0

50

100

Side 1
Side 2
Average

(d) CmP-NoSCM-0.65-280

Specimen-2 (sealed)

 

Time after curing (t-t
0
), days

200 400 600 800 1000 1200

S
h

ri
n

ka
ge

 (
m

ic
ro

st
ra

in
)

0

50

100

Side 1
Side 2
Average

(e) CmP-NoSCM-0.65-280

Specimen-3 (sealed)

 

Time after curing (t-t
0
), days, log scale

1 10 100 1000

S
hr

in
ka

ge
 (

m
ic

ro
st

ra
in

)

0

50

100

Side 1
Side 2
Average

(f) CmP-NoSCM-0.65-280

 Specimen-3 (sealed)

 

Time after curing (t-t
0
), days

200 400 600 800 1000 1200

S
h

ri
n

ka
ge

 (
m

ic
ro

st
ra

in
)

0

50

100

Specimen 1

Specimen 2

Specimen 3

Average

(a) CmP-NoSCM-0.65-280 (sealed)
 

Time after curing (t-t
0
), days, log scale

1 10 100 1000

S
hr

in
ka

ge
 (

m
ic

ro
st

ra
in

)

0

50

100

Specimen 1

Specimen 2

Specimen 3

Average

(b) CmP-NoSCM-0.65-280 (sealed)



81 

 

  

Figure 5.5 Measured total shrinkage strain on unsealed CmP-NoSCM-0.65-280 prisms 

  

Figure 5.6 Measured autogenous shrinkage strain on sealed CmP-NoSCM-0.65-280 prisms 

  

Figure 5.7 Measured mass loss in unsealed CmP-NoSCM-0.65-280 cylinders 

  

Figure 5.8 Measured mass loss in unsealed CmP-NoSCM-0.65-280 prisms 
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Figure 5.9 Effect of cement type on the total shrinkage strain of concrete with w/b = 0.50 and 

total binder content = 310 kg/m3, for CmP, CmA and LC3 cements: in (a) normal and (b) log 

scales 
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Figure 5.10 Effect of cement type on the total shrinkage strain of concrete with w/b = 0.55 

and total binder content = 340 kg/m3: in (a) normal and (b) log scales 
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Figure 5.11 Effect of cement type on the total shrinkage strain of concrete with w/b = 0.60 

and total binder content = 310 kg/m3: in (a) normal and (b) log scales 
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Figure 5.12 Effect of cement type on the total shrinkage strain of concrete with w/b = 0.45 

and total binder content = 360 kg/m3: in (a) normal and (b) log scales 

 

The influence of slag and fly ash on the shrinkage response of blended concrete can be 

assessed through the results presented in Figure 5.13 through Figure 5.16. The plots indicate 

that the evolution of shrinkage strain, for the concretes considered here, is practically 

independent of water-binder ratio even in the case of blended binders. As seen from Figure 

5.13, the early age shrinkage response of the different classes of concrete is similar. However, 

at about 1000 days, the total shrinkage of the No-SCM concrete was comparatively higher than 
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the blended concrete systems, in most cases. Similarly, FaF and SgA blended concrete shows 

approximately 10% higher in strains than the Class C fly ash and SgB mixes. Figure 5.17 

through Figure 5.19 show that the shrinkage response does not differ significantly among the 

SCMs, at the dosages considered. This follows the suggestion of Bissonnette et al. (1999) that 

water-binder ratio does not have a strong effect on drying shrinkage since factors such as total 

porosity, pore-size distribution and elastic modulus may have opposing influence that can 

offset the trend. 

 

 

Figure 5.13 Effect of water to binder ratio on the total shrinkage strain of binary blended 

concrete with w/b= 0.50 and total binder content = 310 kg/m3of CmP mix: in (a) normal and 

(b) log scales  
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Figure 5.14 Effect of water binder ratio on total shrinkage strain of binary blended concrete 

with w/b= 0.60 and total binder = 310 kg/m3 content of CmP mix: in (a) normal and (b) log 

scales 
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Figure 5.15 Effect of water binder ratio on the total shrinkage strain of binary blended 

concrete with w/b= 0.50 and total binder 310 kg/m3 content of CmA mix: in (a) normal and 

(b) log scales 
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Figure 5.16 Effect of water binder ratio on the total shrinkage strain of binary blended 

concrete with w/b= 0.60 and total binder 310 kg/m3 content of CmA mix: in (a) normal and 

(b) log scales 
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Figure 5.17 Effect of slag and fly ash on the total shrinkage strain of binary blended concrete 

with w/b= 0.65 and total binder 280 kg/m3 content of CmP mix: in (a) normal and (b) log 

scales 
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Figure 5.18 Effect of slag and fly ash on the total shrinkage strain of binary blended concrete 

with w/b= 0.55 and total binder 340 kg/m3 content of CmP mix: in (a) normal and (b) log 

scales 
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Figure 5.19 Effect of slag and fly ash on the total shrinkage strain of binary blended concrete 

with w/b= 0.55 and total binder 340 kg/m3 content of CmA mix: in (a) normal and (b) log 

scales 

 

As illustrated in Figure 5.20 until the exposure of 50 days of drying, SgB concrete system 

shows comparable shrinkage strains with reference to that of NoSCM concrete. However, there 

was a marginal difference in strain in the case of 30% replacement of CmP with SgB. 

Thereafter, the shrinkage response of 30% replacement with SgB concrete exhibited higher 

shrinkage and attained a comparable strain with NoSCM concrete around 1000 days. However, 
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in the case of 50% replacement level, there was a considerable decrease of strain. As seen from 

Figure 5.20, the shrinkage of concrete with SgB dosage of 15% and 50% attains a maximum 

strain of about 400 days though there was further increase in the strain in No-SCM and 30% 

SgB concrete. Altogether, the shrinkage strain was reduced by using slag in the binary system 

compared to the mix made without slag. The influence of the incorporation of fly ash at 15%, 

30%, and 50% replacement of CmP on the total shrinkage of concrete is seen in Figure 5.21. 

Fly ash concrete undergoes lower shrinkage than the control concrete with the same w/b and 

total binder content. The shrinkage was comparable for fly ash blended concrete and the 

concrete with control mix concrete until the exposure time of about 200 days. After this age, 

the rate of shrinkage decreased for the 15% and 50% fly ash blended concrete to reach values 

of about 50 and 70 microstrain, respectively, more than the NoSCM concrete.  
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Figure 5.20 Effect of replacement level of slag on the total shrinkage strain of binary blended 

concrete of CmP mix: in (a) normal and (b) log scales 
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Figure 5.21 Effect of replacement level of fly ash on the total shrinkage strain of binary 

blended concrete of CmP mix: in (a) normal and (b) log scales 

 

The effect of two types of fly ashes, Class F and Class C, with different CaO content, on the 

shrinkage were assessed in Figure 5.22 through Figure 5.24. It is noticed that the shrinkage 

response of concrete containing fly ashes is either higher than or equal to that of the control 

mix concrete. Similar behaviour has been reported by Sennour and Carrasquillo (1989), 

Siddique (2004), and Saha and Sarker (2017). 
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Figure 5.22 Effect of fly ash type on the total shrinkage strain of CmP mix containing 15% 

fly ash with w/b 0.55 and binder content of 340 kg/3: in (a) normal and (b) log scales 

  

Figure 5.23 Effect of fly ash type on the total shrinkage strain of CmP mix containing 15% 

fly ash with w/b 0.50 and binder content of 310 kg/3: in (a) normal and (b) log scales 

  

Figure 5.24 Effect of fly ash type on the total shrinkage strain of CmP mix containing 15% 

fly ash with w/b 0.60 and binder content of 310 kg/3: in (a) normal and (b) log scales 
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As seen from Figure 5.25, there was substantial decrease in shrinkage in concrete with 

ternary blended binders in comparison with the control concrete, and also with binary blended 

binders. Similar conclusions were observed by Gesoğlu et al. (2009) and Guneyisi et al. (2010). 

 

 

 

 

Figure 5.25 Effect of slag and fly ash on the total shrinkage strain of ternary blended concrete 

of CmP mix: in (a) normal and (b) log scales 
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As seen from Figure 5.26 and Figure 5.27, M50 grade concrete had comparatively lower 

shrinkage in comparison with the M30 grade concretes. As seen in Figure 5.28 (with the same 

binder content and w/b), the shrinkage of the different systems were comparable. 

 

 

Figure 5.26 Effect of fly ash on the total shrinkage strain of concrete in comparison with 

CmP and LC3 binder on M30 grade of concrete: in (a) normal and (b) log scales 
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Figure 5.27 Effect of fly ash on the total shrinkage strain of concrete in comparison with 

CmP and LC3 binder on M50 grade of concrete: in (a) normal and (b) log scales 
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Figure 5.28 Effect of fly ash on the total shrinkage strain of concrete in comparison with 

CmP and LC3 binder for w/b= 0.45: in (a) normal and (b) log scales 

 

Figure 5.29 through Figure 5.31 show the comparison of 28-day compressive strength with 

the shrinkage strain of concrete made with CmP, CmA and LC3 cements, respectively. As seen 

from the figures, the total shrinkage strain of concretes at 2 years made with CmP, CmA and 

LC3 cement was in the range of 350 to 500 microstrain, 300 to 380 microstrain and 450 to 600 

microstrain, respectively. From the plots in those groups of concrete, there is not much 
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difference within the range of concrete considered. However, no clear trend was observed 

between the strength and the shrinkage strain of blended cement concrete. Table 5.1 provides 

the data used in the comparison of compressive strength and the shrinkage strain, along with 

the standard deviations. The data is grouped in terms of the cement used. The serial numbering, 

however, follows that of Table 3.6, Table 3.8 and Table 4.1 for facilitating cross-referencing. 

 

 

Figure 5.29 Comparison of total shrinkage versus strength of concretes made with 

CmP cement 

 

 

Figure 5.30 Comparison of total shrinkage versus strength of concretes made with 

CmA cement  
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Figure 5.31 Comparison of total shrinkage versus strength of concretes made with 

LC3 cement  

 

Table 5.1 Comparison of compressive strength and total shrinkage of concrete 

Sl. 

No. 

Mix Nomenclature Total shrinkage at 

730 days (microstrain) 

Mean cube compressive 

strength at 28-day 

(MPa) 

Average Std. Dev Average Std. Dev 

1 CmP-NoSCM-0.65-280 441 32 30.2 0.7 

5 CmP-NoSCM-0.55-340 379 38 44.4 2.2 

10 CmP-NoSCM-0.50-310 443 13 45.7 0.5 

23 CmP-NoSCM-0.60-310 443 35 32.4 1.2 

55 CmP-NoSCM-0.50-310x 502 48 46.3 0.8 

58 CmP-NoSCM-0.40-360 478 22 54.9 0.2 

61 CmP-NoSCM-0.45-360 402 78 47.3 2.3 

2 CmP-30SgA-0.65-280 396 38 31.1 0.8 

6 CmP-15SgA-0.55-340 428 25 40.7 1.2 

11 CmP-15SgA-0.50-310 416 63 52.5 0.7 

24 CmP-15SgA-0.60-310 468 34 43.8 0.8 

3 CmP-30SgB-0.65-280 382 40 33.3 1.5 

7 CmP-15SgB-0.55-340 368 29 48.1 1.0 

12 CmP-15SgB-0.50-310 382 38 52.6 1.1 

15 CmP-30SgB-0.50-310 436 31 52.2 0.9 

18 CmP-50SgB-0.50-310 355 22 42.1 1.7 

20 CmP-20SgB-20FaF-0.50-310 344 26 32.7 1.3 

21 CmP-20SgB-20FaC-0.50-310 355 12 39.6 0.7 

25 CmP-15SgB-0.60-310 437 74 32.5 0.5 

4 CmP-30FaF-0.65-280 406 46 22.3 1.3 

8 CmP-15FaF-0.55-340 452 30 39.8 1.4 

13 CmP-15FaF-0.50-310 402 38 35.6 0.7 
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Table 5.1 (Continued) Comparison of compressive strength versus total shrinkage of 

concrete  

Sl. 

No 
Mix Nomenclature 

Total shrinkage at 

730 days (microstrain) 

Mean cube compressive 

strength at 28-day 

(MPa) 

Average Std. Dev Average Std. Dev 

16 CmP-30FaF-0.50-310 441 14 37.0 0.9 

19 CmP-50FaF-0.50-310 384 51 21.2 1.0 

22 CmP-20FaF-20FaC-0.50-310 358 47 43.7 1.7 

26 CmP-15FaF-0.60-310 379 43 31.3 0.8 

56 CmP-30FaF-0.45-310 498 88 38.3 1.0 

59 CmP-30FaF-0.35-380 346 31 53.4 1.6 

62 CmP-30FaF-0.45-360 415 38 42.7 0.2 

9 CmP-15FaC-0.55-340 450 19 43.7 0.7 

14 CmP-15FaC-0.50-310 437 20 42.0 1.5 

17 CmP-30FaC-0.50-310 458 11 47.1 0.9 

27 CmP-15FaC-0.60-310 403 72 34.7 1.1 

32 CmA-NoSCM-0.55-340 366 18 43.7 0.6 

37 CmA-NoSCM-0.50-310 371 26 43.2 1.3 

50 CmA-NoSCM-0.60-310 345 25 31.4 1.2 

33 CmA-15SgA-0.55-340 313 41 39.5 1.5 

38 CmA-15SgA-0.50-310 384 22 43.8 0.4 

51 CmA-15SgA-0.60-310 352 23 32.8 2.4 

34 CmA-15SgB-0.55-340 350 28 44.6 1.4 

39 CmA-15SgB-0.50-310 343 33 48.1 1.8 

52 CmA-15SgB-0.60-310 347 80 39.4 1.2 

35 CmA-15FaF-0.55-340 332 49 40.2 2.3 

40 CmA-15FaF-0.50-310 374 18 46.6 2.7 

53 CmA-15FaF-0.60-310 368 18 35.9 1.2 

36 CmA-15FaC-0.55-340 345 56 42.5 2.0 

41 CmA-15FaC-0.50-310 341 19 44.0 1.2 

54 CmA-15FaC-0.60-310 344 13 27.0 1.6 

57 LC3-NoSCM-0.50-310 532 50 44.9 0.2 

60 LC3-NoSCM-0.40-340 606 76 55.3 1.3 

63 LC3-NoSCM-0.45-360 450 43 49.2 1.6 

 

5.2.1 Effect of specimen size on shrinkage of concrete  

Shape and size of the specimen impact the rate of moisture loss and degree of overall restraint 

provided by the core, which will have a higher moisture content than the surface. Generally, 

there is lower shrinkage in large specimens due to the fact that only the outer portion is drying 

and the shrinkage is restrained by the non-shrinking core. The amount and the rate of drying, 
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and the tendency for the surface zone to crack are therefore affected by the geometry of the 

specimen. Studies by Almudaiheem and Hansen (1987), and Omar et al. (2008) confirm that 

the shrinkage strain increases with a decrease in the size of the member. Figure 5.32 shows the 

comparison between the measured shrinkage strains of cylindrical and prismatic specimens up 

to 1000 days. It can be seen that the long-term strains in several cases are comparable through 

there are many cases that show higher strains in the prismatic specimens than in the cylinders, 

as expected due to the higher surface area to volume ratio. In general, no trend could be 

identified to relate the shape effect with the binder system. However, many models consider 

the surface area to volume ratio in the simulation, which could be used to relate the shrinkage 

strains with the ease of diffusion that depends on the binder characteristics. 

 

Figure 5.32 Effect of specimen size on shrinkage strains of concrete 

 

5.3 RELATION OF MASS LOSS AND SHRINKAGE STRAIN OF 

CONCRETE  

The results of mass loss due to drying for different concrete mixes are shown in Figure 5.33. It 

is clear that the concrete mixtures with high water to binder ratio (w/b of 0.65) exhibit higher 

mass loss. Similar to the drying shrinkage results of concrete, the inclusion of SCMs in the 

concrete decreases considerably the mass loss for all the water-binder ratios. It seems that the 

mass loss of SCM concrete also slows down earlier than that of the control mix concrete. 

Overall, this tendency conforms to the characteristics of SCM blended concrete with lower 

porosity and fine pores, along with more drying by self-desiccation than by diffusion.  
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Figure 5.33 presents the mass loss over time for all the specimens. As expected, the plots 

show that all the mixes suffer higher mass loss at early ages of exposure. It was observed that 

the initial moisture content had an overall effect on the drying process. At the beginning of the 

drying period, the specimens are in moist conditions and thus, the supersaturated surface that 

is exposed to the environment starts drying. As the surface water dries, water diffuses from the 

core to the surface. Hence the rate of drying is reduced. After about 800 days of drying, it can 

be seen that there is a stabilization of mass loss in all the concrete systems. Figure 5.34 shows 

the mass loss in the sealed specimens, which indicates that the sealing system is good but not 

perfect. This could also explain the significant shrinkage strains recorded on the sealed 

specimens, especially some of the prisms, even at later ages.  

  

Figure 5.33 Mass loss of concrete in unsealed (a) cylindrical specimens and (b) prismatic 

specimens 

 

  

Figure 5.34 Mass loss of concrete in sealed (a) cylindrical specimens and (b) prismatic 

specimens 
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5.4 INCREASE IN AUTOGENOUS SHRINKAGE OF CONCRETE 

The measurements of autogenous or basic shrinkage of concrete mixes on cylindrical and 

prismatic specimens are presented in Figure 5.35 and Figure 5.36. It is clear that the autogenous 

shrinkage increases by about 30 to 60 microstrain after the curing period, in most of the 

concrete mixes considered.  
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Figure 5.35 Measured autogenous shrinkage of concrete on cylindrical specimens  
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Figure 5.36 Measured autogenous shrinkage of concrete on prismatic specimens  

 

However, some mixes as seen in Figure 5.35 (j, k, and l) and Figure 5.36 (h, i, and j) exhibit 

higher autogenous shrinkage strains of about 100 microstrain. This could be attributed to the 

lower water-binder ratio in these particular concrete mixes. The results from the present study 

confirms the conclusions of earlier work, such as Lura et al. (2003), that the autogenous 

shrinkage is found to increase with a decrease in the water to binder ratio (≤ 0.40). However, 

the trends indicate a high initial strain occurring over the first few days of measurement that 

seems abnormal. This could reflect some moisture loss through the sealing systems used or the 

loss of mass of the sealing system itself. This would need further assessment for conclusions 

to be made based on these data sets. 

 

5.5 SUMMARY  

The results indicate that, in general, the incorporation of SCMs in concrete does not 

significantly change the shrinkage response of concrete. Also, Class F and Class C fly ash show 

almost comparable shrinkage strains. Higher the amount of replacement of cement by fly ash 

or slag, lower is the shrinkage strain in concrete. Ternary blended concrete systems experience 

slightly lower shrinkage strains in comparison with the binary blends. The autogenous 

shrinkage response of normal strength concrete (for w/b above 0.45) is considered to be small 

in the contribution of the total shrinkage strain of concrete beyond the curing period of 28 days, 

as expected. 
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6. APPLICATION OF SHRINKAGE PREDICTION MODELS 
 

6.1 INTRODUCTION 

Shrinkage is an important factor that influences the long-term behaviour of concrete. 

Accordingly, an accurate prediction for the shrinkage is important to ensure a safe and durable 

design. Most shrinkage prediction models are derived from the statistical analysis of laboratory 

data pertaining to conventional concrete systems. As a result, the applicability of these 

prediction models to a blended cement concrete needs to be assessed. Also, there may be a 

need to modify the existing models based on recent data sets, related to SCM blended concrete.  

A detailed description of several models was given in Section 2.4. In order to evaluate the 

applicability of these models, a comparison of the measured shrinkage results is done with the 

models of IS 1343, fib MC 2010, RILEM B4s, ACI 209 and RILEM B4 in this chapter. Since 

there were variations in the environmental conditions and the time of measurement during the 

first day, the comparison is made only from the first day of drying onwards.  

Some input values for the calculations are mentioned in Table 6.1, which are common for 

all types of concrete.  

Table 6.1 Input values for shrinkage prediction calculation 

Relative humidity 65% 

Temperature  25C 

Volume/Surface ratio, v/s 37.5 mm 

Surface-volume parameter, 

h0 

75 mm 

Curing period  28 days 

Age at exposure 28 days 

Cement type  
OPC 53 grade cement (taken to be similar 

to ASTM Type I cement) 

Table 6.2 gives the input parameters considered for the prediction using the different 

shrinkage prediction models. 
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Table 6.2 Parameters considered by the shrinkage prediction models 

Input parameters Units 
ACI 

209 
B4 B4s 

fib MC 

2010 

IS 

1343 

Cement content (c) kg/m3 ✓ ✓    

Water to cement ratio (w/c) -  ✓    

Aggregate to cement ratio 

(a/c) 
-  ✓    

Cement type - ✓ ✓  ✓ ✓ 

Density of concrete kg/m3 ✓ ✓    

Fine aggregate content (ψ) kg/m3 ✓     

Slump (s) mm ✓     

Air content () % ✓     

Relative humidity (h, RH) decimal ✓ ✓ ✓ ✓ ✓ 

Temperature (T) C ✓ ✓ ✓ ✓ ✓ 

Volume-surface area (v/s) mm ✓ ✓    

Cross sectional area to 

perimeter (Ac/u) 
mm    ✓ ✓ 

Age of concrete (t) days ✓ ✓ ✓ ✓ ✓ 

Curing time (tc, t0 or ts) days ✓ ✓ ✓ ✓ ✓ 

Mean cube compressive 

strength (fck) 
MPa     ✓ 

Mean cylinder compressive 

strength (fcm or f̄c) 
MPa  ✓ ✓ ✓  

Specimen geometry mm  ✓ ✓   
 

✓ Considered for the calculation of shrinkage prediction 

 Not considered for the calculation of shrinkage prediction 
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6.2 STRENGTH-BASED SHRINKAGE PREDICTION MODELS 

The shrinkage prediction models that consider compressive strength of concrete as the primary 

factor affecting the shrinkage are denoted as strength-based prediction models. It has been 

observed in the previous chapter that there is no trend observed between the long-term 

shrinkage and the 28-day compressive strength. Nevertheless, the applicability of the IS 1343, 

fib MC 2010, and B4s models that fall under this category are assessed by examining the errors 

in the estimation.  

6.2.1 IS 1343, 2012 

The IS 1343 standard considers the characteristic compressive strength (fck) for the prediction 

of the shrinkage strain, which is calculated as σcharacteristic = σmean - ks, where σmean is the mean 

cube compressive strength, as given in Table 4.1 of Chapter 4, “k” is taken as 1.65 and “s” is 

the standard deviation, taken as 1.12 from the measured cube compressive strength data in this 

study. The code provides the parameters and the co-efficient values only for some grades of 

concrete, so values for other grades have been calculated by interpolation or extrapolation. 

A comparison of the measured shrinkage of concrete with the IS 1343 prediction models is 

given in Figure 6.1 through Figure 6.5 for the concrete with CmA cement, 340 kg/m3 binder 

content and w/b = 0.55. It appears that the prediction is good with a slight conservative trend, 

as expected in an equation meant for design purposes. The predictions for other concretes are 

given in Appendix D1. 

  

Figure 6.1 Comparison of experimental results and IS 1343 prediction for CmA-NoSCM-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.2 Comparison of experimental results and IS 1343 prediction for CmA-15SgA-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.3 Comparison of experimental results and IS 1343 prediction for CmA-15SgB-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.4 Comparison of experimental results and IS 1343 prediction for CmA-15FaF-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.5 Comparison of experimental results and IS 1343 prediction for CmA-15FaC-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

Table 6.3 shows that the difference between the experimental values and the predictions after 

the drying period of 90, 365, 730 and 1000 days is generally small, indicating reasonable 

predictions by this model, with the LC3 concretes being notable exceptions.  

Table 6.3 Error in the prediction of total shrinkage by IS 1343 prediction model. 

Sl. 

No. 
Mix Nomenclature 

Error (in microstrain) after different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 131 55 -24 -31 

2 CmP-30SgA-0.65-280 86 58 22 18 

3 CmP-30SgB-0.65-280 101 72 28 30 

4 CmP-30FaF-0.65-280 100 51 22 25 

5 CmP-NoSCM-0.55-340 66 28 12 7 

6 CmP-15SgA-0.55-340 79 4 -23 -25 

7 CmP-15SgB-0.55-340 70 46 14 19 

8 CmP-15FaF-0.55-340 59 -8 -61 -60 

9 CmP-15FaC-0.55-340 76 -5 -56 -62 

10 CmP-NoSCM-0.50-310 57 -11 -51 -59 

11 CmP-15SgA-0.50-310 53 6 -55 -49 

12 CmP-15SgB-0.50-310 42 3 -11 -8 

13 CmP-15FaF-0.50-310 78 13 -31 -28 

14 CmP-15FaC-0.50-310 62 15 -5 -6 

15 CmP-30SgB-0.50-310 35 -28 -81 -81 

16 CmP-30FaF-0.50-310 84 -1 -33 -35 

17 CmP-30FaC-0.50-310 26 -36 -81 -73 

18 CmP-50SgB-0.50-310 88 68 37 37 

19 CmP-50FaF-0.50-310 91 67 61 70 

20 CmP-20SgB-20FaF-0.50-310 117 84 61 61 

21 CmP-20SgB-20FaC-0.50-310 89 67 29 33 
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Table 6.3 (continued) Error in the prediction of total shrinkage by IS 1343 prediction 

model  

Sl.  

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

22 CmP-20FaF-20FaC-0.50-310 75 63 26 28 

23 CmP-NoSCM-0.60-310 103 56 -8 -9 

24 CmP-15SgA-0.60-310 55 -44 -70 -67 

25 CmP-15SgB-0.60-310 57 -16 -73 -72 

26 CmP-15FaF-0.60-310 116 101 60 68 

27 CmP-15FaC-0.60-310 52 8 -31 -25 

32 CmA-NoSCM-0.55-340 -21 -4 8 14 

33 CmA-15SgA-0.55-340 36 46 72 75 

34 CmA-15SgB-0.55-340 26 4 11 17 

35 CmA-15FaF-0.55-340 63 49 55 55 

36 CmA-15FaC-0.55-340 51 28 40 38 

37 CmA-NoSCM-0.50-310 26 6 6 5 

38 CmA-15SgA-0.50-310 40 10 8 4 

39 CmA-15SgB-0.50-310 37 38 22 21 

40 CmA-15FaF-0.50-310 28 1 -4 -1 

41 CmA-15FaC-0.50-310 32 22 33 22 

50 CmA-NoSCM-0.60-310 62 41 42 45 

51 CmA-15SgA-0.60-310 16 42 53 60 

52 CmA-15SgB-0.60-310 59 55 49 54 

53 CmA-15FaF-0.60-310 45 23 27 28 

54 CmA-15FaC-0.60-310 83 64 78 75 

55 CmP-NoSCM-0.50-310x 17 -75 -111 -114 

56 CmP-30FaF-0.45-310 34 -36 -122 

N.A 

57 LC3-NoSCM-0.50-310 9 -140 -177 

58 CmP-NoSCM-0.40-360 5 -82 -80 

59 CmP-30FaF-0.35-380 70 49 61 

60 LC3-NoSCM-0.40-340 -76 -250 -279 

61 CmP-NoSCM-0.45-360 13 -72 -68 

62 CmP-30FaF-0.45-360 22 43 38 

63 LC3-NoSCM-0.45-360 11 -34 -32 

 

6.2.2 fib Model Code 2010 

The fib MC 2010 considers the 28-day mean compressive strength of cylinders in the prediction 

of shrinkage. For this, the mean cube compressive strength given in Table 4.1 has been 

converted to mean cylinder compressive strength by a factor of 1.21, which was taken from the 

average ratio of cylinder to cube mean compressive strengths obtained experimentally. 
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Figure 6.6 through Figure 6.10 show the experimental results along with the fib MC 2010 

prediction model for different CmA concretes, where there is significant over-estimation, 

especially for the CmA concrete mixes with water binder ratio of 0.55 and total binder content 

of 340 kg/m3. It appears that the half-time shrinkage strain from experimental values is around 

200 days, whereas the model seems to predict this as about 800 days. Appendix D2 provides 

the comparison of all the shrinkage data with the fib Model Code 2010 predictions.  

  

Figure 6.6 Comparison of experimental results and fib MC 2010 prediction for CmA-

NoSCM-0.55-340 concrete: in (a) normal and (b) log scale 

  

Figure 6.7 Comparison of experimental results and fib MC 2010 prediction for CmA-15SgA-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.8 Comparison of experimental results and fib MC 2010 prediction for CmA-15SgB-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.9 Comparison of experimental results and fib MC 2010 prediction for CmA-15FaF-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.10 Comparison of experimental results and fib MC 2010 prediction for CmA-

15FaC-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

fib MC 2010

(a) CmA-15SgB-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

fib MC 2010

(b) CmA-15SgB-0.55-340 (not sealed)

Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

fib MC 2010

(a) CmA-15FaF-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

fib MC 2010

(b) CmA-15FaF-0.55-340 (not sealed)

Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

fib MC 2010

(a) CmA-15FaC-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

fib MC 2010

(b) CmA-15FaC-0.55-340 (not sealed)



119 

 

Table 6.4. Error in the predictions of total shrinkage by fib MC 2010 model. 

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 86 82 36 41 

2 CmP-30SgA-0.65-280 46 85 80 87 

3 CmP-30SgB-0.65-280 58 100 88 101 

4 CmP-30FaF-0.65-280 57 87 92 108 

5 CmP-NoSCM-0.55-340 24 47 59 64 

6 CmP-15SgA-0.55-340 38 30 32 41 

7 CmP-15SgB-0.55-340 28 64 60 74 

8 CmP-15FaF-0.55-340 15 12 -11 0 

9 CmP-15FaC-0.55-340 33 13 -10 -6 

10 CmP-NoSCM-0.50-310 16 8 -5 -3 

11 CmP-15SgA-0.50-310 10 20 -15 -1 

12 CmP-15SgB-0.50-310 1 18 30 43 

13 CmP-15FaF-0.50-310 36 38 24 38 

14 CmP-15FaC-0.50-310 21 39 47 57 

15 CmP-30SgB-0.50-310 -4 -9 -35 -26 

16 CmP-30FaF-0.50-310 35 21 19 27 

17 CmP-30FaC-0.50-310 -17 -19 -37 -20 

18 CmP-50SgB-0.50-310 43 86 83 94 

19 CmP-50FaF-0.50-310 48 107 136 158 

20 CmP-20SgB-20FaF-0.50-310 74 113 122 133 

21 CmP-20SgB-20FaC-0.50-310 45 88 79 93 

22 CmP-20FaF-20FaC-0.50-310 33 85 77 89 

23 CmP-NoSCM-0.60-310 59 83 50 61 

24 CmP-15SgA-0.60-310 10 -28 -26 -14 

25 CmP-15SgB-0.60-310 15 13 -12 0 

26 CmP-15FaF-0.60-310 71 128 118 137 

27 CmP-15FaC-0.60-310 7 31 23 40 

32 CmA-NoSCM-0.55-340 -59 16 55 72 

33 CmA-15SgA-0.55-340 -7 62 116 129 

34 CmA-15SgB-0.55-340 -13 23 57 73 

35 CmA-15FaF-0.55-340 24 71 105 115 

36 CmA-15FaC-0.55-340 12 48 88 96 

37 CmA-NoSCM-0.50-310 -13 26 54 62 

38 CmA-15SgA-0.50-310 2 29 55 61 

39 CmA-15SgB-0.50-310 -1 56 66 74 

40 CmA-15FaF-0.50-310 -14 13 34 46 

41 CmA-15FaC-0.50-310 -11 36 73 72 

50 CmA-NoSCM-0.60-310 21 65 96 110 

51 CmA-15SgA-0.60-310 12 102 143 161 
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Table 6.4 (continued) Error in the predictions of total shrinkage by fib MC 2010 model  

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

52 CmA-15SgB-0.60-310 20 78 100 115 

53 CmA-15FaF-0.60-310 -3 40 73 84 

54 CmA-15FaC-0.60-310 46 98 145 154 

55 CmP-NoSCM-0.50-310x -23 -56 -66 -59 

56 CmP-30FaF-0.45-310 1 -8 -65 

N.A 

57 LC3-NoSCM-0.50-310 -29 -118 -128 

58 CmP-NoSCM-0.40-360 -32 -65 -40 

59 CmP-30FaF-0.35-380 34 67 103 

60 LC3-NoSCM-0.40-340 -114 -235 -240 

61 CmP-NoSCM-0.45-360 -28 -56 -26 

62 CmP-30FaF-0.45-360 -17 63 85 

63 LC3-NoSCM-0.45-360 -2 10 37 

 

6.2.3 RILEM B4s, 2014 

The RILEM B4s model of Bažant considers the 28-day mean compressive strength of cylinders 

in the prediction of shrinkage. For this the conversion factor was taken as 1.21 as mentioned in 

Section 6.2.2. Also, the model accounts for the effect of aggregate in the shrinkage prediction. 

Since it is not evident how to obtain the relevant parameters for the aggregates used here, the 

default value of 1 have been taken for the aggregate dependent parameters kτa and kϵa. As seen 

from Figure 6.11 through Figure 6.15, the prediction for NoSCM and blended cement concrete 

with w/b = 0.55 and total binder content of 340 kg/m3 is slightly overestimated at later ages of 

drying (say, beyond 200 days), except in the case of SgB blended concrete. The plots 

comparing the shrinkage strain predictions using the B4s model with all the experimental data 

are given in Appendix D3. 
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Figure 6.11 Comparison of experimental results and B4s predictions for CmA-NoSCM-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.12 Comparison of experimental results and B4s predictions for CmA-15SgA-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.13 Comparison of experimental results and B4s prediction for CmA-15SgB-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.14 Comparison of experimental results and B4s prediction for CmA-15FaF-0.55-340 

concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.15 Comparison of experimental results and B4s prediction for CmA-15FaC-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

Table 6.5 gives the difference between the experimental results and the B4s predictions at the 

end of 90, 365, 730 and 1000 days of drying. It shows that the error is generally acceptable 

limit, though in some cases the overestimation is by 100 to 260 μstrains. The predictions are 

unconservative for the LC3 concretes in general.  

Table 6.5 Error in the prediction of total shrinkage by B4s model. 

Sl. 

No 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 124 128 68 64 

2 CmP-30SgA-0.65-280 80 125 106 106 

3 CmP-30SgB-0.65-280 89 137 111 116 

4 CmP-30FaF-0.65-280 130 179 169 175 

5 CmP-NoSCM-0.55-340 30 52 52 50 

6 CmP-15SgA-0.55-340 53 46 36 37 

7 CmP-15SgB-0.55-340 28 63 47 55 
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Table 6.5 (continued) Error in the prediction of total shrinkage by B4s model  

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

8 CmP-15FaF-0.55-340 28 26 -10 -6 

9 CmP-15FaC-0.55-340 39 18 -16 -19 

10 CmP-NoSCM-0.50-310 21 11 -13 -17 

11 CmP-15SgA-0.50-310 7 14 -32 -24 

12 CmP-15SgB-0.50-310 -3 12 14 21 

13 CmP-15FaF-0.50-310 55 81 79 81 

14 CmP-15FaC-0.50-310 38 34 7 13 

15 CmP-30SgB-0.50-310 -6 -13 -49 -47 

16 CmP-30FaF-0.50-310 58 42 27 27 

17 CmP-30FaC-0.50-310 -15 -18 -47 -37 

18 CmP-50SgB-0.50-310 52 94 80 83 

19 CmP-50FaF-0.50-310 133 215 230 241 

20 CmP-20SgB-20FaF-0.50-310 107 152 148 150 

21 CmP-20SgB-20FaC-0.50-310 58 103 82 88 

22 CmP-20FaF-20FaC-0.50-310 42 94 74 79 

23 CmP-NoSCM-0.60-310 91 121 75 77 

24 CmP-15SgA-0.60-310 10 -24 -34 -28 

25 CmP-15SgB-0.60-310 48 53 15 18 

26 CmP-15FaF-0.60-310 105 168 145 156 

27 CmP-15FaC-0.60-310 31 59 38 46 

32 CmA-NoSCM-0.55-340 -52 22 50 59 

33 CmA-15SgA-0.55-340 12 83 126 132 

34 CmA-15SgB-0.55-340 -7 28 51 59 

35 CmA-15FaF-0.55-340 38 84 107 109 

36 CmA-15FaC-0.55-340 21 57 86 86 

37 CmA-NoSCM-0.50-310 -4 33 50 51 

38 CmA-15SgA-0.50-310 9 35 50 49 

39 CmA-15SgB-0.50-310 0 55 55 57 

40 CmA-15FaF-0.50-310 -7 21 31 38 

41 CmA-15FaC-0.50-310 1 48 74 66 

50 CmA-NoSCM-0.60-310 62 112 131 136 

51 CmA-15SgA-0.60-310 10 106 134 144 

52 CmA-15SgB-0.60-310 35 93 103 111 

53 CmA-15FaF-0.60-310 30 73 94 98 

54 CmA-15FaC-0.60-310 105 166 199 198 

55 CmP-NoSCM-0.50-310x -19 -53 -79 -75 

56 CmP-30FaF-0.45-310 22 14 -52 
N.A 

57 LC3-NoSCM-0.50-310 -23 -109 -130 
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Table 6.5 (continued) Error in the prediction of total shrinkage by B4s model  

Sl. 

No 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

58 CmP-NoSCM-0.40-360 -37 -64 -61 

N.A 

59 CmP-30FaF-0.35-380 30 61 85 

60 LC3-NoSCM-0.40-340 -120 -233 -259 

61 CmP-NoSCM-0.45-360 -26 -56 -40 

62 CmP-30FaF-0.45-360 -9 67 78 

63 LC3-NoSCM-0.45-360 -1 13 25 

 

6.3 COMPOSITION-BASED SHRINKAGE PREDICTION MODELS 

The ACI 209 and B4 shrinkage prediction models are considered as composition-based models 

since their input parameters and the formulations include fresh concrete properties, such as 

slump and air content, and the composition of concrete, including cement content, aggregate 

type, water-binder ratio and admixtures (chemical and mineral). 

6.3.1 ACI 209, 2008 

This model considers parameters such as cement content, fine aggregate ratio, slump, air 

content, relative humidity and density of concrete to calculate the correction factors applied to 

the ultimate shrinkage strain. As seen from Figure 6.16 through Figure 6.20, with respect to 

CmA concrete with water to binder ratio of 0.55 and total binder content of 340 kg/m3, the 

shrinkage prediction by this model is comparable with the upper bound of the measured strain 

values. Appendix D5 gives the plots for all concrete mixtures comparing the measured 

shrinkage strains and the ACI 209 model predictions.  

  

Figure 6.16 Comparison of experimental results and ACI 209 predictions for CmA-NoSCM-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.17 Comparison of experimental results and ACI 209 predictions for CmA-15SgA-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.18 Comparison of experimental results and ACI 209 predictions for CmA-15SgB-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.19 Comparison of experimental results and ACI 209 predictions for CmA-NoSCM-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.20 Comparison of experimental results and ACI 209 predictions for CmA-NoSCM-

0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

Table 6.6 provides the errors in the predictions at the end of 90, 365, 730 and 1000 days of 

drying, and it can be seen that the error is generally low though slightly unconservative, at all 

the ages considered, with notable exceptions being the LC3 concretes.  

Table 6.6 Error in the predictions of total shrinkage by ACI 209 model. 

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 69 13 -59 -64 

2 CmP-30SgA-0.65-280 48 43 15 14 

3 CmP-30SgB-0.65-280 40 30 -7 -3 

4 CmP-30FaF-0.65-280 25 -7 -30 -25 

5 CmP-NoSCM-0.55-340 45 37 29 27 

6 CmP-15SgA-0.55-340 58 16 -3 -2 

7 CmP-15SgB-0.55-340 49 54 31 38 

8 CmP-15FaF-0.55-340 24 -11 -55 -51 

9 CmP-15FaC-0.55-340 51 -3 -45 -48 

10 CmP-NoSCM-0.50-310 34 -7 -39 -44 

11 CmP-15SgA-0.50-310 40 24 -28 -20 

12 CmP-15SgB-0.50-310 44 41 37 44 

13 CmP-15FaF-0.50-310 37 -4 -40 -35 

14 CmP-15FaC-0.50-310 29 8 -4 -3 

15 CmP-30SgB-0.50-310 6 -29 -74 -72 

16 CmP-30FaF-0.50-310 44 -16 -40 -40 

17 CmP-30FaC-0.50-310 -15 -47 -84 -74 

18 CmP-50SgB-0.50-310 56 63 40 42 

19 CmP-50FaF-0.50-310 17 13 13 23 

20 CmP-20SgB-20FaF-0.50-310 65 54 39 41 

21 CmP-20SgB-20FaC-0.50-310 46 48 17 23 

Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1
Specimen 2
Specimen 3
Average
ACI 209

(a) CmA-15FaC-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h
ri

n
k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1
Specimen 2
Specimen 3
Average
ACI 209

(b) CmA-15FaC-0.55-340 (not sealed)



127 

 

Table 6.6 (continued) Error in the predictions of total shrinkage by ACI 209 model  

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

22 CmP-20FaF-20FaC-0.50-310 46 62 33 37 

23 CmP-NoSCM-0.60-310 38 12 -45 -43 

24 CmP-15SgA-0.60-310 28 -43 -61 -56 

25 CmP-15SgB-0.60-310 16 -31 -80 -76 

26 CmP-15FaF-0.60-310 68 78 45 55 

27 CmP-15FaC-0.60-310 -1 -24 -56 -48 

32 CmA-NoSCM-0.55-340 -42 1 21 30 

33 CmA-15SgA-0.55-340 22 61 96 102 

34 CmA-15SgB-0.55-340 7 12 27 36 

35 CmA-15FaF-0.55-340 31 40 54 56 

36 CmA-15FaC-0.55-340 25 27 47 48 

37 CmA-NoSCM-0.50-310 -6 -5 3 4 

38 CmA-15SgA-0.50-310 8 -1 5 4 

39 CmA-15SgB-0.50-310 25 54 47 49 

40 CmA-15FaF-0.50-310 4 2 4 10 

41 CmA-15FaC-0.50-310 2 16 34 26 

50 CmA-NoSCM-0.60-310 20 22 31 36 

51 CmA-15SgA-0.60-310 -25 24 42 52 

52 CmA-15SgB-0.60-310 14 30 30 38 

53 CmA-15FaF-0.60-310 0 0 11 14 

54 CmA-15FaC-0.60-310 11 7 28 26 

55 CmP-NoSCM-0.50-310x -5 -71 -99 -99 

56 CmP-30FaF-0.45-310 2 -48 -126 

N.A 

57 LC3-NoSCM-0.50-310 -21 -147 -177 

58 CmP-NoSCM-0.40-360 7 -49 -38 

59 CmP-30FaF-0.35-380 86 100 121 

60 LC3-NoSCM-0.40-340 -64 -204 -223 

61 CmP-NoSCM-0.45-360 0 -57 -45 

62 CmP-30FaF-0.45-360 17 -32 -68 

63 LC3-NoSCM-0.45-360 38 25 36 
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6.3.2 RILEM B4, 2014 

As specified in the description of the RILEM B4 model of Bažant in Chapter 2, the model 

captures the effects of the aggregate type. For comparison, the aggregate dependent parameters 

kτa and kϵa were taken from Table 2.2 for granite. The factor for the SCMs were taken from 

Table 2.3 to calculate the shrinkage predictions. The model provides scaling factors only for 

fly ash and silica fume. Here, the scaling factor of fly ash has been considered also for slag.  

Figure 6.21 through Figure 6.25 gives the comparison of the evolution of measured 

shrinkage and the B4 model predictions for the CmA concrete, with w/b= 0.55 and total binder 

content of 340 kg/m3. As seen from the plots the model predictions are slightly over-

conservative. Appendix D6 gives the comparison of the predictions and the experimental 

values for all the concretes. 

  

Figure 6.21 Comparison of experimental results and B4 predictions for CmA-NoSCM-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.22 Comparison of experimental results and B4 predictions for CmA-15SgA-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.23 Comparison of experimental results and B4 predictions for CmA-15SgB-0.55-

340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.24 Comparison of experimental results and B4 predictions for CmA-15FaF-0.55-340 

concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.25 Comparison of experimental results and B4 prediction for CmA-15FaC-0.55-340 

concrete (unsealed): in (a) normal and (b) log scales 

 

Table 6.7 gives the error in the predictions of the B4 model at the end of 90, 365, 730 and 

1000 days of drying, where it can be seen that the predictions are within the acceptable limit, 

with the LC3 concretes being the exceptions. 
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Table 6.7 Error in the prediction of total shrinkage by B4 model  

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 -8 -23 -61 -54 

2 CmP-30SgA-0.65-280 5 27 9 9 

3 CmP-30SgB-0.65-280 19 45 20 26 

4 CmP-30FaF-0.65-280 -2 0 -12 -5 

5 CmP-NoSCM-0.55-340 -44 -14 15 26 

6 CmP-15SgA-0.55-340 47 16 -3 -5 

7 CmP-15SgB-0.55-340 51 74 51 56 

8 CmP-15FaF-0.55-340 25 1 -44 -43 

9 CmP-15FaC-0.55-340 50 14 -29 -35 

10 CmP-NoSCM-0.50-310 -80 -105 -112 -107 

11 CmP-15SgA-0.50-310 -5 -27 -84 -79 

12 CmP-15SgB-0.50-310 -15 -30 -40 -37 

13 CmP-15FaF-0.50-310 -16 -43 -60 -61 

14 CmP-15FaC-0.50-310 -11 -58 -100 -98 

15 CmP-30SgB-0.50-310 -50 -74 -111 -108 

16 CmP-30FaF-0.50-310 -31 -81 -99 -98 

17 CmP-30FaC-0.50-310 -69 -93 -122 -112 

18 CmP-50SgB-0.50-310 -22 -1 -11 -5 

19 CmP-50FaF-0.50-310 -58 -49 -35 -21 

20 CmP-20SgB-20FaF-0.50-310 -10 -6 -8 -2 

21 CmP-20SgB-20FaC-0.50-310 -25 -6 -23 -14 

22 CmP-20FaF-20FaC-0.50-310 -31 -1 -17 -9 

23 CmP-NoSCM-0.60-310 -30 -13 -34 -19 

24 CmP-15SgA-0.60-310 31 -25 -44 -42 

25 CmP-15SgB-0.60-310 11 -23 -74 -73 

26 CmP-15FaF-0.60-310 67 91 56 63 

27 CmP-15FaC-0.60-310 10 6 -26 -21 

32 CmA-NoSCM-0.55-340 -135 -56 -3 19 

33 CmA-15SgA-0.55-340 -3 44 76 79 

34 CmA-15SgB-0.55-340 -3 12 26 32 

35 CmA-15FaF-0.55-340 26 49 61 61 

36 CmA-15FaC-0.55-340 17 32 51 49 

37 CmA-NoSCM-0.50-310 -121 -102 -71 -62 

38 CmA-15SgA-0.50-310 -39 -52 -51 -56 

39 CmA-15SgB-0.50-310 -33 -13 -26 -28 

40 CmA-15FaF-0.50-310 -46 -55 -58 -55 

41 CmA-15FaC-0.50-310 -47 -39 -26 -38 

50 CmA-NoSCM-0.60-310 -76 -38 3 19 

51 CmA-15SgA-0.60-310 -34 25 40 48 
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Table 6.7 (continued) Error in the prediction of total shrinkage by B4 model  

Sl. 

No. 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

52 CmA-15SgB-0.60-310 22 53 52 57 

53 CmA-15FaF-0.60-310 2 14 23 24 

54 CmA-15FaC-0.60-310 21 32 51 48 

55 CmP-NoSCM-0.50-310x -121 -167 -177 -163 

56 CmP-30FaF-0.45-310 -75 -113 -183 

N.A 

57 LC3-NoSCM-0.50-310 -131 -232 -236 

58 CmP-NoSCM-0.40-360 -119 -154 -134 

59 CmP-30FaF-0.35-380 -40 -33 -11 

60 LC3-NoSCM-0.40-340 -210 -339 -352 

61 CmP-NoSCM-0.45-360 -114 -148 -112 

62 CmP-30FaF-0.45-360 -73 -13 0 

63 LC3-NoSCM-0.45-360 -90 -79 -47 

 

6.4 ADJUSTMENT OF MODEL PARAMETERS FOR BETTER 

PREDICTION 

Most proponents of the prediction models allow the adjustment or fine tuning of the parameters 

based on early shrinkage data to get better prediction at later ages. Accordingly, the B4s model 

parameters have been regressed by using the laboratory shrinkage data at one, two and three 

years. In the B4 model, the parameters have been modified considering the aggregate type as 

unknown and the effect of the performance enhancer in the OPC. 

6.4.1 B4s-R 

Binder type and the content are significant factors that affect the shrinkage response of 

concrete. The B4s model, being a strength-based model, is calibrated only for OPC cement that 

is used as binders in the concrete. In the present scenario, blended concrete has become very 

common and it is important that its effect be accounted for in the estimation of shrinkage 

strains. Therefore, in the B4s model, the variables Ɛs,cem and SƐf, which are dependent on the 

binder type, have been using regression analysis. The values obtained by regression for the 

different binder types are given in Table 6.8. Note that the parameters suggested in the model 

are Ɛs,cem = 590 × 10-6 and SƐf = -0.51. Regression is done using the measured shrinkage strain 

data of one, two and three years, to study the effects of the test duration on the values obtained 

by regression. These regressed values are further substituted in the B4s model and the 

predictions of shrinkage strains at later ages are obtained. Figure 6.26 through Figure 6.30 give 
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the predictions based on the regression done with one-year data. Figure 6.31 through Figure 

6.35 give the predictions based on two-year data, and Figure 6.36 through Figure 6.40 give the 

predictions using three-year data. It is generally seen that for concrete with only OPC, the 

regression based on one-year data is sufficient whereas for SCM concretes at least two-year 

data is required for good longer-term predictions. 

Appendix D6 shows all the plots of the measured shrinkage strains along with the predicted 

shrinkage strains of the B4s and the B4s-R models. As mentioned earlier, it can be observed 

that, for almost all NoSCM and slag blended concrete, the regressed values of Ɛs,cem and SƐf, 

from one year data give close estimation of the later measured shrinkage strains. However, for 

the fly ash blended concrete, the regressed values of Ɛs,cem and SƐf  for two-year data give 

predictions that are comparable with the measured shrinkage strains. This could be due to the 

difference in the hydration of the binder and strength gain. Since, fly ash blended concrete has 

a lower rate of strength development, the shrinkage takes more time to stabilize. Therefore, it 

could be concluded that the use of SCM may necessitate testing up to two years to get good 

long-term predictions.Table 6.9 through Table 6.11 gives the errors in the prediction of the B4s 

regressed model at the end of 90, 365, 730 and 1000 days of drying, it can be seen that the 

predictions are slightly better but substantial in some cases. 
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Table 6.8 Regression of B4s prediction model parameters with experimental data of one, two and three years  

Sl. No Mix Nomenclature   

regression with one-year 

data 

regression with two-year 

data 

regression with three-

year data 

Ɛs,cem (× 10-6) SƐf Ɛs,cem (× 10-6) SƐf Ɛs,cem (× 10-6) SƐf 

1 CmP-NoSCM-0.65-280 512 -0.54 526 -0.53 530 -0.52 

2 CmP-30SgA-0.65-280 514 -0.53 528 -0.53 529 -0.53 

3 CmP-30SgB-0.65-280 515 -0.53 528 -0.52 529 -0.53 

4 CmP-30FaF-0.65-280 513 -0.52 518 -0.54 527 -0.52 

5 CmP-NoSCM-0.55-340 521 -0.52 532 -0.53 533 -0.55 

6 CmP-15SgA-0.55-340 517 -0.54 531 -0.52 532 -0.54 

7 CmP-15SgB-0.55-340 522 -0.53 534 -0.53 536 -0.55 

8 CmP-15FaF-0.55-340 520 -0.52 530 -0.54 531 -0.54 

9 CmP-15FaC-0.55-340 520 -0.55 532 -0.53 534 -0.54 

10 CmP-NoSCM-0.50-310 522 -0.52 533 -0.53 535 -0.53 

11 CmP-15SgA-0.50-310 525 -0.56 536 -0.54 538 -0.54 

12 CmP-15SgB-0.50-310 525 -0.57 537 -0.56 538 -0.55 

13 CmP-15FaF-0.50-310 516 -0.54 528 -0.53 530 -0.53 

14 CmP-15FaC-0.50-310 520 -0.53 531 -0.53 532 -0.54 

15 CmP-30SgB-0.50-310 524 -0.58 535 -0.55 537 -0.56 

16 CmP-30FaF-0.50-310 516 -0.54 529 -0.53 531 -0.54 

17 CmP30FaC-0.50-310 522 -0.52 533 -0.54 535 -0.54 

18 CmP-50SgB-0.50-310 520 -0.53 531 -0.54 532 -0.55 

19 CmP-50FaF-0.50-310 506 -0.54 517 -0.54 520 -0.54 

20 CmP-20SgB-20FaF-0.50-310 515 -0.53 526 -0.53 528 -0.54 

21 CmP-20SgB-20FaC-0.50-310 517 -0.54 531 -0.53 532 -0.53 

22 CmP-20FaF-20FaC-0.50-310 521 -0.52 531 -0.53 533 -0.54 

23 CmP-NoSCM-0.60-310 517 -0.52 529 -0.52 529 -0.53 

24 CmP-15SgA-0.60-310 521 -0.53 532 -0.53 535 -0.53 

25 CmP-15SgB-0.60-310 522  -0.53  528 -0.53 528 -0.53 
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Table 6.8 (continued) Regression of B4s prediction model parameters with experimental data of one, two and three years  

Sl. No Mix Nomenclature   

regression with one-year 

data 

regression with two-year 

data 

regression with three-

year data 

Ɛs,cem (× 10-6) SƐf Ɛs,cem (× 10-6) SƐf Ɛs,cem (× 10-6) SƐf 

26 CmP-15FaF-0.60-310 515 -0.53 528 -0.52 529 -0.53 

27 CmP-15FaC-0.60-310 517 -0.53 528 -0.53 530 -0.53 

32 CmA-NoSCM-0.55-340 514 -0.52 527 -0.53 531 -0.54 

33 CmA-15SgA-0.55-340 510 -0.54 524 -0.54 530 -0.53 

34 CmA-15SgB-0.55-340 514 -0.52 528 -0.52 531 -0.54 

35 CmA-15FaF-0.55-340 510 -0.54 524 -0.54 530 -0.53 

36 CmA-15FaC-0.55-340 513 -0.53 526 -0.54 531 -0.53 

37 CmA-NoSCM-0.50-310 514 -0.54 527 -0.54 531 -0.54 

38 CmA-15SgA-0.50-310 515 -0.52 527 -0.54 532 -0.54 

39 CmA-15SgB-0.50-310 516 -0.57 530 -0.57 534 -0.54 

40 CmA-15FaF-0.50-310 515 -0.54 529 -0.52 533 -0.54 

41 CmA-15FaC-0.50-310 513 -0.53 527 -0.52 531 -0.54 

50 CmA-NoSCM-0.60-310 507 -0.53 522 -0.53 523 -0.54 

51 CmA-15SgA-0.60-310 508 -0.53 522 -0.53 528 -0.52 

52 CmA-15SgB-0.60-310 511 -0.54 524 -0.54 529 -0.53 

53 CmA-15FaF-0.60-310 512 -0.52 526 -0.51 528 -0.53 

54 CmA-15FaC-0.60-310 506 -0.53 512 -0.55 520 -0.54 
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Figure 6.26 Comparison of experimental results and prediction with regressed B4s with one 

year data for CmA-NoSCM-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.27 Comparison of experimental results and prediction with regressed B4s with one 

year data for CmA-15SgA-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.28 Comparison of experimental results and prediction with regressed B4s with one 

year data for CmA-15SgB-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.29 Comparison of experimental results and prediction with regressed B4s with one 

year data for CmA-15FaF-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.30 Comparison of experimental results and prediction with regressed B4s with one 

year data for CmA-15FaC-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

Table 6.9 Errors in the prediction of total shrinkage by B4s model with the parameters 

regressed using one-year data. 
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Mix Nomenclature 

Error (microstrain) after different drying 
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90 365 730 1000 
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Table 6.9 (continued) Errors in the prediction of total shrinkage by B4s model with the 

parameters regressed using one-year data 

Sl.  

No 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

13 CmP-15FaF-0.50-310 22 31 25 26 

14 CmP-15FaC-0.50-310 8 -11 -42 -37 

15 CmP-30SgB-0.50-310 -31 -53 -92 -91 

16 CmP-30FaF-0.50-310 26 -7 -25 -26 

17 CmP-30FaC-0.50-310 -42 -60 -92 -83 

18 CmP-50SgB-0.50-310 23 49 32 34 

19 CmP-50FaF-0.50-310 88 146 157 167 

20 CmP-20SgB-20FaF-0.50-310 72 98 90 92 

21 CmP-20SgB-20FaC-0.50-310 28 56 31 37 

22 CmP-20FaF-20FaC-0.50-310 13 49 26 30 

23 CmP-NoSCM-0.60-310 57 68 18 20 

24 CmP-15SgA-0.60-310 -17 -67 -80 -76 

25 CmP-15SgB-0.60-310 47 52 14 17 

26 CmP-15FaF-0.60-310 70 114 88 97 

27 CmP-15FaC-0.60-310 -2 8 -17 -9 

32 CmA-NoSCM-0.55-340 -85 -27 -3 6 

33 CmA-15SgA-0.55-340 -24 31 70 75 

34 CmA-15SgB-0.55-340 -40 -21 -1 7 

35 CmA-15FaF-0.55-340 -3 28 46 48 

36 CmA-15FaC-0.55-340 -13 8 32 32 

37 CmA-NoSCM-0.50-310 -37 -15 -2 -2 

38 CmA-15SgA-0.50-310 -24 -13 -1 -3 

39 CmA-15SgB-0.50-310 -31 10 6 7 

40 CmA-15FaF-0.50-310 -39 -26 -19 -13 

41 CmA-15FaC-0.50-310 -33 -1 22 13 

50 CmA-NoSCM-0.60-310 20 53 67 72 

51 CmA-15SgA-0.60-310 -30 48 72 81 

52 CmA-15SgB-0.60-310 -1 41 47 54 

53 CmA-15FaF-0.60-310 -8 19 36 38 

54 CmA-15FaC-0.60-310 59 100 129 127 
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Figure 6.31 Comparison of experimental results and prediction with regressed B4s with two 

year data for CmA-NoSCM-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.32 Comparison of experimental results and prediction with regressed B4s with two 

year data for CmA-15SgA-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.33 Comparison of experimental results and prediction with regressed B4s with two 

year data for CmA-15SgB-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h

ri
n

k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

B4s

(a) CmA-NoSCM-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h

ri
n

k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

B4s

(b) CmA-NoSCM-0.55-340 (not sealed)

Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h

ri
n

k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

B4s

(a) CmA-15SgA-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h

ri
n

k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

B4s

(b) CmA-15SgA-0.55-340 (not sealed)

Exposure time (t-t
0
), days

0 200 400 600 800 1000 1200

S
h

ri
n

k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

B4s

(a) CmA-15SgB-0.55-340 (not sealed)

Exposure time (t-t
0
), days, log scale

1 10 100 1000

S
h

ri
n

k
ag

e 
(m

ic
ro

st
ra

in
)

0

200

400

600

Specimen 1

Specimen 2

Specimen 3

Average

B4s

(b) CmA-15SgB-0.55-340 (not sealed)



139 

 

  

Figure 6.34 Comparison of experimental results and prediction with regressed B4s with two 

year data for CmA-15FaF-0.55-340 concrete (unsealed):, in (a) normal and (b) log scales 

  

Figure 6.35 Comparison of experimental results and prediction with regressed B4s with two 

year data for CmA-15FaC-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

 

Table 6.10 Errors in the prediction of total shrinkage by B4s model using parameters 

regressed using two-year data. 
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Table 6.10 (continued) Errors in the prediction of total shrinkage by B4s model using 

parameters regressed using two-year data.  

Sl.  

No 
Mix Nomenclature 

Error (microstrain) after different drying 

periods (days) 

90 365 730 1000 

11 CmP-15SgA-0.50-310 -14 -18 -66 -59 

12 CmP-15SgB-0.50-310 -23 -20 -20 -15 

13 CmP-15FaF-0.50-310 24 36 31 33 

14 CmP-15FaC-0.50-310 13 -4 -34 -29 

15 CmP-30SgB-0.50-310 -27 -46 -85 -84 

16 CmP-30FaF-0.50-310 32 2 -17 -17 

17 CmP-30FaC-0.50-310 -37 -53 -84 -75 

18 CmP-50SgB-0.50-310 28 57 40 42 

19 CmP-50FaF-0.50-310 96 158 169 180 

20 CmP-20SgB-20FaF-0.50-310 78 107 100 102 

21 CmP-20SgB-20FaC-0.50-310 33 64 40 46 

22 CmP-20FaF-20FaC-0.50-310 18 57 33 38 

23 CmP-NoSCM-0.60-310 62 77 28 29 

24 CmP-15SgA-0.60-310 -13 -60 -73 -68 

25 CmP-15SgB-0.60-310 19 8 -33 -30 

26 CmP-15FaF-0.60-310 76 123 97 107 

27 CmP-15FaC-0.60-310 3 16 -8 0 

32 CmA-NoSCM-0.55-340 -79 -18 7 15 

33 CmA-15SgA-0.55-340 -17 41 80 85 

34 CmA-15SgB-0.55-340 -34 -12 8 16 

35 CmA-15FaF-0.55-340 9 42 61 63 

36 CmA-15FaC-0.55-340 -7 16 42 42 

37 CmA-NoSCM-0.50-310 -31 -6 7 8 

38 CmA-15SgA-0.50-310 -18 -4 8 6 

39 CmA-15SgB-0.50-310 -25 19 16 17 

40 CmA-15FaF-0.50-310 -33 -17 -9 -4 

41 CmA-15FaC-0.50-310 -27 8 31 22 

50 CmA-NoSCM-0.60-310 28 63 79 83 

51 CmA-15SgA-0.60-310 -23 58 83 92 

52 CmA-15SgB-0.60-310 6 51 57 65 

53 CmA-15FaF-0.60-310 -2 28 45 48 

54 CmA-15FaC-0.60-310 66 110 140 139 
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Figure 6.36 Comparison of experimental results and prediction with regressed B4s with three 

year data for CmA-NoSCM-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.37 Comparison of experimental results and prediction with regressed B4s with three 

year data for CmA-15SgA-0.55-340 concrete (unsealed), in (a) normal and (b) log scales 

  

Figure 6.38 Comparison of experimental results and prediction with regressed B4s with three 

year data for CmA-15SgB-0.55-340 concrete (unsealed), in (a) normal and (b) log scales 
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Figure 6.39 Comparison of experimental results and prediction with regressed B4s with three 

year data for CmA-15FaF-0.55-340 concrete (unsealed), in (a) normal and (b) log scales 

  

Figure 6.40 Comparison of experimental results and prediction with regressed B4s with three 

year data for CmA-15FaC-0.55-340 concrete (unsealed), in (a) normal and (b) log scales 

 

Table 6.11 Errors in the predictions of total shrinkage by B4s model with parameters 

regressed with three-year data. 

Sl.  

No 
Mix Nomenclature 

Errors (microstrain) after different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 95 84 21 16 

2 CmP-30SgA-0.65-280 52 82 60 59 

3 CmP-30SgB-0.65-280 61 94 66 70 

4 CmP-30FaF-0.65-280 95 126 114 118 

5 CmP-NoSCM-0.55-340 7 17 15 12 

6 CmP-15SgA-0.55-340 29 9 -4 -4 

7 CmP-15SgB-0.55-340 7 30 12 19 

8 CmP-15FaF-0.55-340 4 -11 -50 -47 

9 CmP-15FaC-0.55-340 17 -17 -54 -57 

10 CmP-NoSCM-0.50-310 -2 -23 -50 -54 

11 CmP-15SgA-0.50-310 -13 -17 -65 -58 
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Table 6.11 (continued) Errors in the predictions of total shrinkage by B4s model with 

parameters regressed with three-year data.  

Sl.  

No 
Mix Nomenclature 

Errors (microstrain) after different drying 

periods (days) 

90 365 730 1000 

12 CmP-15SgB-0.50-310 -22 -19 -20 -14 

13 CmP-15FaF-0.50-310 28 41 36 37 

14 CmP-15FaC-0.50-310 14 -2 -32 -28 

15 CmP-30SgB-0.50-310 -26 -45 -84 -82 

16 CmP-30FaF-0.50-310 33 3 -15 -15 

17 CmP-30FaC-0.50-310 -36 -52 -83 -74 

18 CmP-50SgB-0.50-310 29 58 41 43 

19 CmP-50FaF-0.50-310 97 160 171 182 

20 CmP-20SgB-20FaF-0.50-310 79 109 102 104 

21 CmP-20SgB-20FaC-0.50-310 34 66 42 47 

22 CmP-20FaF-20FaC-0.50-310 19 58 35 39 

23 CmP-NoSCM-0.60-310 63 78 29 30 

24 CmP-15SgA-0.60-310 -12 -59 -71 -66 

25 CmP-15SgB-0.60-310 20 9 -32 -29 

26 CmP-15FaF-0.60-310 77 125 99 109 

27 CmP-15FaC-0.60-310 5 18 -6 2 

32 CmA-NoSCM-0.55-340 -77 -15 10 19 

33 CmA-15SgA-0.55-340 -15 44 83 89 

34 CmA-15SgB-0.55-340 -32 -9 11 19 

35 CmA-15FaF-0.55-340 11 45 65 67 

36 CmA-15FaC-0.55-340 -5 19 45 45 

37 CmA-NoSCM-0.50-310 -29 -4 10 11 

38 CmA-15SgA-0.50-310 -16 -1 11 9 

39 CmA-15SgB-0.50-310 -23 21 18 19 

40 CmA-15FaF-0.50-310 -31 -14 -6 -1 

41 CmA-15FaC-0.50-310 -25 11 35 26 

50 CmA-NoSCM-0.60-310 30 66 82 87 

51 CmA-15SgA-0.60-310 -20 61 87 96 

52 CmA-15SgB-0.60-310 8 53 60 68 

53 CmA-15FaF-0.60-310 0 31 49 52 

54 CmA-15FaC-0.60-310 69 114 144 143 
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6.4.2 Effect of aggregate type in the B4 prediction model  

As detailed in the study of the B4 model, the influence of the aggregate type used in the 

concrete is explicitly considered; it is suggested that a value of 1 be taken when information 

on aggregate type is unknown. Therefore, the aggregate dependent parameter scaling factors 

kτa and kϵa were taken as 1 in the calculation, and the evolution of the shrinkage strain was 

compared with the laboratory test data. Note that in Section 6.3.2 the model prediction was 

made taking the aggregate parameters as that of granite. It can be seen in Figure 6.41 

through  Figure 6.45 that the change in aggregate parameters causes over-estimation of early 

shrinkage in some cases. Appendix D7 gives the predictions for all concretes and the 

comparisons with experimental data. 

  

Figure 6.41 Comparison of experimental data and B4 predictions by considering aggregates 

as unknown for CmA-NoSCM-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.42 Comparison of experimental data and B4 predictions by considering aggregates 

as unknown for CmA-15SgA-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Figure 6.43 Comparison of experimental data and B4 predictions by considering aggregates 

as unknown for CmA-15SgB-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
 

  

Figure 6.44 Comparison of experimental data and B4 predictions by considering aggregates 

as unknown for CmA-15FaF-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 

  

Figure 6.45 Comparison of experimental data and B4 predictions by considering aggregates 

as unknown for CmA-15FaC-0.55-340 concrete (unsealed): in (a) normal and (b) log scales 
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Table 6.12. Errors in the prediction of total shrinkage by B4 prediction model by 

considering aggregate type as unknown. 

Sl.  

No. 
Mix Nomenclature 

Errors (microstrain) at different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 87 27 -54 -63 

2 CmP-30SgA-0.65-280 85 27 -20 -28 

3 CmP-30SgB-0.65-280 101 46 -9 -11 

4 CmP-30FaF-0.65-280 80 1 -41 -42 

5 CmP-NoSCM-0.55-340 52 41 26 20 

6 CmP-15SgA-0.55-340 111 -7 -47 -52 

7 CmP-15SgB-0.55-340 115 51 7 8 

8 CmP-15FaF-0.55-340 86 -23 -87 -91 

9 CmP-15FaC-0.55-340 112 -10 -73 -82 

10 CmP-NoSCM-0.50-310 -2 -63 -105 -114 

11 CmP-15SgA-0.50-310 45 -47 -120 -118 

12 CmP-15SgB-0.50-310 35 -50 -76 -76 

13 CmP-15FaF-0.50-310 32 -63 -95 -100 

14 CmP-15FaC-0.50-310 37 -79 -135 -137 

15 CmP-30SgB-0.50-310 18 -71 -133 -138 

16 CmP-30FaF-0.50-310 37 -78 -121 -127 

17 CmP-30FaC-0.50-310 0 -89 -145 -141 

18 CmP-50SgB-0.50-310 52 15 -24 -28 

19 CmP-50FaF-0.50-310 17 -32 -49 -44 

20 CmP-20SgB-20FaF-0.50-310 64 11 -22 -25 

21 CmP-20SgB-20FaC-0.50-310 49 10 -37 -37 

22 CmP-20FaF-20FaC-0.50-310 43 15 -31 -32 

23 CmP-NoSCM-0.60-310 67 40 -25 -27 

24 CmP-15SgA-0.60-310 90 -50 -89 -90 

25 CmP-15SgB-0.60-310 73 -49 -118 -122 

26 CmP-15FaF-0.60-310 129 66 12 15 

27 CmP-15FaC-0.60-310 72 -19 -71 -69 

32 CmA-NoSCM-0.55-340 -41 -4 8 13 

33 CmA-15SgA-0.55-340 49 20 33 33 

34 CmA-15SgB-0.55-340 49 -11 -16 -14 

35 CmA-15FaF-0.55-340 78 25 18 15 

36 CmA-15FaC-0.55-340 70 8 9 3 

37 CmA-NoSCM-0.50-310 -45 -61 -64 -67 

38 CmA-15SgA-0.50-310 2 -73 -86 -94 
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Table 6.12 (continued) Errors in the prediction of total shrinkage by B4 prediction 

model by considering aggregate type as unknown  

Sl.  

No. 
Mix Nomenclature 

Errors (microstrain) at different drying 

periods (days) 

90 365 730 1000 

39 CmA-15SgB-0.50-310 7 -34 -61 -66 

40 CmA-15FaF-0.50-310 -6 -75 -93 -93 

41 CmA-15FaC-0.50-310 -6 -60 -61 -76 

50 CmA-NoSCM-0.60-310 18 12 11 12 

51 CmA-15SgA-0.60-310 16 -1 -3 1 

52 CmA-15SgB-0.60-310 72 27 8 10 

53 CmA-15FaF-0.60-310 52 -12 -20 -23 

54 CmA-15FaC-0.60-310 71 7 8 1 

55 CmP-NoSCM-0.50-310x -53 -121 -161 -160 

56 CmP-30FaF-0.45-310 -80 -113 -176 

Data N.A 

57 LC3-NoSCM-0.50-310 -63 -186 -220 

58 CmP-NoSCM-0.40-360 -65 -120 -129 

59 CmP-30FaF-0.35-380 -48 -37 -10 

60 LC3-NoSCM-0.40-340 -161 -310 -348 

61 CmP-NoSCM-0.45-360 -47 -102 -97 

62 CmP-30FaF-0.45-360 -79 -13 6 

63 LC3-NoSCM-0.45-360 -22 -34 -32 

 

6.4.3 Effect of binder composition on the B4 standard prediction model  

Instead of OPC, an attempt was considered that blended cement was used in the prediction with 

the B4 model in line with the practice in India to use 5% performance enhancer. Therefore, 

instead of using 100% OPC in the model, a blended cement with 95% OPC and 5% SCM (in 

this case, fly ash or slag) was tried. Consequently, the scaling factors for the SCMs (mineral 

admixtures as mention in the model) corresponds to ≤15% replacement level. The scaling 

factor will change according to the SCM content in the mix as mentioned in Table 2.4. For 

example, the binder of 15% fly ash replacement is now considered as 20% fly ash replacement. 

Figure 6.46 through Figure 6.50 show the prediction with the modified cases along with the 

experimental data. In general, the overall prediction seems better but the final value is over-

estimated. This again may be need further study. Appendix D8 gives the comparison of the 

predictions with the modified parameters and the experimental data for all concretes. 
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Figure 6.46 Comparison of experimental results and B4 prediction by considering the effect 

of binder composition and aggregate as granite for CmA-NoSCM-0.55-340 concrete 

(unsealed): in (a) normal and (b) log scales 

  

Figure 6.47 Comparison of experimental results and B4 prediction by considering the effect 

of binder composition and aggregate as granite for CmA-15SgA-0.55-340 concrete 

(unsealed): in (a) normal and (b) log scales 

  

Figure 6.48 Comparison of experimental results and B4 prediction by considering the effect 

of binder composition and aggregate as granite for CmA-15SgB-0.55-340 concrete 

(unsealed): in (a) normal and (b) log scales 
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Figure 6.49 Comparison of experimental results and B4 prediction by considering the effect 

of binder composition and aggregate as granite for CmA-15FaF-0.55-340 concrete 

(unsealed): in (a) normal and (b) log scales 

  

Figure 6.50 Comparison of experimental results and B4 prediction by considering the effect 

of binder composition and aggregate as granite for CmA-15FaC-0.55-340 concrete 

(unsealed): in (a) normal and (b) log scales 

In Table 6.13, it can be seen that the errors in the prediction with the modified parameters for 

the cement indicate that the overall prediction is satisfactory. However, there are cases such as 

LC3 concrete where the predictions are worse than before.  

Table 6.13 Errors in the prediction of total shrinkage by B4 prediction model by 

considering the effect of cement composition and aggregate as granite. 

Sl.  

No 
Mix Nomenclature 

Errors (microstrain) at different drying 

periods (days) 

90 365 730 1000 

1 CmP-NoSCM-0.65-280 78 37 -37 -45 

2 CmP-30SgA-0.65-280 2 31 20 24 

3 CmP-30SgB-0.65-280 16 49 31 40 

4 CmP-30FaF-0.65-280 -5 4 0 10 

5 CmP-NoSCM-0.55-340 41 48 40 35 

6 CmP-15SgA-0.55-340 12 0 -5 -2 
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Table 6.13 (continued) Errors in the prediction of total shrinkage by B4 prediction 

model by considering the effect of cement composition and aggregate as granite  

Sl.  

No 
Mix Nomenclature 

Error (microstrain) at different drying 

periods (days) 

90 365 730 1000 

7 CmP-15SgB-0.55-340 16 58 49 59 

8 CmP-15FaF-0.55-340 -9 -15 -45 -40 

9 CmP-15FaC-0.55-340 16 -3 -31 -31 

10 CmP-NoSCM-0.50-310 -13 -60 -96 -104 

11 CmP-15SgA-0.50-310 -32 -39 -84 -76 

12 CmP-15SgB-0.50-310 -42 -42 -40 -33 

13 CmP-15FaF-0.50-310 -43 -54 -60 -57 

14 CmP-15FaC-0.50-310 -38 -70 -100 -94 

15 CmP-30SgB-0.50-310 -55 -74 -104 -99 

16 CmP-30FaF-0.50-310 -36 -81 -92 -88 

17 CmP-30FaC-0.50-310 -74 -92 -115 -102 

18 CmP-50SgB-0.50-310 -22 -1 -11 -5 

19 CmP-50FaF-0.50-310 -58 -49 -35 -21 

20 CmP-20SgB-20FaF-0.50-310 -10 -6 -8 -2 

21 CmP-20SgB-20FaC-0.50-310 -25 -6 -23 -14 

22 CmP-20FaF-20FaC-0.50-310 -31 -1 -17 -9 

23 CmP-NoSCM-0.60-310 56 49 -9 -10 

24 CmP-15SgA-0.60-310 -4 -41 -46 -39 

25 CmP-15SgB-0.60-310 -24 -40 -75 -70 

26 CmP-15FaF-0.60-310 32 75 55 66 

27 CmP-15FaC-0.60-310 -24 -10 -28 -17 

32 CmA-NoSCM-0.55-340 -51 3 21 28 

33 CmA-15SgA-0.55-340 -36 28 74 82 

34 CmA-15SgB-0.55-340 -36 -3 25 35 

35 CmA-15FaF-0.55-340 -7 33 60 64 

36 CmA-15FaC-0.55-340 -16 17 50 52 

37 CmA-NoSCM-0.50-310 -55 -58 -55 -58 

38 CmA-15SgA-0.50-310 -65 -63 -51 -52 

39 CmA-15SgB-0.50-310 -59 -24 -26 -24 

40 CmA-15FaF-0.50-310 -72 -66 -58 -51 

41 CmA-15FaC-0.50-310 -59 -51 -24 -19 

50 CmA-NoSCM-0.60-310 19 30 30 33 

51 CmA-15SgA-0.60-310 -68 10 39 51 

52 CmA-15SgB-0.60-310 -12 38 50 60 

53 CmA-15FaF-0.60-310 -32 -1 22 27 

54 CmA-15FaC-0.60-310 -13 17 50 51 
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Table 6.13 (continued) Error in the prediction of total shrinkage by B4 prediction 

model by considering the effect of cement composition and aggregate as granite  

Sl.  

No 
Mix Nomenclature 

Errors (microstrain) at different drying 

periods (days) 

90 365 730 1000 

55 CmP-NoSCM-0.50-310x -10 -141 -196 -199 

56 CmP-30FaF-0.45-310 -10 -97 -190 

Data N.A 

57 LC3-NoSCM-0.50-310 -20 -206 -255 

58 CmP-NoSCM-0.40-360 -21 -136 -160 

59 CmP-30FaF-0.35-380 13 -20 -19 

60 LC3-NoSCM-0.40-340 -122 -325 -378 

61 CmP-NoSCM-0.45-360 1 -121 -133 

62 CmP-30FaF-0.45-360 -4 6 -7 

63 LC3-NoSCM-0.45-360 24 -52 -68 
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7. CONCLUSIONS AND SCOPE FOR FUTURE WORK 
 

7.1 GENERAL CONCLUSIONS 

The use of supplementary cementitious materials (SCMs) is one way to reduce the carbon 

footprint of cement/concrete industry. Because of this and due to the benefits of SCMs in 

enhancing the strength and durability of concrete systems, the use of many SCMs has seen 

remarkable growth in the last few decades.  For example, the last few decades have witnessed 

remarkable growth in the use of fly ash and slag in concrete.  Also, the use of limestone calcined 

in concrete has also increased recently.  For any concrete structure, understanding the 

compressive strength, elastic modulus, and shrinkage behaviour of concrete is important to 

ensure crack resistance and desired long-term structural and durability performance.  

Significant information on shrinkage characteristics of concretes used abroad (with fly ash and 

slag) has been reported.  However, such information on concretes made with fly ash and slag 

sourced from India is very limited.  Moreover, very limited information is available on the 

shrinkage characteristics of concretes made with limestone calcined clay systems.   

This thesis performed an extensive 3-year laboratory exposure study and determined the 

effect of fly ash, slag, and limestone calcined clay systems on the compressive strength, elastic 

modulus and shrinkage of concrete.  From the present research work, it can be concluded that 

the incorporation of SCMs increases the compressive strength of concrete at later ages. 

However, slag and fly ash lead to slower early age strength evolution due to their slow 

pozzolanic reactivity and lower surface area. Additionally, the investigation provides broad 

information on the shrinkage response of SCM blended concrete in the Indian context.  

Shrinkage of concrete is dependent on the type and composition of cementitious materials, 

mixture proportion of such materials in concrete, type of aggregates in concrete, etc.  The 

parameters investigated in this study were water-to-binder ratio, total binder content, and type 

and dosage of the SCM. In general, it can be concluded that the partial replacement of Ordinary 

Portland cement with SCMs do not significantly change the shrinkage properties of concrete. 

This thesis also evaluated the various shrinkage prediction models and their applicability to the 

concretes made with fly ash, slag, limestone calcined clay systems available in India.   
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7.2 SPECIFIC CONCLUSIONS 

On the basis of the results obtained from the laboratory experimental programme, analysis of 

the results and the assessment of the shrinkage prediction models, the following specific 

conclusions have been drawn. 

7.2.1 Effect of slag and fly ash on compressive strength development and elastic 

modulus of concrete  

• The fly ash blended concrete shows a significant increase in the compressive strength 

beyond 28 days of curing, However, the same trend was not observed in the case of slag 

bended concrete systems 

• Incorporation of Class C fly ash, up to 30% by the weight of the binder increases the 

compressive strength by 5 to 10 MPa. This is also true in the case of Class F fly ash 

except during the early ages of testing. 

• The compressive strength development of high volume (at 50% replacement of cement) 

slag and fly ash blended concrete is initially slower than that of control concrete; 

however, at age of 90 days and beyond, the two concretes attained similar strength level. 

The ternary blended concrete shows a marginal increase in the compressive strength of 

about 5 to 8 % than the binary blended systems at a prolonged curing time. 

• LC3 concrete showed higher gain in compressive strength, by about 8 to 10% more 

than OPC and fly ash blended concrete with prolonged curing. Additionally, the total 

binder content required to make high strength concrete (say, M50) was lower in the 

case of LC3 compared to that of the other binders. In the case of concrete made with 

w/b = 0.45 and total binder content 340 kg/m3, the LC3 system yields higher 

compressive strength (say, 10% higher) at all ages of testing.  

• The time dependent strength development, as given in ACI 209, seems to estimate 

better beyond 28 days, while the estimates at 2 and 7 days seems to be conservative. 

The FaF concrete behaves differently than the prediction with a higher rate of increase 

in strength from 90 to 365 days when compared to the OPC mixes.  

• The static elastic modulus of concrete increased with an increase in the compressive 

strength, and the relation between the compressive strength and the elastic modulus was 

similar for both blended and non-blended concrete systems. In the case of LC3 concrete, 
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the elastic modulus was comparable with the conventional OPC concrete. It is clear 

from this study, that the ACI 209 and ACI 318 model predictions for the elastic modulus 

of concrete are more conservative than the recommendations of IS 456 and fib MC 

2010. 

7.2.2 Effect of slag and fly ash on shrinkage response of concrete  

• It can be concluded that the influence of SCMs on shrinkage response is highly variable 

and cannot be generalized, though no significant difference was observed in the 

shrinkage strains within the group of concretes studied here. The shrinkage of high-

volume slag and fly ash blended concrete was lower than the OPC concrete.  

• The source of slag was insignificant on the shrinkage evolution and the two fly ashes 

(FaF and FaC) is either higher than or equal to that of the OPC concrete. 

• At 800 days of exposure, the total shrinkage of LC3 concrete in the case of M30 grade 

concrete is about 6% higher than the OPC and FAF concrete. Also, it is marginally 

higher (say, 70%) than in fly ash blended concrete systems for M50 concrete. This 

could be attributed to higher water to binder ratio adopted for the LC3 concrete systems. 

However, there was no clear difference in the evolution of the shrinkage strain between 

the concretes 

• Concrete with water-binder ratio less than 0.40 yields higher additional autogenous 

shrinkage of about 100 microstrain in comparison with high water to binder ratio 

(say, ≥ 0.50), even after the curing period. Also, increasing the amount of binder 

content with lower w/b increases the autogenous shrinkage of concrete around of 70 to 

120 microstrain.  

7.2.3 Application of shrinkage prediction models for blended cement concrete 

• All the shrinkage prediction models are satisfactory, except fib Model Code 2010 

equation seems to overpredict the shrinkage. 

• The error in the prediction of total shrinkage by IS 1343 model at the age of 90 and 

1000 days of drying was 130 and 75 microstrain, respectively. However, the fib Model 

Code 2010 over-estimates the strain by about 50% at the end of 1000 days. In the case 
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of the B4s prediction model, the error is in the higher range of -10 to 240 microstrain 

at the end of 1000 days of exposure.  

• The B4s model parameters have been calibrated using the measurements by regression 

analysis (B4s-R) to capture the later age shrinkage of concrete, and the numerical 

predictions have been found to be in agreement with the experimental results at the end 

of 90, 365, 730 and 1000 days of drying, with an error of about 10 to 15% at the 

specified days in comparison with the B4s model. 

7.3 RECOMMENDATIONS FOR FUTURE WORK 

The research work presented in this thesis has focussed on the influence of SCMs on the short 

and long-term performance of concrete. However, further investigations are still required. The 

following are the recommendations for possible future studies related to this research work. 

• Detailed investigations on the effect of slag and fly ash on the long-term creep response 

of concrete is required. 

• Future research may include the effect of other SCMs, such as silica fume and 

metakaolin, on the long-term mechanical performance of concretes.  

• The present study focused on the shrinkage response of normal strength concrete. 

Hence, further studies are needed on the behaviour of high strength/performance 

concrete. Also, an extended research work is required to study the early age shrinkage 

response of blended cement concrete. 

• Further research could include the influence of curing condition and period, and the 

effect of the type of coarse aggregates on the long-term creep and shrinkage response 

of concrete. 
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