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Abstract  

Concrete is one of the most commonly used building materials in the world because of its 

excellent versatility. The concrete consumption has increased considerably because of the rapid 

urbanisation development. Annual cement consumption is expected to increase to 5.2 billion 

tons by 2050. An average of 850 kg of carbon dioxide can be released into the environment to 

produce one tone of clinker. To minimise the disadvantages of cement production, one option is 

to use Supplementary Cementitious Materials (SCMs) such as fly ash and ground granulated 

blast furnace slag (GGBFS) to partially replace cement in concrete. Accordingly, this thesis 

extensively focuses on the research of time-dependent behaviour such as shrinkage and creep of 

blended cement concrete containing high volume of fly ash and GGBFS.  

To advance the understanding of volumetric changes in concrete mixes with high volume of fly 

ash and GGBFS, the presented research focused on five areas: (a) autogenous, drying and total 

shrinkage of concrete; (b) tensile stress development of concrete in restrained ring test; (c) 

tensile creep of concrete; (d) nonlinear tensile creep of concrete; and (e) thermal cracking of 

concrete.  

The first part of this dissertation reports the autogenous, drying and total shrinkage results of a 

total of 21 concrete mixes with a high volume of fly ash and GGBFS using concrete prisms. 

The experimental results were also compared to the predictions by Australian Standard AS3600 

(2009 and 2018 versions) and Eurocode 2. Additional tests on pastes with the same SCM 

content were conducted to investigate both autogenous and chemical shrinkage in relation to 

their time-dependent pore structure refinement assessed using the nitrogen adsorption isotherm 

technique. For concrete with a characteristic compressive strength lower than 50 MPa, the 

autogenous shrinkage of concretes with 40-60% GGBFS was significantly higher than that of 

reference concretes mostly due to a later increase in the autogenous shrinkage between 28 and 
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100 days. No clear difference in autogenous shrinkage was observed for GGBFS concretes with 

a compressive strength greater than 50 MPa. Autogenous shrinkage of fly ash concretes was 

overall equivalent to that of reference concretes. However, the drying shrinkage of concrete 

mixes with SCMs was significantly lower than that of reference concretes, leading to an overall 

reduction in total shrinkage for most of the concretes with SCMs. Some amendments to the 

shrinkage model in AS3600 are proposed to improve the estimation of both autogenous 

shrinkage and drying shrinkage of high-volume fly ash or GGBFS concretes. 

The restrained ring test is conducted to determine the early age cracking performance of 

blended cement concrete with the same SCM content under standard conditions. An analytical 

model for the analysis of the restrained ring test is proposed, capturing the effect of both 

restrained shrinkage and tensile creep based on the age-adjusted effective modulus theory. The 

analytical model allows for accurately predicting the tensile stress of the restrained concrete 

ring based on the experimental measurements of the time-dependent development of elastic 

modulus, total free shrinkage, and tensile creep of concrete. A numerical finite element 

simulation was also successfully carried out to validate the new analytical model. 

The dog-bone test was carried out to determine the tensile creep of blended cement concrete 

with the same SCM content under standard conditions. It was observed that the tensile creep 

of fly ash concretes was slightly lower than that of the reference mixtures without SCM. For 

GGBFS concrete, the higher the GGBFS content, the higher the tensile creep. The experimental 

results were compared with existing creep models and a tensile creep model was then proposed 

to improve the prediction for concretes with fly ash and GGBFS. The new model was 

calibrated only for controlled environmental conditions (23 °C and 50% RH) and was validated 

to analyse the development of concrete tensile stress in the restrained ring test. 
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The nonlinear tensile creep behaviour of ultra-high performance concrete (UHPC) is further 

evaluated using dog-bone specimens. The tensile creep test series were subjected to three 

tensile stress levels (40%, 60% and 75%) and loaded at the age of 2 and 28 days after curing. 

The experimental results were compared with the values calculated based on various existing 

prediction models (ACI-209R-92, GL 2000, AS3600-2018, and Eurocode 2). In addition, some 

simple analytical models from the literature for calculating nonlinear creep coefficient were 

also compared with the experimental values. A nonlinear tensile creep model was proposed for 

UHPC allowing a better prediction of the experimental results. 

Finally, the thermal cracking resistance of concrete mixes with fly ash and GGBFS is 

investigated using a rigid cracking frame (RCF) with a computer-controlled temperature profile. 

RCF was used to evaluate the coupled effects of restrained shrinkage, tensile creep and 

temperature. The temperature profile is determined using the software ConcreteWorks at the 

centre point of the concrete specimen. The free shrinkage frame (FSF) and match-curing oven 

followed the same temperature profile used in RCF test to measure the free total deformation 

and time-dependent mechanical properties of concrete, respectively. Autogenous shrinkage was 

measured using concrete prisms. Basic tensile creep was computed according to the modified 

FIB 2010 model. An analytical model was proposed to calculate the autogenous shrinkage 

induced and thermal stress separately. The time-dependent ratio and risk coefficient to analyse 

the early-age cracking of concrete are also performed. 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

This chapter presents an overview of the current knowledge and highlights the research 

gaps in the literature. The background that elaborates on present development and existing 

problems of current research is introduced. The motivation for the research is discussed. 

Compared with traditional concrete technology, this dissertation aims to investigate the 

mechanical properties and time-dependent behaviour of concrete mixes with supplementary 

cementitious materials (SCMs) and evaluate the cracking risk at an early age. This chapter 

defines the objectives and scope of the research and provides a brief description of the 

chapters. 

1.2 Background and motivation for research 

In recent years, the concept of reducing carbon footprint has been raised and has become a 

hotspot in construction practices because about 10 billion tons of concrete are produced 

worldwide and utilised in construction every year [1]. The cement production process leads 

to the emission of a massive amount of carbon dioxide (CO2), which contributes to climate 

change. The cement industry emitted approximately 5-8% of the total CO2 emission [2]. 

Therefore, numerous studies have been conducted to mitigate the carbon emission from 

cement production by finding alternative materials to replace cement.  

Supplementary cementitious materials (SCMs) such as fly ash (FA) and ground granulated 

blast furnace slag (GGBFS) are by-products from coal burnt power plants and iron 

manufacturing processes, respectively. These SCMs are commonly employed as cement 

replacement. According to RILEM [3], fly ash and GGBFS react with water to produce C-

S-H, which contributes to the strength of concrete due to pozzolanic or hydraulic reactions, 
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indicating fly ash and GGBFS can be successfully used in concrete to replace cement. 

SCMs also provide several advantages like improving the durability [4, 5] and decreasing 

the heat of hydration of concrete [6]. However, the SCMs can change the fresh properties 

and viscoelastic behaviour of concrete such as shrinkage and creep. 

Although the influence of SCMs on concrete shrinkage, creep, and mechanical properties 

has been investigated, the early age cracking in SCMs based concrete has not been widely 

evaluated. Early age cracking of concrete is a complex phenomenon governed by the 

degree of restraint (internal and external), total shrinkage (autogenous shrinkage and drying 

shrinkage), creep, thermal gradient, and mechanical properties of concrete. This thesis 

intends to assess the risk of early age cracking in SCMs based concrete by testing and 

modelling various concrete mixes. 

1.3 Objective and scope 

The risk of early age cracking poses a significant challenge in concrete structures, and it has 

rightly attracted quite considerable research. However, there are still some issues that 

require further attention. Based on the above brief review of the research background, some 

of these issues have been identified as current research gaps: 

• It is known that the introduction of fly ash and GGBFS in the concrete impacts 

shrinkage. It is questionable whether cement shrinkage prediction models in 

existing standards are suitable for fly ash and GGBFS based concrete. Therefore, it 

is important to assess existing models and, if necessary, recalibrate them to predict 

SCMs concrete shrinkage correctly. 

• The restrained ring test is commonly adopted to investigate the risk of early age 

cracking of concrete. It is known that adding SCMs like fly ash and GGBFS affects 
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the development of mechanical performance, leading to slow early age development 

of tensile strength and elastic modulus. Therefore, the cracking time of concrete 

mixtures with SCMs should be investigated. There is still a lack of research to fully 

understand the trend of restrained tensile stress development of SCMs blended 

concrete, the timing of concrete cracking in the restrained ring test, and the best mix 

design proportions against the early age cracking. 

• Regarding the tensile creep behaviour of concrete, dog-bone-shaped specimens are 

utilised because of the relatively simple procedure required to apply a restrained 

stress. Unlike compressive creep, tensile creep may occur at a much smaller stress 

magnitude in uniaxial tension. Most prediction models in standards and 

specifications are established for compressive creep test. Understanding tensile 

creep for concrete mixes with SCMs and establishing suitable tensile creep 

prediction model is crucial. 

• UHPC is a relatively new construction material attracting the attention of 

researchers. UHPC in the negative bending moment region consistently exhibits 

nonlinear tensile creep behaviour in the field. The nonlinear tensile creep of UHPC 

is more critical than that of conventional concrete. Therefore, understanding of 

nonlinear tensile creep behaviour of UHPC is crucial. However, both threshold 

stress level triggering nonlinear tensile creep and tensile creep coefficient 

development which depend on the restrained stress level have not been fully 

understood. The effect of curing age on nonlinear tensile creep also needs to be re-

examined. 
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• The use of SCMs like GGBFS and fly ash allows to reduce the generation of heat of 

hydration and the low-temperature rise in concrete. However, it has been reported to 

also lead to a slow strength development. It is unclear how these two opposite 

consequences of using SCMs can affect the restrained thermal cracking in mass 

concrete structural element.  

As mentioned above, the overall aim is to study the risk of early age cracking of the 

concrete, with the view of deriving concrete mixes with better resistance to early age 

cracking through an appropriate choice of materials and proportions. The following 

objectives have been set: 

• Assess the shrinkage of concrete mixtures with fly ash and GGBFS. Suggest 

empirical models for predicting the concrete shrinkage based on experimental 

results. 

• Use the restrained ring test results to examine the early age cracking resistance of 

concrete mixes with fly ash and GGBFS. Establish an analytical model capturing 

the combined effects of restrained shrinkage and tensile creep to predict the tensile 

stress development in the restrained ring test. 

• Evaluate the tensile creep behaviour of SCMs based concrete using dog-bone 

shaped specimens. Investigate the impact of tensile creep on the risk of early age 

restrained shrinkage induced cracking. Develop a suitable model to predict tensile 

creep for SCMs based concrete. 

• Investigate the nonlinear tensile creep behaviour of UHPC by conducting the tensile 

creep tests under different stress to strength levels and examine the effect of curing 
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ages. Analyse the test results and propose a suitable nonlinear tensile creep model 

for UHPC. 

• The development of restraint thermal stresses was investigated using the rigid 

cracking frame (RCF). The free deformation including autogenous shrinkage and 

thermal deformation was measured using the free shrinkage frame (FSF). Match-

curing oven was utilised to evaluate the development of mechanical properties of 

concrete. An analytical model to predict the restrained shrinkage and thermal 

contraction-induced stress is proposed. 

1.4 Outline of thesis 

This thesis is organised into eight main chapters. The first and last chapters are 

INTRODUCTION and CONCLUSIONS respectively. Each chapter starts with an 

introduction to present a brief overview of the contents and critical conclusions are 

summarised at the end of that particular chapter.  

Chapter 2 presents an overall review of the existing literature. It includes the essential 

findings based on the experimental and analytical work and the relevant model in the 

international codes and standards. The literature review typically consists of several 

sections. The SCMs, including fly ash and GGBFS and UHPC, are first reviewed , 

followed by the time-dependent behaviour and mechanical properties of SCMs based 

concrete and UHPC. Then the experimental studies on shrinkage of concrete mixes with 

SCMs, including autogenous, drying, and total shrinkage, are reviewed. Subsequently, the 

creep behaviour of concrete is outlined, along with the development of mechanical 

properties of concrete. The experimental studies on factors affecting concrete cracking due 

to restrained shrinkage, tensile creep and thermal effects are presented. The final review 
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describes the test methods for assessing the shrinkage, creep, and thermal cracking of 

concrete.  

Chapter 3 provides the experimental program relating to shrinkage, including autogenous, 

drying and total shrinkage of concrete mixes with fly ash and GGBFS. Autogenous 

shrinkage of concrete was measured using a method involving self-adhesive aluminium foil. 

Total shrinkage was conducted with similar procedures in AS1012.13 [7] but starting 

measuring shrinkage 24 hours after batching. Drying shrinkage was calculated considering 

the difference between total and autogenous shrinkage. Experimental results were 

compared to different international codes and standards, and some amendments to the 

shrinkage prediction model in AS3600 were proposed to improve shrinkage estimation of 

SCM concrete. 

Chapter 4 develops an analytical model to predict the tensile stress development in concrete 

due to restrained shrinkage and tensile creep. The proposed analytical model was verified 

using both a large number of experimental restrained ring test results and finite element 

modelling. The proposed analytical model can incorporate the degree of restraint, free 

shrinkage, tensile creep coefficient and time-dependent elastic modulus of concrete to 

estimate the tensile stress development in the concrete ring.  

Chapter 5 compares various existing creep models to the experimental results. Since 

existing creep models are established based on compressive creep tests, the prediction 

accuracy needs to be examined for the tensile creep. A tensile creep model was proposed at 

specific conditions, and the proposed model was validated using the test results and 

analytical model in Chapter 4.  
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Chapter 6 shows the experimental results relating to the nonlinear tensile creep behaviour 

of ultra-high performance concrete. Three different stress levels, including 40%, 60% and 

75% applied at two different ages, including 2 days and 28 days, were performed. The test 

results were compared to existing creep models. A new nonlinear tensile creep model was 

also introduced. 

Chapter 7 is related to the risk of thermal cracking test conducted on concrete mixes with 

fly ash and GGBFS using the rigid cracking frame. The temperature profile was obtained 

using the software ConcreteWorks and applied to all relevant tests, including the free 

shrinkage frame test and mechanical properties determination. Autogenous shrinkage test 

results were also used as per Chapter 3. An analytical model was also proposed to calculate 

the restrained thermal stress and restrained autogenous shrinkage induced stress. 

Chapter 8 summarises the key findings and conclusions based on the work done in this 

dissertation, followed by suggestions and recommendations for possible further research 

related to the scope of this dissertation. 

1.5 List of publications 

During the four years of my PhD life, the following journal papers have been published. 

They are direct outputs of my research towards the writing of this thesis. The details of the 

papers are: 

Y. Zhang, S. Afroz, Q.D. Nguyen, T. Kim, J. Eisenträger, A. Castel and T. Xu, “Analytical 

Model Predicting the Concrete Tensile Stress Development in the Restrained Shrinkage 

Ring Test”, Construction and Building Materials, vol. 307, pp124930, 2021. 
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Y. Zhang, S. Afroz, Q.D. Nguyen, T. Kim, D. Nguyen, A. Castel, J. Nairn and R.I. Gilbert, 

“Autogenous Shrinkage of Fly Ash and Ground Granulated Blast Furnace Slag Concrete,” 

Magazine of Concrete Research, 2022, DOI: 10.1680/jmacr.21.00300. 

Y. Zhang, S. Afroz, Q.D. Nguyen, T. Kim, A. Castel and T. Xu, “Modeling Blended 

Cement Concrete Tensile Creep for Standard Ring Test Application”, Structural Concrete, 

2022, DOI: 10.1002/suco.202200304.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter reviews the existing studies about early age concrete cracking, focusing on 

finding ways to mitigate cracking and test methods to determine the viscoelastic 

deformation and restrained shrinkage induced stress and thermal stresses in concrete. 

Performance of sustainable concrete, including supplementary cementitious materials 

(SCMs) and ultra-high performance concrete (UHPC), is summarised in Section 2.2. The 

viscoelastic behaviour of concrete, such as shrinkage, creep and thermal deformation and 

the development of mechanical properties, are reviewed in Section 2.3. Section 2.4 

summarises the past and current studies on factors that affect the risk of cracking. The test 

methods for determining shrinkage, creep, and thermal cracking of concrete are described 

in Section 2.5. Section 2.6 provides a summary of the review in this dissertation.  

2.2 Sustainable concrete  

2.2.1 Supplementary cementitious materials (SCMs) 

2.2.1.1 Fly ash 

Fly ash is one of the most commonly used SCMs, and it is the industrial by-product of coal 

burning power plants generated during coal combustion. In the past few decades, fly ash 

has been re-utilised as raw materials in the construction industry. Fly ash is generally 

identified into two categories, such as class F (low calcium ashes) and class C (high 

calcium ashes), based on calcium content. The typical micromorphology observations of fly 

ash particles are shown in Figure 2-1. 
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Figure 2 - 1: SEM images of fly ash [8]. 

It is beneficial to utilise fly ash to achieve economic and environmental objectives. In 

addition, fly ash has extensively been investigated in concrete [9, 10, 11]. The introduction 

of fly ash to concrete has several advantages. For instance, the surface area of fly ash is 

higher than cement which can reduce the bleeding of water and the spherical morphology 

enhances its workability [12]. Fly ash can significantly reduce the early age heat of 

hydration compared to cement systems due to the dilution effect, leading to a lower thermal 

cracking risk [13, 14]. Dockter [15] stated that the expansion caused by the alkali-silica 

reaction could be mitigated in fly ash concrete. On the other hand, Ling et al. [16] reported 

that the development of strength for fly ash concrete is slower than that of normal concrete. 

According to the work done by Naik et al. [17], fly ash can also decrease the permeability 

and porosity of concrete. 

2.2.1.2 Ground granulated blast furnace slag (GGBFS) 

Ground granulated blast furnace slag (GGBFS) is a by-product of the iron manufacturing 

process. It can replace a high cement content as high as 70% in concrete production [18]. 

GGBFS offers many benefits, such as reducing the heat of hydration, improving long-term 
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compressive strength and durability, and decreasing the adiabatic temperature rise of 

concrete [19, 20]. Gao et al. [21] reported that the workability, slump and setting time were 

increased when GGBFS was introduced. Li and Ding [22] stated that the GGBFS could 

retard cement hydration because the rate of GGBFS hydration reaction is slower than 

cement, leading to an extended setting time. Khatib and Hibbert [23] studied that the long-

term strength of GGBFS concrete is improved by about 20% compared to that of control 

concrete.  

However, GGBFS can sometimes negatively affect the mechanical properties of concrete at 

early age. A typical SEM image of GGBFS is shown in Figure 2-2. In work by Oner and 

Akyuz [24], it is shown that the early strength of GGBFS concrete is lower than that of 

OPC concrete due to the slow hydraulic reaction. 

 

Figure 2 - 2: SEM image of GGBFS [25]. 
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2.2.2 Ultra-high performance concrete (UHPC) 

Ultra-high performance concrete (UHPC) is a relatively construction material with 

excellent mechanical properties compared to conventional concrete. UHPC typically 

requires a very low water to binder ratio of approximately 0.15-0.25 and a high content of 

fine particles such as silica fume and finely grounded quartz sand and fibres [26]. A typical 

image of the microstructure of UHPC is presented in Figure 2-3. A very dense structure in 

the hardened matrix with only a few pores can be observed. Therefore, UHPC is more 

durable than traditional concrete. For instance, Li et al. [27] stated that the UHPC matrix is 

impermeable to CO2, chloride, sulphate, etc., resulting in excellent durability. Moreover, 

Wille et al. [28] reported that the compressive strength of UHPC can reach 120 MPa under 

standard curing, which illustrates a very high mechanical property of UHPC. Granger et al. 

[29] demonstrated that the self-healing ability of UHPC is superior because of a large 

amount of unhydrated cement particles.  

 

Figure 2 - 3: SEM image of UHPC [30]. 
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However, the materials used in UHPC are much more expensive than conventional 

concrete. The current application of the UHPC is mostly in connections and joints of 

bridges. Another drawback of UHPC is that the allowable volume of each batch was 

restricted. For example, a pan mixer with a maximum capacity of 0.5 m3, but the allowable 

batch size was restricted to 0.1 m3, leading to lower construction efficiency. As such, 

UHPC has to be used strategically to achieve both economic and engineering objectives.  

2.3 Volume changes and restraint stresses in concrete  

The total free deformation of concrete that may cause cracking contributes to different 

deformation components, including autogenous shrinkage, thermal effects (contraction or 

expansion) and drying shrinkage. This can be expressed as in Eq. (2-1) below: 

   𝜀𝑡𝑜𝑡 = 𝜀𝑎𝑢 + 𝜀𝑑 + 𝜀𝑡ℎ (2-1) 

where 𝜀𝑡𝑜𝑡 is the total unrestrained strain; 𝜀𝑎𝑢 is the autogenous shrinkage; 𝜀𝑑 is the drying 

shrinkage strain; and 𝜀𝑡ℎ is the thermal strain. 

Drying shrinkage is caused by physical loss of moisture from concrete to the surrounding 

environment, while autogenous shrinkage is a macroscopic volume change occurring after 

initial setting in cases of restricted supply of outside water. On the other hand, thermal 

strain results from changes in concrete temperature due to heat from cement hydration and 

changes in the ambient temperature. If the strain given in Eq. (2-1) is restrained, either fully 

or partially, tensile creep also occurs because of the sustained tensile stress caused by the 

degree of restraint. Meanwhile, the tensile stresses would result in cracking once the tensile 

strength of concrete is reached.  
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2.3.1 Autogenous shrinkage 

Autogenous shrinkage is the time-dependent decrease in the volume of concrete due to 

internal consumption of moisture by hydration reactions. The main contribution to 

autogenous shrinkage is self-desiccation, the reduction in internal relative humidity of 

concrete as a consequence of ongoing hydration reactions [31]. Autogenous shrinkage is 

considered as a basic component of shrinkage because volume reduction occurs without the 

loss of moisture in concrete to the environment.  

According to Neville & Brooks [32], autogenous shrinkage is relatively low in normal 

concretes with w/b above 0.4 compared to concretes having w/b lower than 0.4. In normal 

strength concrete, autogenous shrinkage is in the range of 50 to 150 με, while in high 

strength concrete, it can be much higher, reaching the same order as drying shrinkage. In 

work by Kim et al. [33], they studied the relationship between hydration heat and 

autogenous shrinkage for high-strength mass concrete. In their study, it was found that the 

autogenous shrinkage of concrete increased with the increase of mass concrete specimen 

size and decreased when the concrete contains heat-resistant admixtures such as fly ash and 

GGBFS. Even in samples with the same mixing proportions, it was noted that the 

autogenous shrinkage became higher with the increasing of specimen inner temperature. 

Additionally, Lee et al. [34] reported that fly ash could effectively decrease autogenous 

shrinkage of high-performance concrete. Figure 2-4 shows that the higher the fly ash 

replacement level, the lower the autogenous shrinkage. In a work by Termkhajornkit et al. 

[35], the relationship between the degree of hydration of fly ash and autogenous shrinkage 

was proposed. It was found that fly ash affects autogenous shrinkage at an early age but 

only marginally influences the long term autogenous shrinkage.  
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Figure 2 - 4: Effect of fly ash on autogenous shrinkage [35]. 

By contrast, GGBFS has an opposite effect on autogenous shrinkage. According to Zhao et 

al. [36], the inclusion of GGBFS in high-performance concrete can lead to a great increase 

in autogenous shrinkage. A similar observation was reported by Lim and Wee [37], who 

found that concrete mixes with GGBFS exhibited greater autogenous shrinkage and faster 

compressive strength development. Wei et al. [38] stated that GGBFS could reduce the 

early age shrinkage because the cement hydration is faster than its potential hydraulic and 

pozzolanic reactions, but the long term autogenous shrinkage of GGBFS concrete is greater 

than that of the control concrete because of the continuous reactions of GGBFS, as 

presented in Figure 2-5.  
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Figure 2 - 5: Effect of GGBFS on autogenous shrinkage [38]. 

On the other hand, the development of autogenous shrinkage of UHPC leads to a very high 

values. According to Xie et al. [39], the autogenous shrinkage of UHPC was about 600 με 

after 90 days, which is very high compared to that of conventional concrete. They also 

demonstrated that the use of shrinkage reducing admixture and replacing the water with 

crushed ice could effectively control the autogenous shrinkage, as depicted in Figure 2-6. 
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Figure 2 - 6: Effect of crushed ice dosage on autogenous shrinkage of UHPC [39]. 

2.3.2 Drying shrinkage 

Drying shrinkage is important in concrete elements with a large surface-area-to-volume 

ratio, such as concrete pavements, overlays, and bridge decks. Drying shrinkage occurs 

when moisture is lost from concrete to the environment. The rate at which moisture is lost 

is fairly slow, and the strain response is time dependent. There is considerable literature 

regarding the drying shrinkage of concrete mixes with fly ash and GGBFS. For instance, a 

high volume of fly ash as a replacement for cement led to lower drying shrinkage [40]. As 

shown in Figure 2-7, the drying shrinkage of concrete mixes with 40% fly ash was about 

20% lower than that of reference concrete after 180 days [40]. Similar results were reported 

by Seo et al. [41]. They also stated that the decreased drying shrinkage is beneficial in 

reducing the cracking risk for concrete under restrained conditions.  
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Figure 2 - 7: Effect of fly ash on drying shrinkage [40]. 

On the other hand, the literature reports contradictory views on the drying shrinkage of 

concrete mixes with GGBFS. For example, Yuan et al. [42] reported that the drying 

shrinkage of GGBFS decreased compared to the control system. It was observed that the 

reduction of drying shrinkage increased as the cement replacement level with GGBFS 

increased. While Shariq et al. [43] stated that a higher drying shrinkage was found with the 

incorporation of GGBFS as shown in Figure 2-8. In work by Saluja et al. [44], the drying 

shrinkage of GGBFS concrete subjected to various temperature exposures was examined. 

The results showed that drying shrinkage is directly associated with temperature conditions 

because the temperature has an impact on the loss of water. They also found that the 

addition of GGBFS led to marginally higher drying shrinkage.   
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Figure 2 - 8: Effect of GGBFS on drying shrinkage of concrete [43]. 

In unsealed concrete surfaces, the rate of moisture loss is highly dependent on 

environmental factors such as wind, relative humidity, solar radiation, and ambient 

temperature. For mass concrete elements susceptible to early age thermal and autogenous 

deformations, drying shrinkage strains are usually less significant within the few days 

following concrete casting. Overall, proper curing and good construction practices are 

essential to minimize the effects of restrained drying shrinkage. 

2.3.3 Creep 

Creep is a critical time-dependent behaviour of concrete that can affect the performance of 

concrete structures. Creep may lead to various effects, for instance, the increase in the long-

term deformation of concrete, redistribution of the internal stress, force and bending 

moment, and even failure of concrete structures [32, 45]. When concrete shrinkage is 

restrained, tensile creep occurs, leading to tensile stress relaxation, which has to be 

considered in calculating the tensile stress. Creep effects are more crucial at an early age 



20 
 

because concrete tensile strength is low, which results in a higher risk of concrete cracking 

[46]. 

The creep behaviour of fly ash and GGBFS based concrete has been widely investigated. 

For example, Klausen et al. [47] reported that the specific creep of fly ash concrete 

increased slightly over time with an increasing amount of fly ash in concrete. They also 

found that the creep behaviour was similarly in compression and tension. Zhao et al. [48] 

conducted creep tests on fly ash concrete under different curing temperatures. They found 

that the quantity and microstructure of C-S-H gel is the main reason contributing to the 

creep characteristics of fly ash concrete. In work by Wang et al. [49], the creep behaviour 

of high strength fly ash concrete was studied. The results were also compared to existing 

model predictions. They proposed an influencing factor for fly ash and recommended using 

GL 2000 model to predict the tensile creep of fly ash concrete. In addition, Wei and Hansen 

[50] assessed the effect of curing temperature and GGBFS on the tensile creep of concrete. 

They stated that the development of strain and stress is faster and greater when subjected to 

a higher curing temperature. The effect of GGBFS was not significantly for the test 

duration of 12 days [50]. While Khan et al. [51] revealed that the tensile creep of GGBFS 

concrete is much higher than that of control concrete at an early age. Similar results were 

obtained by Shariq et al. [43]. A modification factor was proposed for incorporating the 

effect of GGBFS in existing models.  

Zhu et al. [52] assessed the influence of creep on restrained shrinkage induced stresses in 

UHPC. They conducted tests under normal curing and high temperature steam curing. They 

reported that increasing the creep coefficient can decrease the restrained shrinkage induced 

stresses. Xu et al. [53] also studied the creep of UHPC and found that the steel fibres can 
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remarkably reduce the creep coefficient compared to those without steel fibres. They stated 

that the 1% and 2% steel fibres decreased the creep coefficient by 25.4% and 13.4% 

respectively after 180 days in comparison to control mixes. In the work by Garas et al. [54], 

the effect of thermal treatment on the creep of UHPC was studied in tension and 

compression. They reported that the thermal treatment increased the tensile strength, and 

the tensile creep was found to be decreased. They demonstrated that the phenomenon of 

tensile creep in UHPC is different from compressive creep according to microstructural 

refinements. 

2.3.4 Thermal effects 

In mass concrete elements [55], the heat generated by cement hydration and the relatively 

poor heat dissipation conditions cause the concrete temperature to rise substantially within 

a few days after placement. Figure 2-9 shows the typical temperature history from two 

mass concrete structures, each measuring 2 m × 3 m × 5 m, made with Type IS cement and 

w/b = 0.385 [56]. 

 

Figure 2 - 9: Typical temperature history in the interior of a mass concrete element [56]. 
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As the hydration of cement proceeds, the heat produced increases the internal temperature 

of concrete and induces differential thermal gradients between the interior and the surface 

of the concrete element, owing to the low thermal conductivity of concrete [57]. These 

thermal gradients generate tensile stress near the surface, which may lead to surface 

cracking, while the interior of the element will be subjected to compressive stress. During 

the cooling phase to ambient temperature, the interior will be subjected to tensile stress 

resulting from both thermal gradients and external restraint. This may lead to the formation 

of through cracks if the tensile stress exceeds the tensile strength of concrete. Figure 2-10 

shows the mechanisms of thermally induced cracking in mass concrete.  

 

Figure 2 - 10: Schematic showing thermal crack occurrence in mass concrete [56]. 

The amount of heat generation is determined by the amount and type of cementitious binder 

used and the water-to-binder ratio (w/b). Thermal strain developed due to the temperature 

change depends upon the coefficient of thermal expansion (CTE) of concrete. Thus, the 
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CTE of concrete provides a means of quantifying thermal strain and accurate thermal stress 

determination. 

As a preventative measure, the CTE is used to determine the allowable maximum 

temperature difference between the interior and the surface of a mass concrete element that 

can be tolerated without cracking. The lower the CTE of concrete, the higher the allowable 

temperature difference without cracking. To avoid cracking, the allowable temperature 

difference can be calculated from Eq. (2-2) [58]:  

   ∆𝑇𝑚𝑎𝑥 =
𝜀𝑐𝑡𝑢
𝐾𝑅𝛼𝑐

 (2-2) 

where ∆𝑇𝑚𝑎𝑥 is the maximum temperature change in the concrete (°C); 𝜀𝑐𝑡𝑢 is the tensile 

strain capacity of the concrete under short term loading m/m); 𝐾 is the modification factor 

that considers sustained loading and creep (unitless); 𝛼𝑐  is the CTE of the concrete 

(m/m/°C); and 𝑅 is the restraint factor (unitless). However, it should be noted that Eq. (2-2) 

is based on several assumptions including zero deformation due to other mechanisms such 

as autogenous and drying shrinkage. 

The CTE of hardening concrete is a function of various factors, including the amount and 

type of cementitious binder, w/b, the type of aggregate, the age of the concrete, temperature 

variations and the moisture content [59]. The CTE of concrete can be computed from its 

components weighted average, and since concrete is made up of up to 60 - 80% aggregates, 

its CTE is controlled primarily by the CTE of the aggregate used. Assuming a CTE of 12 × 

10−6 and εctu of 70 × 10−6, for concrete made with a gravel aggregate, with restraint factor R 

= 0.36 and creep factor K = 0.8, Eq. (2-2) gives the allowable maximum temperature 

difference of 20.3 °C. For concrete made with a Limestone aggregate, with αc = 8 × 10−6, 

εctu = 90 × 10−6, R = 0.36 and creep factor K = 0.8 [58], Eq. (2-2) gives the allowable 
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maximum temperature difference of 39.1 °C, which is almost twice that of the concrete 

made with gravel aggregate. 

Kada et al. [60] observed that the CTE of hardening concrete changes substantially during 

the first few hours following concrete casting (Figure 2-11). Therefore, when evaluating 

early age thermal stress behaviour in concrete, it is unreasonable to rely on a constant CTE 

value computed for hardened mature concrete. Failure to account for the changes in CTE at 

an early age may result in underestimation of the thermal stress development.  

 

Figure 2 - 11: Evolution of CTE for concrete with w/c = 0.35 and a Limestone aggregate 

[60]. 

Li et al. [61] utilised a newly developed temperature stress testing machine (TSTM) to 

evaluate the early age evolution of CTE of two concrete mixtures with w/b ratios of 0.35 

and 0.42. As shown in Figure 2-12, both measured CTE showed a rising trend. The increase 

in CTE could result from the decrease in moisture content of cement paste induced cement 

hydration. They also found that the measured CTE of the concrete mixture with a w/b ratio 

of 0.35 appeared to be slightly higher than that of concrete with a w/b ratio of 0.42.   
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Figure 2 - 12: Evolution of CTE at early ages [61]. 

2.3.5 Effects of the development of mechanical properties on restrained shrinkage 

induced stress 

The generation of tensile stress due to the restrained shrinkage does not only depend on the 

deformations given in Eq. (2-1) but also on the development of the mechanical properties, 

including elastic modulus, tensile relaxation characteristics (creep effects), tensile strength 

and the degree of restraint. Furthermore, for mass concrete undergoing a considerable rise 

in temperature due to the heat from cement hydration, the concrete mechanical properties, 

especially the elastic modulus, develop very fast during the first 24 to 36 hours after 

concrete placement [62]. In fact, studies [63, 64] have shown that the increase in modulus 

of elasticity is much quicker than that of tensile strength during this time. This implies that 

the increase in tensile stress will also be very high. 

However, studies of early age stress development in concrete have also shown the 

significance of concrete viscoelastic behaviour, resulting in considerable stress relaxation. 
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It has been reported that tensile relaxation can relieve from 50% to 60% of the stress that is 

supposed to be produced considering only shrinkage without relaxation [64, 65].  

The above discussion highlights the need to consider the overall behaviour of concrete 

when studying the development of restrained shrinkage induced tensile stresses including 

free shrinkage, tensile creep, temperature rise and cracking sensitivity. In particular, the 

development of mechanical properties should be done under similar temperature history as 

that of the core part of the mass concrete element. 

2.4 Factors affecting concrete cracking 

2.4.1 Degree of restraint 

The degree of restraint or restraint factor [55, 66, 67] determines how much of the free 

deformations (Eq. (2-1)) of hardening concrete are converted into restraint stress. It is 

expressed as a percentage of full restraint, i.e., 100% indicates that all deformations are 

suppressed while 0% restraint indicates free uninhibited movement. For example, mass 

concrete structural elements are subjected to both internal and external restraint. Therefore, 

the stress that arises is a sum of the individual stress components resulting from internal 

and external restraint. Internal restraint stress results from non-uniform temperature 

distribution within the concrete section. External restraint stress is produced when the 

expansion and contraction of an element are obstructed by adjacent structures, foundations 

and subsoil. The degree of external restraint depends primarily on the relative dimensions 

and elastic modulus of the concrete as well as that of the restraining element. 

Kawabata et al. [68] evaluated the effect of a degree of restraint on expansive pressure and 

cracking patterns due to delayed ettringite formation in concrete. They found that 

expansion behaviour was strongly related to the degree of restraint. Moreover, the 

https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57301396400&zone=
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distribution of surface cracks of concrete was significantly affected by the degree of 

restraint. Zych [69] investigated the degree of external restraint of wall segments in 

reinforced concrete. He also proposed an analytical model to calculate the distribution of 

restraint degree of wall segments in rectangular reinforced concrete tanks. Knoppik-Wróbel 

and Klemczak [70] also researched the early age stresses development due to restrained 

shrinkage and thermal effects. They proposed a numerical model to take into account 

casting and interaction between early age structure and founding soil, providing an accurate 

prediction of the degree of restraint for modelling early age concrete stresses and structural 

behaviour of concrete walls. 

2.4.2 Influence of concrete constituents 

SCMs such as fly ash and GGBFS can adversely affect the mechanical properties of 

concrete. As such, the early age cracking of concrete is significantly affected by the type of 

binder. Altoubat et al. [71] conducted the restrained shrinkage test to assess the effect of fly 

ash on early age cracking. The result showed that curing condition (air curing, water curing 

for 3 days and water curing for 7 days) can influence the cracking potential. Allowing 3 or 

7 days of water curing significantly decreased the early age cracking than air curing. 

Moreover, fly ash improved the cracking resistance and relaxation behaviour compared to 

the control mix. Zhao et al. [72] used very high fly ash content (80% fly ash) and normal 

content (35% fly ash) in concrete to evaluate the early age cracking. They found concrete 

with very high fly ash content had approximately the same restrained stress development as 

normal content fly ash concrete. For GGBFS concrete, Shen et al. [73] stated that concrete 

containing 50% GGBFS can reduce the restrained strain leading to higher cracking 

resistance than the control mix. 

https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57224683562&zone=
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The temperature history in mass concrete elements depends upon the type of binder used. 

Studies [74, 75, 33, 76, 77] have shown that replacing ASTM Type I cement with Type II 

or Type IV cement, and by partial substitution of Portland cement with pozzolans can 

significantly reduce the adiabatic temperature rise in concrete (Figure 2-13). Also, 

increasing the w/b leads to a reduction in the amount of heat of hydration and slows down 

the kinetics of its release in the early stages of hydration. 

 

Figure 2 - 13: Effect of cement and pozzolan contents on temperature in concrete [74]. 

Batog and Giergiczny [76] studied the effect of blending CEM I 42.5R cement with 

siliceous fly ash and GGBFS on the heat of hydration and concrete hardening temperature. 

The CEM I cement was replaced in the following ratios: 10%, 30%, 50% and 70% by mass. 

The results of their study are given in Figure 2-14. It was found that, with the increasing 

amount of either fly ash or GGBFS in the cement composition, the rate and amount of heat 

generated decreased, and the effect was most pronounced in mixes made with fly ash. They 

also found that the maximum temperature of the temperature profile, measured at the centre 
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of insulated 400 mm × 400 mm × 400 mm concrete blocks, meant to simulate mass 

concrete, was reduced with the addition of fly ash and GGBFS. Reductions of 11 – 15°C 

and 15 - 17°C were recorded for fly ash and GGBFS, respectively. 

 

 

Figure 2 - 14: Effect of siliceous fly ash (FA) and GGBFS on the heat of hydration and the 

rate of its release under isothermal conditions (20°C, w/c = 0.5) [76]. 

Although the use of supplementary cementitious materials may lead to a reduction in 

temperature rise in mass concrete elements, it has to be stated that cracking may still occur. 

According to Springenschmid and Breitenbücher [62], this is because the elastic modulus 
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develops too slowly in the early hardening phase, i.e., the first 12 hours. Therefore, no 

relatively high compressive (pre-) stresses develop during this time to counter the tensile 

stresses that develop during the cooling phase. In addition, the low rate of hydration means 

low tensile strength to counter the thermal stresses.  

It follows from the above discussion that more research is needed on how the use of 

pozzolans and other supplementary cementitious materials will affect not just the total 

shrinkage but also the development of mechanical properties such as elastic modulus, 

strength, and creep coefficient, and the heat generation for mass concrete. 

2.5 Test method for determining viscoelastic deformation and restrained shrinkage 

induced stress of concrete 

2.5.1 Shrinkage test 

According to Australian Standard AS1012.13 [78], the concrete specimens are cured under 

standard curing conditions in lime water and the drying shrinkage measurement starts after 

7 days. This concrete shrinkage test method allows for measuring drying shrinkage, but it 

actually measures the drying shrinkage plus that part of autogenous shrinkage after 7 days. 

Therefore, alternative test methods are suggested to obtain the drying shrinkage by using 

the total shrinkage minus the autogenous shrinkage [79]. For this purpose, in this study, 

total shrinkage is measured after demoulding at day 1 instead of 7-day curing. While 

autogenous shrinkage is measured at the same time as total shrinkage but wrapped with 

aluminium foil. These test methods can also be found in published studies [80, 81].  

2.5.2 Restrained ring test 

The restrained ring test is one of the most commonly used methods to investigate the 

cracking potential of concrete. The ring test can simulate the restrained condition of 
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concrete subjected to time-dependent shrinkage. The ring test is composed of an inner ring 

and a surrounding concrete ring. Thus, the shrinkage of the concrete ring is restrained by 

the inner steel ring. Hossain and Weiss [152] proposed a method to assess both residual 

stress development and stress relaxation using the restrained ring test.  

Several previous works have studied the effect of tensile creep of concrete on the early age 

restrained cracking. Khan et al. [66] investigated the effect of the tensile creep on the early 

age cracking using the restrained ring test. They concluded that the creep behaviour should 

be considered to properly assess the stress relaxation in the restrained ring test. Liang and 

Wei [82] investigated the early age basic creep of high strength concrete using the 

restrained ring test. The restrained ring test was under biaxial tensile-compressive stress 

condition. They found the stress condition is a key factor that affects the creep properties of 

high strength concrete. As such, they conducted numerical analysis to calculate the concrete 

creep and the results were applied to the restrained stress calculation and crack risk 

assessment of high strength concrete structures. Ozawa et al. [83] conducted the restrained 

ring test to evaluate the restrained stress of high performance concrete. The stress was 

calculated based on the thin-wall cylinder model theory. They also determined the spalling 

initiation point and the spalling depth. More details of the restrained ring test and the 

analytical calculations of the stresses in the restrained ring test can be found in Chapter 4. 

2.5.3 Tensile creep test 

A lot of effort has been directed at developing methods for determining the tensile creep of 

concrete. These test methods include the Temperature Stress Testing Machine (TSTM) [84], 

dog-bone shaped specimens [85], restrained ring test [73], and direct tensile creep test [86]. 

Dabarera et al. [84] conducted the tensile creep test at an early age using Temperature 
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Stress Testing Machine (TSTM). Cheng et al. [85] utilised the dog-bone shaped specimens 

to determine the tensile creep and ageing coefficient for geopolymer concrete. Shen et al. 

reported that the GGBFS could increase stress relaxation due to higher tensile creep using 

the restrained ring test [73]. While Khan et al. used internally restrained specimens to 

characterise the tensile creep behaviour [87]. Ni et al. adapted the direct tensile creep test to 

concrete prisms [86]. 

2.5.4 Thermal cracking test 

Due to the complex interaction of the different factors such as thermal strain, elastic 

modulus, degree of restraint, relaxation, etc., thermal and other restraint stresses in early 

age hardening concrete cannot be determined by the use of traditional methods based solely 

on the measurement of concrete deformations. The rigid cracking frame (RCF) test can give 

a global measure of thermal stresses by inherently considering the influence of many 

parameters. The RCF is made up of a concrete specimen held by two mild steel crossheads, 

which are fixed in place by two Invar sidebars, as shown in Figure 2-15.  

 

Figure 2 - 15: Schematic of the rigid cracking frame [88]. 
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According to Breitenbücher [88], the behaviour of concrete in the rigid cracking frame can 

be described in five stages (Figure 2-16). Stage I, during which the temperature of the fresh 

concrete remains constant, starts immediately after concrete placement. During Stage II, 

with the onset of hydration and proceeding heat development, the concrete still behaves 

plastically and thus, there are no compressive stresses. Stage III begins once the final 

setting has been reached and the concrete is gaining strength. Compressive stresses are 

generated because of an increase in temperature due to continued hydration. The relatively 

high degree of relaxation in the young concrete produces maximum compressive stress that 

occurs a few hours before the concrete reaches its maximum temperature. During Stage IV, 

the remaining compressive stresses are rapidly reduced as the temperature continues to 

decrease. This is as a result of an increase in the elastic modulus as well as the high 

relaxation of the young concrete. The specimen then reaches a stress-free state at a 

temperature called the zero-stress temperature (Tzs), which is above the concrete placement 

temperature but a few degrees below its maximum. In Stage V, tensile stresses are 

generated as the concrete temperature decreases further. Eventually, cracking occurs when 

these stresses exceed the concrete tensile strength at a temperature called the cracking 

temperature (Tcr).   
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Figure 2 - 16: Behaviour of restrained specimen in RCF [88]. 

Figure 2-17 shows typical results from an RCF test. The different stages of concrete 

behaviour in the RCF test, as discussed in the previous section, can be easily identified 

from the figure. The data in the figure is from Markandeya et al. [77], in which the effects 

of different types of GGBFS on early-age cracking of concrete were investigated. It can be 

seen that slag replaces 60% cement can reduce the temperature rise of concrete and 

improve the cracking resistance of concrete compared with the reference concrete. 
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Figure 2 - 17: Mixes with different types of GGBFS in RCF: (a) temperature profile; (b) 

stress development [77]. 

2.6 Summary 

This chapter has reviewed a wide range of published literature that is closely related to the 

objectives of the thesis. Past experimental research on early age cracking of conventional 

concrete has mainly focused on time dependent behaviours such as shrinkage, tensile creep, 
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temperature and pattern of cracking instead of comprehensively considering the combined 

effects. Moreover, SCMs such as fly ash and GGBFS have attracted the research interests 

due to environmental benefits, but the effect of fly ash and GGBFS on the early age 

concrete cracking has not been widely conducted. In addition, less attention has been 

received to model the early age concrete cracking by predicting the time dependent 

behaviours of concrete. As a result, this thesis aims to comprehensively investigate the 

factors affecting the early age cracking of fly ash and GGBFS concrete by studying the 

shrinkage, tensile creep, temperature and tensile stress development of concrete. Relevant 

experimental tests on various concrete mixes with fly ash and GGBFS have been conducted 

and the time dependent behaviours of fly ash and GGBFS concrete including free shrinkage, 

tensile creep, restrained tensile stress and thermal cracking have been analytically modelled. 
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CHAPTER 3: SHRINKAGE OF HIGH VOLUME OF FLY 

ASH AND GGBFS CONCRETE 

Chapter 3 is a re-written version of an article published by the candidate, ‘Autogenous 

shrinkage of High Volume of Fly ash and Ground Granulated Blast Furnace Slag Concrete’, 

in Magazine of Concrete Research. I did more than 50% of the experiments and all of the 

writing. Some of the materials in this chapter have been expanded from a recent publication, 

which has been acknowledged and detailed in the ‘Inclusion of Publications Statement’ for 

this thesis. 

3.1 Introduction 

To reduce the environmental impact of cement production, supplementary cementitious 

materials (SCMs) have gained tremendous popularity in the concrete industry. In existing 

design codes, predictive models for shrinkage can be used for both Type General Purpose 

(GP) and blended cement-based concretes without specifically accounting for the binder 

composition. As a result, the accuracy of standard models to predict shrinkage of concrete 

with high SCMs content is questionable because these models were not developed and 

calibrated for these types of concrete. 

Two categories including drying shrinkage and autogenous shrinkage can be classified in 

shrinkage of hardened cementitious materials. Drying shrinkage occurs when the loss of 

water from the pores to the environment. Autogenous shrinkage is defined as the concrete 

volume change without any moisture transfer to the environment. Autogenous shrinkage is 

mainly caused by the capillary pressure induced by self-desiccation resulting from the 

chemical shrinkage when cementitious materials hydrate and form reaction products [89]. 

Autogenous shrinkage can be monitored under an isothermal condition where any exchange 
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of moisture with the surrounding environment is prevented. In structures, autogenous 

shrinkage of high strength concrete may induce significant stress when shrinkage is 

restrained, particularly at early age.  

The presence of SCMs can affect concrete shrinkage. De Belie et al. [90] reported that 

GGBFS can lead to an increase in concrete autogenous shrinkage. Li et al. [91] also 

reported that GGBFS and silica fume can lead to an increase in autogenous shrinkage while 

using fly ash allows for decreasing the autogenous shrinkage of cement pastes. Li et al. [91] 

also observed that silica fume and GGBFS led to the overall refinement of the pore 

structure (decrease in mean pore diameter), including an increase in specific surface area of 

pores and the volume percentage of small pores within the range from 5 to 50 nm of 

diameter. They noted an obvious correlation between the increase in autogenous shrinkage 

and the increase in the volumetric percentage of small pores with size within 5-50 nm 

highlighting the strong influence of paste pore structure on autogenous shrinkage [91]. 

Numerous other studies assessing the effect of fly ash and GGBFS on shrinkage are 

available in the literature but have yet to draw any unanimous conclusion. While some 

researchers noted an increase in drying and autogenous shrinkage for SCMs based 

concretes [92, 93], others observed a reduction [94, 95, 96]. It is always difficult to 

compare shrinkage results from different groups as tests are carried out using different 

concrete grades, different cement replacement rates, different types of SCMs with different 

chemical compositions and different aggregates. This chapter intends to address this 

recurring issue by testing fly ash and GGBFS blended cement-based concretes considering 

the whole range of standard compressive strengths (25MPa to 100 MPa) using the same 

materials.  
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A variety of influencing factors makes the prediction of shrinkage a complex process. 

Among those factors, curing conditions and the pore structure, in essence, govern shrinkage 

in hardened concrete. Instead of focusing on the mix design, a strength-based approach can 

be considered to evaluate the deformation of concrete. This approach narrows down the 

myriad of parameters that regulate various aspects of concrete shrinkage to just two (i.e., 

strength and concrete age). This strength-based evaluation approach for shrinkage 

prediction is adopted by most of the building codes because of its simplicity [97, 98, 99]. 

The current rise in blended cement usage suggests that the effect of SCMs on shrinkage 

should be implemented in prediction models of design codes. Therefore, assessing the 

accuracy of current standard models for predicting shrinkage of blended cement-based 

concrete is critical.  

In this chapter, autogenous, drying and total shrinkage of SCMs based concrete as well as 

autogenous and chemical shrinkage of blended cement-based paste are investigated. High 

but practical replacement ratios of Type GP cement by weight were selected based on 

Australian industry common practice: 30% for fly ash, 40% and 60% for GGBFS. The 

same percentage of cement replacement by fly ash and GGBFS were applied to paste mixes. 

In addition, the nitrogen adsorption isotherm technique was used to examine the 

relationship between pore structure and autogenous shrinkage. Six concrete compressive 

strengths were tested ranging from 25 MPa to 100 MPa requiring the design of 21 different 

concrete mixes. Shrinkage results obtained on concrete were compared to existing codes 

predictions. Some amendments to the Australian code AS3600 model are proposed for 

autogenous shrinkage of concrete with GGBFS and drying shrinkage of concrete mixes 

with fly ash and GGBFS. 
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3.2 Experimental programme 

3.2.1 Materials and mix proportion 

In this study, blended cement-based concretes and reference Type GP cement-based 

concretes were tested considering the whole range of standard compressive strengths (25, 

32, 40, 50, 80, and 100MPa). A total of 21 concrete mixes were designed. Type GP cement 

was used for all the concrete mixes, containing up to 7.5% of mineral additions to reduce 

the clinker content and up to 5% of other constituents in accordance with AS3972 [100]. 

Two types of SCMs were used, namely, fly ash and GGBFS, complying with Australian 

Standard AS3582.1 [101] and AS3582.2 [102], respectively. The chemical compositions of 

cement, fly ash and GGBFS were tested by wavelength-dispersive X-ray Fluorescence 

(WDXRF) analysis. The results are presented in Table 3-1. A crushed basalt with a 

maximum aggregate size of 10mm and Sydney fine sand with a maximum nominal grain 

size of 2.36mm were used as coarse and fine aggregates in concrete, respectively. The 

particle size distribution curves of coarse and fine aggregates are reported in a previous 

study of the authors [67]. The mix design proportions are shown in Table 3-2. The particle 

size distributions of the cement, fly ash and GGBFS are shown in Figure 3-1. 20 µm, 

26 µm and 13 µm are the median particle sizes of cement, fly ash and GGBFS, respectively. 

One control concrete mix without SCM was tested as a reference for each concrete grade. 

Fly ash is not considered for high strength concretes (i.e., 80 and 100MPa) because 

designing high strength concrete mix incorporating 30% standard grade fly ash is not 

practical. In addition, water-reducing admixture and superplasticizer were utilised for some 

concrete mixes to control workability.  
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Figure 3 - 1: Particle size distribution of cement, fly ash and GGBFS. 

Table 3 - 1: Chemical compositions of cement, fly ash and GGBFS (w.t.%). 

Chemical 

composition 

GP cement 

(wt.%) 

Fly ash 

(wt.%) 

GGBFS 

(wt.%) 

SiO2 18.8 65.9 34.1 

Al2O3 5 22.1 15.4 

Fe2O3 2.8 3.4 0.8 

CaO 63.8 1.6 36 

MgO 1 0.7 6.6 

Na2O 0.3 0.6 0.4 

K2O 0.7 1.8 0.6 

TiO2 0.3 0.9 2.4 

SO3 3 0.1 2.5 

Mn3O4 - 0.1 1.1 

Concrete cylinders with dimensions of 200 mm height by 100 mm diameter were cast to 

measure the concrete compressive strength. The average 28-day compressive strength (𝑓𝑐𝑚) 

for three cylinders was measured according to AS1012.9-2014 [103]. The concrete 

cylinders were cured in standard conditions at a temperature of 23 ± 2 C and relative 
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humidity (RH) of 95 ± 5% in accordance with AS1012.8.4-2015 [104]. As mentioned 

above, the characteristic compressive strength-based approach is used in existing codes. In 

this chapter, the characteristic compressive strength (𝑓𝑐
′) of concrete was determined in 

accordance with [105]. In AS1379-2007, 𝑓𝑐
′  can be computed using the measured 

compressive strength (𝑓𝑐𝑚 ) and its factored standard deviation, i.e., 𝑓𝑐
′  = 𝑓𝑐𝑚 − 𝑘𝑐 × 𝑆, 

where 𝑘𝑐 is the assessment factor which is equal to 3.2, and 𝑆 is the standard deviation for 

the grade being assessed (𝑆𝑐 or 𝑆𝑎), where 𝑆𝑐 is the standard deviation for ‘controlled grade’ 

and 𝑆𝑎  is the standard deviation for ‘associated grade’, complying with [105]. The lab 

testing situation is considered similar to the test of the associated grade. As a result, 𝑆𝑎 (= 

Sc × Relative factor) is adapted, in which relative factor is ranging from 1.0 to 1.4 

depending on the strength grade of concrete. Slump tests were performed according to 

AS1012.3.1-2014 to evaluate the workability of each concrete mix [106]. The air content is 

2-5% for fresh concrete in accordance with AS1012.4.2-2014 [107]. The unit weight of the 

concretes was obtained by weighing fresh concrete while casting according to AS1012.5-

2014 [108]. Table 3-3 shows the mechanical properties of all concrete mixes including 

measured and characteristic compressive strength at 28 days, slump, air content, and fresh 

density.   
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Table 3 - 2: Mix proportions of concretes. 

Sample ID 
Mix proportions by weight (kg/m3) 

 

Designed 

w/b GP Cement FA GGBFS Coarse Agg Fine Agg Water 

N25-0 310 0 0 1059 866 174 0.56 

N25-FA30 215 95 0 1071 876 143 0.46 

N25-G40 185 0 125 1056 864 161 0.52 

N25-G60 125 0 185 1056 864 155 0.5 

N32-0 360 0 0 1025 839 176 0.49 

N32-FA30 250 110 0 1043 853 144 0.4 

N32-G40 215 0 145 1033 845 162 0.45 

N32-G60 145 0 215 1037 848 155 0.43 

N40-0 450 0 0 966 790 194 0.43 

N40-FA30 315 135 0 983 804 153 0.34 

N40-G40 270 0 180 974 797 184 0.41 

N40-G60 180 0 270 981 803 167 0.37 

N50-0 510 0 0 927 759 204 0.4 

N50-FA30 355 155 0 955 782 153 0.3 

N50-G40 305 0 205 930 761 199 0.39 

N50-G60 205 0 305 941 770 179 0.35 

S80-0 585 0 0 908 743 164 0.28 

S80-G40 350 0 235 911 746 158 0.27 

S80-G60 235 0 350 915 748 152 0.26 

S100-0 650 0 0 880 720 143 0.22 

S100-G60 260 0 390 880 720 137 0.21 
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Table 3 - 3: Fresh properties and 28-day compressive strength of concrete. 

Sample ID 

 

Measured 

compressive 

strength 

(MPa) 

Characteristic 

compressive 

strength (MPa) 

Slump (mm) 

Air Content 

(%) 

Density(kg/m3) 

N25-0 25.1 23.3 30 3.8 2364 

N25-FA30 25.1 22.7 50 4.5 2377 

N25-G40 29.1 27.8 45 4.3 2380 

N25-G60 27.2 22.0 60 4.8 2386 

N32-0 32.5 29.7 60 4.8 2300 

N32-FA30 33.5 29.8 85 4.0 2307 

N32-G40 39 36.6 35 3.7 2414 

N32-G60 32.9 28.3 60 1.5 2481 

N40-0 46.2 41.7 60 2.6 2411 

N40-FA30 41.3 36.5 35 4.8 2391 

N40-G40 48.7 41.6 70 4.5 2421 

N40-G60 44.8 32.6 70 5.5 2366 

N50-0 51.2 44.3 80 2.8 2433 

N50-FA30 61.8 53.2 75 2.6 2411 

N50-G40 54.4 47.5 70 3.7 2414 

N50-G60 56 49.7 60 3.1 2414 

S80-0 82.1 78.0 100 3.1 2425 

S80-G40 83.3 78.1 70 2.6 2414 

S80-G60 80.2 75.3 250 2.3 2443 

S100-0 101.2 97.0 50 3.2 2457 

S100-G60 100.5 91.9 200 2.8 2440 
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3.2.2 Autogenous shrinkage of concrete 

Drying shrinkage measurement according to AS1012.13-2015 starts after 7 days of 

standard water curing [78]. Although this standard test method aims to measure drying 

shrinkage, it actually measures the drying shrinkage plus that part of the autogenous 

shrinkage that occurs after 7 days because autogenous shrinkage continues due to hydration 

and self-desiccation. Moreover, numerous experimental studies can be found in the 

literature considering the autogenous shrinkage of concrete at a very early age [109, 110, 

111].  

In these studies, the effect of the first measurement time on the autogenous shrinkage was 

first studied. The ‘time zero’ of autogenous shrinkage measurement was determined as the 

final setting time because the autogenous shrinkage evolution of cementitious materials is 

closely related to the time when the paste becomes a solid skeleton to transfer tensile stress. 

Three concrete mixes were selected, one low strength grade (N25-FA30), one middle 

strength grade (N40-G40) and one high strength grade (S100-G60) to examine the effect of 

different grades and percentages replacement of SCMs on setting time and early age 

autogenous shrinkage. Two different autogenous shrinkage tests were conducted using the 

three concrete mixtures by examining the development of autogenous shrinkage i) from 

‘time-zero’ and ii) from 24 hours after casting. According to AS2350.4-2006 [112] and 

previously reported studies [109, 113, 114, 115], the final setting time was obtained from 

the Vicat needle test.  

To measure autogenous shrinkage, standard shrinkage prisms were cast in steel moulds and 

demoulded at the final setting (for N25-FA30, N40-G40 and S100-G60) and 24 hours after 

casting for all 21 concrete mixes. Immediately after demoulding, all faces of autogenous 
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shrinkage specimens were well-wrapped using a self-adhesive water-proof aluminium foil 

to avoid any loss of moisture to the environment [80]. The digital shrinkage gauge meter 

used for measuring autogenous shrinkage is shown in Figure 3-2. 

To compare and minimise systematic and random errors, two or three shrinkage prisms 

were tested in parallel for each concrete mix. The typical size of the shrinkage prisms in 

Australia is 280 mm × 75 mm × 75 mm [104]. After demoulding, the autogenous shrinkage 

specimens were kept in an environmentally controlled room at a temperature of 23°C ± 2 

C and RH of 50 ± 3%. It should be noted that the actual temperature in the test specimens 

might be higher than 23°C at an early age due to the hydration and varied across the cross-

section of test specimens. However, since the autogenous shrinkage is measured after 24 

hours from casting, and the size of the specimen is relatively small, as such, the temperature 

variation along the cross-section is assumed to be uniformly distributed and equal to the 

temperature in the environmental chamber (23°C). Benchmark readings were recorded 

when the specimens were demoulded. Measurements were carried out once a day for the 

first week and then once a week after the first week until 100 days.  

 

Figure 3 - 2: Autogenous shrinkage specimens. 
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3.2.3 Total and drying shrinkage of concrete 

As mentioned in Section 3.2.2, drying shrinkage of concrete is determined according to 

Australian Standard AS1012.13-2015 [78]. However, the development of autogenous 

shrinkage SCMs based concrete after 7 days can be significant due to the pozzolanic 

reactions [116]. Therefore, an alternative approach was carried out to evaluate concrete 

shrinkage. After 1 day, total shrinkage test was carried out using unsealed concrete prisms 

that were fully exposed to the air (23 ˚C and 50% relative humidity), as depicted in Figure 

3-3. Consequently, the drying shrinkage is simply obtained from the difference between the 

total shrinkage measured on the unsealed specimens and the autogenous shrinkage 

measured on the sealed specimens. However, it should be noted that the drying shrinkage 

may not be simply computed by subtracting the autogenous shrinkage from the total 

shrinkage due to the non-uniform hydration reaction in the drying condition. 

 

Figure 3 - 3: Total shrinkage specimens. 

 

 



48 
 

3.2.4 Autogenous shrinkage of paste 

The autogenous shrinkage of pastes was assessed in accordance with ASTM C1698 [117]. 

This method uses corrugated tubes for the determination of autogenous shrinkage in cement 

paste. In this chapter, 4 mixes with identical water to binder ratio of 0.4 were tested. The 

cementitious materials replacements percentage was the same as for concrete mixes. To 

distinguish the paste samples from concrete, the label ‘FA30’, ‘G40’, or ‘G60’ stands for 

the 30% fly ash, 40% and 60% GGBFS replacement of Type GP cement by weight 

respectively. The details of the paste mix proportions are presented in Table 3-4. The 

autogenous shrinkage measurements of pastes started at the final setting time. The final 

setting time of cement pastes was determined by the isothermal calorimetry. The precision 

of the measurement is ± 10 min. The deformation of each specimen was continuously 

monitored until 100 days. 

Table 3 - 4: Mix proportions of paste. 

Sample 
binders 

w/b ratio 
GP cement SCMs 

Control 1 0 0.4 

FA30 0.7 0.3 0.4 

G40 0.6 0.4 0.4 

G60 0.4 0.6 0.4 

3.2.5 Chemical shrinkage of paste 

Chemical shrinkage of cementitious materials has a significant contribution to the early 

volume change of concrete. ASTM C1608 is one of the popular test methods to determine 

chemical shrinkage [118]. However, many factors affect the accuracy and repeatability of 

the test results including the shape and size of the glass vial, w/c ratio, thickness of the 
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cement paste. Zhang et al. [119] reported the modified test method with superior precision 

and repeatability than ASTM C1608. An Erlenmeyer flask was used instead of vials to 

prevent the formation of the skeleton structure in cement paste. Precision was increased by 

maintaining the thickness of the paste at about 7.5 mm. Therefore, in this chapter, chemical 

shrinkage was measured by a modified version of ASTM C1608 as described by Zhang et 

al. [119]. Note that paste mixes have the same binder mix proportion as for autogenous 

shrinkage specimens shown in Table 3-4. Chemical shrinkage was monitored for 100 days. 

3.2.6 Pore structure analysis of paste 

The pore structure of the pastes was determined by the nitrogen sorption test. The w/b ratio 

for the paste used in pore structure analysis is the same as the paste mixes in the autogenous 

and chemical shrinkage tests. The specific surface area was evaluated by Brunauer–

Emmett–Teller (BET) method with an accelerated surface area and porosimetry system: 

Novatouch LX4 from Quantachrome Instrument. The gas used is nitrogen (𝑁2) with a 

liquefaction temperature of -195.87 °C. The paste samples were sealed until the testing date. 

Hydration of paste samples was prevented by a modified RILEM method [120]. IPA 

exchange for 1 hour, drying at 40 °C for 0.5 hours. Prior to this, the paste sample was ball-

milled and screened at a size of 850 μm. To remove the adsorbed water from the fine pores, 

the degassing process was carried out using 40 °C under the vacuum condition for 16 hours 

[121]. To evaluate the pore size distribution, the adsorption branches of isotherm curves 

were analysed using the Barrett-Joyner-Halenda (BJH) method [122]. Each specimen was 

tested at the age of 28 days and 90 days. 
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3.3 Results and analysis 

3.3.1 Autogenous shrinkage of concrete tested immediately after final setting 

The Vicat needle test results show that the final setting time of N25-FA30, N40-G40 and 

S100-G60 were 10 hours, 8 hours, and 15 hours, respectively. Figure 3-4 presents the 

comparisons between the autogenous shrinkage of concrete mixes measured from 24 hours 

and immediately after the final setting. It should be noted that the purpose of this section is 

to compare the absolute shrinkage value between the measurement after 24 hours and the 

measurement after final setting. By doing that more conservative (higher autogenous 

shrinkage) could be identified. 

   

Figure 3 - 4: Autogenous shrinkage measured after 24 hours or final setting: (a) N25-FA30; 

(b) N40-G40; (c) S100-G60. 
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Figure 3 – 4: (continued) 

As depicted in Figure 3-4, although the measurement starts at different time, the age is 

adjusted as age after the benchmark reading until 28 days. The results show that the 

autogenous shrinkage measured by starting immediately after the final setting was always 

lower than when starting after 24 hours. The maximum difference at 28 days is 30 με. This 

could be attributed to a not fully recovered concrete expansion rather than shrinkage that 

can occur after the final setting and before 24 hours. This phenomenon occurring at a very 

early age was also reported by several authors [123, 124, 125]. This can be attributed to a 

thermal expansion due to the heat of hydration, absorption of bleeding water [126], water 

adsorption by filler [127], and CH growth and primary ettringite formation [128]. 
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Nevertheless, the measurement of autogenous shrinkage starting after 24 hours appears to 

be more conservative compared to the immediate measurement after the final setting. In 

this comparison, starting to measure autogenous shrinkage after 24 hours seems to be 

justified, avoiding interferences with complex phenomena leading to concrete expansion.  

3.3.2 Autogenous shrinkage of concrete tested from 24 hours 

The autogenous shrinkage strains are presented in Figure 3-5 for all concrete mixes at 3, 7, 

14, 28, 56 and 100 days. The displayed points represent the average value of two or three 

measured strains. Figure 3-6 provides typical autogenous shrinkage results for three 

replicate samples, indicating good repeatability of the test method. As expected, autogenous 

shrinkage increased with the increase in characteristic compressive strength. This is due to 

the autogenous shrinkage is predominant in lower water/binder ratio mixtures [80, 81].  

At 28 days (Figure 3-5 (d)), it was observed that for fly ash mixes, regardless of the 

strength, the autogenous shrinkage was similar to that of the reference concretes. For 

GGBFS mixes with compressive strength less than 50 MPa, autogenous shrinkage appears 

to be similar to that of the control mixes. However, for concrete strengths greater than 50 

MPa, the autogenous shrinkage of GGBFS concretes was about 10% lower than that of the 

reference concretes. Concrete mixes with 30% fly ash at about 20 MPa shows a statistically 

higher and 60 MPa shows a significantly lower autogenous shrinkage. 

The autogenous shrinkage test results at 56 days (one of the key age in Australia to report 

shrinkage results [78]) are shown in Figure 3-5 (e). For concrete mixes with 30% fly ash, 

the results at about 20 MPa shows a statistically higher and 60 MPa shows a significantly 

lower autogenous shrinkage. For GGBFS concretes, except for N25-G60, the autogenous 

shrinkage was about 30% higher on average than that of the control mixes for compressive 
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strength below 50 MPa. N25-G60 concrete did not show the same trend due to an initial 

swelling. GGBFS concrete with strength range 35-50 MPa shows a significantly higher 

autogenous shrinkage. The autogenous shrinkage of GGBFS concretes with strengths 

greater than 50 MPa remained about 10% lower than reference concretes.  

Figure 3-5 (f) shows the long-term autogenous shrinkage test results at 100 days. Fly ash 

concretes still perform similarly to control concretes. For GGBFS concretes with strength 

range 35-50 MPa, the autogenous shrinkage is about 50% higher in average than that of the 

reference concretes. It was also seen that autogenous shrinkage is increasing with the 

GGBFS content from 40% to 60%. For strength higher than 50 MPa, autogenous shrinkage 

of GGBFS concretes was equal to control mixes autogenous shrinkage. After 100 days, 

autogenous shrinkage of N25-G60 also became superior to that of N25-0 despite its initial 

swelling. 

 

Figure 3 - 5: Autogenous shrinkage of concretes mixes with FA and GGBFS measured: (a) 

at 3 days; (b) at 7 days; (c) at 14 days; (d) at 28 days; (e) at 56 days; (f) at 100 days. 
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Figure 3 – 5: (continued) 
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Figure 3 – 5: (continued) 

Experimental results consistently showed significantly higher autogenous shrinkage for 

GGBFS concretes compared to reference concretes for concrete grades below 50 MPa. 

Excluding N25-G60, the autogenous shrinkage of GGBFS concretes was on average 20% 

higher than reference concretes at 28 days, increasing up to 30% and 50% after a test period 

of 56 and 100 days, respectively. For reference concretes, hydration reactions after 28 days 

seemed to be almost complete and the autogenous shrinkage due to the self-desiccation 

appeared to be negligible. By contrast, GGBFS concretes showed a continuous autogenous 

shrinkage development due to late hydration reactions [129], leading to a higher 
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autogenous shrinkage at a later stage. The results of increased autogenous shrinkage were 

in agreement with those reported in the literature [123, 130, 131].  

The introduction of GGBFS led to a refinement of the pore structure in cement paste. It was 

reported that pores less than 50 nm increase the self-desiccation which contributes to higher 

autogenous shrinkage [132]. This pore refinement happened over a large period and will be 

discussed in Section 3.3.6. However, autogenous shrinkage of GGBFS high strength 

concretes is about 10% lower than reference concretes at 28 and 56 days. At 100 days, 

autogenous shrinkage of GGBFS concretes was almost the same as the control mixtures for 

high strength concretes. Based on these test results, it can be concluded that the autogenous 

shrinkage of GGBFS blended high strength concretes with a low water/binder ratio (less 

than 0.3) exhibited a slow development compared to reference concretes. The possible 

explanation is that the low water to binder ratio affects the hydration as cement cannot be 

fully hydrated and the final degree of hydration is limited, compensating for some late 

pozzolanic reactions and resulting in a low self-desiccation and autogenous shrinkage [133]. 

Such behaviour was also noted by Lee et al. [134]. 

 

Figure 3 - 6: Autogenous shrinkage results of three N50-G40 concrete samples. 
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For concretes with fly ash, autogenous shrinkage seemed to be only marginally affected by 

the decrease in water to binder ratio or increase in strength. In addition, the autogenous 

shrinkage development of fly ash concretes was overall similar to that of control concretes. 

Like reference concretes, only a marginal increase in fly ash concretes autogenous 

shrinkage was observed from 28 days to 100 days. Fly ash concretes autogenous shrinkage 

was significantly lower than that of GGBFS concretes. This can be attributed to the dilution 

effect of fly ash and the slow reaction rate in comparison with reference concretes. The 

hydration products are reduced because of the lower cement content [135]. Yet, the dilution 

effect of GGBFS is compensated by the hydraulic nature of GGBFS. After being in contact 

with water, GGBFS reacts faster than fly ash [136, 137].  

3.3.3 Total and drying shrinkage of concrete  

According to AS3600-2018 [98], the drying shrinkage at 100 days could be ideally 

identified as basic drying shrinkage. Based on this principle, Figure 3-7 shows the basic 

drying shrinkage of all concretes which is the difference between total and autogenous 

shrinkage after 100 days. 

The basic drying shrinkage for the reference concretes appeared to be marginally dependent 

on the compressive strength. Concretes with strength less than 50 MPa showed slightly 

higher drying shrinkage values than concrete strength grades higher than 50 MPa. 

Moreover, based on the results in Figure 3-7, the basic drying shrinkage of concrete mixes 

with SCMs appeared not to be affected significantly by compressive strength.  

Basic drying shrinkage for concrete mixtures with SCMs was significantly lower than that 

of reference concretes for all grades. The average shrinkage reduction for mixtures with 

30% fly ash was about 29%, while for mixtures with 40-60% slag, the reduction was about 
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32% compared to the reference concretes. Similar results were also reported by Güneyisi et 

al. [138]. 

 

Figure 3 - 7: Basic drying shrinkage of concretes mixes with FA and GGBFS calculated at 

100 days. 

Figures 3-8 presents the results of total shrinkage of concrete mixes with SCMs at 100 days. 

Total shrinkage for all concrete mixes without SCMs from 25 to 100MPa is almost constant 
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of total shrinkage from control mixes compared to drying shrinkage at high concrete grades. 
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grades more than 40-50MPa and for low strength, concrete was about 26%, which was a 

distinct drop. It is also observed that the total shrinkage for GGBFS concrete exhibited a 

similar trend to control mixes which total shrinkage slightly increased as strength increased. 

While fly ash at 30% shows a different performance, the total shrinkage could be 
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shrinkage and a slight increase in autogenous shrinkage resulted in the deceases in total 

shrinkage.  

 

Figure 3 - 8: Total shrinkage of concretes mixes with FA and GGBFS measured at 100 

days. 

3.3.4 Autogenous shrinkage of paste 
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The simultaneous analysis of the results from both tests will help in understanding the late 

autogenous shrinkage observed on GGBFS concretes in relation to the pore structure 

refinement.   

Figure 3-9 shows the autogenous shrinkage of pastes with fly ash and GGBFS compared to 

reference paste. It can be observed that the development of autogenous shrinkage of the 

pastes follows a similar trend to that of corresponding concretes but with different rates of 

development depending on the pastes. It can also be observed that the trends in Figure 3-9 

and Figure 3-5 are consistent, indicating that the increase of autogenous shrinkage of 

GGBFS and fly ash systems from 28 to 100 days is significantly higher than that of 

reference mixes. The shrinkage of the control sample reached a plateau but the SCMs 

blended samples kept shrinking after 28 days. The autogenous shrinkage of the control mix 

was recorded as 730 με after 100 days. The autogenous shrinkage of GGBFS pastes was 

lower than the control mix at an early age but overtook the control mix after 80 days. The 

rate of shrinkage for slag blends (both 40% and 60% slag replacements) was steeper at later 

ages. These results were consistent with the higher autogenous shrinkage development 

observed for GGBFS concrete after 28 days. Similar results were also noted by Wei et al. 

[38]. According to previous research, due to the difference in the chemical composition of 

cement and slag, the introduction of slag in the paste mixes seemed to develop denser 

hydration products [140]. Densification of microstructures may increase the capillary 

pressure, thereby increasing the autogenous shrinkage [140].  
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Figure 3 - 9: Autogenous shrinkage of pastes mixes with FA and GGBFS. 

The autogenous shrinkage of paste mix with fly ash was overall lower than that of reference 

paste, which agreed with the experimental findings of Talcinkaya and Yazici [141] and 

most of the results obtained on fly ash concretes in this study (Figure 3-5). Some increase 

in autogenous shrinkage was observed on fly ash paste from 28 days to 100 days due to 

pozzolanic reactions. However, the extent of this increase was only small compared to 

GGBFS pastes. Indeed, both fly ash and 40% GGBFS pastes achieved similar autogenous 

shrinkage at 28 days, just over 300 με. But at 100 days, while the autogenous shrinkage of 

the fly ash paste reached about 500 με, 40% GGBFS paste achieved about 850 με. This 

increase observed on fly ash paste autogenous shrinkage from 28 days to 100 days seems 

too small to be observed on fly ash concretes due to the influence of aggregates (Figure 3-

6). 
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 3.3.5 Chemical shrinkage of paste 

Chemical shrinkage is the reduction in absolute volume of paste due to hydration because 

the volume of the products forming is less than that of the reactants. In addition, when the 

cement paste has hardened and is unable to freely reduce its macroscopic volume due to the 

hydration reactions, capillary pores form internally to accommodate the volume reduction.  

Figure 3-10 displays the evolution of chemical shrinkage of pastes with fly ash and GGBFS 

in comparison with reference paste. It can be observed that the chemical shrinkage slightly 

decreases with the increase in slag content compared to the control mix. As the slag content 

increased from 40% to 60%, the ultimate chemical shrinkage decreased from 6.8 mL/100g 

of binder to 6.3 mL/100g of binder. Such behaviour was also noted by Merzouki et al. 

[142]. However, these results were not consistent with the autogenous shrinkage test results 

discussed in the previous sections. In addition, it is also found that the chemical shrinkage 

of paste with fly ash was slightly lower than reference paste before 56 days but became 

equal to 100 days. The ultimate chemical shrinkage was 7.2 ml/100g of binder for both 

reference paste and fly ash paste. The lower chemical shrinkage may be explained by the 

dilution effect of the SCMs and the lower heat released in fly ash and slag pastes compared 

to Type GP cement paste as the heat of hydration and the resulting increase in concrete 

temperature contributes to accelerating hydration reactions.  

The chemical shrinkage test measures the volume reduction associated with the hydration 

reactions of cementitious materials in a fully saturated condition, eliminating the effect of 

self-desiccation. While autogenous shrinkage measured using the corrugated tubes in this 

chapter is a length reduction caused by the measurable portion of hydration reactions and 

self-desiccation. After the pore structure is built, the consumption of water during hydration 
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reaction results in voids formations and relative humidity reduction within the pore 

structure. Then, capillary pores become unsaturated leading to meniscus formation, which 

causes self-desiccation induced autogenous shrinkage [143]. Therefore, the chemical 

shrinkage measured in this chapter is mainly due to the difference in sizes between the 

products before and after hydration. Based on these test results, one may conclude that 

considering the similar chemical shrinkage between GGBFS and control pastes, the higher 

long term autogenous shrinkage of GGBFS pastes is caused by the self-desiccation due to 

the sequences of pore structure refinement of GGBFS pastes. The effect of the time-

dependent pore structure refinement will be discussed in Section 3.3.6. 

 

Figure 3 - 10: Chemical shrinkage of pastes mixes with FA and GGBFS. 
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pore size distribution curves of pastes with fly ash and GGBFS at 28 and 90 days in 

comparison with the reference paste. Though the differential pore volume was acquired up 

to about 67 nm radius as shown in Figure 3-11, the pore volume relevant to autogenous 

shrinkage was considered up to 25 nm.  

In this chapter, GGBFS seems to have a more obvious impact on the time-dependent 

change of pore structure (in the range 2.5 to 5 nm) as manifested by the considerable shift 

of the differential pore size distribution curve towards left from 28 days to 90 days (Figure 

3-11) compared to the other two mixes. As shown in Figure 3-11, the increase in pores with 

size ranging from 2.5 to 5nm was the highest for GGBFS system. The reasons can be 

attributed to their different physical characteristics and hydration process. GGBFS is a fine 

mineral powder with high hydration activity and specific surface area. The radius of 

GGBFS grains is smaller than fly ash and cement as presented in Figure 3-1. The gaps 

formed between cement particles can be filled by the finer GGBFS grains. Then, the 

generated hydration products continually fill the pores, splitting the original large pores into 

several micro-pores [91]. The average pore size is approximated from the total volume to 

nitrogen absorbed assuming the pores are filled with liquid nitrogen under pressure and 

BET surface area. The average pore radius of control, fly ash and GGBFS pastes were 

13.1 nm, 11.2 nm and 11.3 nm at 28 days, respectively, while the average pore radius 

decreased to 8.7 nm, 9.0 nm and 8.3 nm at 90 days, respectively. This reduction in average 

pore radius is attributed to the continuing hydration of pastes. Pores are further filled by 

hydration products [91]. 

To better investigate the relationship between autogenous shrinkage and the pore structure 

of cement pastes with fly ash and GGBFS, test results including the autogenous shrinkage 
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of N40 concrete mixes (Figure 3-12), autogenous shrinkage of pastes (Figure 3-9) and the 

pore structure of pastes (Figure 3-11) were selected and compared (summarized in Table 3-

5) because they have very similar w/b ratio for further analysis. It can also be observed that 

the trends in Figure 3-9 and Figure 3-12 are quite consistent, showing that GGBFS can lead 

to a higher autogenous shrinkage while fly ash exhibits similar or smaller autogenous 

shrinkage compared to reference mixes. The underlying logic that links all these test series 

together is that the state of pore structure at each specific time and the change in 

microstructures between 28 days and 90 days should correlate with the evolution of 

autogenous shrinkage within this period, which should be observed on both paste and 

concrete systems.  

 

Figure 3 - 11: Pore size distribution curves of pastes mixes with FA and GGBFS: (a) at 28 

days; (b) at 90 days. 
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Figure 3 - 12: Autogenous shrinkage of N40 concretes mixes. 

Table 3-5 summarises the pore volume fractions obtained within the pore size range 2.5-25 

nm radius for control paste, FA30, and G60 and autogenous shrinkage values at 28 and 90 

days. It can be seen from Table 3-5 that the pore volume fraction within 2.5-25 nm radius 
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respectively. Then, this same pore volume fraction of FA30 and G60 pastes became 1% and 

8% lower than that of the control system at 90 days, respectively due to the pore structure 
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Table 3 - 5: Parameters of control paste, FA30 and G60 for autogenous shrinkage analysis. 

Parameters Control FA30 G60 

1. Total pores (2.5-25 nm radius) at 28 days 100% 114% 105% 

2. Total pores (2.5-25 nm radius) at 90 days 78% 77% 70% 

3. Change in total pores (2.5-25 nm radius) from 28 days to 90 

days 22% 37% 35% 

4. Change in autogenous shrinkage (GP paste, w/b = 0.4) from 

28 days to 90 days, με 56 179 517 

5. Change in autogenous shrinkage (Concrete N40, w/b = 0.34-

0.43) from 28 days to  0 days, με 28 36 100 

Notes: Parameters 1, 2 and 3 are the relative percentages of the total pores (2.5-25 nm 

radius) compared to that of the control paste at 28 days. 

3.4 Shrinkage models 

In this section, analytical models including Australian Standard AS3600 [97, 98] and 

European Standard Eurocode 2 [99] are discussed and their predictions are compared to the 

test results shown in Figure 3-6 to Figure 3-8.  

3.4.1 AS3600-2018 [98] 

In the recently published Australian Standard AS3600-2018, the development of 

autogenous shrinkage 𝜀𝑐𝑠𝑒  is modelled versus time 𝑡  (in days) and the characteristic 

compressive strength of concrete 𝑓𝑐
′ as follows: 

 εcse = εcse
∗ × (1.0 − e−0.07t) (3-1) 

 εcse
∗ = (0.07𝑓𝑐

′ − 0.5) × 50 × 10−6    for 𝑓𝑐
′ ≤ 50 MPa (3-2) 

 εcse
∗ = (0.08𝑓𝑐

′ − 1) × 50 × 10−6    for 𝑓𝑐
′ > 50 MPa (3-3) 
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The drying shrinkage 𝜀𝑐𝑠𝑑 is calculated as follows: 

 εcsd = 𝑘1 × 𝑘4 × εcsd.b (3-4) 

where 𝑘1 is obtained based on the hypothetical thickness and time using Eq. (3-5); 𝑘4 is 

equal to 0.7 for an arid environment, 0.65 for an interior environment, 0.6 for a temperate 

inland environment and 0.5 for a tropical or near-coastal or coastal environment; εcsd.b is 

the basic drying shrinkage strain which is calculated based on the characteristic 

compressive strength of concrete using Eq. (3-7). 

 𝑘1 =
(0.8 + 1.2𝑒−0.005𝑡ℎ)𝑡0.8

𝑡0.8 + 0.15𝑡ℎ
 (3-5) 

where 𝑡ℎ is the hypothetical thickness which can be calculated based on the gross cross-

sectional area (𝐴𝑔) and the exposed perimeter of a member cross-section (𝑢𝑒), as shown in 

Eq. (3-6): 

 𝑡ℎ =
2𝐴𝑔

𝑢𝑒
 (3-6) 

 εcsd.b = (0.9 − 0.005𝑓𝑐
′) × εcsd.b

∗  (3-7) 

where εcsd.b
∗  is the final basic drying shrinkage and is equal to 800 × 10−6. 

3.4.2 AS3600-2009 [97] 

In AS3600-2009, the development of autogenous shrinkage 𝜀𝑐𝑠𝑒 is depicted depending on 

the time 𝑡 (in days) and the characteristic compressive strength of concrete 𝑓𝑐
′ as follows: 

 εcse = εcse
∗ × (1.0 − e−0.1t) (3-8) 

 εcse
∗ = (0.06𝑓𝑐

′ − 1) × 50 × 10−6 (3-9) 

The drying shrinkage model in AS3600-2009 is the same as Eq. (3-4), but the calculation of 

basic drying shrinkage is different, as shown in Eq. (3-10): 
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 εcsd.b = (1 − 0.008𝑓𝑐
′) × εcsd.b

∗  (3-10) 

where the final basic drying shrinkage (εcsd.b
∗ ) is taken as 800 × 10−6  for Sydney and 

Brisbane, 900 × 10−6 for Melbourne and 1000 × 10−6 elsewhere. 

3.4.3 Eurocode 2 [99] 

In the standard EN 1992-1-1, which is also called Eurocode 2, the development of 

autogenous shrinkage εcse is represented relying on the age of concrete 𝑡 (in days) and the 

characteristic compressive strength of concrete 𝑓𝑐
′ as follows: 

 εcse = 𝛽𝑎𝑠(𝑡) × εcse
∗  (3-11) 

 𝛽𝑎𝑠(𝑡) = 1 − 𝑒−0.2𝑡
0.5

 (3-12) 

 εcse
∗ = 2.5 × (𝑓𝑐

′ − 10) × 10−6 (3-13) 

The drying shrinkage in Eurocode 2 is calculated as follows: 

 εcsd = 𝛽𝑑𝑠(𝑡, 𝑡0) × 𝑘ℎ × εcse
∗  (3-14) 

where 𝛽𝑑𝑠(𝑡, 𝑡0)  is a time development function as per Eq. (3-15); 𝑘ℎ  is a coefficient 

depending on the hypothetical thickness (𝑡ℎ), which equals to 1.0, 0.85, 0.75 and 0.7 for 𝑡ℎ 

is equal to 100, 200, 300 and greater than or equal to 500, respectively; εcse
∗  is the final 

drying shrinkage value as per Eq. (3-16). 

 
𝛽𝑑𝑠(𝑡, 𝑡0) =

𝑡 − 𝑡0

(𝑡 − 𝑡0) + 0.04√𝑡ℎ
3

 
(3-15) 

 εcsd.b
∗ = 0.85[(220 + 110𝛼𝑑𝑠1) × 𝑒𝑥𝑝 (−𝛼𝑑𝑠2 ×

𝑓𝑐
′

𝑓𝑐𝑚𝑜
)] × 10−6 × 𝛽𝑅𝐻  (3-16) 

where 𝑓𝑐𝑚𝑜 is equal to 10 MPa; 𝛼𝑑𝑠1 and 𝛼𝑑𝑠2 are equal to 3, 4, 6 and 0.13, 0.12, 0.11 for 

cement class S, N, R, respectively. 𝛽𝑅𝐻 is a relative humidity-dependent factor which can 

be calculated using Eq. (3-17). 
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 𝛽𝑅𝐻 = 1.55[(1 − (
𝑅𝐻

𝑅𝐻0
)
3

] (3-17) 

where 𝑅𝐻 is the ambient relative humidity in percentage; 𝑅𝐻0 is 100%. 

3.4.4 Performance of existing models to predict autogenous shrinkage 

Figure 3-13 shows a comparison between measured autogenous shrinkage and the predicted 

values based on the different models at 28 days, 56 days and 100 days. It can be seen that 

the observed autogenous shrinkage strains for the control concrete mixtures complied well 

with the predictions of AS3600-2018 for all concrete grades. AS3600-2018 autogenous 

shrinkage model was more accurate and conservative than the models in AS3600-2009 and 

Eurocode 2 for these concrete mixes. The high autogenous shrinkage of GGBFS concretes 

with strength below 50 MPa was not well captured by existing models. All of the codes 

appear to underestimated the autogenous shrinkage of GGBFS concretes for compressive 

strength less than 50 MPa. Even though AS3600-2018 performs better than AS3600-2009 

and Eurocode 2, a recalibration of the models for concrete mixes with GGBFS for 

characteristic compressive strengths less than 50 MPa should be considered. For fly ash 

concretes, overall, no significant difference in autogenous shrinkage was observed 

compared to reference concretes. As a result, no recalibration of AS3600 needs to be 

considered for fly ash concretes based on the test results of this chapter. Notwithstanding, 

AS3600-2018 model predictions are accurate for all high strength concretes at all ages. 
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Figure 3 - 13: Autogenous shrinkage measurements against models: (a) at 28 days; (b) at 56 

days; (c) at 100 days. 
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Figure 3-14 shows a comparison between calculated basic drying shrinkage and the 

predicted values based on the different models at 100 days. AS3600-2018 provided an 

acceptable estimation of basic drying shrinkage for reference concretes with strength 

greater than about 50 MPa and was more conservative than AS3600-2009 and Eurocode 2. 

However, AS3600-2018 is over-conservative for concrete grades less than 50 MPa. The 

average difference between AS3600-2018 and the experimental results for reference 

concretes was about 22%. AS3600-2018 failed to predict basic drying shrinkage of 

concretes with SCMs for all grades and requires recalibration.  

 

Figure 3 - 14: Basic drying shrinkage against models at 100 days. 

Figure 3-15 shows a comparison between measured total shrinkage and the predicted values 

based on the different models at 100 days. Total shrinkage for all concrete mixtures without 

SCMs remained almost constant as concrete compressive strength increased which was 

consistent with the AS3600-2018 trend. The AS3600-2018 predictions were acceptable and 
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conservative for the reference concretes. The average difference between AS3600-2018 

model and experimental results for the concrete mixtures without SCMs was about 18% 

higher, although prediction is better for higher strength grade concretes. The two other 

models provided poor predictions compared to AS3600-2018.  

For 40-60% GGBFS concretes, the higher autogenous shrinkage observed seems to 

compensate for the lower drying shrinkage for some of the concrete grades less than 50 

MPa. However, in most cases, the total shrinkage of GGBFS concretes was overestimated 

by AS3600-2018. Similarly, the total shrinkage of fly ash concretes in most of the cases 

was much lower than the total shrinkage of the reference concretes. The average errors 

obtained from AS3600-2018 model for concretes mixes with fly ash was about 38% higher, 

while for concrete mixes with GGBFS was about 31% higher. 

Total shrinkage of 40-60% GGBFS low grade concretes was the most overestimated by 

AS3600-2018. Total shrinkage of concrete mixes with SCMs was lower than without 

SCMs because of the large reduction in drying shrinkage observed, except for some mixes 

with GGBFS experiencing an increase in autogenous shrinkage compensating for their low 

drying shrinkage.  
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Figure 3 - 15: Total shrinkage measurement against models at 100 days. 

3.5 Model recalibration for SCMs 

3.5.1 Autogenous shrinkage model recalibration 

GGBFS concretes with compressive strength less than 50 MPa consistently showed a 

higher long-term autogenous shrinkage than that of the reference concretes. As a result, 

modifications to AS3600-2018 are proposed below to account for the effect of GGBFS. 

Moreover, for concrete strengths greater than 50 MPa, AS3600-2018 model is also revised 

to ensure continuity in the model at a characteristic compressive strength of 50 MPa.  

The following modifications are implemented into the existing model. The new autogenous 

shrinkage model applies to concrete mixtures with GGBFS content superior or equal to 

40%. 
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 εcse = εcse
∗ × (1.0 − e−0.05t) (3-18) 

 εcse
∗ = (0.07𝑓𝑐

′ + 2.25) × 50 × 10−6   for 𝑓𝑐
′ ≤ 50 MPa (3-19) 

 εcse
∗ = (0.025𝑓𝑐

′ + 4.5) × 50 × 10−6    for 𝑓𝑐
′ > 50 MPa (3-20) 

In Eq. (3-18), the power -0.07 in the time function is adjusted to -0.05 to account for the 

late reactions of GGBFS concretes [129]. Indeed, the experimental results showed that 

autogenous shrinkage of control concrete mixes without SCMs stabilized much earlier than 

for concrete with GGBFS. The other coefficients have been calibrated firstly based on the 

least square method to fit GGBFS concretes data. Secondly, the model has been shifted up 

by 50%, keeping the same trend, in order to conservatively predict all autogenous shrinkage 

values. 

3.5.2 Drying shrinkage model recalibration 

Similar to the autogenous shrinkage model, a new drying shrinkage model is introduced for 

fly ash and GGBFS concretes based on drying shrinkage test results. The existing model in 

AS3600-2018 is revised as follows: 

 εcsd.b = (0.5 − 0.0015𝑓𝑐
′) × εcsd.b

∗
 (3-21) 

In Eq. (3-21), the coefficients have been calibrated firstly based on the least square method 

to fit SCMs concrete data. Secondly, the model has been shifted up, keeping the same trend, 

to conservatively predict all drying shrinkage values. It should be noted that this drying 

shrinkage model is valid for a minimum content of 30% fly ash and 40% slag.  

3.5.3 Comparing experimental results with recalibrated model for SCMs 

Figure 3-16 presents the comparison between the current and the proposed new autogenous 

shrinkage model for the GGBFS concretes experimental results at 100 days. For 
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compressive strength inferior to or equal to 50 MPa, the current AS3600-2018 model 

underestimates the experimental results of concrete mixes with GGBFS by an average 

difference of 59% after a test period of 100 days. The modified autogenous shrinkage 

model was calibrated to provide conservative estimates of the experimental results, 

focusing on predicting accurately the long-term design autogenous shrinkage value, often 

called the final shrinkage value.  

 

Figure 3 - 16: Comparison between current and modified autogenous shrinkage model and 

experimental results at 100 days. 

Figure 3-17 presents the comparison between the revised model and the current AS3600-

2018 model with the experimental results for concrete mixes with SCMs at 100 days. While 

AS3600-2018 is overestimating the drying shrinkage by about 50% at 100 days, the 

recalibrated model for fly ash and GGBFS is conservatively complying with experimental 

results. The average error at 100 days is reduced to 22%. 
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Figure 3 - 17: Comparison between current and modified drying shrinkage model and 

experimental results at 100 days. 

Figure 3-18 shows the comparison between the AS3600-2018 model and the recalibrated 

model for concrete mixes with fly ash and GGBFS against measured total shrinkage 

experimental results at 100 days. For concrete strengths less than 50 MPa, AS3600-2018 

overestimates the experimental results observed on SCMs concretes on average by about 

41% at 100 days. While the overestimation is reduced to about 27% for the model after 

recalibration. On the other hand, for concrete strength greater than 50 MPa, the revised 

model for concretes mixtures with fly ash and GGBFS provides a better prediction than 

AS3600-2018. The average overestimation by AS3600-2018 is about 18% at 100 days. 

While the overestimation by the revised model is 12% in average at 100 days.  
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Figure 3 - 18: Comparison between current and modified total shrinkage model and 

experimental results at 100 days. 

3.6 Conclusions 

This chapter presents an experimental investigation aiming to assess autogenous shrinkage 

of concrete with fly ash or GGBFS. The conclusions of this work are as follows: 

1. Autogenous shrinkage of concretes with GGBFS is greater than that of the reference 

concretes for characteristic compressive strengths ranging from 35 to 50 MPa. 

Autogenous shrinkage also increases with an increasing GGBFS content from 40% to 

60%. No significant difference could be observed for 80 MPa and 100 MPa concretes.  

2. Autogenous shrinkage of concretes with fly ash is overall equivalent to that of reference 

concretes. Only fly ash concrete with 55 MPa compressive strength shows a 

significantly lower autogenous shrinkage. 

3. Starting to measure autogenous shrinkage 24 hours after batching appears to be more 

conservative than starting the measurements earlier, following the final setting.  
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4. The development of autogenous shrinkage depends on the variation of the pore 

structure. For GGBFS system, analysis of the pore size distribution of GGBFS paste 

confirmed a significant refinement of the pore structure from 28 to 90 days.  

5. No difference could be noted between the chemical shrinkage of GGBFS paste and 

reference paste. Despite a similar chemical shrinkage, the long-term refinement of the 

pore structure of GGBFS pastes compared to reference pastes led to greater self-

desiccation and higher autogenous shrinkage. The chemical shrinkage of the fly ash 

paste was significantly lower than the chemical shrinkage observed on other pastes at 

any age.  

6. The existing AS3600-2018 model performed well to predict and better than the models 

in AS3600-2009 and Eurocode 2 for predicting both autogenous and drying shrinkage 

of concrete mixtures without SCMs. For concretes with SCMs, AS3600-2018 was not 

accurate and a recalibration of the model for both autogenous shrinkage and drying 

shrinkage was proposed. 
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CHAPTER 4: ANALYTICAL MODEL PREDICTING THE 

CONCRETE TENSILE STRESS DEVELOPMENT IN THE 

RESTRAINED SHRINKAGE RING TEST 

Chapter 4 is a re-edited version of an article published by the candidate, ‘Analytical  odel 

Predicting the Concrete Tensile Stress Development in the Restrained Shrinkage Ring Test’, 

in Construction and Building Materials. I did more than 50% development and all of the 

writing. Some of the materials in this chapter have been re-edited from a recent publication, 

which has been acknowledged and detailed in the ‘Inclusion of Publications Statement’ for 

this thesis. 

4.1 Introduction 

The risk of early-age cracking is a critical indicator of the performance of concrete 

structures [145, 146, 147, 148]. Concrete structures may experience unexpected cracking at 

an early age when the tensile stress arisen in the concrete reaches the tensile strength of 

concrete [149, 150]. The tensile stress induced by restraint in concrete is governed by 

restrained shrinkage and tensile creep [151]. To increase the safety and serviceability of 

concrete structures, it is essential to understand their performance over time and to develop 

suitable and reliable theoretical models for their analysis and safety assessment. 

Numerous researchers have been investigating restrained shrinkage induced cracking of 

concrete [152, 66, 85, 153, 154]. Traditionally, three types of approaches have been used to 

investigate early age cracking of concrete caused by restrained shrinkage, such as one-

dimensional restrained shrinkage analysis [155, 156], two-dimensional restrained shrinkage 

analysis [157, 158] and restrained ring test [159, 160]. The restrained ring test is the most 
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popular experimental method to determine the cracking potential of concrete subjected to 

restrained shrinkage because it is simple to implement compared to the one-dimensional 

and the two-dimensional restrained shrinkage tests [152, 161, 162].  

Hossain and Weiss [152] proposed a method allowing to assess both residual stress 

development and stress relaxation using the restrained ring test. They also provided 

quantitative information to estimate the theoretical elastic stress and actual residual stress in 

a restrained ring specimen. Khan et al. [66] conducted an experimental study using both 

restrained ring tests and tensile creep tests to examine the effect of early age tensile creep 

on early-age cracking. Results showed that the tensile creep coefficients measured using 

tensile creep tests could be used to assess the stress relaxation induced by tensile creep in 

the restrained ring test. In another study, Khan et al. [149], carried out internally restrained 

shrinkage tests using reinforced concrete specimens including the effect of tensile creep. 

The degree of restraint and ageing coefficient were calibrated [149].  

As mentioned above, the restrained ring test is the most popular method to investigate the 

risk of early-age cracking and evaluate tensile stress development. The tensile stress 

development in concrete can be computed by measuring the strain of the steel ring [152]. 

As such, this approach is not suitable for predicting the tensile stress development in 

concrete but only for the analysis of ring test results. Meanwhile, the theoretical elastic 

stress model proposed by Hossain and Weiss [152] allows for calculating the tensile stress 

in concrete from free shrinkage, elastic modulus, and degree of restraint. The effect of 

tensile creep is not considered. Thus, this model needs to be improved to account for the 

effect of tensile creep and correctly predict the tensile stress development in concrete. 
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Supplementary cementitious materials (SCMs) and new construction materials have been 

widely used in concrete due to numerous beneficial effects, including i) improving the 

sustainability of concrete by reducing the usage of Portland cement, ii) lowering the heat of 

hydration by decreasing the content of cement, and iii) improving the durability of concrete 

[163, 164, 1, 2, 165, 166]. However, it is still difficult to accurately predict the performance 

of these blended cement-based concretes because of the inconsistent physical and chemical 

properties of SCMs used in concrete [167, 168]. There are also controversial results on their 

shrinkage and early-age cracking behaviour [169, 51, 71]. Several experimental studies can 

be found in the literature regarding the effects of fly ash and slag on the risk of early-age 

cracking. Khan et al. [170] concluded that the strength development of fly ash-blended 

concrete is lower than OPC concrete and the cracking time is reduced. Nguyen et al. [171] 

summarized that ferronickel slag decreases the risk of early-age cracking because of a 

significantly higher tensile creep. 

In this chapter, an analytical model is proposed to accurately predict the tensile stress in the 

restrained concrete ring test and capture the effect of both restrained shrinkage and tensile 

creep. The risk of early-age cracking of concrete is significantly influenced by the 

compressive strength and the incorporation of either fly ash or GGBFS. As a result, the 

analytical model presented in this chapter is validated considering a total of 21 concretes 

consisting of 6 strength grades (25 MPa to 100 MPa), one fly ash blend (30%), and 2 

different GGBFS blends (40% and 60%). However, the purpose of this chapter is not to 

discuss the influence of the concrete mix design parameters such as fly ash or GGBFS 

content on early-age cracking. 
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4.2 Prediction of concrete tensile stress in the restrained ring test 

The shrinkage of the concrete ring in the radial direction can induce a uniform external 

pressure to the steel ring. The schematic diagram of the pressure and stress obtained in the 

ring specimen is shown in Figure 4-1. The steel ring is pressurised at the outer surface, and 

the strain developing in the steel ring is equivalent to the measured strain at the 

corresponding time [152]. The tensile stress of concrete specimens (𝜎𝑎𝑐𝑡) can be expressed 

as a function of the measured steel strain, steel properties, and dimensions of the ring as 

shown in Eq. (4-1) [152]: 

 𝜎𝑎𝑐𝑡 = −𝜀𝑠𝑡 ∙ 𝐸𝑠 ∙
𝑅𝑂𝑆
2 − 𝑅𝐼𝑆

2

2𝑅𝑂𝑆
2

𝑅𝑂𝐶
2 + 𝑅𝑂𝑆

2

𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2  (4-1) 

where 𝜀𝑠𝑡 is the measured steel strain; 𝐸𝑠 is the elastic modulus of steel; 𝑅𝑂𝑆 and 𝑅𝐼𝑆 are the 

outer and inner radius of the steel ring; and 𝑅𝑂𝐶 is the outer radius of the concrete ring. 

 

Figure 4 - 1: Concrete and steel ring under surface pressure. 

The model shown in Eq. (4-1) provides an accurate estimation of the development of 

tensile stress in the concrete ring caused by restrained shrinkage. However, this model 

requires measuring the steel strain. In this context, Eq. (4-1) can only be used to analyse the 
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results of the restrained ring test instead of predicting the tensile stress development in 

concrete. For the sake of prediction, the development of the concrete tensile stress should 

be deduced from the concrete free total shrinkage and the creep coefficient, which can be 

provided through material testing or from creep and shrinkage models. Thus, it is critical to 

establish an analytical model to predict the concrete tensile stress development capturing 

the effects of restrained shrinkage and tensile creep. 

As mentioned in Figure 4-1, it is assumed that a fictitious pressurising force is applied to 

the interface between steel and concrete rings. Hence, the fictitious pressurising force can 

be expressed from the perspectives of steel and concrete rings respectively by considering 

the new and original area of steel and concrete rings as shown in Eq. (4-2): 

 𝑃𝑒𝑙 = −𝜎𝑒𝑙 ∙
(𝑅𝑂𝑆

2 − 𝑅𝐼𝑆
2 )

(1 + 𝜈𝑠)𝑅𝐼𝑆
2 + (1 − 𝜈𝑠)𝑅𝑂𝑆

2  (4-2a) 

 
𝑃𝑒𝑙 = 𝜎𝑒𝑙 ∙

(𝑅𝑂𝐶
2 − 𝑅𝐼𝐶

2 )

(1 + 𝜈𝑐)𝑅𝑂𝐶
2 + (1 − 𝜈𝑐)𝑅𝐼𝐶

2  
(4-2b) 

where 𝜈𝑠  and 𝜈𝑐  are the Poisson’s ratio of steel and concrete respectively;  𝜎𝑒𝑙  is the 

pressurising stress; 𝑃𝑒𝑙 is the pressurising force. 

The deformation of the outer surface of the steel ring under fictitious force can be 

expressed using Eq. (4-3a), while the displacement of the inner surface of the concrete ring 

is provided in Eq. (4-3b). 

 𝑈𝑠 = −𝑅𝑂𝑆 ∙ 𝜀𝑠 (4-3a) 

 𝑈𝑐 = 𝑅𝐼𝐶 ∙ 𝜀𝑐 (4-3b) 

where 𝑈𝑠 and 𝑈𝑐 are the displacement at the outer surface of the steel ring and the inner 

surface of the concrete ring, respectively; 𝜀𝑠 and 𝜀𝑐 are the total strain of steel and concrete, 

respectively. In Eq. (4-3b), since concrete is a viscoelastic material that undergoes creep 
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over time under sustained loading [66, 172, 173], stress relaxation occurs. As a result, 

tensile stress redistribution occurs in the concrete ring over time which changes the time-

dependent deformations. The total strain of concrete 𝜀𝑐 is considered the sum of the elastic 

strain 𝜀𝑒𝑙, the creep strain 𝜀𝑐𝑟, and the free shrinkage strain 𝜀𝑠ℎ. 

 𝜀𝑐 = 𝜀𝑒𝑙 + 𝜀𝑐𝑟 + 𝜀𝑠ℎ (4-4) 

In Eq. (4-4), the creep strain 𝜀𝑐𝑟 can be rewritten in terms of ageing coefficient and creep 

coefficient as follows: 

 𝜀𝑐𝑟 = 𝜒(𝑡, 𝜏) 𝜑(𝑡, 𝜏) 𝜀𝑒𝑙 (4-5) 

where 𝜑(𝑡, 𝜏) is the tensile creep coefficient which is defined as the ratio between tensile 

creep strain and instantaneous elastic strain; and 𝜒(𝑡, 𝜏) is the ageing coefficient of concrete. 

The recommended value of the ageing coefficient is 0.80 for relaxation problems [174].  

By substituting Eqs. (4-4) and (4-5) into Eq. (4-3b), the displacement of the inner surface of 

the concrete ring can be calculated as presented in Eq. (4-6): 

 𝑈𝑐 = 𝑅𝐼𝐶 ∙ [(1 + 𝜒(𝑡, 𝜏) 𝜑(𝑡, 𝜏))𝜀𝑒𝑙 + 𝜀𝑠ℎ] (4-6) 

Hence, the deformation of the steel and concrete ring in Eqs. (4-3) and (4-6) can be 

rewritten as follows: 

 𝑈𝑠 = −𝑅𝑂𝑆 ∙
𝜎𝑒𝑙
𝐸𝑠

 (4-7a) 

 𝑈𝑐 = 𝑅𝐼𝐶 ∙
𝜎𝑒𝑙

𝐸̅𝑒
+ 𝑅𝐼𝐶 ∙ 𝜀𝑠ℎ (4-7b) 

where 𝐸̅𝑒(𝑡, 𝜏) is the age-adjusted effective modulus, and this is the so-called age-adjusted 

effective modulus method. 

Conventionally, the age-adjusted effective modulus was adopted to consider the reduction 

in creep coefficient caused by the ageing of concrete [175]. Torst [175] proposed the age-
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adjusted effective modulus method for creep analysis. This method was then fully 

demonstrated by Dilger and Neville [176], Bazant [177], and Gilbert and Ranzi [174]. 

Hence, the age-adjusted effective modulus 𝐸̅𝑒 is applied in Eq. (4-7b) to account for the 

effects of concrete ageing and tensile creep in the calculation of the tensile stress in 

concrete. 

Considering the displacement compatibility, the deformation of the outer radius of the steel 

ring (𝑅𝑂𝑆) should be equivalent to the inner radius of the concrete ring (𝑅𝐼𝐶). The fictitious 

interface pressure compresses the steel ring and expands the concrete ring until 

displacement compatibility is accomplished (𝑅𝑂𝑆 = 𝑅𝐼𝐶).  

After displacement compatibility is satisfied due to the fictitious interface force, the 

difference between the two deformations should be equivalent to the amount of radial 

deformation as shown in Eq. (4-8). 

 𝑈𝑐 = 𝑈𝑠 (4-8) 

By substituting Eqs. (4-2), (4-3) and (4-7) into Eq. (4-8), the fictitious interface pressure 

can be expressed as follows: 

 
𝑃𝑒𝑙 = −

𝜀𝑠ℎ𝐸̅𝑒

𝐸̅𝑒
𝐸𝑠
∙
[(1 + 𝜈𝑠)𝑅𝐼𝑆

2 + (1 − 𝜈𝑠)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝑆
2 − 𝑅𝐼𝑆

2 )
+
[(1 + 𝜈𝑐)𝑅𝑂𝐶

2 + (1 − 𝜈𝑐)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2 )

 
(4-9) 

Once the fictitious interface force is determined from Eq. (4-9), the tensile stress in 

concrete 𝜎𝑐𝑠 can be expressed as follows:  

 𝜎𝑐𝑠 = −
𝜀𝑠ℎ𝐸̅𝑒

𝐸̅𝑒
𝐸𝑠
∙
[(1 + 𝜈𝑠)𝑅𝐼𝑆

2 + (1 − 𝜈𝑠)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝑆
2 − 𝑅𝐼𝑆

2 )
+
[(1 + 𝜈𝑐)𝑅𝑂𝐶

2 + (1 − 𝜈𝑐)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2 )

∙
𝑅𝑂𝐶
2 + 𝑅𝑂𝑆

2

𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2  (4-10) 

In the literature, Hossain and Weiss also revealed the theoretical elastic stress model by 

neglecting the effect of tensile creep. The theoretical maximum tensile stress in concrete is 

expressed as follows [152]:  
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 𝜎𝑚𝑎𝑥 = −
𝜀𝑠ℎ𝐸𝑐

𝐸𝑐
𝐸𝑠
∙
[(1 + 𝜈𝑠)𝑅𝐼𝑆

2 + (1 − 𝜈𝑠)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝑆
2 − 𝑅𝐼𝑆

2 )
+
[(1 + 𝜈𝑐)𝑅𝑂𝐶

2 + (1 − 𝜈𝑐)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2 )

𝑅𝑂𝐶
2 + 𝑅𝑂𝑆

2

𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2  (4-11) 

where 𝜎𝑚𝑎𝑥 is the theoretical elastic stress that would develop if tensile creep did not occur.  

Therefore, Eq. (4-11) always overestimates the tensile stress in concrete, and this is the so-

called theoretical maximum tensile stress model. 

According to ACI 207.2 [178], the tensile stress due to restraint can be determined as per 

Eq. (4-12): 

 𝜎𝑐𝑠 = 𝐷𝑅 𝜀𝑠ℎ 𝐸𝑐  (4-12) 

where 𝐷𝑅 is the degree of restraint. It is defined as the ratio of the actual stress caused by 

the volume change to the stress produced in a fully restrained condition. Numerically 

speaking, the strain is equal to the product of the degree of restraint and the change in unit 

length when the concrete is not restrained [178]. 

Note that the elastic modulus of concrete in Eq. (4-12) should be changed to the age-

adjusted effective modulus as explained above. Thus, the tensile stress development can be 

rewritten as shown in Eq. (4-13): 

 𝜎𝑐𝑠 = 𝐷𝑅  𝜀𝑠ℎ 𝐸̅𝑒  (4-13) 

Considering the form of Eqs. (4-10) and (4-13), the degree of restraint 𝐷𝑅 can be written as 

shown in Eq. (4-14a). The degree of restraint is also suggested in ACI 207.2 [178], and it is 

taken as the ratio of the stiffness of the steel ring to the sum of the steel ring and concrete 

ring. Khan et al. [66] proposed an alternative degree of restraint based on ACI 207.2 [178] 

by implementing the age-adjusted effective modulus method. Both the degree of restraint 

suggested by ACI 207.2 [178] and Khan et al. [66] are defined herein as shown in Eqs. (4-

14b) and (4-14c), respectively: 
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𝐷𝑅 =

𝑅𝑂𝐶
2 + 𝑅𝑂𝑆

2

𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2

𝐸̅𝑒
𝐸𝑠
∙
[(1 + 𝜈𝑠)𝑅𝐼𝑆

2 + (1 − 𝜈𝑠)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝑆
2 − 𝑅𝐼𝑆

2 )
+
[(1 + 𝜈𝑐)𝑅𝑂𝐶

2 + (1 − 𝜈𝑐)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2 )

 

(4-14a) 

 
𝐷𝑅 =

1

1 +
𝐴𝑐𝐸𝑐
𝐴𝑠𝐸𝑠

 
(4-14b) 

 
𝐷𝑅 =

1

1 +
𝐴𝑐𝐸̅𝑒
𝐴𝑠𝐸𝑠

 
(4-14c) 

where 𝐴𝑐 and 𝐴𝑠  are the cross-sectional area of concrete and steel ring, respectively. By 

using the 𝐷𝑅 proposed by ACI 207.2 [178] or Khan et al. [66] in Eq. (4-12), the model of 

tensile stress 𝜎𝑐𝑠 can be considered as a simplified model. In this chapter, the analytical 

model in Eq. (4-13) is used, providing a better estimation of concrete tensile stress. The 

proposed analytical model will be verified by considering a large number of concrete mixes 

as well as numerical simulations (Section 4.5). 

4.3 Experimental program 

4.3.1 Materials and mixture proportions 

General Purpose (GP) cement was used to prepare all concrete mixtures, complying with 

Australian Standard AS3972 type GP [100]. The compressive strength of GP cement is 

higher than 45 MPa at 28 days. It contains up to 7.5% of mineral additions such as 

limestone to reduce the clinker content and up to 5% of additional mineral constituents such 

as cement kiln dust [100]. Two typical SCMs, such as fly ash and GGBFS, were used in 

this chapter, complying with Australian Standard AS3582.1 [101] and AS3582.2 [102], 

respectively. Table 4-1 shows the chemical oxide compositions of GP cement, fly ash, and 

GGBFS measured by X-ray fluorescence (XRF) analysis. All concrete mixes were prepared 

using a crushed basalt coarse aggregate with a maximum size of 10 mm and Sydney fine 
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sand with a maximum nominal grade size of 2.36 mm. The particle size distribution of both 

coarse and fine aggregates was assessed by sieving analysis as shown in Figure 4-2. To 

control workability, a superplasticizer (Master Glenium SKY 8100) was utilised for some 

concrete mixtures. 

Table 4 - 1: Chemical oxide compositions of GP cement, fly ash and GGBFS. 

Chemical 

composition 
GP cement (wt.%) 

Fly ash 

(wt.%) 

GGBFS 

(wt.%) 

SiO2 18.8  65.9  36.6  

Al2O3 5.0  22.1  10.2  

Fe2O3 2.8  3.4  0.4  

CaO 63.8  1.6  42.9  

MgO 1.0  0.7  6.7  

Na2O 0.3  0.6  0.3  

K2O 0.7  1.8  0.4  

TiO2 0.3  0.9  0.5  

SO3 3.0  0.1  1.3  

Mn3O4 - 0.1  0.3  

 

 

Figure 4 - 2: Gradation of coarse and fine aggregates. 
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Six different concrete grades targeted at 25, 32, 40, 50, 80, and 100 MPa were prepared to 

consider a wide range of strengths of concrete. The mixtures were designated as ‘N25’, 

‘N32’, ‘N40’, ‘N50’, ‘S80’, and ‘S100’, respectively, as shown in Table 4-2.  ixture ‘0’ 

was the reference mixture without any SC s, while mixtures ‘FA30’, ‘G40’, and ‘G60’ 

represented the cement replacement by 30% fly ash, 40% GGBFS and 60% GGBFS, 

respectively. Fly ash was not considered for the high strength concretes (i.e., 80 and 

100 MPa) because high strength concrete mixes with fly ash require a water-to-binder ratio 

(w/b) lower than 0.2, resulting in an excessive dosage of superplasticizer. Such mix 

negatively affects the practical application of the concrete mix and causes the problem of 

bleeding and increased setting time [179, 180]. For each strength grade of concrete mix, the 

w/b was adjusted based on the w/b of the control mixture for each strength grade to achieve 

a suitable compressive strength with SCMs. This is attributed to late strength development 

due to the slower reactivity of fly ash and GGBFS than the reactivity of GP cement [181, 

182].  

4.3.2 Mechanical properties of concrete 

Concrete cylinders with dimensions of 200 mm in height by 100 mm in diameter were cast 

and cured in an environmentally controlled condition with a temperature at 23 C and 

relative humidity of 50% to meet the same exposure condition of the restrained ring test. 

The accuracy of a static hydraulic machine is 0.1 MPa for measuring the mechanical 

properties of concrete mixes, including compressive strength, indirect tensile strength, and 

elastic modulus. The results were the average of three concrete cylinders tested at the age of 

1, 2, 3, 7, and 28 days. The time-dependent compressive strength of all mixtures was 

conducted in accordance with AS1012.9 [183]. The indirect tensile strength of each 
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concrete mixture was assessed through a splitting test according to AS1012.10 [184]. The 

elastic modulus of all the concrete mixes was obtained in accordance with AS1012.17 [185]. 

Table 4 - 2: Mixture proportions of concrete. 

Sample ID 

Mix proportions by weight (kg/m3) 

w/b 

GP Cement FA GGBFS Coarse Agg Fine Agg Superplasticizer (ml/m3) 

N25-0 310 0 0 1059 866 400 0.56 

N25-FA30 215 95 0 1071 876 400 0.46 

N25-G40 185 0 125 1056 864 400 0.52 

N25-G60 125 0 185 1056 864 400 0.5 

N32-0 360 0 0 1025 839 500 0.49 

N32-FA30 250 110 0 1043 853 500 0.4 

N32-G40 215 0 145 1033 845 500 0.45 

N32-G60 145 0 215 1037 848 500 0.43 

N40-0 450 0 0 966 790 600 0.43 

N40-FA30 315 135 0 983 804 600 0.34 

N40-G40 270 0 180 974 797 600 0.41 

N40-G60 180 0 270 981 803 600 0.37 

N50-0 510 0 0 927 759 700 0.4 

N50-FA30 355 155 0 955 782 700 0.3 

N50-G40 305 0 205 930 761 700 0.39 

N50-G60 205 0 305 941 770 700 0.35 

S80-0 585 0 0 908 743 1000 0.28 

S80-G40 350 0 235 911 746 1000 0.27 

S80-G60 235 0 350 915 748 1000 0.26 

S100-0 650 0 0 880 720 1200 0.22 

S100-G60 260 0 390 880 720 1200 0.21 

4.3.3 Restrained ring test 

Figure 4-3 shows the dimension of the mould for the restrained ring test and the ring 

specimen used in this chapter. The presented restrained ring test is in accordance with 

modified ASTM C1581 [66, 170, 149, 186]. The dimensions of the inner and the outer radii 
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of the steel ring were 𝑅𝐼𝑆 = 130 mm and 𝑅𝑂𝑆 = 135 mm, respectively. The inner radius of 

the concrete ring is equivalent to the outer radius of the steel ring (i.e., 𝑅𝐼𝐶 = 𝑅𝑂𝑆 ), and the 

outer radius of the concrete ring was 𝑅𝑂𝐶 = 170 mm, and the system was 70 mm in height. 

Two restrained ring tests were conducted in parallel. The outer surface of the inner steel 

ring was oiled to minimise the effect of friction between the steel and concrete rings. Three 

strain gauges with an accuracy of 1 με were placed on the inner steel surface at mid-height 

at equal distances (angle of 120°). Immediately after casting, the fresh concrete in the 

restrained ring mould was covered by wet cloth to minimise moisture loss. After 24 hours, 

the mould of the outer steel ring was removed, and the specimens were moved to the 

environmentally controlled room at a temperature of 23 °C and relative humidity (RH) of 

50%. In the present chapter, the top, bottom, and outer surfaces of the concrete ring were 

exposed to drying, as reported by previous studies [160, 187, 188]. The steel strains were 

monitored over time from 1 day after casting to the time of cracking. In general, a sudden 

drop in steel strain was observed when cracking occurred. 

 

Figure 4 - 3: Restrained ring test: (a) dimension; (b) ring specimen. 

 

(a) (b)
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4.3.4 Free shrinkage test 

In this chapter, free shrinkage is defined as the total shrinkage of specimens without 

external restraint [189]. The free shrinkage tests were performed using prismatic specimens 

with the size of 280 mm × 75 mm × 75 mm, as shown in Figure 4-4. Three free shrinkage 

samples were prepared for each concrete mix, as shown in Table 4-2. All concrete prismatic 

specimens were prepared in accordance with the provision of AS1012.13 [7]. The moulds 

containing fresh concrete were covered by wet cloth to avoid any moisture loss. After 24 h 

of curing, the concrete prisms were removed from the moulds, and the specimens were 

stored in the environmentally controlled room (23°C and RH = 50%) where the ring tests 

were conducted. The free shrinkage was measured from 1 day after the casting until 

28 days by the digital shrinkage gauge meter with an accuracy of 1 με. The dimensions of 

the prismatic concrete specimens and the concrete ring specimens were different. However, 

the free shrinkage in the concrete ring (𝜀𝑠ℎ) in Eq. (4-4) can be assumed to be equal to the 

free shrinkage measured from the prismatic specimens because of their similar volume-to-

surface area ratio (37.5 mm for the prismatic specimen and 35 mm for the concrete ring). 

 

Figure 4 - 4: Total shrinkage specimens. 
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4.3.5 Tensile creep test 

Tensile creep tests were performed using dog-bone-shaped specimens. The method for the 

tensile creep test was designed by the authors and used in the previous works [66, 51, 149, 

171]. The dimensions and loading configuration of the dog-bone-shaped specimens are 

shown in Figure 4-5. In this design, the specimens have an equal cross-section part with a 

length of 50 mm at mid-height. The stress distribution in this part is assumed to be even. 

The strain gauges were attached to each 35-mm-thick face of this part, where the width of 

the specimen is 70 mm. The curing procedure for dog-bone specimens was the same as the 

restrained ring and the prism tests. All specimens were covered with a wet cloth during the 

24 hours period after casting. After 24 hours, the specimens were demoulded and moved to 

the environmentally controlled room (23°C and RH = 50%). The dog-bone specimen was 

fixed into the creep rig by tightening the nut on the top of the frame. Steel plates with two 

threaded bolts were cast in the specimen and they were glued to both ends of the specimen 

to ensure an even stress distribution from the applied tensile load. Two dog-bone specimens 

were loaded under a sustained stress level of 50% of the tensile strength measured at the 

age of 2 days for each mix. Strain gauges with an accuracy of 1 με were attached to the 

faces of the dog-bone specimens to measure the total deformation, including elastic, creep, 

and shrinkage strains, as shown in Eq. (4-15): 

 𝜀𝑡𝑜𝑡 = 𝜀𝑒𝑙 + 𝜀𝑐𝑟 + 𝜀𝑠ℎ  (4-15) 

In the tensile creep test, two loaded dog-bone specimens were also accompanied by two 

unloaded dog-bone specimens to assess the free shrinkage in the same control room. The 

elastic strain can be easily calculated based on the constant tensile stress and elastic 
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modulus. Then the creep strain can be calculated by using the total strain minus the 

shrinkage strain minus the elastic strain, as shown in Eq. (4-16). 

 𝜀𝑐𝑟 = 𝜀𝑡𝑜𝑡 − 𝜀𝑒𝑙 − 𝜀𝑠ℎ  (4-16) 

 

Figure 4 - 5: Tensile creep test using dog-bone-shaped specimens: (a) dog-bone-

shaped specimen; and (b) loading of dog-bone-shaped specimen. 

4.4 Finite element modelling 

Finite element modelling of restrained ring specimens was performed using the commercial 

finite element (FE) code ABAQUS, to simulate the time-dependent tensile stress 

development. For the FE modelling, due to the symmetry of the restrained ring specimens 

and the uniform free shrinkage, a two-dimensional (2-D) axisymmetric model was used for 

simulating the steel and concrete ring. An axisymmetric quadrilateral element with eight 

nodes and quadratic shape functions (CAX8) was used. The generated mesh for steel and 

concrete parts contains 2 × 28 and 14 × 28 elements in radial (r) and vertical (z) direction, 

respectively. The geometry and finite element mesh of the axisymmetric model are 

presented in Figure 4-6. The boundary condition of the axisymmetric model is assumed that 

the vertical displacement of the bottom edge is zero. The contact layer is the interface 

(a) (b)
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between steel and concrete parts where is located at the right edge of steel and left edge of 

concrete in the axisymmetric model. The friction coefficient of tangential direction is taken 

as zero because the effect of friction is eliminated by applying the mould releasing agent in 

the experimental restrained ring test. The hard contact is taken in the normal direction. 

 

Figure 4 - 6: Geometry and finite element mesh of the axisymmetric model. 

Since the shrinkage behaviour of concrete cannot be implemented as a direct entry in FE 

codes, a fictitious temperature drop approach was adopted to represent the shrinkage 

behaviour in this chapter because this approach has been successfully used in the literature 

[190, 191]. This approach mimics the shrinkage of concrete by applying a fictitious 

temperature field that causes a length change identical to the free shrinkage. To simplify the 

calculation, the coefficient of thermal expansion is taken as 𝛼 = 10 × 10−6 K−1. Thus, the 

fictitious temperature drop at different ages can be calculated by using the free shrinkage 

strain divided by the coefficient of thermal expansion of concrete. 

 
𝑇(𝑡) =

𝜀𝑠ℎ(𝑡)

𝛼
 

(4-17) 

where 𝑇(𝑡) is the time-dependent fictitious temperature and 𝛼 is the coefficient of thermal 

expansion of concrete, 𝜀𝑠ℎ(𝑡)  is the experimentally measured free shrinkage strain of 

concrete as explained in Section 4.3.3.  
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In addition, the elastic modulus of steel is taken as 210 GPa. The Poisson’s ratio is assumed 

to be 0.3 and 0.18 for steel and concrete, respectively. Isotropic elasticity is used as 

constitutive models for steel and concrete. The age-adjusted effective modulus of concrete 

was used as a direct entry for concrete material properties. According to Eq. (4-7b), the 

age-adjusted effective modulus is calculated based on the tensile creep coefficient. 

However, since the geometry and concrete age when the test started were different for the 

restrained ring and the dog-bone tensile creep tests, the measured tensile creep coefficients 

from dog-bone specimens were modified as follows [192]:  

 
𝜑(𝑡, 𝜏)𝑟 = 𝜑(𝑡, 𝜏)𝑑 ×

(𝑘2𝑘3)𝑟
(𝑘2𝑘3)𝑑

 
(4-18) 

where 𝜑(𝑡, 𝜏)𝑟 and 𝜑(𝑡, 𝜏)𝑑 represent tensile creep coefficient of ring specimen and dog-

bone specimen, respectively. According to Australian Standard AS3600 [192], 𝑘2 is the 

factor depending on the hypothetical thickness and age of concrete which is calculated in 

Eq. (19a), 𝑘3 is the factor depending on the age of concrete 𝜏 at the time of loading which 

is calculated in Eq. (4-19b) [192]. 

 
𝑘2 =

𝛼2𝑡
0.8

𝑡0.8 + 0.15𝑡ℎ
 

(4-19a) 

 
𝑘3 =

2.7

1 + log(𝜏)
 

(4-19b) 

where 𝛼2  is calculated as 1.0 + 1.12𝑒−0.008𝑡ℎ  and 𝑡ℎ  is the hypothetical thickness of the 

specimens as shown in Eq. (4-19c) [192].  

 
𝑡ℎ =

2𝐴𝑔

𝑢𝑒
 

(4-19c) 

where 𝐴𝑔 is the gross cross-sectional area and 𝑢𝑒  is the exposed perimeter of a member 

cross-section. 



98 
 

4.5 Validation and discussion 

4.5.1 Test results 

The time-dependent mechanical properties including compressive strength, indirect tensile 

strength, and elastic modulus are provided in Table 4-3. As shown in Table 4-3, the 

mechanical properties test failed for N25-G40 and N25-G60 at the age of 1 day due to their 

very low compressive and tensile strength at that time. It can be seen that the incorporation 

of SCMs delays the development of compressive strength, indirect tensile strength, and 

elastic modulus. For the concrete mixes with 30% fly ash, the average compressive, indirect 

tensile strengths, and elastic modulus were 98%, 97% and 92% to that of control mixtures 

at the age of 28 days. While the average 28-day compressive, indirect tensile strengths and 

elastic modulus were 91%, 92%, 92% and 83%, 85%, 92% to that of control mixtures for 

the GGBFS content increased from 40% to 60%, respectively.  

Figure 4-7 shows the free total shrinkage development measured on prismatic specimens. 

The measured free shrinkage of GGBFS concrete was higher than that of reference concrete 

for low-strength concrete. The free shrinkage of G40 and G60 concrete was on average 7% 

and 23% higher than that of reference mixtures at 28 days, respectively. However, for high-

strength GGBFS concrete, a slight increase in free shrinkage was observed compared to 

that of reference concrete. For concretes mixes with fly ash, the absolute value of free 

shrinkage strain of fly ash concretes decreased by on average 25% compared to that of 

control concretes. 
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Table 4 - 3: Mechanical properties of concrete. 

Sample ID 

Measured compressive strength 

(MPa) 

Splitting Tensile strength (MPa) Elastic modulus (GPa) 

 

1d 2d 3d 7d 28 d 1d 2d 3d 7d 28d 1d 2d 3d 7d 28d  

N25-0 9 14.5 16 22.5 27.5 1.1 1.8 2.2 2.7 2.8 22.3 24 24.3 27.5 28.4  

N25-FA30 6 11 14 18.5 24.5 1 1.6 1.7 2.5 2.7 20.7 20.8 22.6 25.3 24.8  

N25-G40 N/A 9.2 11.5 17.5 21.5 N/A 1.2 1.5 2.1 2.4 N/A 16.2 21.3 24.4 27.4  

N25-G60 N/A 5.8 10.5 15 17 0.4 0.9 1.1 1.8 1.9 N/A 20.6 23.6 20.8 23.1  

N32-0 12 17 24 29 32.5 1.8 2.3 2.7 3.7 3.8 21.3 27.1 29.2 33.5 37  

N32-FA30 13 18 21 26 32.5 1.8 2.2 2.6 3.1 3.3 26.3 27.2 28.2 29.2 35  

N32-G40 8.7 14.5 18.5 24.5 29 1.2 1.9 2.5 2.8 3.1 20 23.8 28.8 28.9 31  

N32-G60 5.5 9.3 14.5 23.5 27.5 0.8 1.2 1.8 2.7 3.1 17.7 21.6 24.1 26.4 29.3  

N40-0 17 30.5 32.2 34.7 40.7 2.4 3.2 3.4 3.6 3.8 22.7 24.9 27.8 33.1 36.3  

N40-FA30 18.2 24.4 30.9 35.3 42.1 2.1 2.8 3.2 3.3 3.9 25.7 27.1 30.6 32.8 34.7  

N40-G40 11.6 20.5 26.4 33.9 42.4 1.5 2.1 2.8 3.4 3.9 20.6 22.4 25.5 30.9 33.1  

N40-G60 8.5 15.6 21.6 29.3 37.7 1 1.8 2.3 3 3.5 18.3 22.7 25.3 28.6 31.7  

N50-0 18 28 34.5 40.5 50.5 2.2 3.2 3.2 3.6 4.6 24 29.5 31.9 35.1 36.7  

N50-FA30 19 27 33.5 41 50 2.3 2.9 3.5 3.9 4.6 28.2 30.8 31.8 33 33.7  

N50-G40 14.9 22.7 29.2 40.1 47.2 1.7 2.3 3.1 4.1 4.4 21.4 23.9 26.8 28.0 30.7  

N50-G60 8.4 16.5 21.7 34.3 44.7 1.1 2.0 2.9 3.0 3.6 25.6 27.5 29.2 32.7 34.2  

S80-0 49.1 61.4 67.6 77.1 85.7 4.7 5.1 5.3 6.0 6.2 33.2 36.2 37.2 38.4 38.6  

S80-G40 30.8 45.8 54.9 67.8 77.5 3.3 4.1 4.7 5.0 5.7 31.4 35.6 37.8 39.5 40.4  

S80-G60 21.8 38.8 45.9 60.7 73.6 2.4 3.3 4.2 4.9 5.9 28.1 32.7 34.6 38.0 39.3  

S100-0 63.1 73.5 85.1 90.0 99.0 5.8 6.2 6.5 6.6 6.9 36.2 37.1 37.8 38.1 39.0  

S100-G60 28.2 44.1 54.0 70.1 85.4 2.7 3.9 4.5 5.3 6.5 31.5 34.4 37.3 39.4 40.9  

 

 



100 
 

 

Figure 4 - 7: Time-dependent free shrinkage of: (a) Grade 25; (b) Grade 32; (c) Grade 

40; (d) Grade 50; (e) Grade 80; and (f) Grade 100. 
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Figure 4-8 presents the tensile creep coefficients measured on dog-bone specimens. Some 

tensile creep tests were stopped for some of the grade 32 and 40 mixes when cracking was 

observed on the rings. The tensile creep coefficient of concrete mixes with 30% fly ash 

concrete was slightly reduced compared to that of OPC concrete. This was consistent with 

results reported by Wang et al. [193]. For GGBFS mixes with compressive strength less 

than or equal to 50 MPa (excluding the N32 group because the tensile creep coefficient at 

28 days is unknown), experimental results consistently showed that the concrete with 

higher GGBFS content in its binder was found to have higher tensile creep coefficient, 

which is also in agreement with those reported by Khatri et al. [194]. 

 

Figure 4 - 8: Time-dependent tensile creep coefficient of: (a) Grade 25; (b) Grade 32; 

(c) Grade 40; (d) Grade 50; (e) Grade 80; and (f) Grade 100. 
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Figure 4 – 8: (continued) 

4.5.2 Comparison of experimental, numerical and analytical tensile stress of concrete 

Figure 4-9 presents the tensile stresses of grade N25 and N32 mixes calculated by using i) 

the measured steel strains (experimental) (Eq. (4-1)), ii) the analytical model (Eq. (4-13)), 

and iii) the numerical simulation. The theoretical elastic stresses (Eq. (4-11)) are also 

included to illustrate the significance of tensile creep. The accuracy of the tensile stress by 

analytical model depends on the elastic modulus and free shrinkage, as mentioned above, 

the accuracy is 0.1 MPa for elastic modulus, leading to an accuracy of the tensile stress by 

analytical model is 0.1 MPa. As shown in Figure 4-9, the tensile stress analytically 

calculated using Eq. (4-13) agrees well with both experimentally assessed tensile stress and 

numerical simulation, indicating the accurate prediction of the time-dependent development 

of concrete stress. It can also be seen that the theoretical elastic stress always greatly 

overestimates the tensile stress because the stress relaxation due to creep is ignored. The 

results confirmed that neglecting tensile creep would result in underestimating the age of 

cracking. Therefore, it can be concluded that the benefit of the modified model is to 

account for the stress relaxation effect due to tensile creep. Moreover, the modified tensile 
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creep coefficients measured on the dog-bone specimens have been successfully used in the 

analysis of the restrained ring tests. 

 

Figure 4 - 9: Stress comparison (a) N25-0; (b) N25-FA30; (c) N25-G40; (d) N25-G60; 

(e) N32-0; (f) N32-FA30; (g) N32-G40; (h) N32-G60. 
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Figure 4 – 9: (continued) 

To better demonstrate the reliability of the proposed analytical model for various concrete 

mixes, the tensile stress at the time of concrete cracking (observed experimentally) obtained 

from both simulation and analytical model are plotted against experimental values 

calculated from the maximum steel strain measured just before concrete cracking (see 

Figure 4-10a). A good agreement among calculated and simulated as well as measured 

stresses can be observed. The comparison between analytically calculated, numerical 

simulated and experimental stresses at the experimental cracking time is also provided for 
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all concretes in Figure 4-10b. The mean value and the coefficient of variation (CoV) of the 

ratio by analytical and experimental results are 0.97 and 0.05, respectively. Meanwhile, the 

mean value and the CoV of the ratio by numerical simulation and experimental results are 

0.99 and 0.06, respectively. This shows that the proposed analytical model is accurate for 

all concrete mixes, and predictions are validated by the restrained ring test. The proposed 

analytical model can be used as a predictive tool to study the effect of different parameters 

such as the steel ring thickness to examine the effect of the degree of restraint on cracking 

time. This will be discussed in Section 4.5.4.  

 

Figure 4 - 10: (a) Comparison between calculated and experimental tensile stress at 

cracking time for all the concrete mixes; (b) statistical analysis for all concrete mixes. 
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Figure 4 – 10: (continued) 

4.5.3 Discussion on the degree of restraint 

The significance of the degree of restraint on the risk of cracking has been widely 

investigated [195, 70, 196]. Experimentally speaking, it is defined as the ratio of the strain 

of the steel ring to the free shrinkage strain of concrete ring which can be calculated as 

follows: 

 
𝐷𝑅 = 1 −

𝜀𝑠𝑡(𝑡)

𝜀𝑠ℎ(𝑡)
 

(4-20) 

To investigate the reliability of the proposed analytical model, the degree of restraint is 
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shrinkage of concrete (Eq. (4-20)), iii) the new analytical model (Eq. (4-14a)), iv) the 

ACI207.2 code (Eq. (4-14b)) [178], and v) the simplified model (Eq. (4-14c)). The results 

are shown in Table 4-4. It can be seen that the degree of restraint calculated by the 

analytical model provides the best results. The degree of restraint suggested by the ACI 

code is significantly lower than other methods because tensile creep is neglected. This 

indicates that the time-dependent analysis by implementing the age-adjusted effective 

modulus is essential. Meanwhile, the degree of restraint calculated based on the simplified 

model provides comparable results to the analytical model. The statistical analysis of the 

error and robustness of the different models is shown in Figure 4-11. The mean value and 

CoV of the ratio between the proposed analytical model and the experimental degree of 

restraint are 1.00 and 0.025, respectively, which are closer than the ones obtained by 

numerical simulation with 1.00 and 0.032, respectively. The mean value and CoV of the 

ratio between 𝐷𝑅 by simplified model and the experimental degree of restraint are 0.97 and 

0.027. As a result, it can be concluded that the simplified model also performs well. 

Therefore, the degree of restraint model can be presented in an accurate or simplified form 

as follows: 

 𝜎𝑐𝑠 = 𝐷𝑅  𝜀𝑠ℎ 𝐸̅𝑒  (4-21a) 

 

𝐷𝑅 =

{
 
 
 

 
 
 

𝑅𝑂𝐶
2 + 𝑅𝑂𝑆

2

𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2

𝐸̅𝑒
𝐸𝑠
∙
[(1 + 𝜈𝑠)𝑅𝐼𝑆

2 + (1 − 𝜈𝑠)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝑆
2 − 𝑅𝐼𝑆

2 )
+
[(1 + 𝜈𝑐)𝑅𝑂𝐶

2 + (1 − 𝜈𝑐)𝑅𝑂𝑆
2 ]

(𝑅𝑂𝐶
2 − 𝑅𝑂𝑆

2 )

    (Accurate)

1

1 +
𝐴𝑐𝐸̅𝑒
𝐴𝑠𝐸𝑠

    (Simplified)

 

(4-21b) 
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Table 4 - 4: Comparison between experimental and predicted values of 𝐷𝑅. 

Sample ID 

DOR 

(i) 

DOR 

(ii) 

DOR 

(iii) 

DOR 

(iv) 

DOR 

(v) 

Ratio 

(ii/i) 

Ratio 

(iii/i) 

Ratio 

(iv/i) 

Ratio 

(v/i) 

N25-0 0.690 0.666 0.676 0.517 0.659 0.965 0.980 0.750 0.955 

N25-FA30 0.736 0.705 0.719 0.546 0.708 0.958 0.977 0.741 0.962 

N25-G40 0.724 0.734 0.722 0.543 0.711 1.014 0.998 0.750 0.983 

N25-G60 0.744 0.755 0.750 0.571 0.744 1.015 1.009 0.768 1.001 

N32-0 0.647 0.649 0.662 0.466 0.643 1.003 1.023 0.721 0.994 

N32-FA30 0.693 0.681 0.688 0.486 0.673 0.984 0.993 0.702 0.971 

N32-G40 0.725 0.697 0.691 0.508 0.676 0.962 0.953 0.701 0.933 

N32-G60 0.618 0.615 0.605 0.531 0.580 0.996 0.979 0.859 0.940 

N40-0 0.647 0.628 0.632 0.496 0.610 0.970 0.976 0.767 0.942 

N40-FA30 0.645 0.654 0.648 0.475 0.628 1.014 1.004 0.736 0.973 

N40-G40 0.615 0.629 0.618 0.528 0.595 1.023 1.005 0.858 0.967 

N40-G60 0.623 0.618 0.626 0.535 0.604 0.993 1.006 0.859 0.970 

N50-0 0.641 0.648 0.646 0.472 0.626 1.010 1.007 0.737 0.975 

N50-FA30 0.619 0.663 0.638 0.481 0.617 1.072 1.032 0.777 0.998 

N50-G40 0.634 0.650 0.659 0.523 0.641 1.025 1.040 0.824 1.010 

N50-G60 0.728 0.771 0.741 0.543 0.733 1.060 1.018 0.746 1.007 

S80-0 0.535 0.539 0.546 0.441 0.517 1.007 1.020 0.823 0.967 

S80-G40 0.587 0.585 0.588 0.437 0.562 0.998 1.002 0.745 0.959 

S80-G60 0.574 0.535 0.546 0.458 0.518 0.933 0.952 0.799 0.903 

S100-0 0.567 0.575 0.576 0.442 0.549 1.014 1.015 0.779 0.969 

S100-G60 0.555 0.563 0.579 0.439 0.553 1.015 1.044 0.791 0.997 

Mean 

   

 

 

1.002 1.002 0.773 0.970 

CoV 

   

 

 

0.032 0.025 0.049 0.027 
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Figure 4 - 11: Comparison between different models of 𝐷𝑅. 

4.5.4 Effect of steel ring thickness 

As mentioned in the previous section, the ring specimens are further simulated by using i) 

the analytical model and ii) the simplified model to investigate the effect of the steel ring 
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Figure 4 - 12: Numerically simulated tensile stress development in restrained ring tests 

with different steel ring thickness. 

Table 4-5 shows the degree of restraint and tensile stress calculated based on the analytical 

model and the simplified model. The ratio of the result of the simplified model to the 

outcome of the analytical model is also provided in Table 4-5. The mean value and CoV are 

0.97 and 0.025, respectively, showing that the simplified model can also be used to analyse 

the restrained ring test with different steel ring thicknesses. The new analytical model 

proposed in this chapter provides the most accurate predictions for the restrained shrinkage 

ring test and can be used for any steel-concrete ring geometry. However, this analytical 

model, specifically developed to account for the restrained ring test parameters, cannot be 

used to analyse concrete structures subjected to different restraint conditions. In this case, 

the simplified model by Khan et al. [66] (Eq. 4-14c) is recommended due to its better 

adaptability.  
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Table 4 - 5: Comparison between calculated 𝐷𝑅 and tensile stress by the analytical 

model (i) and the simplified model (ii). 

Concrete 

ring 

thickness 

(mm) 

Steel ring 

thickness 

(mm) 

𝐷𝑅 (i) 𝐷𝑅 (ii) 

Tensile 

stress (i) 

(MPa) 

Tensile 

stress (ii) 

(MPa) 

Ratio 

 
35 2.1 0.45  0.42  2.01  1.89  0.94   

35 3.5 0.58  0.55  2.56  2.45  0.96   

35 5 0.66  0.64  2.92  2.83  0.97   

35 7 0.72  0.71  3.22  3.16  0.98   

35 10.5 0.79  0.79  3.52  3.50  0.99   

35 17.5 0.86  0.86  3.80  3.82  1.01   

Mean      0.97   

CoV           0.025   

4.6 Conclusions 

In this chapter, an analytical model of the restrained ring test is proposed by capturing the 

effect of both restrained shrinkage and tensile creep based on the age-adjusted effective 

modulus theory. The main conclusions can be drawn as follows: 

1. Free shrinkage and tensile creep, measured on prismatic and dog-bone-shaped concrete 

specimens, were successfully used to determine the age-adjusted effective modulus. 

2. Importantly, the model was validated considering a total of 21 concretes consisting of 6 

strength grades ranging from 25 MPa to 100 MPa. For each grade, one fly ash blend 

(30%), two GGBFS blends (40% and 60%), and a reference mix without supplementary 

cementitious materials were tested.  

3. The analytical model allows for accurately predicting the tensile stress of the restrained 
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concrete ring based on the time-dependent development of elastic modulus, total free 

shrinkage, and tensile creep of concrete, measured experimentally. The mean value and 

the CoV of the ratio by analytical and experimental results are 0.97 and 0.05, 

respectively. A numerical finite element simulation was also successfully carried out to 

validate the new analytical model. The mean value and the CoV of the ratio by 

numerical simulation and experimental results are 0.99 and 0.06, respectively.  

4. The new analytical model also provides a very accurate estimation of the degree of 

restraint for the restrained ring test. The mean value and CoV of the ratio between the 

proposed analytical model and the experimental degree of restraint are 1.00 and 0.025, 

respectively, which is better than numerical simulation, ACI207.2 code, and simplified 

model.  

5. A parametric study to investigate the effect of the steel ring thickness on the degree of 

restraint is also discussed. The mean value and the CoV of the ratio by the analytical 

and simplified model are 0.97 and 0.05, respectively, indicating the analytical model 

can be used to analyse the restrained ring test with different steel ring thicknesses. 
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CHAPTER 5: MODELLING BLENDED CEMENT 

CONCRETE TENSILE CREEP FOR STANDARD RING 

TEST APPLICATION 

Chapter 5 is a re-written version of an article published by the candidate, ‘ odelling 

Blended Cement Concrete Tensile Creep for Standard Ring Test Application’, in Structural 

Concrete. I did more than 50% the development and all of the writing. Some of the 

materials in this chapter have been re-written from a recent publication, which has been 

acknowledged and detailed in the ‘Inclusion of Publications Statement’ for this thesis. 

5.1 Introduction 

Creep is one of the most critical properties for assessing the risk of early age cracking of 

concrete. Generally, tensile creep relaxes the restrained strain caused by shrinkage and 

thermal effects, thereby reducing the tensile stress in concrete. However, in the case of 

restrained shrinkage of massive structures, compressive stresses are firstly generated. Creep 

in this case will reduce these compressive stresses and tensile stresses could be generated at 

early age when concrete tensile strength is low [197], potentially leading to cracking. 

However, cracking of massive structural concrete members is out of the scope of the 

experiments carried out in the study. In the past few decades, although the compressive 

creep behaviour of concrete has been extensively investigated [198, 199, 200, 174], less 

attention has been paid to tensile creep behaviour [87, 85, 66, 51]. Numerous other studies 

assessing compressive creep and tensile creep of concrete are available in the literature and 

conclude that concrete compressive creep and tensile creep are different [201, 202, 203]. As 

such, tensile creep cannot be estimated by the compressive creep. This is because the 
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mechanisms of creep in tension are different from those in compression [174]. Rossi et al. 

[204] investigated the mechanisms of tensile creep and concluded that the microcrack 

initiation and propagation of tensile creep are different from that of compressive creep. 

Hossain and Weiss [152] confirmed that tensile creep plays an important role in relaxing 

the tensile stress in concrete. Khan et al. [87] conducted an early age tensile creep test on 

internally restrained members, observing that lower humidity leads to higher tensile creep, 

thereby increasing the relaxation of tensile stress. In another study, Khan et al. [205] 

studied the tensile creep and shrinkage behaviour of geopolymer concrete under heat curing 

conditions, showing that the risk of early age cracking can be mitigated. The Chapter 4 in 

this thesis proposed an analytical model allowing for predicting the tensile stress 

development in the restrained ring test. This analytical model involves a tensile creep 

coefficient at early age, which can be determined by either the tensile creep experiments or 

the appropriate tensile creep models. However, the tensile creep experiments require 

extensive testing, resulting in large costs and not all laboratories are capable of doing this 

test. In addition, all creep models in current codes are calibrated from creep experiments 

under compression [206, 207, 208, 209]. 

A few studies can be found in the literature relating to prediction models of concrete tensile 

creep [84, 210, 211, 212, 213]. Dabarera et al. [84] proved that the FIB 2010 model failed 

to predict the early age basic tensile creep. The authors also proposed a modified model 

based on FIB 2010 model to predict the early age basic tensile creep of high performance 

concrete. Wei et al. [210] developed a tensile creep model based on the theory of micro-

prestress solidification by considering the effects of temperature and relative humidity. 

Zhao et al. [211] also established a tensile creep model of concrete slab utilising the micro-
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prestress solidification theory. Forth [212] collected tensile creep data over four years and 

provided a second-order polynomial as a recommended prediction formula based on the 

least square method. Brugger et al. [213] utilised multiphase modelling to simulate the 

tensile creep of concrete by introducing a load-dependent desorption isotherm. However, 

owing to the requirements of other experimental data such as the degree of hydration, 

temperature and relative humidity variations, these models are not suitable for 

implementation in standard codes. In addition, the applicability of these tensile creep 

models [19, 20] does not distinguish between conventional concrete and SCMs based 

concrete. It is known that the tensile creep behaviour of concrete mixes with SCMs is 

considerably different from that of conventional concrete [51, 170, 171, 214].  

SCMs have been widely used in concrete to reduce cement content (consequently 

decreasing CO2 emission) and improve the mechanical and durability performance of 

concrete. In addition, SCMs are mainly industrial by-products, so more economical than 

cement. However, SCMs also have drawbacks, such as decreasing the early age strength 

development and impacting the viscoelastic properties like tensile creep [215, 79, 216]. For 

instance, Khan et al. reported that incorporating GGBFS can significantly increase tensile 

creep [51], while the performance of fly ash concrete is similar to that of reference concrete 

[170]. Nguyen et al. [171] pointed out that the introduction of Ferronickel Slag (FNS) can 

also increase tensile creep. Pane and Hansen [214] reported that the risk of early age 

cracking of GGBFS concrete is reduced due to increased tensile creep. Therefore, it is 

essential to understand the influence of SCMs on the tensile creep of concrete mixes with 

SCMs such as fly ash and GGBFS, and it is necessary to develop a reliable tensile creep 

model to capture the effect of fly ash and GGBFS in concrete.  
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In this work, a tensile creep experimental database is used. The database consisted of test 

results used in Chapter 4 and a collection from other sources [87, 212, 217, 218, 219, 220, 

221, 222]. The tensile creep results are then compared with four existing creep models used 

in standards and specifications, including ACI-209R-02 model [206], FIB 2010 model 

[207], GL2000 model [208], and Eurocode 2 model [209]. These models have been used to 

predict the compressive creep but the application of these models to tensile creep should be 

investigated. A modified model valid for specific environmental conditions (23 °C, 50% of 

RH) is proposed to predict the tensile creep of fly ash and GGBFS based concrete. The 

proposed model can be also used for analysing the concrete tensile stress development in 

the restrained ring test under the same specific environmental conditions and thus this 

model can replace the tensile creep test which is quite complex and expensive for this 

purpose. 

5.2 Existing creep models 

Several models in the existing codes available for the prediction of creep of plain concrete 

are presented in this section [206, 207, 208, 209]. These models were successfully used to 

predict the compressive creep of concrete [223, 43, 224]. However, their application to 

tensile creep is questionable requiring further investigation, which will be carried out in 

section 5.4. 

5.2.1 ACI-209R-92 model [206] 

The American Concrete Institute (ACI) recommended expressions for the compliance 

function prediction. The model applies to normal and lightweight (using both moist and 

steam curing; types I and III cement) under standard conditions, as shown in Eq. (5-1): 
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 𝐽(𝑡, 𝑡0) =
1 + 𝜑(𝑡, 𝑡0)

𝐸𝑐𝑚𝑡0
 (5-1) 

where 𝐸𝑐𝑚𝑡𝑜  is the modulus of elasticity at the time of loading 𝑡0; 𝜑(𝑡, 𝑡0) is the creep 

coefficient which depends on the types of curing, the age of loading, the relative humidity, 

the volume-surface ratio, the slump, the fine aggregate content, and the air content, as 

shown in Eq. (5-2).  

 𝜑(𝑡, 𝑡0) =
(𝑡 − 𝑡0)

0.6

10 + (𝑡 − 𝑡0)0.6
× 2.35 × 𝛾𝑐,𝑡0𝛾𝑐,𝑅𝐻𝛾𝑐,𝑣𝑠𝛾𝑐,𝑠𝛾𝑐,𝜓𝛾𝑐,𝛼 (5-2) 

the remaining ACI-209-R92 expressions in Eq. (5-2) are provided in Table 5-1.  

Table 5 - 1: ACI-209-R92 creep prediction expressions [206]. 

Factors Conditions ACI-209-R92 expressions 

Age of concrete at loading 

factor, 𝛾𝑐,𝑡0 

Moist curing 1.25𝑡0
−0.118 

Steam curing 1.13𝑡0
−0.094 

Ambient relative humidity 

factor, 𝛾𝑐,𝑅𝐻 

Relative humidity ≥ 0.40 1.27 − 0.67𝑅𝐻 

Relative humidity < 0.40 1.0 

Volume-surface ratio factor, 

𝛾𝑐,𝑣𝑠 
Volume-surface ratio ≥ 38 mm 

2

3
(1 + 1.13𝑒{−0.0213(𝑉/𝑆)}) 

Slump factor, 𝛾𝑐,𝑠 Slump of fresh concrete 0.82 + 0.00264𝑠 

Fine aggregate factor, 𝛾𝑐,𝜓 
Ratio of the fine aggregate to 

total aggregate by weight 

0.88 + 0.0024𝜓 

Air content factor, 𝛾𝑐,𝛼 Air content in percent 0.46 + 0.09𝛼 ≥ 1 

where RH is the relative humidity; V and S are the specimen volume and surface area, 

respectively; s is the slump of fresh concrete;  𝜓 is the ratio of fine aggregate to total 

aggregate by weight; and 𝛼 is the air content in percent. 
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5.2.2 FIB 2010 model [207] 

The FIB 2010 model is valid for ordinary structural concrete with compressive strength in 

the range of 12 and 80 MPa. The mean ambient relative humidity should be in the range of 

40% to 100%. The mean ambient temperatures should be between 5 to 30 C. The 

maximum sustained stress should not exceed 40% of the compressive strength. For this 

model, the expression for compliance function is shown as follows: 

 𝐽(𝑡, 𝑡0) =
1

𝐸𝑐𝑚𝑡0
+
𝜑(𝑡, 𝑡0)

𝐸𝑐𝑚28
 (5-3) 

where 𝐸𝑐𝑚28 is the mean elastic modulus at 28 days; 𝜑(𝑡, 𝑡0) is the creep coefficient which 

is defined as the sum of its basic and drying components, as shown in Eq. (5-4). 

   𝜑(𝑡, 𝑡0) = 𝜑𝑏𝑐(𝑡, 𝑡0) + 𝜑𝑑𝑐(𝑡, 𝑡0) (5-4) 

where the basic and drying creep are the product function of a ‘final’ creep coefficient 

depends on parameters such as the compressive strength, notional size, relative humidity 

and time development function, as shown in Eqs. (5-5a) and (5-5b), respectively. 

   𝜑𝑏𝑐(𝑡, 𝑡0) = 𝛽𝑏𝑐(𝑓𝑐𝑚)𝛽𝑏𝑐(𝑡, 𝑡0) (5-5a) 

   𝜑𝑑𝑐(𝑡, 𝑡0) = 𝛽𝑑𝑐(𝑓𝑐𝑚)𝛽(𝑅𝐻)𝛽𝑑𝑐(𝑡0)𝛽𝑐(𝑡, 𝑡0) (5-5b) 

the remaining FIB 2010 model expressions in Eq. (5-5) are provided in Table 5-2. 

Table 5 - 2: FIB 2010 creep prediction expressions [207]. 

Factors FIB 2010 expressions 

Compressive strength factor, 𝛽𝑏𝑐(𝑓𝑐𝑚) 
1.8

(𝑓𝑐𝑚)
0.7

 

Time development function, 𝛽𝑏𝑐(𝑡, 𝑡0) ln {(
30

𝑡0,𝑎𝑑𝑗
+ 0.035)

2

× (𝑡 − 𝑡0) + 1} 

Compressive strength factor, 𝛽𝑑𝑐(𝑓𝑐𝑚) 
412

(𝑓𝑐𝑚)
1.4
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Table 5 – 2: (continued) 

Relative humidity factor, 𝛽(𝑅𝐻) 
1 −

𝑅𝐻
100

√0.1 ∙
ℎ
100

3
 

where ℎ is the hypothetical thickness 
2𝐴𝑔

𝑢𝑒
 

Age of initial loading factor, 𝛽𝑑𝑐(𝑡0) 
1

0.1 + 𝑡0
0.2 

where 𝑡0 is the age of concrete at loading; 𝑡0,𝑇[
9

2 + 𝑡0,𝑇
1.2 + 1]

𝛽 

where 𝑡0,𝑇 is the age of concrete at loading 

adjusted to the concrete temperature; β is a power 

depends on the types of cement, which equals to 0 

for normal or rapid hardening cement 

∑∆𝑡𝑖

𝑛

𝑖=1

exp [13.65 −
4000

273 + 𝑇(∆𝑡𝑖)
] 

Time development function, 𝛽𝑑𝑐(𝑡 − 𝑡0) [
(𝑡 − 𝑡0)

𝛽𝐻 + (𝑡 − 𝑡0)
]𝛾(𝑡0) 

where 𝛾(𝑡0) is the function depends on the 

adjusted age at loading 

1

2.3 +
3.5

√𝑡0

 

where 𝛽𝐻 is the coefficient depends on notional 

size and mean compressive strength 

1.5ℎ + 250(
35

𝑓𝑐𝑚
)0.5 

5.2.3 GL 2000 model [208] 

The GL 2000 model was developed for the prediction of creep of normal-strength plain 

concrete with a mean compressive strength less than 82 MPa and a w/c ratio of 0.4 to 0.6. 

The relative humidity is in the range of 20% to 100%. The expression of the compliance 

function in this model is the same as Eq. (5-3), and 𝜑(𝑡, 𝑡0) is the creep coefficient which 

includes three terms, considering the relative humidity, volume-surface ratio, and time 

development function, as shown in Eq. (5-6). 
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 𝜑(𝑡, 𝑡0) =
2(𝑡 − 𝑡0)

0.3

(𝑡 − 𝑡0)
0.3 + 14

+ (
7

𝑡0
)0.5(

(𝑡 − 𝑡0)

(𝑡 − 𝑡0) + 7
)0.5 + 2.5(1 − 1.086𝑅𝐻2)(

(𝑡 − 𝑡0)

(𝑡 − 𝑡0) + 0.12(𝑣/𝑠)
2)
0.5 (5-6) 

5.2.4 Eurocode 2 model [209] 

The Eurocode 2 model is valid for ambient temperatures varying between -40 and 40C, 

and a mean relative humidity ranging between 40% to 100%. The model adopted for the 

compliance function is the same as Eq. (5-3), and 𝜑(𝑡, 𝑡0) is computed based on the relative 

humidity, mean compressive strength of concrete at 28 days, the age of concrete at loading, 

and time development function, as shown in Eq. (5-7): 

    𝜑(𝑡, 𝑡0) = 𝛽(𝑅𝐻)𝛽(𝑓𝑐𝑚)𝛽(𝑡0)𝛽𝑐(𝑡, 𝑡0)𝜑𝑛𝑙 (5-7) 

the remaining Eurocode 2 model expressions in Eq. (5-7) are provided in Table 5-3. 

Table 5 - 3: Eurocode 2 creep prediction expressions [209]. 

Factors Eurocode 2 expressions 

Relative humidity factor, 

𝛽(𝑅𝐻) 
{
 
 

 
 1 +

1 − 𝑅𝐻/100

0.1√ℎ
3

[1 +
1 − 𝑅𝐻/100

0.1√ℎ
3 (

35

𝑓𝑐𝑚
)0.7] (

35

𝑓𝑐𝑚
)0.2

𝑓𝑜𝑟 𝑓𝑐𝑚 ≤ 35
𝑓𝑜𝑟 𝑓𝑐𝑚 ≥ 35

 

where ℎ is the hypothetical 

thickness 

2𝐴𝑔

𝑢𝑒
 

Strength-dependent factor, 

𝛽(𝑓𝑐𝑚) 

16.8

√𝑓𝑐𝑚
 

Age of loading factor, 𝛽(𝑡0) 
1

0.1 + 𝑡0
0.2 

Time development function, 

𝛽𝑐(𝑡, 𝑡0) 
[

𝑡 − 𝑡0
𝛽𝐻 + 𝑡 − 𝑡0

]
0.3
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Table 5 – 3: (continued) 

where 𝛽𝐻 is the factor 

depending on relative 

humidity and compressive 

strength 

{

1.5[1 + (1 + 0.012𝑅𝐻)18]ℎ0 + 250 ≤ 1500

1.5[1 + (1 + 0.012𝑅𝐻)18]ℎ0 + 250(
35

𝑓𝑐𝑚
)0.5 ≤ 1500(

35

𝑓𝑐𝑚
)0.5

𝑓𝑜𝑟 𝑓𝑐𝑚 ≤ 35
𝑓𝑜𝑟 𝑓𝑚 ≥ 35

 

Nonlinear creep factor for 

sustained stress levels in 

excess of 0.45𝑓𝑐𝑚𝑖 , 𝜑𝑛𝑙 

𝑒
1.5(

𝜎0
𝑓𝑐𝑚𝑖

−0.45)
 

5.2.5 Comparison of various creep models 

The required factors for the prediction of creep from these four analytical models are 

tabulated in Table 5-4. It can be seen that GL 2000 model requires the minimum number of 

parameters while the ACI-209R-92 model requires the maximum number of parameters for 

predicting the concrete creep. However, all models do not consider fly ash or GGBFS effect 

in predicting the tensile creep of concrete. 

To compare the various prediction models and investigate the modelling of early age tensile 

creep of fly ash or GGBFS concrete, the model results are compared with the experimental 

results of the 21 concrete mixes with fly ash or GGBFS considered in this chapter. A new 

model is then proposed to better reflect the early age tensile creep of concrete mixes with 

fly ash or GGBFS.  
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Table 5 - 4: Factors required for the prediction models for creep of concrete. 

Factors ACI-209R FIB 2010 GL 2000 Eurocode 2 

Mean compressive strength at 28 days Yes Yes Yes Yes 

Elastic modulus at the time of loading Yes Yes Yes Yes 

Type of cement Yes Yes  Yes 

Type of curing Yes    

Age of concrete at loading Yes Yes Yes Yes 

Relative humidity Yes Yes Yes Yes 

Volume-surface ratio Yes Yes Yes  

Slump Yes    

Fine aggregate content Yes    

Air content Yes    

Hypothetical thickness    Yes 

Nonlinear creep factor  Yes  Yes 

5.3 Experimental database on tensile creep 

The database includes test results performed at specific conditions (23 °C, 50% of RH, and 

loading at 2 days after casting) from Chapter 4 and a collection of published literature [87, 

212, 217, 218, 219, 220, 221, 222]. The tensile creep test in Chapter 4 was initiating 

initiated at 2 days after casting because, after 1 day, the concrete tensile strength was too 

low to be able to apply the sustained loading without breaking the dog bone specimens. 

The creep data in Chapter 4 were used to assess the flexibility of existing creep models to 

predict tensile creep. Then the creep data from Chapter 4 and other sources in Ref. [87, 212, 

217, 218, 219, 220, 221, 222] were utilised to study the effects of compressive strength 

(w/b ratio), paste content and SCMs on concrete tensile creep. The creep data in Chapter 4 

were then used to develop the tensile creep model for concrete mixes with SCMs. In 
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addition, the tensile stress model and the results of restrained ring test and free shrinkage 

test in Chapter 3 are also adopted to examine the applicability of the new tensile creep 

model. 

In Chapter 4, Six different concrete grades ranging from 25 MPa to 100 MPa were tested. 

Based on the nominated compressive strength, the concrete was designated as ‘N25’, ‘N32’, 

‘N40’, ‘N50’, ‘S80’, and ‘S100’, respectively. Two types of SC s, namely Fly ash and 

GGBFS, were used to replace cement by weight. According to the cement replacement 

level, the fly ash and GGBFS mixtures were designated as ‘FA30’, ‘G40’, and ‘G60’, 

respectively. The tensile compliance values of 21 concrete mixes were computed using 

experimental results obtained in Chapter 4 and summarized in Table 5-5. The tensile creep 

data of fly ash and GGBFS based concrete are newly analysed using the data in Chapter 4 

and considered in the present chapter. 

Table 5 - 5: Measured compliance of concrete mixes with SCMs. 

Mix ID 
Compliance at different ages (days) 

2 3 7 14 21 28 

N25-0 41.7 46.0 56.0 73.1 83.6 91.5 

N32-0 36.9 49.7 58.3 86.4 N/A N/A 

N40-0 40.1 53.1 74.8 90.2 97.8 105.7 

N50-0 33.9 51.4 75.1 93.6 103.9 108.7 

S80-0 27.6 34.4 40.0 43.6 44.2 44.8 

S100-0 27.0 37.4 47.2 52.5 54.9 56.9 

N25-FA30 48.1 50.7 58.7 89.0 98.7 103.1 

N32-FA30 36.8 49.4 55.6 76.4 85.4 N/A 

N40-FA30 36.9 48.2 64.7 78.6 N/A N/A 

N50-FA30 32.5 44.9 67.2 85.8 94.4 100.1 

N25-G40 61.7 75.0 124.8 138.8 145.3 150.7 

N32-G40 42.1 61.5 86.8 98.2 111.6 N/A 

N40-G40 44.5 55.8 63.8 73.8 86.2 92.6 
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Table 5 – 5: (continued) 

N50-G40 41.8 58.0 76.3 86.6 90.0 94.0 

S80-G40 28.1 42.7 53.2 58.8 61.7 64.6 

N25-G60 48.5 80.5 119.4 134.6 136.7 141.3 

N32-G60 46.3 49.9 53.7 N/A N/A N/A 

N40-G60 44.1 63.1 82.7 85.2 89.3 90.7 

N50-G60 36.4 69.7 102.1 113.7 119.4 125.2 

S80-G60 30.6 38.8 43.3 46.3 47.2 48.8 

S100-G60 29.0 41.5 51.6 57.6 61.6 63.5 

The details relating to tensile creep tests of conventional concrete from the literature are 

summarised in Table 5 - 6. It can be seen that different researchers used different test 

methods. According to the test specimens and methods, investigations can be divided into 

five types: dog-bone [87, 217, 67], cylinder [212, 222], prism [219, 220], restrained ring 

test [218] and temperature stress testing machine (TSTM) [221]. Although the test 

specimens and methods are different, the tensile creep characteristic can still be explored 

from similar test conditions. 

Table 5 - 6: Summary of tensile creep tests reported in the literature. 

Authors 
Test 

specimen 
Expressions 

Paste 

content 

w/b 

ratio 
Temp  RH  

Test 

duration 
Results 

Age at 

loading 

Khan et 

al. [87] 

Dog-bone 

specimen 

Tensile creep 

coefficient 

23% 0.55 

23 °C 50% 22d 

1.67 

2d 

24% 0.45 1.07 

Forth 

[212] 

Prism and 

cylinder 

Tensile creep 

strain 
N/A 

0.65 

20 °C 60% 100d 

175 

28d 

0.45 125 

Liu et al. 

[217] 

Dog-bone 

Specimen 

Tensile creep 

coefficient 

23% 0.37 

20 °C 60% 54d 

1.65 

7d 25% 0.33 1.25 

 28% 0.29 1.05 

Hwang 

and 

Khayat 

[218] 

Restrained 

ring 

Tensile creep 

coefficient 

26% 0.35 

23 °C 50% 7d 

0.18 

3d 

27% 0.42 0.32 
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Table 5 – 6: (continued) 

Bissonnet

te et al. 

[219] 

Prism 
Specific 

creep 

32% 0.4 

23 °C 50% 175d 

100 

7d 27% 0.4 115 

22% 0.4 180 

Hashida 

and 

Yamazaki 

[220] 

Prism 
Tensile creep 

coefficient 

24% 0.4 

20 °C 80% 20d 

1.7 

0.7d 

31% 0.27 2.8 

Shen et 

al. [221] 
TSTM 

Tensile creep 

strain 

24% 0.5 

N/A 100% 4.6d 

45 

2d 25% 0.4 103 

27% 0.33 161 

Wei et al. 

[222] 
Cylinder 

Specific 

creep 

42% 0.3 

23 °C 50% 20d 

60 

7d 38% 0.4 70 

37% 0.5 72 

Zhang et 

al. [67] 

Dog-bone 

specimen 

Tensile 

compliance 

function 

20% 0.56 

23 °C 50% 28d 

91.5 

2d 

22% 0.49 N/A 

27% 0.43 105.7 

30% 0.4 108.7 

31% 0.28 44.8 

33% 0.22 56.9 

5.4 Comparison between experimental results and predictions 

As mentioned in the previous section, existing creep models [206, 207, 208, 209] are 

predominately suitable for compressive creep. It should be noted that these models are 

developed mainly based on test data collected using mature concrete rather than at early age. 

Moreover, the accuracy of the models for predicting the tensile creep of concrete with high 

SCMs content is still questionable. As such, the comparison in this section is divided into 

two parts: firstly, the prediction of the existing models is compared to tensile creep results 

of reference concretes in Table 5; then existing models are compared to the tensile creep of 

SCMs based concrete. 
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Figure 5-1 presents the comparison for reference concretes. Table 7 lists the comparison at 

7 days (early age) and at 28 days (later age) to evaluate the accuracy of the existing model. 

As shown in Figure 5-1, any existing model could not predict well all tensile compliances 

obtained from five different strength grades of reference OPC concretes (N25, N32, N40, 

N50, S80, and S100). Each model only worked for some of the grades. For example, the 

ACI209R-92 model performed well in the low and high strength groups (N25-0, N32-0 

(early age), S80-0, S100-0), whereas it showed a large deviation in the middle strength 

groups (N40-0, N50-0). As shown in Figure 5-1 and Table 5-7, FIB 2010 and Eurocode 2 

models provided good predictions only for the middle to high strength groups (N40-0, N50-

0 and S100-0). GL 2000 model could also effectively predict the middle strength groups 

(N40-0 and N50-0) but overestimated the low and high strength grades (N25-0, S80-0 and 

S100-0).  

The concrete grade is determined by the compressive strength (or w/b ratio). As mentioned 

in Section 5.2, most models consider the influence of compressive strength and an increase 

in compressive strength leads to a decrease in the tensile compliance. However, as shown in 

Figure 5-1, the values of tensile compliance and compressive strength are not 

monotonically related. Therefore, the relationship between tensile creep and compressive 

strength (or w/b ratio) will be reconsidered in the next section. 

Regarding the accuracy of the predictions, ACI209R-92 model had the lowest mean value 

and coefficient of variation (CoV) of the ratio between prediction and experimental results, 

with mean value and CoV being 0.81 and 0.20, respectively (see Table 7). This means that 

the ACI209R-92 model underestimated the tensile creep and was conservative for the 

relaxation problem [85]. The prediction of Eurocode 2 model was slightly higher than the 
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experimental results, with the mean value and CoV being 1.20 and 0.32, respectively. FIB 

2010 and GL 2000 models mostly overestimated the tensile creep of concrete as shown in 

Table 5-7.  

 

Figure 5 - 1: Experimental results of compliance function against models for: (a) N25-

0; (b) N32-0; (c) N40-0; (d) N50-0; (e) S80-0; and (f) S100-0. 
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Figure 5 – 1: (continued) 

To better evaluate the performance of the 4 creep prediction models for various concrete 

mixes including SCMs, Table 5-7 shows the experimental compliances and model 

predictions of creep compliances obtained from all mixes at the age of 7 and 28 days. The 

ratio of predicted creep compliances to corresponding experimental results is also provided 

in Table 5-7. Moreover, Figure 5-2 presents a box plot to illustrate the 4 models 

performance by using the ratio of model prediction to experimental results for conventional 

and concrete mixes with SCMs. It can be seen that ACI 209R model has the lower scatters, 

while FIB 2010 model has the higher scatters. ACI 209R and GL 2000 models also have 

less outliers than FIB 2010 and Eurocode 2 models, indicating the lower CoV and 

prediction variations. Generally, it can be seen from both Table 5-7 and Figure 5-2 that 

both OPC mixes and SCM mixes cannot be well predicted using the current models, 

indicating the need for a better model to predict the tensile creep of concrete. This will be 

further discussed in the next sections. 
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Table 5 - 7: Comparison of predicted compliance with the experimental results. 

Mix ID 

Concrete 

age  

(days) 

Compliance  

(10-6 /MPa) 

ACI209R FIB 2010 GL2000 Eurocode 2 

value ratio value ratio value ratio value ratio 

N25-0 

7 56.0  57.4  1.03  158.1  2.82  103.1  1.84  111.7  2.00  

28 91.5  73.0  0.80  196.5  2.15  136.2  1.49  154.7  1.69  

N32-0 7 58.3  50.8  0.87  107.1  1.84  84.1  1.44  84.9  1.46  

N40-0 

7 74.8  55.3  0.74  96.8  1.29  88.3  1.18  80.5  1.08  

28 105.7  70.3  0.67  114.8  1.09  114.2  1.08  105.2  1.00  

N50-0 

7 75.1  46.7  0.62  79.0  1.05  81.5  1.08  66.2  0.88  

28 108.7  59.4  0.55  93.0  0.86  107.1  0.98  85.8  0.79  

S80-0 

7 40.0  38.1  0.95  53.2  1.33  72.9  1.82  46.2  1.15  

28 44.8  48.4  1.08  60.7  1.35  97.2  2.17  57.3  1.28  

S100-0 

7 47.2  37.2  0.79  49.0  1.04  71.7  1.52  43.0  0.91  

28 56.9  47.2  0.83  55.4  0.97  95.8  1.68  52.7  0.93  

Mean (OPC mixes only) 0.81 1.44 1.48 1.20 

CoV (OPC mixes only) 0.20 0.42 0.25 0.32 

N25-FA30 

7 58.7  66.2  1.13  189.2  3.22  118.5  2.02  130.5  2.22  

28 103.1  84.2  0.82  236.0  2.29  156.4  1.52  181.0  1.76  

N32-FA30 7 55.6  50.7  0.91  111.0  2.00  86.6  1.56  87.5  1.57  

N40-FA30 7 64.7  50.8  0.78  94.2  1.45  87.1  1.35  77.7  1.20  

N50-FA30 

7 67.2  44.7  0.67  84.5  1.26  84.3  1.25  69.7  1.04  

28 100.1  56.9  0.57  100.8  1.01  112.2  1.12  92.4  0.92  

N25-G40 

7 124.8  85.0  0.68  208.7  1.67  125.4  1.01  141.3  1.13  

28 150.7  108.1  0.72  257.9  1.71  159.8  1.06  190.1  1.26  

N32-G40 7 86.8  58.0  0.67  136.5  1.57  98.4  1.13  102.7  1.18  

N40-G40 

7 63.8  61.4  0.96  104.2  1.63  97.2  1.52  87.1  1.36  

28 92.6  78.0  0.84  123.0  1.33  125.6  1.36  113.1  1.22  

N50-G40 

7 76.3  57.6  0.76  99.6  1.30  98.7  1.29  83.1  1.09  

28 94.0  73.3  0.78  117.6  1.25  129.4  1.38  108.3  1.15  
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Table 5 – 7: (continued) 

S80-G40 

7 53.2  38.7  0.73  54.9  1.03  71.3  1.34  47.5  0.89  

28 64.6  49.2  0.76  62.9  0.97  94.5  1.46  59.2  0.92  

N25-G60 

7 119.4  66.9  0.56  268.8  2.25  122.5  1.03  152.5  1.28  

28 141.3  85.0  0.60  344.0  2.43  162.4  1.15  216.2  1.53  

N32-G60 7 53.7  63.8  1.19  151.9  2.83  105.9  1.97  112.1  2.09  

N40-G60 

7 82.7  60.7  0.73  114.4  1.38  99.2  1.20  94.2  1.14  

28 90.7  77.2  0.85  136.9  1.51  128.9  1.42  124.8  1.38  

N50-G60 

7 102.1  50.1  0.49  91.1  0.89  87.5  0.86  75.5  0.74  

28 125.2  63.7  0.51  108.3  0.87  115.0  0.92  99.3  0.79  

S80-G60 

7 43.3  42.2  0.97  59.7  1.38  75.0  1.73  51.6  1.19  

28 48.8  53.6  1.10  68.4  1.40  98.9  2.03  64.3  1.32  

S100-G60 

7 51.6  40.0  0.78  53.2  1.03  71.7  1.39  46.6  0.90  

28 63.5  50.9  0.80  60.4  0.95  94.7  1.49  57.2  0.90  

Mean (all mixes) 0.79 1.53 1.40 1.23 

CoV (all mixes) 0.22 0.39 0.24 0.30 
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Figure 5 - 2: Statistical analysis of ratios of predicted creep compliances to corresponding 

experimental results obtained from concrete mixes with SCMs: (a) reference concrete; (b) 

concrete with SCMs.  

5.5 Factors influencing tensile creep 

5.5.1 Influence of compressive strength or w/b ratio 

Figure 5-3 presents the tensile compliances of reference concretes without SCMs. Two 

groups of tensile compliances are observed in Figure 5-3. The compressive strength of 

concrete in the first group was equal or less than 50 MPa (w/b > 0.4), having higher values 

of compliances than those from S80 and S100. The tensile compliance increased with the 

increase in compressive strength in the first group (the compressive strength ≤ 50  Pa). 

This was consistent with a previous study reporting that creep increased with increasing of 
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w/c ratio and increasing paste content in the case of compressive creep [225]. It suggests 

that apart from compressive strength (w/b ratio), the paste content also affects the tensile 

creep [32]. This will be discussed in Section 5.5.2. 

The compressive strength of concrete in the second group is equal or higher than 80 MPa 

(w/b < 0.28), with lower values of compliances. The compliance increased with the 

increase in compressive strength in this second group, which was similar to the first group. 

The compliance of group 1 was higher than that of group 2. This can be attributed to the 

w/b ratio in group 1 (normal strength concrete) which was overall higher than that of group 

2 (high strength concrete), indicating more available water in concrete which could increase 

the flowability and shear stress [226]. Therefore, more available water results in a higher 

viscous shear between paste and aggregates, leading to a higher tensile creep. 

Figure 5-3 confirmed that the tensile compliance is not a monotonic function of 

compressive strength or w/b ratio. As a result, existing creep models for compressive creep 

are not suitable for tensile creep. To better support this assumption, the tensile creep results 

from other sources are summarised in Table 6 (see w/b ratio and the creep results), showing 

controversial results as tensile creep increases with the w/b ratio in [87, 212, 217, 218, 222] 

but decreases in [220, 221].  
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Figure 5 - 3: Time-dependent tensile compliance function of reference concrete. 

5.5.2 Influence of paste content 

Figure 5-4 displays the compliance of reference concrete without SCMs as a function of 

paste content to facilitate the understanding of the effect of the paste content on the tensile 

creep. Similar to Figure 5-3, two groups of concrete are also observed. The first group 

includes concretes with a compressive strength equal to or lower than 50 MPa (N25-0, 

N32-0, N40-0 and N50-0) and the second group includes the concretes with compressive 

strength equal or superior to 80 MPa (S80-0 and S100-0). The paste content in the first 

group was less than or equal to 30%, while the paste content in the second group was 

higher than 30%. In each group, the tensile compliance of the reference concrete increased 

with the increase in the paste content at different ages. However, between the two groups, 

the tensile creep of group 2 was lower than that of group 1. The overall trend of these test 

data was consistent with published results [218, 221]. This can be attributed to the 
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aggregates in concrete that can be regarded as an inert material, allowing only elastic 

deformation under sustained stress rather than creep. Therefore, the aggregates play an 

inhibitory role in the creep process of concrete, and the higher the aggregate content, the 

less the creep. In contrast, the higher the paste content in concrete, the greater the creep 

[227]. 

 

Figure 5 - 4: Tensile creep compliance of reference concrete against paste content at 

the age of: (a) 3 days; (b) 7 days; (c) 14 days; (d) 28 days. 
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5.5.3 Influence of SCMs 

Figure 5-5 presents the tensile compliance of concrete mixes with fly ash and GGBFS in 

comparison with reference concretes. The tensile creep of concrete mixes with 30% fly ash 

concrete is slightly lower than that of reference concrete mixes except for Grade 25. This is 

consistent with the results reported by Wang et al. [193]. GGBFS concrete generally shows 

the higher compliance than the reference concrete. The experimental results also show that, 

excluding N32 group, the tensile compliance of concretes with 60% GGBFS content is 

higher than that of 40% GGBFS. The impact of GGBFS on concrete creep observed in this 

study is also in agreement with results reported by Khatri et al. [194]. However, for high 

strength GGBFS concrete, the tensile compliance is only slightly increased compared to the 

reference concrete.  

Overall, the tensile creep results seem to be well aligned with the seepage theory [201, 228, 

229, 230]. This theory describes that the diffusion of water molecules from layers of free 

absorbed water to free zones is leading to a deformation of solid skeleton. In other words, 

the higher the free water content, the higher the creep.  

For fly ash concretes, to achieve a similar compressive strength to reference concretes, the 

water-to-binder ratio was significantly reduced (See Table 2 in Ref. [67]). Based on Powers 

hydration model [231], assuming a degree of hydration of 60% and that fly ash does not 

react with water at early age, it can be predicted that the free water content in concretes 

with 30% fly ash is 6% to18% lower than that of reference concretes, which can explain the 

lower creep compliance of fly ash concretes according to the seepage theory.  

On the other hand, for a compressive strength less than or equal to 50 MPa, the free water 

in GGBFS concretes is higher than in reference concretes. Firstly, because the water-to-
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binder ratio of GGBFS concretes was not significantly reduced as it is for fly ash concretes. 

Secondly, because the water requirement for GGBFS hydration is smaller than for Portland 

cement hydration [43]. As a result, an excess of free water can be expected in GGBFS 

concretes compared to reference concrete that can explain the higher creep compliance 

measured for GGBFS concretes according to the seepage theory. However, for high 

strength concretes (Grade 80 and Grade 100), the water to binder ratio is so drastically 

reduced that the difference in free water content seems to have only a marginal influence on 

the creep compliance of GGBFS concretes.  

To conclude, results indicate that besides the w/b ratio and the paste content of concrete, 

the type and the properties of SCM can also greatly affect the tensile creep behaviour of 

concrete. 
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Figure 5 - 5: Time-dependent tensile compliance of: (a) Grade 25; (b) Grade 32; (c) 

Grade 40; (d) Grade 50; (e) Grade 80; and (f) Grade 100. 
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5.6 Modelling of tensile creep for SCMs concrete 

This chapter proposed a model to improve the prediction of tensile creep of the concretes 

including with fly ash and GGBFS. Despite the relatively large number of concrete mixes 

used, the tensile creep tests were carried out using a specific condition (23 °C, 50% of RH, 

and loading at 2 days after casting). Therefore, the proposed model in this chapter aims to 

study the effects of compressive strength, paste content and the type of SCM under the 

specific test condition mentioned above, rather than proposing a new model with a general 

length form. These environmental conditions are suitable for early age concrete cracking 

investigations typically using the restrained ring test. It should be noted that the tensile 

compliance function depends on the creep coefficient and can be calculated using Eq. (5-3) 

as shown in Section 5.2. Therefore, a tensile creep coefficient model is proposed as 

follows: 

   𝜑(𝑡, 𝑡0) = 𝜑𝑓𝑐 × 𝜑𝑎/𝑏 × 𝜑𝑡 (5-8) 

These functions in Eq. (5-8) are provided in Table 5-8. 

Table 5 - 8: Factors of the proposed tensile creep coefficient prediction model. 

Factors Proposed model expressions 

Strength-dependent factor, 𝜑𝑓𝑐 
𝛼

(𝑓𝑐𝑚)
0.7

 

Aggregate-binder ratio factor, 𝜑𝑎/b (
𝑎/𝑏

6
)𝛽 

Time development function, 𝜑𝑡 ln[γ(𝑡 − 𝑡0) + 1] 

In Table 5-8, the formats of strength-dependent factor (𝜑𝑓𝑐) and time development function 

(𝜑𝑡) are similar to the FIB 2010 model because of their simplicity and wide applicability. 

These formats were also adopted in tensile creep model proposed by Dabarera et al. [84]. 

Note that the time development function (𝜑𝑡) in FIB 2010 model considers the temperature 
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effect. However, due to the absence of realistically measured activation energy values, the 

influence of temperature variation on tensile creep is not considered in the proposed model. 

As a result, the format of 𝜑𝑡 is similar to that of FIB 2010 model but the temperature part in 

FIB 2010 model is reconsidered by introducing a new parameter γ to account for the effect 

of fly ash and GGBFS. Moreover, to account for the effect of paste content on creep, 

Bazant et al. [232] adopted an alternative method considering the aggregate to binder ratio 

factor (𝜑𝑎/𝑏). However, the B4 model is complex as the value of 𝜑𝑎/𝑏 can vary according 

to the types of creep compliance: instantaneous compliance, ageing viscoelastic compliance, 

non-ageing viscoelastic compliance, flow compliance, and drying creep compliance. In Eq. 

(5-8), the format of 𝜑𝑎/𝑏 is the same as those in B4 model, but 𝜑𝑎/𝑏 is simplified by using 

a constant β which depends only on the binder compositions. In Table 5-8, α, β and γ are 

constants, depending on the type of SC  and the percentage of cement replacement. α, β 

and γ values were determined by fitting the test data of each concrete type (no SC s, 30% 

fly ash, 40% and 60% GGBFS) separately. Levenberg–Marquardt least square regression 

analysis method was used to determine these as shown in Table 5-9. Initially, the parameter 

α fitting was carried out using the experimental data on each concrete type separately. It is 

observed that the constants obtained based on each type of concrete were consistent with 

each other. As a results, for simplicity, a single value was defined for parameter α, and the 

constant value was 4. β and γ values of reference concrete were higher than those of fly ash 

concrete. This was consistent with the observation that using fly ash can slightly reduce the 

tensile creep coefficient. However, β and γ values were higher for GGBFS concretes and 

increased with the increase in GGBFS content, this was also consistent with the creep 
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results showing that GGBFS leads to an increase in concrete creep. At this stage, the 

parameters α, β and γ are fitting parameters without a more precise physical explanation.  

Table 5 - 9: Parameters of the tensile creep model. 

Parameters No SCMs 30% fly ash 40% GGBFS 60% GGBFS 

α 4 4 4 4 

β -1 -1.5 -0.8 -0.7 

γ 1 0.9 1.2 1.3 

An interesting linear relationship between β and γ values and the percentage of SCM is 

observed in Table 5- . As a result, β and γ functions are developed as a function of two 

variables (percentage of GGBFS and fly ash) to preserve the simplicity of the proposed 

prediction formula. The functions are as shown in Eqs. (5-9a) and (5-9b): 

   𝛽(𝑝, 𝑞) =
𝑝

2
−
5𝑞

3
− 1 (5-9a) 

 𝛾(𝑝, 𝑞) =
𝑝

2
−
𝑞

3
+ 1 (5-9b) 

where p and q are the percentage of GGBFS and fly ash, respectively.  

The above β and γ functions can also be applied to ternary blends. For example, for 

concrete mix containing 15% fly ash and 20% GGBFS, the values of β and γ can be 

calculated as -1.15 and 1.05 as per Eq. (5-9), respectively. This is consistent with a previous 

paper reporting that the properties of fly ash and GGBFS ternary blends-based concrete lied 

between the fly ash concrete and GGBFS concrete [233]. The concrete tensile creep 

coefficient then can be determined using Eq. (5-8). Although further research should be 

required, the influence of fly ash and GGBFS on tensile creep and the applicability of the 

model is extended to a wide range of concrete mixes with fly ash or GGBFS and ternary 
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blends. It should also be noted that the proposed model is valid for concrete mixtures with 

fly ash content up to 30% and with GGBFS content up to 60%. 

To demonstrate the reliability of the proposed tensile creep models for various concrete 

mixes, Figure 5-6 summarises the 7- and 28-day tensile compliances. For the sake of 

comparison, the values of ACI209R-92, FIB 2010, GL 2000 and Eurocode 2 models are 

also included in Figure 5-6. The proposed model exhibited a better agreement between the 

predicted and experimental compliances than the compliances obtained from other models. 

Statistical analysis showed that the mean value and CoV of the ratio of the proposed model 

to the experimental results are 0.95, 0.19 and 0.96, 0.18 at 7 and 28 days, respectively. 

Secondly, the mean value of the proposed model is 0.95, indicating that it can provide 

conservative results, which is beneficial in estimating the development of tensile stress and 

reducing the risk of early age cracking. 
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Figure 5 - 6: Statistical analysis between predicted and experimental compliance for 

all concrete mixes: (a) existing models at 7 days; (b) proposed model at 7 days; (c) existing 

models at 28 days; (d) proposed model at 28 days. 
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5.7 Applications: analysis of early age tensile stress development in the restrained 

shrinkage ring test 

Chapter 4 proposed an analytical model to predict the development of concrete tensile 

stress in the restrained shrinkage ring test based on the age-adjusted effective modulus 

method. The tensile creep coefficient is an input parameter of the model, which was 

determined experimentally. To improve the adaptability of the analytical model and to 

avoid time-depending experiments, the authors propose to implement the new tensile creep 

model. The predicted results are compared to the experimental results shown in Chapter 4, 

in terms of tensile stress development. The concrete mixes used in the restrained ring test 

and the environmental conditions were identical to the ones used for the tensile creep test. 

As shown in Figure 5-7, the dimensions of the inner and outer radii of the steel ring are 

130 mm and 135 mm, respectively. The outer radius of the concrete ring is 170 mm. The 

height of concrete ring is 70 mm, and the thickness is 35 mm. The analytical model is 

shown in Chapter 4. On the other hand, by measuring the strain of steel, the tensile stress in 

concrete can be obtained from Eq. (4-1) [152]. 

 

Figure 5 - 7: Restrained ring test: (a) dimension; (b) ring specimen. 
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Figure 5-8 shows the tensile stress at the time of concrete cracking (observed 

experimentally) using three approaches: (i) denoted as ‘ easured stress’ which was 

calculated using the measured steel strain and Eq. (5-10); (ii) is denoted as ‘Tensile stress – 

creep results’, where the experimental tensile creep strains are used to calculate the tensile 

creep coefficient and Eq. (5-10); and (iii) is denoted as ‘Tensile stress – creep model, where 

the tensile creep model prediction in Eq. (5-8) are used to calculate the tensile stress (Eq. 

(5-10)). A good agreement between experimentally measured and analytically calculated 

tensile stress is obtained. The mean value and CoV of the ratio of analytical and 

experimental values are 1.00 and 0.08, respectively. This indicates that the proposed tensile 

creep model can be used to analyse the development of concrete tensile stress in the 

restrained ring test, allowing to avoid experimentations related to tensile creep which are 

not straightforward tests and testing rigs unlikely to be available in the industry. 

 

Figure 5 - 8: (a) Comparison between calculated stress using the proposed creep model 

and experimentally determined stress at cracking time for all mixes; (b) statistical analysis 

for all mixes. 
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Figure 5 – 8: (continued) 

5.8 Conclusions 

In this chapter, the tensile creep of concrete mixes with a high volume of fly ash and 

GGBFS were investigated. The main observations are outlined as follows: 

1. The tensile creep of concrete depends on various factors, such as compressive strength 

or w/b ratio, the paste content, and the type of SCM. The addition of fly ash slightly 

reduces the tensile creep coefficient of concrete. For GGBFS concrete, the tensile creep 

is higher. Moreover, the higher the GGBFS content, the higher the observed tensile 

creep.  

2. On the basis of the newly collected test data in this chapter, existing models including 

ACI-209R-92, FIB 2010, GL2000, and Eurocode 2 are used to predict the compliance. 

None of the models initially developed for compressive creep are suitable to predict 

tensile creep. 

3. A new model is proposed to predict of the tensile creep of concrete mixes including or 

not fly ash and GGBFS at a specific environmental condition of 23 °C and 50% of RH. 
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The model is developed based on each type of concrete (Control, 30% fly ash, 40% and 

60% GGBFS) but can be extended to a wide range of concrete mixes with fly ash and 

GGBFS and ternary blends.  

4. The proposed model can conservatively reflect the development of the early age tensile 

creep. The proposed model can be used to predict the tensile stress development in the 

restrained ring test, allowing for avoiding experimentations related to tensile creep 

which are not straightforward tests. The tensile creep model proposed requires further 

validation using different sources of binders and the governing parameters may need to 

be further calibrated. In addition, a more general form of the tensile creep model could 

be developed considering the effect of temperature, relative humidity, and loading age 

in order to expand its applicability. This research can also contribute to developing a 

performance-based specification based on the ring test, allowing to reduce the risk of 

concrete early age cracking due to restrained shrinkage. 
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CHAPTER 6: EXPERIMENTAL STUDY ON NONLINEAR 

TENSILE CREEP BEHAVIOUR OF ULTRA-HIGH 

PERFORMANCE CONCRETE (UHPC) 

Chapter 6 is a re-written version of an article submitted by the candidate, ‘Tensile Creep of 

Steam-cured UHPC:  inear and Nonlinear Creep’, in Cement and Concrete Composite. I 

did more than 50% the experiments and development. Some of the materials in this chapter 

have been re-written from a recent submission, which has been acknowledged and detailed 

in the ‘Inclusion of Publications Statement’ for this thesis. 

6.1 Introduction 

Ultra-high performance concrete (UHPC) has been widely utilised in engineering fields 

such as buildings, bridges, dams, and reinforced concrete (RC) structures due to its high 

strength, and improved durability [234, 235, 236]. For instance, UHPC can be used in RC 

structures by replacing fully or partially the traditional concrete to enhance the resistance to 

cracking, especially in the negative bending moment zone. It is because the tensile strength 

of UHPC is significantly higher than that of conventional concrete. In the negative bending 

moment zone of traditional RC structures, the risk of early age cracking is very high due to 

the significantly low tensile strength [237]. However, in the case of UHPC structures, due 

to their high tensile load-bearing capacity, the structures can resist large deflection, 

including tensile creep deformation. In contrast, the system remains uncracked for a long 

time. Therefore, it is crucial to understand the time-dependent behaviour, such as the tensile 

creep of UHPC. 
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Similar to compressive creep, tensile creep increases the curvature of the cross-section, 

leading to an underestimation of the long-term deformation of the structure. It may put the 

structure out of service or reduce the service life of the structure. It is worth noting that the 

level of sustained stresses can exceed the linear limit for UHPC materials. For instance, the 

tensile creep becomes nonlinear with respect to the high stress level [238].  

There is considerable literature on the nonlinear viscoelastic behaviour of concrete but have 

yet to draw any unanimous conclusions [219, 204, 239, 54, 240, 241]. As shown in 

Bissonnette et al. [219], the tensile elastic strain of concrete is proportional to tensile stress 

under a stress level of 50%. In contrast, Rossi et al. [204] demonstrated that the linear 

viscoelastic behaviour could exhibit up to a loading level of more than 70% in a basic 

tensile creep test. However, Bazant and Jirasek [239] stated that the nonlinearity in tensile 

creep might occur at a lower stress level than compressive creep (40%-50%). In work by 

Garas et al. [240], it was observed that the tensile creep coefficients increased 44% when 

the stress to tensile strength ratios increased from 40% to 60%, which increases the 

nonlinearity of tensile creep occurs at a stress level of 40%. In another paper, Garas et al. 

[54] showed that the tensile creep coefficient was decreased due to the presence of steel 

fibre. On the other hand, according to Wei et al. [241], the tensile creep coefficient was 

found to decrease when the stress levels increased from 40% to 70%. Thus, it is critical to 

understand the behaviour of nonlinear tensile creep of concrete. 

In most existing codes, various prediction models, such as ACI-209R-92 [206], GL 2000 

[208], AS3600-2018 [192] and Eurocode 2 [209], are predominately proposed to predict the 

creep coefficient of traditional concrete. However, the accuracy of these models for modern 

UHPC materials has not been widely investigated. In addition, many theoretical and 
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experimental studies regarding the nonlinear creep coefficient of plain concrete can be 

found in the literature [200, 242]. Nevertheless, the theoretical calculations of the nonlinear 

tensile creep coefficient for UHPC have not been examined. Thus, assessing the accuracy 

of these prediction models and the analytical models of nonlinear creep coefficient is 

significant.  

This chapter presents the tensile creep test series of UHPC under three different stresses to 

tensile strength ratios (40%, 60% and 75%) and two different ages of UHPC at loading (2 

and 28 days) conducted. A comparison of the tensile creep behaviour including the 

nonlinear tensile creep coefficient between the experimental results and various model 

predictions was performed.  

6.2 Experimental program 

6.2.1 Materials and mix design  

In this experiment, UHPC mixes with water to binder ratio of 0.15 were used. Three types 

of binder, Ordinary Portland cement (OPC), silica fume (SF) and ground granulated blast 

furnace slag (GGBFS) were, utilised in accordance with Chinese Standard GB 175 [243], 

GB/T27690 [244], and GB/T18046 [245], respectively. Crushed quartz sand with a 

maximum size of 1.25 mm was used as aggregate. Steel fibre with a 12-16 mm length and a 

diameter of 0.18-0.22 mm was utilised to mix the UHPC. In addition, a superplasticiser 

with high-concentration viscosity was used to improve the workability of UHPC. Table 6 -

1 shows the mix design of the commercial UHPC concrete used in this study. 
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Table 6 - 1: Mix design of the commercial UHPC concrete. 

Materials  UHPC (kg/m3) 

OPC 551 

SF 114 

GGBFS 285 

Aggregate 1560 

Steel fibres 0 

Water 142 

Superplasticizer 9.5 

6.2.2 Mechanical properties test 

The mechanical properties tests, including compressive strength, splitting tensile strength, 

and elastic modulus, were conducted on cylinders with a diameter of 100 mm by 200 mm 

height. The flexural strength of concrete was determined using prismatic specimens. The 

typical size of the prisms is 400 mm × 100 mm × 100 mm. The mechanical properties tests 

were carried out at the age of 3, 7, 14, and 28 days and cured in standard conditions (20°C 

± 1 °C and relative humidity of 95 ± 5%) in accordance with Chinese Standard GB/T 50081 

[246]. In addition, the authors developed the dog-bone specimens to determine the direct 

tensile strength of UHPC, and the specimens were also used in the tensile creep test, as 

shown in Figure 6-1. The direct tensile strength was tested at 2, 3, 7, 14 and 28 days. 



151 
 

 

Figure 6 - 1: Dog-bone specimens: (a) dimension; (b) actual specimen. 

 6.2.3 Tensile creep test 

As mentioned above, the tensile creep tests were conducted using dog-bone specimens, as 

shown in Figure 6-2. This method for the tensile creep test was developed by in the 

previous works [66, 51, 171, 87, 67]. The dog-bone specimen had an equal cross-section 

part with a length of 150 mm at mid-height. Two strain gauges were attached on two sides 

of the specimens to check the deformation. The steel plates were connected to the 

specimens by two threaded bolts, which were cast into the specimens at each end. Hence, it 

was assumed that an even stress distribution can be obtained in this design. A total of five 

tensile creep test series were uniaxially loaded to a tensile stress level of 40%, 60% and 

75% of the tensile strength of concrete at the concrete age of 2 and 28 days, respectively, as 

outlined in Table 6-2. According to different stress levels and initiated loading age, the test 

series was designated as U2-40, U2-60, U2-75, U28-40, and U28-60, respectively. The 

stress level of 40% was chosen to examine the linear case, while 60% and 75% were 

selected to investigate the difference in the nonlinear case. The tensile stress level of 75% 

for UHPC at the age of 28 days has not been included because of the unexpected failure 

(a) (b)
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during the assembly of the test. Three dog-bone specimens were used for each series, and 

the constant designated stress levels were maintained for 28 days. All the dog-bone 

specimens were demoulded after 24 hours and then cured in standard conditions at a 

temperature of 20 °C ± 1 °C and a relative humidity of 90% in accordance with 

GB/T50081-2019 [246]. On the day of testing, the specimens were moved to an 

environmentally controlled room with a temperature of 20 °C ± 1 °C and relative humidity 

of 50 ± 3%. The measurements were continuously recorded until 28 days. For the loaded 

dog-bone specimens, the total deformation, including elastic, creep, and shrinkage strains, 

can be represented in Eq. (6-1): 

   𝜀𝑡𝑜𝑡 = 𝜀𝑒𝑙 + 𝜀𝑐𝑟 + 𝜀𝑠ℎ (6-1) 

In addition, the accompanied free shrinkage test was performed on three unloaded dog-

bone specimens in the same environmentally controlled room. Hence, the creep strain can 

be deduced based on the total strain and shrinkage strain measured on loaded and unloaded 

dog-bone specimens, respectively, as shown in Eq. (6-2): 

   𝜀𝑐𝑟 = 𝜀𝑡𝑜𝑡 − 𝜀𝑒𝑙 − 𝜀𝑠ℎ (6-2) 

 

Figure 6 - 2: Tensile creep tests of UHPC. 
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Table 6 - 2: Description of test series. 

Sample ID Stress/strength ratio (%) Loading age (days) 

U2-40 40 2 

U2-60 60 2 

U2-75 75 2 

U28-40 40 28 

U28-60 60 28 

6.3 Test results and discussions 

6.3.1 Mechanical properties of UHPC 

The mechanical properties, including compressive, splitting tensile and flexural strengths, 

elastic modulus and the direct tensile strength of UHPC, are provided in Table 6-3. Each 

result was obtained based on the average of three tested samples. It can be seen that after 3 

days, the development of compressive strength rapidly reached 57% of 28-day compressive 

strength, while the flexural strength and direct tensile strength developed slower than that 

of compressive strength. The 3-day flexural strength and direct tensile strengths were only 

38% and 46% at 28 days. After 14 days, except for flexural strength, all the mechanical 

properties reached more than 90% of those at the age of 28 days.  
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Table 6 - 3: Mechanical properties of UHPC. 

Age 

(days) 

Compressive 

strength 

(MPa) 

Splitting 

tensile strength  

(MPa) 

Flexural 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Direct tensile 

strength  

(MPa) 

2 N/A N/A N/A N/A 3.4 

3 55.9 5.8 9.2 23.4 4.2 

7 71.2 8.8 15.5 32.1 7.1 

14 88.9 9.9 20.3 38.7 8.6 

28 97.5 10.8 24.1 41.6 9.1 

6.3.2 Influence of age at loading on tensile creep 

Figures 6-3 and 6-4 show the tensile creep strain and tensile creep coefficient performed for 

UHPC loaded at 2 and 28 days, respectively. The creep coefficient is one of the most 

commonly used approaches to illustrate the creep behaviour of concrete, and it is defined as 

the ratio of the creep strain to the elastic strain, as shown in Eq. (6-3): 

   𝜑𝑐𝑟 =
𝜀𝑐𝑟
𝜀𝑒𝑙

 (6-3) 

where 𝜀𝑐𝑟 is the creep strain; 𝜀𝑒𝑙 is the elastic strain measured immediately after applying 

the tension to the dog-bone specimen. 

It can be seen that allowing for the 26 days curing period, the tensile creep strains of UHPC 

can be effectively reduced. In other words, more curing before applying the load allowed 

the reduction of creep strain. After a 28-day test period, the tensile creep strains of U28-40 

and U28-60 were reduced by 18.9% and 19.9% to that of U2-40 and U2-60, respectively. 

While the tensile creep coefficients of U28-40 and U28-60 were reduced by 39.4% and 
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40.1% compared to their corresponding U2-40 and U2-60, respectively. This is attributed 

that the bond between the steel fibre and the cement hydration products was significantly 

increased from 2 to 28 days, reducing the creep strain due to the maturity of UHPC [219, 

247]. Such behaviour was also noted by Garas et al. [240]. 

 

Figure 6 - 3: Tensile creep strain comparison for UHPC loaded at 2 and 28 days: (a) stress 

to strength ratio = 0.4; (b) stress to strength ratio = 0.6. 
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Figure 6 - 4: Tensile creep coefficient comparison for UHPC loaded at 2 and 28 days: (a) 

stress to strength ratio = 0.4; (b) stress to strength ratio = 0.6. 

6.3.3 Influence of stress levels on tensile creep 

The tensile creep strain and tensile creep coefficient performed under different stress to 

strength ratios are shown in Figures 6-5 and 6-6, respectively. Similarly to the previously 

published findings [219], and as expected, the tensile creep strain and tensile creep 

coefficient were higher with the higher applied stress levels. It can be seen that the tensile 

creep strains of U2-60 and U2-75 were about 2.64 and 4.61 times higher than that of U2-40. 

This relationship was also observed for UHPC loaded at 28 days, i.e., the tensile creep 

strains of U28-60 were about 2.61 times higher than that of U28-40. In the tensile creep 
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coefficient of U2-60 and U2-75, the values were 1.24 times and 2.46 times higher than that 

of U2-40, respectively. While the tensile creep coefficient of U28-60 was about 1.26 times 

greater than U28-40. It is worth mentioning that the measured elastic strain under a 

sustained stress level of 40% was approximately equal to that calculated using the applied 

stress divided by the measured elastic modulus. However, this correlation is not valid for 

the 60% and 75% of stress levels due to the nonlinearity of materials. Similar results were 

also noted by Hamed [248]. As a result, experimentally measured 𝜀𝑒𝑙  will be used in this 

chapter instead of the calculated value of 𝜀𝑒𝑙 . The nonlinear tensile creep behaviour of 

UHPC will be discussed in Section 6.3.4. 

 

Figure 6 - 5: Tensile creep strain comparison for UHPC: (a) loaded at 2 days; (b) loaded at 

28 days. 
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Figure 6 - 6: Tensile creep coefficient comparison for UHPC: (a) loaded at 2 days; (b) 

loaded at 28 days. 

6.3.4 Influence of nonlinear tensile creep 

The nonlinear creep effect of concrete is usually described as follows: 

   𝜀𝑐𝑟 = 𝜀𝑐𝑟
𝐿 ∙ 𝜑𝑛𝑙 (6-4) 

where 𝜀𝑐𝑟
𝐿  is the linear creep strain component calculated according to the linear creep 

theory; 𝜑𝑛𝑙 is the nonlinear creep factor. 

This chapter adopts the creep strains of U2-40 and U28-40 as the baseline. According to the 

linear creep theory, the linear creep strain can be calculated as follows: 
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   𝜀𝑐𝑟
𝐿 = 𝜀𝑐𝑟

40 ∙
𝜎𝑡

0.4𝑓𝑐𝑡
 (6-5) 

where 𝜀𝑐𝑟
40 is the tensile creep strain subjected to a stress level of 40%;  𝜎𝑡 is the applied 

tensile stress. 

Substituting Eq. (6-5) into Eq. (6-4), the nonlinear tensile creep factor 𝜑𝑛𝑙 can be calibrated 

as follows: 

   𝜑𝑛𝑙 =
𝜀𝑐𝑟
𝜀𝑐𝑟𝐿

=
𝜀𝑐𝑟
𝜎𝑐
∙
0.4𝑓𝑐𝑡

𝜀𝑐𝑟
40  (6-6) 

In addition, the nonlinear tensile creep factor can also be expressed in terms of the tensile 

creep coefficient as follows: 

   𝜑𝑛𝑙 =
𝜑𝑐𝑟
𝜑𝑐𝑟𝐿

 (6-7) 

where 𝜑𝑐𝑟
𝐿  is the linear creep coefficient. 

Conventionally, the nonlinearity in compressive creep occurs when the stresses are at about 

40%-50% of compressive strength [249, 250]. However, according to Bazant and Jirasek 

[239], the nonlinearity in tension may develop much lower stress than in compression. 

Therefore, as mentioned earlier, the tensile creep strain under a stress level of 40% was 

assumed to be the linear case. In comparison, the tensile creep strains corresponded to the 

60% and 75% stress levels and were assumed to be nonlinear cases. Figure 6-7 shows the 

non-linearity of experimental creep strain by comparing experimental creep strains with the 

computed creep strain assuming that the linear creep strain (𝜑𝑛𝑙 = 1.0) for U2-60, U2-75, 

and U28-60, respectively. Note that the linear creep strain values at high stress levels were 

calculated based on the experimental results of a 40% stress level scaled by the ratio 

between the corresponding stress level and 40%. For example, the assumed values of U2-

60 were calculated by U2-40 experimental results scaled by 60% and 40% ratios. It can be 
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seen that after a 28-day test period, the experimental tensile creep strains for U2-60 and U2-

75 were 43.2% and 59.3% higher than the computed values assuming the linear creep strain, 

this indicates that the higher stress levels resulted in the higher nonlinearity and the higher 

tensile creep strains. A similar result can be found in Ref. [251]. When it comes to U28-40 

and U28-60, the differences in nonlinear tensile creep strains were similar to that of U2-40 

and U2-60, and U28-60 is 42.5% higher than U28-40, indicating the nonlinearity of UHPC 

material is only marginally affected by the curing age. However, the results are contrary to 

published reports [241]. The study in [241] shows that the tensile creep coefficient at a 

stress level of 70% was slightly lower than that of a 40% stress level. The possible reason 

could be attributed to the tensile creep nonlinearity depending on the stress levels, concrete 

composition, and exposure conditions. 
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Figure 6 - 7: Nonlinear time-dependent tensile creep comparison for: (a) loaded at 2 days, 

stress to strength ratio = 0.75; (b) loaded at 2 days, stress to strength ratio = 0.6; (c) loaded 

at 28 days, stress to strength ratio = 0.6. 
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The development of the nonlinear tensile creep factor of two groups of UHPC is presented 

in Figure 6-8. Generally, the nonlinearity decreased with the increasing duration of loading 

of UHPC. As mentioned above, a stress level of 40% is adopted as a baseline. Moreover, 

the nonlinear tensile creep factor increased with the stress to strength ratio increment. For a 

stress level of 60%, the nonlinear creep effect is 1.94 and 2.06 times on average that of 

baseline for the U2 and U28 groups, respectively. In comparison, the average nonlinear 

creep factor value is 3.14 for the stress-strength ratio of 75% in the U2 group. 

  

Figure 6 - 8: Time development of nonlinear tensile creep factor: (a) U2; (b) U28. 
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6.4 Comparison to existing prediction models 

6.4.1 Prediction of tensile creep coefficient 

As discussed above, the prediction of tensile creep coefficient for UHPC is influenced by 

numerous factors such as stress to strength ratio, curing age, steel fibre, etc. The available 

models [206, 208, 209, 192] in existing codes and literature for predicting the tensile creep 

coefficient are presented, and the comparison of experimental results to those predictions is 

assessed in this section. 

6.4.1.1 ACI209R-92 model [206] 

The American Concrete Institute (ACI) 209 proposed the ACI209-92 model in 1992 and 

confirmed and adopted it again in 2008. The model uses a hyperbolic function to calculate 

the ultimate creep value. The expression is evaluated as a function of time to reach the final 

value. The model predicts creep for lightweight concrete with cement types I and III, 

ambient relative humidity between 40% and 100%, standard curing or steam curing. The 

shape and the limits of the curve depend on several factors, including curing conditions, age 

of concrete at loading (in days), mix design, specimen size, ambient temperature, relative 

humidity, the ratio of fine aggregate to total aggregate, etc. The model is shown in Eq. (6-

8): 

   𝜑(𝑡, 𝑡0) =
(𝑡 − 𝑡0)

0.6

10 + (𝑡 − 𝑡0)0.6
× 2.35 × 𝛾𝑐,𝑡0𝛾𝑐,𝑅𝐻𝛾𝑐,𝑣𝑠𝛾𝑐,𝑠𝛾𝑐,𝜓𝛾𝑐,𝛼 (6-8) 

where 𝛾𝑐,𝑡0 is the age at loading factor depends on moist or steam curing; 𝛾𝑐,𝑅𝐻 is relative 

humidity factor; 𝛾𝑐,𝑣𝑠 is the volume-surface ratio factor; 𝛾𝑐,𝑠 is the slump factor; 𝛾𝑐,𝜓 is the 

fine aggregate factor; and 𝛾𝑐,𝛼 is the air content factor, and the expressions to those factors 

are presented as follows: 
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   𝛾𝑐,𝑡0 = {
1.25𝑡0

−0.118

1.13𝑡0
−0.094  

for moist curing
for steam curing

 (6-9a) 

 𝛾𝑐,𝑅𝐻 = {
1.27 − 0.67𝑅𝐻

1.0
  
for RH ≥ 0.40
for RH < 0.40

 (6-9b) 

 𝛾𝑐,𝑣𝑠 =
2

3
(1 + 1.13𝑒{−0.0213(𝑉/𝑆)}) (6-9c) 

 𝛾𝑐,𝑠 = 0.82 + 0.00264𝑠 (6-9d) 

 𝛾𝑐,𝜓 = 0.88 + 0.0024𝜓 (6-9e) 

 𝛾𝑐,𝛼 = 0.46 + 0.09𝛼 ≥ 1 (6-9f) 

where 𝑡0 is the age of concrete at loading; 𝑅𝐻 is the relative humidity; 𝑉/𝑆 is the volume-

to-surface ratio; 𝑠  is the slump of concrete; 𝜓  is the ratio of fine aggregate to total 

aggregate; and 𝛼 is the air content of concrete. 

6.4.1.2 GL 2000 model [208] 

In 1993, Gardner and Zhao analysed a large number of long-term creep test results and 

proposed the GZ 1993 model, and then Gardner and Lockman improved the GZ 1993 

model with the GL 2000 model [208]. The model considers the initial loading age of 

concrete, loading time, concrete drying age and water curing period, volume to surface ratio, 

ambient relative humidity, etc. The model is more convenient to calculate because basic 

creep and drying creep are not distinguished in GL 2000 model. The GL 2000 model also 

has good calculation accuracy. The model is shown in Eq. (6-10): 

   

𝜑(𝑡, 𝑡0) =
2(𝑡 − 𝑡0)

0.3

(𝑡 − 𝑡0)0.3 + 14
+ (

7

𝑡0
)0.5(

(𝑡 − 𝑡0)

(𝑡 − 𝑡0) + 7
)0.5 + 2.5(1

− 1.086𝑅𝐻2)(
(𝑡 − 𝑡0)

(𝑡 − 𝑡0) + 0.12(𝑉/𝑆)2
)0.5 

(6-10) 

In this model, the age of concrete at loading (in days), volume-to-surface ratio, and time 

development is required to calculate the creep coefficient. In addition, the creep coefficient 
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can be expressed in three terms. The first two terms are used to calculate basic creep, while 

the third term calculates the drying creep.  

6.4.1.3 Eurocode 2 model [209] 

The creep prediction model proposed in the Eurocode 2 model considers the ambient 

temperatures between -40 and 40 °C and relative humidity between 40% and 100%. The 

model also takes into account compressive strength, relative humidity, loading age of 

concrete, time development function and nonlinear creep factor. The prediction model is 

presented in Eq. (6-11): 

    𝜑(𝑡, 𝑡0) = 𝜑𝑅𝐻𝛽(𝑓𝑐𝑚)𝛽(𝑡0)𝛽𝑐(𝑡, 𝑡0)𝜑𝑛𝑙 (6-11) 

where 𝜑𝑅𝐻 is the relative humidity factor which depends on the hypothetical thickness ℎ0; 

𝛽(𝑓𝑐𝑚) is the strength-dependent factor; 𝛽(𝑡0) is the age of loading factor; 𝛽𝑐(𝑡, 𝑡0) is the 

time development function; and 𝜑𝑛𝑙 is the nonlinear creep factor. The expressions of above 

factors are provided as follows: 

𝜑𝑅𝐻 =

{
 
 

 
 1 +

1 − 𝑅𝐻/100

0.1√ℎ0
3

[1 +
1 − 𝑅𝐻/100

0.1√𝑡ℎ
3

(
35

𝑓𝑐𝑚
)0.7] (

35

𝑓𝑐𝑚
)0.2

for 𝑓𝑐𝑚 ≤ 35 MPa
for 𝑓𝑐𝑚 ≥ 35 MPa

 (6-12a) 

𝑡ℎ =
2𝐴𝑔

𝑢𝑒
 (6-12b) 

𝛽(𝑓𝑐𝑚) =
16.8

√𝑓𝑐𝑚
 (6-12c) 

𝛽(𝑡0) =
1

0.1 + 𝑡0
0.2 (6-12d) 

𝛽𝑐(𝑡, 𝑡0) = [
𝑡 − 𝑡0

𝛽𝐻 + 𝑡 − 𝑡0
]
0.3

 (6-12e) 
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𝛽𝐻 = {

1.5[1 + (1 + 0.012𝑅𝐻)18]ℎ0 + 250 ≤ 1500

1.5[1 + (1 + 0.012𝑅𝐻)18]ℎ0 + 250(
35

𝑓𝑐𝑚
)0.5 ≤ 1500(

35

𝑓𝑐𝑚
)0.5

for 𝑓𝑐𝑚 ≤ 35 MPa
for 𝑓𝑐𝑚 ≥ 35 MPa

 (6-12f) 

𝜑𝑛𝑙 = 𝑒
1.5(

𝜎0
𝑓𝑐𝑚

−0.45)
 (6-12g) 

6.4.1.4 AS3600-2018 model [192] 

The Australian Concrete Association AS3600 proposed a model for predicting concrete 

creep in 2018. The model also considers the total concrete creep instead of calculating the 

basic and drying creep separately. The model takes into account time development function, 

reduced thickness, loading age, location such as arid environment, interior environment, 

temperate environment, tropical or near-coastal environment, high strength factor and 

nonlinear creep factors, etc. The model is shown in Eq. (6-13): 

    𝜑(𝑡, 𝑡0) = 𝑘2𝑘3𝑘4𝑘5𝑘6𝜑𝑐𝑐,𝑏 (6-13) 

where 𝑘2 is the time-dependent factor and it depends on hypothetical thickness 𝑡ℎ; 𝑘3 is the 

age of loading factor; 𝑘4 is the location-dependent factor, and the values are equal to 0.7, 

0.65, 0.6, and 0.5 for the arid environment, the interior environment, the temperate inland 

environment, and the tropical or near coastal or coastal environment, respectively; 𝑘5 is the 

modification factor for concrete strength within 50 to 100 MPa; 𝑘6 is the nonlinear creep 

factor; and 𝜑𝑐𝑐,𝑏 is the basic creep coefficient which depends on the characteristic strength 

of concrete. The remaining expressions are presented as follows: 

   𝑘2 =
𝛼2

𝑡0.8 + 𝑡ℎ
 (6-14a) 

 𝑡ℎ =
2𝐴𝑔

𝑢𝑒
 (6-14b) 

 𝛼2 = 1.0 + 1.12𝑒−0.008𝑡ℎ (6-14c) 



167 
 

 𝑘3 =
2.7

1 + log(𝜏)
 (6-14d) 

 𝑘5 = (2 − 𝛼3) − 0.02(1 − 𝛼3)𝑓𝑐
′ (6-14e) 

 𝛼3 =
0.7

𝑘4𝛼2
 (6-14f) 

 𝑘6 = 𝑒
1.5(

𝜎0
𝑓𝑐𝑚

−0.45)
 (6-14g) 

6.4.1.5 Comparison to existing predictions 

To investigate the accuracy of various prediction models, the experimental results are to be 

compared with existing model predictions. It should be noted that the ACI-209R-92 model 

requires the maximum number of parameters and GL 2000 model requires the minimum 

number of parameters. However, the effect of creep nonlinearity is not considered in both 

models. By contrast, AS3600-2018 and Eurocode 2 models introduced a nonlinear creep 

factor to improve the accuracy of estimation of creep coefficient.  

Figure 6-9 shows the time-dependent tensile creep coefficient of UHPC at different stress 

levels and curing age compared to the prediction models. It can be seen that the ACI-209R-

92 model showed the lowest prediction values for tensile creep coefficient, while the GL 

2000 model provides the highest estimation. The experimental values of tensile creep 

coefficient of UHPC mix lied between the lower and upper bounds of prediction by existing 

models, which indicates the correctness of experimental values can be validated. In addition, 

each model only worked for some of the grades. For example, the prediction by the 

AS3600-2018 model exhibited overestimations in most cases except U28-60. ACI209R-92 

model performed well in U2-60. GL 2000 model showed the highest prediction errors. On 

the other hand, Eurocode 2 can successfully estimate the tensile creep coefficient 

developments in U2-40 and U2-60.  
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Figure 6 - 9: Comparisons between experimental tensile creep coefficient and model 

predictions for: (a) U2-40; (b) U28-40; (c) U2-60; (d) U28-60; (e) U2-75. 
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Figure 6 – 9: (continued) 

6.4.2 Nonlinear tensile creep coefficient 

The nonlinear creep function 𝑓(𝜑𝑛𝑙) is commonly used in the design of concrete structures. 

It can be computed based on the linear creep coefficient and the nonlinear creep coefficient, 

as shown in Eq. (11). In this section, three different expressions of nonlinear creep 

coefficient from four codes or literature [192, 209, 242, 200] are discussed and compared to 

the experimental results. The nonlinear creep function is computed as follows:  

   𝑓(𝜑𝑛𝑙) = 𝜑𝑐𝑟 ∙ 𝜑𝑛𝑙 (6-15) 

6.4.2.1 AS3600-2018 and Eurocode 2 models [192, 209] 

The AS3600-2018 and Eurocode 2 models [192, 209] provide the same representation for 

the nonlinear creep coefficient. The model recommends that the nonlinear creep develops at 

a higher than 45% stress-strength ratio. The expression is shown in Eq. (6-16):  

   𝜑𝑛𝑙 = 𝑒
1.5(

𝜎0
𝑓𝑐𝑚

−0.45)
 (6-16) 
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6.4.2.2 Model by Ruiz et al. [242] 

Ruiz et al. [242] suggested an expression of the nonlinear creep coefficient for both creep 

and relaxation. They recommended that nonlinear creep occurs at a stress level above 40%. 

The expression is shown as follows:  

   𝜑𝑛𝑙 = 1 + 2(
𝜎0
𝑓𝑐𝑚

)4 (6-17) 

6.4.2.3 Model by Bazant and Kim [200] 

Bazant and Kim [200] proposed an expression for the nonlinear creep coefficient. They 

recommended that a nonlinear creep appears at a stress level above 30%. The expression is 

shown as follows: 

   𝜑𝑛𝑙 =
1 + 3(

𝜎0
𝑓𝑐𝑚

)5

1 − (
𝜎0
𝑓𝑐𝑚

)10
 (6-18) 

6.4.2.4 FIB 2010 Model [207] 

FIB 2010 model suggested a model allowing for calculate the increase of the magnitude of 

creep due to nonlinearity when the stress to strength ratio is in the range from 40% to 60% 

as follows: 

   𝜑𝑛𝑙 = 𝑒
1.5(

𝜎0
𝑓𝑐𝑚

−0.4)
 (6-19) 

6.4.2.5 Comparison to existing analytical models 

In view of the above models, The AS3600-2018 and Eurocode 2 models [192, 209] 

recommended that the nonlinear creep develops at a stress to strength ratio higher than 45%. 

While Ruiz et al. [242] recommended that nonlinear creep occurs at stress levels above 

40%. In the model developed by Bazant and Kim [200], they illustrated that the 
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nonlinearity of creep might appear from 30% up to a stress level of 60% in compression. 

FIB 2010 model suggested that nonlinearity occurs from 40% stress level until 60%. 

Figure 6-10 shows the comparison between the measured nonlinear tensile creep factor and 

the calculated values based on the different analytical models. It can be seen that the 

differences between the various models are relatively small until the stress to strength ratio 

is 60%, but all models underestimated the experimental nonlinear creep factor. Note that all 

these models were built based on the concrete creep tests performed under compression and 

could be used only for the concrete under compressive.  

 

Figure 6 - 10: Comparisons of tensile creep coefficient obtained from experimental results 

and nonlinear tensile creep coefficient models for: (a) U2; (b) U28. 
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6.4.3 Analytical model for nonlinear creep factor 

According to the experimental results for UHPC under tension, a good linear relationship 

(shown in Figure 6 – 10) can be observed. However, it should be noted that more tests 

should be conducted to examine the threshold of nonlinear creep. Because of the limited 

creep test and stress levels, a stress level of 40% was adopted as a baseline in this chapter. 

According to the linear creep theory, the nonlinear tensile creep model for UHPC can be 

obtained using the least square method as follows: 

   𝜑(𝑡) = 𝜑𝑛𝑙 × 𝜑𝐸𝐶(𝑡) (6-20a) 

   𝜑𝑛𝑙 = {
5 (
𝜎0
𝑓𝑐𝑡
) − 1

1

    
𝜎0 > 0.4𝑓𝑐𝑡
𝜎0 ≤ 0.4𝑓𝑐𝑡

 (6-20b) 

where 𝜑𝐸𝐶(𝑡) is the tensile creep coefficient at a stress level of 40% using Eurocode 2 

model. 

Figure 6-11 shows the comparison between the tested tensile creep coefficient under 

varying stress levels and calculated results by using the proposed model. The calculations 

are in good agreement with the measured results. The average relative residual errors for 

U2-60, U2-75 and U28-60 are 11.6%, 12.8%, and 7.2% respectively. It should be noted that 

the early age (5-10 days) creep coefficient of U2-60 and U2-75 was underestimated by the 

proposed model, but from engineering point of view, it can provide a more conservative 

result to reduce the risk of early age cracking. As a result, the proposed model can be 

accepted to predict the nonlinear tensile creep of UHPC.  
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Figure 6 - 11: Comparison of tensile creep coefficient and calculated results by proposed 

model incorporating nonlinear creep effect: (a) U2-60; (b) U2-75; (c) U28-60. 
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6.5 Conclusions 

This chapter presents an experimental study to assess the nonlinear tensile creep of UHPC 

using the dog-bone specimens. The tensile creep test was conducted under different levels 

of uniaxial tensile stresses (40%, 60% and 75%) and curing age (2 and 28 days). The main 

conclusions can be drawn as follows: 

1. Curing can effectively reduce the tensile creep strain and tensile creep coefficient of 

UHPC. After 28-day loading, the tensile creep strain and tensile creep coefficient of 

UHPC loaded at 2 days were about 20% and 40% higher than 28 days, respectively.  

2. Stress levels significantly influenced the tensile creep strain and tensile creep 

coefficient. The higher the applied stresses, the larger the tensile creep strain and the 

tensile creep coefficient. After 28-day testing, the tensile creep strain and tensile creep 

coefficient of UHPC loaded at 2 days under the stress levels of 60% and 75% were 1.64 

and 3.61 times the corresponding values obtained from the stress level of 40%, 

respectively. 

3. The creep nonlinearity of UHPC occurred at a stress to strength ratio of at least 60%. 

The higher the applied stresses, the larger the nonlinear tensile creep behaviour. Curing 

age seems to be only marginally affected the nonlinear tensile creep behaviour of 

UHPC. 

4. Based on the test data collected in this chapter, four existing prediction models, 

including ACI-209R-92, GL 2000, AS3600-2018 and Eurocode 2 models, were 

compared to the development of tensile creep coefficient. These models only worked 

for some grades and were unsuitable for all cases. 

5. Four analytical models from four available codes or literature, such as Bazant and Kim, 
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Ruiz et al. and AS3600-2018/Eurocode 2, FIB 2010 models, were compared to the 

experimental nonlinear tensile creep coefficient of UHPC. All of the models 

underestimated the nonlinear creep coefficient, and therefore they were not suitable for 

predicting the nonlinear creep effect. 

6. A new model was proposed to predict the nonlinear tensile creep coefficient for UHPC. 

The tensile creep model for UHPC was considered the Eurocode 2 model and nonlinear 

creep coefficient model. The proposed tensile creep model was also verified using the 

experimental results of UHPC.   
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CHAPTER 7: THERMAL CRACKING IN HIGH VOLUME 

OF FLY ASH AND GGBFS CONCRETE 

7.1 Introduction 

Due to restraint stresses caused by volume changes, the risk of early age cracking is 

exceptionally high in concrete structures such as dams, larger bridge piers, retaining walls, 

and foundations. The early age of total deformation contributes to different deformation 

components, including autogenous shrinkage, drying shrinkage and thermal effects 

(contraction or expansion). When the total deformation is restrained, it leads to a significant 

tensile stress development which may cause cracking if it exceeds the tensile strength of 

concrete. 

According to ACI 207.1 [55], the combined effect of heat produced by the cement 

hydration and relatively poor heat dissipation conditions leads to a considerable rise in 

temperature within a few days after mass concrete placement. As the cement hydration 

continues, the heat generated increases the internal temperature of concrete and produces 

the differential thermal gradients between the internal and the surface of concrete structures 

because of the low thermal conductivity of concrete [57]. The thermal gradients produce 

tensile stress near the surface, leading to surface cracking. Meanwhile, the interior of the 

structure is subjected to compressive stress. When the ambient temperature drops, the 

interior will be subjected to tensile stress resulting from thermal gradients and external 

restraint.  

Tensile stress caused by restrained autogenous shrinkage is critical in early age mass 

concrete. Autogenous shrinkage is the time-dependent reduction in the volume of concrete 

due to internal consumption of moisture due to the hydration process. Self-desiccation, the 
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driving force and one of the primary underlying mechanisms of autogenous shrinkage, is 

the removal of moisture in the internal relative humidity of concrete due to ongoing 

hydration reactions [31]. Autogenous shrinkage is considered as a fundamental component 

of shrinkage because the volume reduction of concrete occurs without loss of moisture to 

the environment. According to Neville and Aitcin [252], the autogenous shrinkage is 

relatively low in normal strength concrete with w/b exceeding 0.42 compared to concrete 

with w/b below 0.42. In high strength concrete, autogenous shrinkage can be the same 

amount as drying shrinkage.  

Drying shrinkage is critical in concrete elements with a large surface area to volume ratios, 

such as pavements, overlays, and bridge decks. It happens when the physical loss of 

moisture from concrete to the environment. In unsealed concrete surfaces, the evaporation 

rate of moisture is dependent on environmental factors, including wind, relative humidity, 

solar radiation and ambient temperature [253, 254, 255]. Compared to thermal and 

autogenous shrinkage, mass concrete structures susceptible to drying shrinkage are less 

significant within the few days after casting concrete. To some extent, proper curing is 

essential to minimise the impacts of the restrained drying shrinkage. 

The early age tensile stress depends not only on the early age deformation, as mentioned 

above, but also on the development of mechanical properties such as tensile strength, 

elastic modulus, and viscoelastic properties such as stress relaxation due to tensile creep. 

Springenschmid and Breitenbucher [62] reported that the elastic modulus of concrete 

develops very fast in the first 24 to 36 hours after placement. Many studies have shown that 

the gain in elastic modulus is faster than that of tensile strength during this time [63, 64], 

which means the development of tensile stress is high. The viscoelastic behaviour such as 
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stress relaxation due to tensile creep is also significant in contributing to the early age of 

stress development in concrete. It has been reported that the tensile creep releases 50% - 

60% of the stress than that stress developed without relaxation [64, 256, 257, 67]. However, 

the above discussion resulted from the investigation of the mechanical properties under 

either standard curing or ambient curing conditions. Therefore, evaluating the development 

of mechanical properties under the same temperature history as the mass concrete structures 

should be considered.  

Numerous researchers have investigated ways to mitigate the risk of early age thermal 

cracking. Batog and Giergiczny [76] reported that reducing the amount of heat released is 

mainly achieved through changes in mix design parameters such as w/b ratio, cement 

content and use of supplementary cementitious materials (SCMs), including fly ash and 

ground granulated blast furnace slag (GGBFS). Ballim and Graham [75] showed that the 

increasing amount of fly ash or GGBFS in the cement composition decreased the rate and 

amount of heat produced. Mehta and Monteiro [258] revealed that replacing ASTM Type I 

cement with Type II or Type IV cement, and pozzolans partially substituting Portland 

cement significantly decreased the adiabatic temperature in concrete. They also stated that 

the increasing w/b ratio reduces the heat of hydration and slows down the heat kinetics at 

an early age of hydration. ACI207.2 [259] suggested alternative curing methods to reduce 

the heat produced by cement hydration, which reduces the risk of early age thermal 

cracking. However, for some of the above studies, such as Batog and Giergiczny [76], there 

is no restrained thermal cracking test or thermal stress test, so it is difficult to determine if 

their mixtures crack.  



179 
 

A lot of effort has been directed at devising test methods to determine the restraint stresses. 

Conventionally, the two most common test methods, such as rigid cracking frame (RCF) 

[260] and temperature stress testing machine (TSTM) [261], are used to determine the 

restraint stress at an early age. Test methods such as the RCF can provide the measure of 

thermal stress considering various factors such as thermal strain, elastic modulus, degree of 

restraint and stress relaxation [260]. According to Mangold [262], the RCF provides a 

100% degree of restraint for fresh concrete and approximately 80% for hardened concrete. 

On the other hand, the TSTM achieves 100% restraint by compensating for any length 

change in the specimen by adjusting a movable crosshead with a computer-controlled 

system [261]. TSTM can completely suppress the deformation against the combined effects 

of thermal strain and autogenous shrinkage. Both test methods can reproduce in-site 

restraint stress in the laboratory. This chapter adopted the RCF test which is available in the 

UNSW laboratory in accordance with [263].   

This chapter presents the results of investigating the tensile stress development and 

cracking for three concrete mixes with SCMs such as fly ash and GGBFS using RCF. The 

temperature profile was simulated at the centre point of the mass concrete element using the 

software ConcreteWorks and applied to all relevant tests. Free shrinkage frame (FSF) and 

match-curing oven were utilised to determine the free total deformation and mechanical 

properties of concrete. The basic tensile creep coefficient of concrete mixes subjected to 

different temperature profiles was predicted using the modified FIB 2010 model. An 

analytical model was put forward to calculate the autogenous shrinkage and thermal 

contraction induced stress separately. The risk of early age concrete cracking was also 

examined. 
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7.2 Experimental program 

7.2.1 Materials and mix proportion 

The concrete mixes were produced with General Purpose (GP) cement, fly ash and GGBFS. 

Table 7-1 summarises the chemical composition of the GP cement, fly ash and GGBFS by 

X-ray Fluorescence (XRF) analysis. The coarse aggregate is basalt with a maximum 

nominal size of 10 mm, and local Sydney sand with a maximum nominal size of 2.36 mm 

is used as fine aggregate. The coefficient of thermal expansion (CTE) of basalt is 

determined as 6.8 × 10-6/C. The water absorption and specific gravities are 1.08% and 2.8 

for coarse aggregate and 3.5% and 2.65 for fine aggregate, respectively. The particle size 

distribution (PSD) for coarse and fine aggregates is shown in Figure 7-1. 

Three concrete mixes were prepared to investigate the effect of fly ash and GGBFS on the 

concrete properties, including the time-dependent mechanical properties, autogenous 

shrinkage development, thermal stress and the risk of early age cracking potential. ‘N50’ 

was designated for the concrete mixes because the nominated compressive strength for all 

mixes was 50  Pa.  ixture ‘0’ was the reference concrete mixes without fly ash or 

GGBFS. Fly ash and GGBFS replace 30% and 60% of GP cement by weight. Hence, 

‘FA30’ and ‘G60’ were designated for fly ash and GGBFS concretes. The water to binder 

ratio of concrete mixes with fly ash and GGBFS was lower than that of control mixes to 

achieve the targeted compressive strength. Moreover, a competitive market superplasticizer 

was utilised to improve the workability of the concrete mixes. The mix design proportions 

are presented in Table 7-2.   
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Table 7 - 1: Chemical composition of GP cement, fly ash and GGBFS. 

Chemical 

composition 
GP cement 

(wt.%) 
Fly ash 

(wt.%) 
GGBFS 

(wt.%) 

SiO2 18.8 65.9 34.1 

Al2O3 5 22.1 15.4 

Fe2O3 2.8 3.4 0.8 

CaO 63.8 1.6 36 

MgO 1 0.7 6.6 

Na2O 0.3 0.6 0.4 

K2O 0.7 1.8 0.6 

TiO2 0.3 0.9 2.4 

SO3 3 0.1 2.5 

Mn3O4 - 0.1 1.1 

 

 

Figure 7 - 1: Particle size distribution of coarse and fine aggregates. 
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Table 7 - 2: Mix proportions of concrete. 

Sample ID 
Mix proportions by weight (kg/m3) 

w/b ratio  

GP Cement FA GGBFS Coarse Agg Fine Agg  

N50-0 510 0 0 927 759 0.4  

N50-FA30 355 155 0 955 782 0.3  

N50-G60 205 0 305 941 770 0.35  

7.2.2 Temperature profile simulation 

The temperature profile was simulated using the software ConcreteWorks. ConcreteWorks 

has been developed to predict the temperature profile of mass concrete, and it has been 

successfully used in previous research [264, 265, 266]. The simulated temperature profile 

was applied to the RCF, FSF and match-curing oven. ConcreteWorks provides the concrete 

temperature history of each concrete mixture based on the geometry of the element, mix 

design proportions, chemical composition of the cementitious materials, thermal coefficient 

of expansion of aggregates, and the environmental effects. In addition, the temperature 

profile was assumed at the centre point of the mass concrete element. Although 

ConcreteWorks considers the mixture designs assuming the statistically representative 

properties of Portland cement, fly ash and GGBFS, it cannot specifically consider the effect 

of fly ash and GGBFS used in this particular study. The effects of fly ash and GGBFS on 

heat generation and hydration may significantly vary depending on their chemical 

compositions of them. Thus, it should be noted that the heat profile simulated from 

ConcreteWorks might not be identical to the actual heat profile for the particular mixture. 

However, this study assumed that the simulated profile was reasonably correct. 
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7.2.3 Mechanical and fresh properties test 

Mechanical properties of concrete, including the compressive strength, tensile strength and 

elastic modulus, were tested at the ages of 1, 3, 7, and 28 days based on the Australian 

Standard AS1012.9 [103], AS1012.10 [184] and AS1012.17 [185], respectively. Note that 

the 1- and 3-day cylinders were cured in a match-curing oven. While the 7- and 28-day 

cylinders were moved to a standard curing condition (the temperature at 23 ± 2 C and 

relative humidity of 95 ± 5%) after the RCF specimen had cracked (≈ 5 days). The 

dimension of the cylindrical specimen was 100 mm in diameter by 200 mm in height. The 

slump test evaluates the workability of concrete in accordance with AS1012.3.2 [106]. The 

air content of concrete was tested according to AS1012.4.2 [107]. The fresh density of 

concrete was obtained by weighing the concrete during pouring according to AS1012.5[17], 

which could eliminate the influence of hydration reaction.  

7.2.4 Match-curing oven 

Figure 7-2 presents the match-curing oven used to cure the concrete cylinders. To 

determine the development of mechanical properties of concrete placed in the RCF, tested 

cylinders are cured under the same temperature profile as the specimen in the RCF and FSF. 

As mentioned in the previous section, the match-curing oven was used to test the 

mechanical properties of concrete at the age of 1 and 3 days. The relative humidity in the 

match-curing oven was controlled at 95% ± 5% to avoid any moisture loss.  
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Figure 7 - 2: Match-curing oven. 

7.2.5 Rigid cracking frame (RCF) test 

Due to the complex interaction of different factors such as thermal strain, elastic modulus, 

degree of restraint, and stress relaxation, traditional methods solely based on the 

measurement of concrete deformation (ex. restrained ring test) cannot determine the 

thermal and other restraining stresses in young hardening concrete. The RCF test can give a 

measurement of thermal stress by inherently considering the influence of elastic modulus, 

autogenous shrinkage, tensile creep, etc. The RCF is made up of a concrete specimen held 

by two mild steel crossheads, which are fixed in place by two Invar sidebars, the dimension 
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of the RCF cross-section is 150 mm × 150 mm, as shown in Figure 7-3. The temperature 

within test specimens was monitored at three different locations (See Figure 7-3). Two 

thermal couples were located at two ends of RCF, and one thermal couple was located at 

the middle of RCF. All thermal couples were inserted into the centre of concrete to measure 

the internal temperature of concrete. The temperature data from three locations are identical, 

showing a uniform temperature distribution in the test specimen. Figure 2-15 also showed 

the schematic illustration to indicate the components of the rigid cracking frame. 

For the rigid sidebars to provide the proper restraint, the concrete specimen must be fixed at 

both ends. Therefore, the steel crossheads are constructed in such a way that they contain 

dovetails lined with teeth for gripping concrete. Crosshead braces are bolted to the top and 

bottom of each crosshead to prevent the slip of the concrete sample, and these restrain 

expansion as the concrete goes into tension (see Figure 2-15). The RCF is made with a 

thermally insulated formwork that enables measurements to begin immediately after fresh 

concrete has been placed and helps control the temperature of the sample.  
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Figure 7 - 3: Test of rigid cracking frame. 

To minimize the effect of temperature change on the length of the side bars, Invar steel is 

used to make the sidebars. Each bar was fitted with strain gauges capable of measuring the 

small axial strains produced by the combined effects of thermal and autogenous shrinkage 

in the concrete. In the central portion of the specimen, the stresses were uniaxial, and hence, 

a uniform stress distribution was assumed. The measured strains in the Invar sidebars could 

thus be used to compute the corresponding stress development in the restrained concrete 

specimen. The RCF test was set to follow the temperature profile simulated by 

ConcreteWorks within the first 96 hours. If the specimen is not cracked during the test 

period, then it is artificially cooled at a rate of 1 °C/hour to induce cracking. The 

temperature and stress of the specimen were continuously monitored until the specimen 

was cracked. 

Thermal couples 
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7.2.6 Free shrinkage frame (FSF) test 

The FSF test was used to evaluate the free total deformation including the thermal and 

autogenous shrinkage. As shown in Figure 7-4, the FSF is the framework that is thermally 

controlled by copper tubing and a supporting Invar steel frame. Thus, the fresh concrete 

used in this study was allowed to be placed in FSF to cure at the same temperature profile 

as RCF. Two end steel plates measured the free total deformation with an Invar rod to a 

linear variable displacement transducer (LVDT). The dimension of the FSF was 150 mm × 

150 mm × 600 mm. The FSF maintained the specimen under a sealed condition so that 

neither moisture loss during the test nor, thus, drying shrinkage occurred in the FSF test. 

 

Figure 7 - 4: Test of free shrinkage frame: (a) actual frame; (b) inside of the frame. 

(a)

(b)
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7.2.7 Autogenous shrinkage test 

As mentioned in Section 7.2.6, the FSF can measure the total deformation including the 

autogenous shrinkage and thermal deformation (expansion and contraction) but it cannot 

separately measure these two deformations. Therefore, this section aims to measure the 

autogenous shrinkage on concrete prisms at the constant temperature of 23 °C, assuming 

that the autogenous shrinkage is not affected by temperature induced strain. It should be 

noted that the autogenous shrinkage of concrete prism might not be identical to the 

autogenous shrinkage of mass concrete because of the difference in dimension and 

hydration degree at an early age. The measurement of autogenous shrinkage is from an 

early age is very challenging because autogenous shrinkage is affected by temperature 

variation. This is a limitation of test method and will be improved in future by considering 

the temperature effect on autogenous shrinkage measurement in FSF test. However, this 

method still provides some indications in separating the autogenous shrinkage and thermal 

strain. As a result, thermal deformation can be deduced from the difference between total 

deformation measured from FSF and autogenous shrinkage measured from prisms. The 

autogenous shrinkage specimen is shown in Figure 7-5. The size of the shrinkage prisms in 

Australia is 280 mm × 75 mm × 75 mm [104]. After demoulding, all faces of autogenous 

shrinkage specimens were well-wrapped using a self-adhesive water-proof aluminium foil 

to avoid any moisture loss to the environment [80]. Measurements were carried out once a 

day for 5 days (120 hours). 
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Figure 7 - 5: Autogenous shrinkage specimens. 

7.3 Test results and discussions 

7.3.1 Temperature profile 

Figure 7-6 shows the temperature profile data obtained from ConcreteWorks. The peak 

temperature of the control mixture was higher than those of fly ash and GGBFS mixtures. 

The time for the maximum temperature was also delayed when the addition of fly ash and 

GGBFS. The peak temperature for the control mixture was 64.2 °C, and it occurred at 20 

hours after pouring concrete, which was higher and earlier than 51.4 °C, 26 hours for FA30 

concrete and 49.4 °C, 28 hours for G60 concrete, respectively, which indicates that the fly 

ash and GGBFS could effectively reduce the heat of hydration and resultant thermal 

cracking in concrete structures. Similar results were noted in the literature [62, 267]. 

Springenschmid and Breitenbücher [62] found that GGBFS reduced temperature rises and 

tensile stresses. Breitenbücher and Mangold [267] reported that fly ash could also decrease 

the peak temperature. After 72 hours, it is observed that all three temperature profiles were 
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confronted until 96 hours. Then the concrete was artificially cooled at a rate of 1 °C/hour 

until the specimen cracked. 

 

Figure 7 - 6: Simulated temperature profile of concrete. 

7.3.2 Mechanical and fresh properties of concrete 

Tables 7-3 and 7-4 show the mechanical properties of concrete, including the compressive 

strength, splitting tensile strength, elastic modulus and fresh properties such as slump, air 

content and fresh density for each concrete mix. It can be seen that the incorporation of fly 

ash and GGBFS decreased the compressive strength, tensile strength and elastic modulus 

compared to that of reference concrete, especially at an early age. This is attributed to the 

low activity of fly ash and GGBFS, which slows down the hydration process [268]. 

Another explanation for this phenomenon is that the match-cured cylinders for fly ash and 

GGBFS mixes experienced a lower temperature rise than that of control samples, 

contributing to a lower hydration process. Similar results were reported by Byard et al. 

[264]. The reduced elastic modulus development due to the lower hydration degree caused 
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a higher tensile creep development when fly ash and GGBFS were incorporated, leading to 

higher stress relaxation and reduced growth of tensile stress. In addition, the results were 

similar to that under standard curing or ambient curing conditions according to Chapter 4. 

Table 7 - 3: Mechanical properties of concrete. 

Sample ID 

Compressive strength  

(MPa) 

Splitting tensile strength 

 (MPa) 

Elastic modulus 

(GPa) 

1d 3d 7d 28d 1d 3d 7d 28d 1d 3d 7d 28d 

N50-0 25.5 36.3 43.6 56.9 2.7 3.7 4 4.6 31.2 36.8 37.8 39 

N50-FA30 20.3 33.7 42.6 55.2 2.2 3.1 3.9 4.5 24.3 28.7 33.2 37 

N50-G60 22.1 35.9 43.1 55.4 2.2 3.6 3.8 4.4 22.6 25.2 31.2 33.2 

Table 7 - 4: Fresh properties of concrete. 

Sample ID Slump (mm) Air content (%) Density (kg/m3) 

N50-0 75 2.5 2441 

N50-FA30 30 4.8 2383 

N50-G60 65 4 2445 

7.3.3 Rigid cracking frame and free shrinkage frame results 

Figure 7-7 presents the stress development obtained from the RCF test and the free 

deformation development of reference and SCM concretes. It can be seen that all three 

mixtures exhibited swelling behaviour at a very early age. Previous studies also reported 

this phenomenon [50, 77, 65]. This could be attributed to thermal dilation due to the heat of 

hydration, absorption of bleeding water, water adsorption by filler, CH growth and primary 
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ettringite formation [126, 127, 269]. Three thermal couples were inserted in the centre of 

concrete as shown in Figure 7-3. The obtained temperature in the concrete was consistent 

and identical for three measured points. Reference concrete had the highest swelling 

deformation, which was also attributed to the higher temperature rise shown in Figure 7–6 

in addition to the possible reasons mentioned above. This also explained the highest 

compressive stress development for the reference concrete as determined by the RCF test 

(see Figure 7-7 (a)). In other words, under the restrained condition, the higher expansion of 

the reference mixture corresponded to a higher initial precompression. The concrete began 

to gain strength and compressive stresses were developed due to the increased temperature 

associated with the continued hydration of the concrete after about 3 to 6 h, but these 

stresses were still reduced by the relative high relaxation. Thus, maximum in compressive 

stress was obtained a few hours earlier than the maximum temperature  [260]. According to 

Wei and Hansen [50], the strain for free shrinkage fame at the zero-stress temperature (Tzs) 

(see Figure 7-7 (a)) is called zero-stress strain (εzs), and it is referred to as the starting point 

of contraction for comparison (see Figure 7-7 (b)). Note that the εzs is not necessarily zero 

because the compressive stress of young concrete is relaxed. Thus, by setting the value of 

εzs is numerically equal to zero, then the increase of free deformation after εzs is denoted as 

“absolute free total contraction” (see Figure 7-7 (c)). As such, the absolute free total 

contractions were compared for assessing the cracking risk.  

Figure 7-7 (c) shows the measured stress and absolute free total contraction of three 

concrete mixes. The absolute free total contraction of the control mixture was 2 5 με at  6 

hours, which was higher than that of N50-F30 and N50-G60 concretes with 160 and 241 με, 

respectively. After 96 hours, the artificial cool process produced a high rate of contraction 
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development. When the fly ash and GGBFS were incorporated into the concrete mixes, the 

significant reduction of the absolute free total deformation resulted in reduced tensile stress 

development This will be discussed in Section 7.3.5. 

 

Figure 7 - 7: Measured stress of concrete from RCF test and strains of concrete from FSF 

test: (a) temperature and stress; (b) stress and free total deformation; (c) stress and absolute 

free total contraction. 
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Figure 7-7: (continued) 

7.3.4 Autogenous shrinkage of concrete 

Figure 7-8 presents the mean value of the experimentally measured autogenous shrinkage 

for each concrete mixture. The measurement of autogenous shrinkage started 24 hours after 

casting. The absolute value of autogenous shrinkage strain at 5 days (120 hours) was  0 με, 

56 με and 102 με, which decreased by 38% and increased by 13% for concrete mixes from 

0% SCM to 30% fly ash and 60% GGBFS, respectively. Similar results can be found in 

[270, 134]. It can also be observed that the trends in Figure 7-8 and Figure 3-12 are 

consistent, showing GGBFS can lead to a higher autogenous shrinkage while fly ash 

exhibits a lower autogenous shrinkage compared to reference mixes at early age. Gao et al. 

[270] demonstrated that the autogenous shrinkage for concrete mixes with 30% fly ash was 

approximately 30% lower than reference concrete at an early age. The results can be 

explained by fly ash as a filling powder material that does not take part in early hydration. 

Hence, the autogenous shrinkage is effectively decreased [270]. Lee et al. [134] showed 
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that the early age of autogenous shrinkage increased with GGBFS content. This is 

attributed to the incorporation of GGBFS leads to a finer pore structure, contributing to 

lower relative humidity, thus increasing the self-desiccation and autogenous shrinkage. The 

underlying logic of conducting the autogenous shrinkage test is that the absolute free 

deformation measured from FSF consists of thermal strain and autogenous shrinkage. After 

measuring autogenous shrinkage, the thermal strain can be simply deduced. Then the 

autogenous shrinkage induced stress and thermal stress can be calculated separately. This 

will be discussed in Section 7.4. 

 

Figure 7 - 8: Measured autogenous shrinkage of concrete from prism test. 

7.3.5 Tensile stress development 

The behaviour of concrete in the RCF can be described in five stages [260] and explained 
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the degree of restraint which depends on cross-sectional areas of Invar bars and of RCF 

concrete specimens, Invar strain and its elastic modulus. However, N50-FA30 did not fail 

in the first 96 hours. It cracked after 8 hours of artificial cooling, which indicated the 

decreased cracking potential of the mixture. While for the GGBFS mixture, the cracking 

time was 92 hours which was also significantly delayed compared to that of the reference 

mixture. In view of these results, the addition of SCMs lowered the early age cracking risk. 

This was attributed to the significant reduction in the free total deformation that will be 

discussed in Section 7.3.4 and Figure 7-8 and the elastic modulus development (Table 7-3). 

Secondly, as shown in Figure 7-6, the temperature rise decreased compared to that of the 

control mixture. Fly ash was more effective in reducing the cracking risk than GGBFS 

because: (i) time-dependent tensile capacity of fly ash concrete is higher than GGBFS, and 

(ii) absolute free total contraction of GGBFS was higher than that of fly ash mixture, 

leading to a higher tensile stress development as mentioned in Section 7.3.3. Although the 

tensile strength of SCMs concrete decreased, the combined effect of temperature rises and 

elastic modulus compensated for the negative impact of tensile strength, resulting in an 

overall enhancement in performance of resistance to cracking. 

Table 7-5 summarises the time and temperature at a zero-stress state and the time and 

temperature at cracking. The incorporation of fly ash and GGBFS reduced the zero-stress 

temperature and the zero-stress time because of the lower peak temperature in the applied 

temperature profile. The addition of SCMs also decreased the cracking temperature and 

delays the time to cracking, and the lower cracking temperature indicated the better the 

resistance to early age cracking of the mixes. This is attributed to the decreased rate of 

temperature development and elastic modulus development [264]. Moreover, Wei and 
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Hansen [50] reported that the replacement of cement by GGBFS can effectively resist 

concrete cracking. Markandeya et al. [77] conducted the RCF tests using different types of 

GGBFS with the same percentage of replacement. They found that the temperature risk and 

cracking potential decreased compared to that of the control mixture regardless of the slag 

types. Riding et al. [271] reported that the introduction of fly ash in concrete delayed the 

tensile stress development, leading to a low-level tendency to crack. Therefore, the results 

that concrete cracking time is delayed with an increasing proportion of fly ash or GGBFS in 

this research are rational. 

 

Figure 7 - 9: Comparison of thermal stress development of different concrete mixes. 
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Table 7 - 5: Cracking indices from RCF tests. 

Mix 
Zero stress Cracking 

Time (h) Temperature (°C) Time (h) Temperature (°C) 

N50-0 30  57.2  62  33.2  

N50-FA30 38  45.5  104  19.3  

N50-G60 34  47.0  92  27.5  

7.4 Analytical modelling for tensile stress development in RCF 

7.4.1 Analytical solution for tensile stress development 

According to ACI 207.2 [259], the tensile stress due to restraint can be calculated using Eq. 

(7-1): 

   𝜎𝑡 = 𝐷𝑅𝜀𝑡𝐸𝑐 (7-1) 

where 𝐷𝑅  is the degree of restraint which can be computed based on the rigidity of 

restraining element and concrete, as shown in Eq. (7-2); 𝜀𝑡 is the total contraction due to 

shrinkage and thermal deformation caused by heat dissipation; 𝐸𝑐 is the elastic modulus of 

concrete. 

   
𝐷𝑅 =

1

1 +
𝐴𝑐𝐸𝑐
𝐴𝐼𝐸𝐼

 
(7-2) 

where 𝐴𝑐 is the cross-section area of concrete which is equal to 22500 mm2 in the RCF test; 

𝐴𝑠 is the cross-section area of Invar side restraining bars in the RCF test, which is equal to 

15710 mm2; 𝐸𝐼 is the elastic modulus of Invar side bar which is equal to 137 GPa. 

As mentioned in Chapters 4 and 5, stress relaxation due to tensile creep is critical. Hence, 

in some existing codes, such as JCI guidelines [272], the effective elastic modulus method 

is utilised to take into account the creep effect [273]. Although this approach captures the 
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order of magnitude of stress relaxation that occurs in concrete, it might be a bit 

conservative because the creep increases more slowly under gradually increasing stress 

than under constant stress [274]. Thus, a reduced creep coefficient by implementing an 

ageing coefficient was adopted according to Gilbert and Ranzi [275]. The expression of 

age-adjusted effective modulus is shown as follows: 

   𝐸̅𝑒 =
𝐸𝑐

1 + 𝜒(𝑡, 𝜏)𝜑(𝑡, 𝜏)
 (7-3) 

where 𝜑(𝑡, 𝜏) is the tensile creep coefficient which can be obtained from the tensile creep 

model in Section 7.4.3; 𝜒(𝑡, 𝜏) is the ageing coefficient and the recommended value of the 

ageing coefficient is 0.80 for relaxation problems [275, 85]. 

Hence, the elastic modulus of concrete in Eqs. (7-1) and (7-2) should be changed to the 

age-adjusted effective modulus. The tensile stress and degree of restraint can be rewritten 

as shown in Eqs. (7-4) and (7-5): 

   𝜎𝑡 = 𝐷𝑅𝜀𝑡𝐸̅𝑒 (7-4) 

   
𝐷𝑅 =

1

1 +
𝐴𝑐𝐸̅𝑒
𝐴𝐼𝐸𝐼

 
(7-5) 

The total contraction of concrete in Eq. (7-4) is considered as the sum of the autogenous 

shrinkage and thermal contraction due to heat dissipation, as shown in Eq. (7-6): 

   𝜀𝑡 = 𝜀𝑎𝑢 + 𝜀𝑇 (7-6) 

where 𝜀𝑎𝑢  is the autogenous shrinkage measured from concrete prism; 𝜀𝑇  is the thermal 

contraction using the measured free deformation strain obtained from FSF minus the 

autogenous shrinkage or using the CTE multiples with temperature changes, as shown in 

Eq. (7-7): 
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   𝜀𝑇 = 𝛼∆𝑇 (7-7) 

By substituting Eqs. (7-5), (7-6) and (7-7) into Eq. (7-4), the total tensile stress of concrete 

can be expressed in terms of autogenous shrinkage induced stress and thermal stress, as 

shown in Eq. (7-8): 

   𝜎𝑡 = 𝜎𝑎𝑢 + 𝜎𝑇 (7-8) 

where 𝜎𝑎𝑢  and 𝜎𝑇  are the autogenous shrinkage induced stress and thermal stress, 

respectively, as shown in Eq. (7-9a) and (7-9b): 

   
𝜎𝑎𝑢 =

𝐸̅𝑒𝜀𝑎𝑢

1 +
𝐴𝑐𝐸̅𝑒
𝐴𝐼𝐸𝐼

 
(7-9a) 

   
𝜎𝑇 =

𝐸̅𝑒𝛼∆𝑇

1 +
𝐴𝑐𝐸̅𝑒
𝐴𝐼𝐸𝐼

 
(7-9b) 

The newly proposed analytical model from Eq. (7-9a) and Eq. (7-9b) can separate the 

autogenous shrinkage induced stress and thermal stress. In this model, autogenous 

shrinkage of concrete can be simply measured on a prism test, elastic modulus can also be 

measured using a straightforward experimental test on concrete cylinders, and the 

temperature variation can be determined through the software ConcreteWorks. The other 

required parameters such as coefficient of thermal expansion and tensile creep coefficient 

will be explained in Section 7.4.2 and Section 7.4.3, respectively. 

7.4.2 Evaluation of coefficient of thermal expansion (CTE) 

As mentioned above, the CTE of concrete is one of the most important parameters for 

evaluating thermally induced strain and stress. Concrete with a high CTE is generally 

leading to a higher risk of cracking. According to Eq. (7-7), CTE can be rewritten using the 

thermal strain divided by the temperature change, as shown in Eq. (7-10): 
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   𝛼 =
𝜀𝑇
∆𝑇

 (7-10) 

In Eq. (7-10), 𝜀𝑇 can be determined using the absolute free deformation from FSF minus 

the measured autogenous shrinkage from the prism, ∆𝑇 can be evaluated by calculating the 

temperature difference between two adjacent temperatures. 

Li et al. [61] conducted a precise measurement of CTE of concrete at an early age using a 

newly-built temperature stress testing machine (TSTM), stepped temperature profiles and 

temperature cycles ranging between 18 and 25 °C. They observed that the measured CTE 

showed a rising trend. The measured CTE increased from 7.2 to 12.3 × 10-6/°C for concrete 

with a w/b of 0.42. However, in the current research, the CTE values are quite fluctuated 

over time within the range between 5.8 to 12.0 × 10-6/°C. This may be due to the difference 

between the TSTM test and the RCF test. Moreover, this study considered continuous 

temperature profiles based on the heat of hydration instead of stepped temperature profiles, 

which may affect the measured CTE values. As such, the CTE was calculated according to 

Eq. (7-10) and the average values were adopted, which were approximately equal to 8.5, 

7.1 and 8.4 × 10-6/°C for OPC, fly ash and GGBFS concrete, respectively. Similar results 

can be found in [276, 277]. Shui et al. [276] illustrated that replacing the cement with fly 

ash and GGBFS lowers the CTE of the hardened cement paste. The reduction in CTE of fly 

ash and GGBFS systems is mainly due to the change in the porosity and portlandite (CH) 

[276].  Gao et al. [277] also showed that the CTE of fly ash concrete is lower than reference 

concrete. Thus, the results that CTE of concrete decreased with an increasing proportion of 

fly ash or GGBFS in this research seems to be reasonable.  
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7.4.3 Basic tensile creep coefficient 

It is critical to take into account the tensile creep of concrete into tensile stress development 

as it leads to stress relaxation. Most models such as ACI 209R-92 [206] and AS3600-2018 

[192] predominately apply compressive creep, and the drying and basic creep are not 

distinguished in these models. Instead, FIB 2010 model [207] is a commonly used code for 

predicting basic creep. It considers the effects of curing temperature and hydration degree 

on the creep coefficients by calculating the temperature-adjusted concrete age. However, 

according to Dabarera et al. [84], the basic tensile creep coefficient was underestimated by 

FIB 2010 model. They also proposed a modified tensile creep model based on FIB 2010 

model and this model has been successfully validated by the results in Ref. [278, 279]. 

Therefore, the modified tensile creep model proposed by Dabarera et al. [84] is adopted for 

predicting the basic tensile creep coefficient 𝜑𝑏𝑐(𝑡, 𝑡0) in this chapter. The modified model 

is shown as follows [84]: 

   𝜑𝑏𝑐(𝑡, 𝑡0) = 𝛽𝑏𝑐(𝑓𝑐𝑚)𝛽𝑏𝑐(𝑡, 𝑡0) (7-11) 

where 𝛽𝑏𝑐(𝑓𝑐𝑚) is the strength-dependent factor which is shown in Eq. (7-12a); 𝛽𝑏𝑐(𝑡, 𝑡0) is 

the time-development function which is shown in Eq. (7-12b): 

   𝛽𝑏𝑐(𝑓𝑐𝑚) =
7

(𝑓𝑐𝑚28)0.7
 (7-12a) 

   
𝛽𝑏𝑐(𝑡, 𝑡0) =  ln {(

55

𝑡0,𝑎𝑑𝑗
+ 0.05)

2

× (𝑡 − 𝑡0) + 1} 
(7-12b) 

where 𝑡0,𝑎𝑑𝑗  is the modifying factor considering the effects of cement type and curing 

temperature to convert the age at loading 𝑡0 to 𝑡0,𝑎𝑑𝑗, which is equal to 8.03, 6.94 and 6.85 

days for control, fly ash and GGBFS concrete, respectively, as shown in Eq. (7-12c): 
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𝑡0,𝑎𝑑𝑗 = 𝑡0,𝑇[

9

2 + 𝑡0,𝑇
1.2 + 1]

𝛼 
(7-12c) 

where α represents the coefficient ranging from -1 to 1, depending on the type of cement, 

for example, -1for strength class 32.5 N, 0 for strength class 42.5 N and 1 for strength class 

52.5 N, respectively [207]. Moreover, Dabarera et al. [84] proved their model can work for 

different types of concrete (fly ash, silica fume concrete) without any adjustment. As a 

result, in this chapter, the value of α is taken as 0 because the cement strength class of 42.5 

is used. 𝑡0,𝑇 is the modified age at loading based on the curing history to take account into 

elevated or reduced temperatures on maturity of concrete, as shown in Eq. (7-12d): 

   
𝑡0,𝑇 = ∑∆𝑡𝑖

𝑛

𝑖=1

exp [13.65 −
4000

273 + 𝑇(∆𝑡𝑖)
] 

(7-12d) 

where ∆𝑡𝑖 is the number of days where a temperature 𝑇 occurs; 𝑇(∆𝑡𝑖) is the temperature 

in °C during the time period of ∆𝑡𝑖. 

Figure 7-10 presents the predicted basic tensile creep coefficient of all the concrete mixes. 

The start of calculation is assumed to be the same as autogenous shrinkage measurement (at 

24 hours after demoulding) due to the modelling purpose. The results stopped at the 

cracking when experimentally observed, i.e., 62, 104 and 92 hours for control, fly ash and 

GGBFS concrete, respectively. It can be seen that the prediction results for fly ash concrete 

and GGBFS concrete were similar because of the similar temperature profile. While the 

reference concrete exhibited slightly lower results compared to that of SCMs based 

concrete. This is attributed to a greater temperature profile due to a higher early age 

hydration degree, resulting in increased stiffness properties, leading to a decrease in creep 

[280]. It indicated that the modified model suggested by Dabarera et al. [84] captured the 

evolution of the temperature profile and the basic tensile creep coefficient of concrete. In 
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addition, a slightly lower tensile creep coefficient of control concrete contributed to a less 

stress relaxation to compensate for the tensile stress development, explaining a reduced 

cracking time of control concrete compared to that of fly ash and GGBFS concrete.  

 

Figure 7 - 10: Predictions of basic tensile creep coefficient using modified FIB 2010 

model. 

7.4.4 Comparison of measured and calculated tensile stress 

Figure 7-11 shows the comparison of concrete tensile stress measured experimentally and 

tensile stress calculated analytically using Eq. (7-4). The experimental tensile stress can be 

computed using the measured Invar strain from strain gauges multiplied by the elastic 

modulus of Invar. The age-adjust effective modulus 𝐸̅𝑒  can be calculated using the 

predicted values from the tensile creep coefficient model (see Figure 7-10) and time-

dependent elastic modulus of concrete (Table 7-3). As such, 𝐷𝑅 can be calculated using Eq. 

(7-5). The autogenous shrinkage induced stress and thermally induced stress were 
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observed that the analytically calculated tensile stress as per Eq. (7-4) agrees well with 

experimentally measured tensile stress for all mixes, indicating the accurate prediction of 

the time-dependent tensile creep. The analytical maximum stress was also calculated using 

Eq. (7-1) to reveal the importance of tensile creep. The analytical maximum stress using Eq. 

(7-1) was greatly higher than experimental stress for all mixes, showing that the tensile 

creep can relax the concrete tensile stress and thus cannot be neglected. In addition, the 

thermal stress of reference concrete is much higher than that of fly ash and GGBFS 

concrete, leading to an accelerating cracking time.  

 

Figure 7 - 11: Time-dependent stress development: (a) N50-0; (b) N50-FA30; (c) N50-

G60. 
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Figure 7 – 11: (continued)  

7.4.5 Risk of early age cracking 

The risk coefficient is commonly used to assess the risk of early age concrete cracking [87, 

205, 51]. It is defined as the ratio between the concrete tensile stress calculated using Eq. 
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𝑅(𝑡) =

𝜎𝑡(𝑡)

𝑓𝑐𝑡(𝑡)
 

(7-13) 

When the risk coefficient equals 0, there is no tensile stress developed in concrete, and the 

cracking does not occur. When the risk coefficient increases as tensile stress is generated 

gradually, the cracking risk becomes higher. Figure 7-12 shows the calculated cracking risk 

coefficient for the tested specimens until cracking occurs. It can be observed that at the 

same time, the 𝑅(𝑡) of N50-0 is the highest, followed by N50-G60, then N50-FA30. The 

calculated tensile stress of concrete at cracking is 72%, 70% and 65% of the splitting tensile 

strength for N50-0, N50-FA30 and N50-G60, respectively, which agrees with the results in 

[257, 66]. Altoubat and Lange [257] reported that the cracking stress is taken to be 80% of 

direct tensile strength, and the direct tensile strength can be approximated as ~80% of the 

splitting tensile strength for concrete at an age greater than 100 h. As such, the ratio of 

cracking stress to splitting tensile strength can be about 64%. Khan et al. [66] demonstrated 

that the cracking stress is equivalent to 65% of splitting tensile strength. Thus, these 

previous works supported the results that the calculated cracking risk coefficient of 

concrete in this research. 
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Figure 7 - 12: Cracking risk coefficient R(t). 
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deformation of the control concrete was higher than SCMs concrete, contributing to 

reduce the cracking time.  

3. The time-dependent tensile strength and elastic modulus of fly ash and GGBFS 

concretes were lower than that of the control mixture under match-curing conditions. 

The trends were similar to that of under standard curing or ambient curing conditions. 

4. The predicted basic tensile creep coefficient of concrete mixes without SCMs was 

lower than with SCMs, leading to a lower early age stress relaxation. This was due to a 

greater temperature profile caused by a higher early age hydration degree, resulting in 

the increase of the stiffness properties, which led to a decrease in creep. 

5. The risk of early age cracking of the reference concrete was the highest. This was 

mainly attributed to the higher free deformation due to a higher temperature rise. 

GGBFS concrete exhibited a higher autogenous shrinkage, leading to  a shorter 

cracking time compared to fly ash concrete despite being exposed to a similar 

temperature profile. The cracking stress occurred at about 70% of the splitting tensile 

strength. 
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CHAPTER 8: CONCLUDING REMARKS AND 

RECOMMENDATIONS 

8.1 Concluding remarks 

This dissertation reports experimental investigations and proposes analytical models for 

concrete mixes with a high volume of fly ash and GGBFS relating to shrinkage, tensile 

creep and thermal effects.  

Chapter 3 presents an experimental study investigating the shrinkage of concrete with a 

high volume of SCMs including fly ash and GGBFS. In modern concrete, SCMs are widely 

used to reduce the cement content to achieve economic and environmental objectives. As a 

result, understanding the shrinkage of blended cement-based concrete is essential. In total, 

21 concrete mixes were produced with GP cement and with cement replacements of 30% 

by fly ash, 40% and 60% by GGBFS. The concrete compressive strength ranged from 25 

MPa to 100 MPa. Experimental results were also compared to the predictions by Australian 

Standard AS3600 (2009 and 2018 versions) and Eurocode 2.  

Additional tests on pastes with the same SCM content were conducted to investigate both 

autogenous and chemical shrinkage in relation to their time-dependent pore structure 

refinement assessed using the nitrogen adsorption isotherm technique. For concrete with a 

characteristic compressive strength lower than 50 MPa, the autogenous shrinkage of 

concretes with 40-60% GGBFS was significantly higher than that of reference concretes 

mostly due to a later increase in the autogenous shrinkage between 28 and 100 days. No 

clear difference was observed for GGBFS concretes with a compressive strength greater 

than 50 MPa. Autogenous shrinkage of fly ash concretes was overall equivalent to that of 

the reference concretes. However, the drying shrinkage of concrete mixes with SCMs was 
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significantly lower than that of reference concretes, leading to an overall reduction in total 

shrinkage for most of the concretes with SCMs. Some amendments to the shrinkage model 

in AS3600 were proposed to improve the estimation of both autogenous shrinkage and 

drying shrinkage of high-volume fly ash or GGBFS concretes. 

Chapter 4 proposes an analytical model for stress analysis of the restrained ring test by 

capturing the effect of both restrained shrinkage and tensile creep based on the age-adjusted 

effective modulus theory. The analytical model allows for accurately predicting the tensile 

stress of the restrained concrete ring based on the experimental measurements of the time-

dependent development of elastic modulus, total free shrinkage, and tensile creep of 

concrete. A numerical finite element simulation was also successfully carried out to 

validate the new analytical model. Importantly, the model was validated considering a total 

of 21 concretes consisting of 6 strength grades ranging from 25 MPa to 100 MPa. For each 

grade, one fly ash blend (30%), two GGBFS blends (40% and 60%) and a reference mix 

without supplementary cementitious materials were tested. 

Chapter 5 investigates the tensile creep behaviour of the same fly ash and GGBFS concrete 

mixes described in previous chapters. Tensile creep can relax the strain caused by 

restrained shrinkage and thermal effects, leading to a decrease in the restrained induced 

stress at an early age. Meanwhile, SCMs have been widely used in concrete to achieve 

economic and environmental goals. Therefore, an understanding of the tensile creep 

behaviour of SCMs based concrete is vital. In this chapter, tensile creep tests have been 

carried out using dog-bone specimens under uniaxial tensile loading. The test series was 

conducted from the age of 2 days until 28 days. It was observed that the tensile creep of fly 

ash concretes was slightly lower than that of the reference mixtures without SCM. For 
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GGBFS concrete, the higher the GGBFS content, the higher the tensile creep. The 

experimental results could not be predicted existing models developed for creep in 

compression. A tensile creep model was proposed to improve the prediction for concretes 

with fly ash and GGBFS. The new model was calibrated only for controlled environmental 

conditions (23 °C and 50% RH and loading at 2 days after casting) and has been validated 

to analyse the development of concrete tensile stress in the restrained ring test. 

Chapter 6 assesses the nonlinear tensile creep behaviour of UHPC subjected to three tensile 

stress levels (40%, 60% and 75%). UHPC is an excellent material due to its good 

workability, high strength, high toughness, and low porosity. It can be used in reinforced 

concrete (RC) structures by fully or partially replacing the traditional concrete to avoid 

concrete cracking and enhance the service life of concrete structures. In a continuous 

system, the concrete in the negative bending moment zone is often under tension which has 

a significant impact on the long-term deflection including the tensile creep deformation. 

UHPC may put the RC structures to exceed the linear limit due to its high tensile capacity. 

Therefore, understanding the nonlinear tensile creep behaviour of UHPC is vital. The 

tensile creep test series were loaded at the age of 2 and 28 days after curing. The 

experimental results were compared with the values calculated based on the various 

prediction models (ACI-209R-92, GL 2000, AS3600-2018, and Eurocode 2). In addition, 

some simple analytical models from the literature for calculating nonlinear creep 

coefficient were also compared with the experimental values. A nonlinear tensile creep 

model was proposed for UHPC and verified using experimental results.  

Chapter 7 examines the risk of early age thermal cracking of concrete mixes with a high 

volume of supplementary cementitious materials (SCMs) such as fly ash and ground 
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granulated blast furnace slag (GGBFS). SCMs are found to control the maximum 

temperature and the accompanying thermal gradients effectively. However, it has been 

reported that SCMs also lead to low early age strength development. As a result, it is 

crucial to understand the cracking behaviour of SCMs based concrete and how they are 

affected by the mix design parameters, especially at an early age. In this chapter, the 

thermal cracking resistance was evaluated using a rigid cracking frame (RCF) with a 

computer-controlled temperature profile. The temperature profile was determined using the 

software ConcreteWorks by assuming the centre point of the mass concrete. The free 

shrinkage frame (FSF) and match-curing oven follow the same temperature profile as RCF 

to measure the free total deformation and time-dependent mechanical properties of concrete, 

respectively. Autogenous shrinkage was measured using concrete prisms. Basic tensile 

creep was computed according to the modified FIB 2010 model. An analytical model was 

proposed to calculate the autogenous shrinkage and the thermal stress separately. A time-

dependent cracking risk coefficient allowing to estimate the risk of early-age cracking of 

concrete was also proposed.  

8.2 Recommendations for future work 

The current research focused on experimental investigations and analytical models for 

concrete mixes with a high volume of fly ash and GGBFS with consideration of shrinkage, 

tensile creep, and thermal effects. Since the application of advanced materials is becoming 

diverse and more complex, further works is required to fill the insufficient areas of this 

study. 

• With the development of sustainable concrete materials such as UHPC, geopolymer 

concrete, limestone calcined clay cement (LC3) concrete, engineering cement-based 
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composite (ECC), etc., the mechanical properties and time-dependent behaviour 

such as shrinkage and creep should be further investigated and can be extended to 

the early age restrained shrinkage induced cracking analysis. 

• The reactivity and hydration reaction of fly ash and GGBFS concrete needs to be 

further investigated to understand the mechanism of shrinkage, tensile creep and 

thermal effect related to early age cracking. The properties of fly ash and GGBFS 

significantly vary depending on their sources and this variation needs to be 

considered. 

• Although a tensile creep model has been established in this dissertation, the model 

was developed in a limited condition (23°C, RH of 50%). The tensile creep of 

SCMs based concrete remains a topic of interest for future research. A more general 

tensile creep model for fly ash and GGBFS concrete needs to be established.  

• A theory of structural analysis considering the shrinkage, tensile creep and thermal 

effects needs to be established for UHPC. In the engineering field, high 

performance concrete exhibits higher shrinkage and greater thermal effects. 

Furthermore, in a crack resistance analysis, UHPC experiences high tensile stress 

levels before reaching its tensile strength. As a result, a nonlinear tensile creep 

analysis should be considered. Therefore, it is necessary to propose a high-precision 

structural analysis method for UHPC relating to shrinkage, nonlinear tensile creep 

and thermal effects.  
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