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𝑚𝑅𝐻𝐴 Initial mass of RHA in cement-RHA mixture [g] 

𝑝𝐻𝑔 Pressure of mercury [MPa] 

𝑝𝑗  Capillary pressure [Pa] 

𝑡𝑗  Time at step 𝑗 [h] 

 

Roman capital case letters 

A, B Constant [-] 

𝐶𝐶𝐻 Amount of CH in a mixture [g/g] 

𝐶𝐶𝐻,ℎ𝑦𝑑 Amount of CH formed in the hydration process [g/g] 

𝐶𝐶𝐻,𝑝𝑜𝑧 CH-content consumed in the pozzolanic reaction [g/g] 

𝐶𝐶𝐻,𝑚𝑒𝑎 Amount of CH measured by TGA [g/g] 

𝐶𝑆𝑖𝑂2
 Silica content of RHA [-] 

𝐷50 Mean particle size [µm] 

𝐸𝑆 Elastic modulus of the steel ring [GPa] 

𝐾0 Initial penetration rate of the reaction front of a 

hydrating cement particle 

[μm/hour] 

𝑀𝑑𝑟𝑦 Mass of RHA sample after drying [g] 

𝑀𝑤𝑒𝑡 Mass of wet RHA sample [g] 

𝑀𝑆 Molar mass of 𝑆𝑖𝑂2 [g/mol] 



 | XII 

 

 

 

𝑀𝐶𝐻 Molar mass of Ca(𝑂𝐻)2 [g/mol] 

𝑄 Water absorption capacity of RHA [-] 

R2 Coefficient of determination [-] 

𝑅𝐻𝑗 Relative humidity at time 𝑡𝑗 [%] 

R Universal gas constant [J/mol/K] 

𝑅𝐼𝐶  Inner radius of the specimen [cm] 

𝑅𝐼𝑆 Inner radius of the steel ring [cm] 

𝑅𝑂𝐶  Outer radius of the specimen [cm] 

𝑅𝐻𝐷 Relative humidity of the pore solution without the 

effect of dissolution of salts (like deionized water) 

[%] 

𝑅𝐻𝑝𝑎,𝑗+1 Relative humidity of the cement paste after the 

moisture transport at time 𝑡𝑗+1 

[%] 

𝑅𝐻𝑅𝐻𝐴,𝑗+1 Relative humidity of RHA after the moisture 

transport at time 𝑡𝑗+1 

[%] 

𝑅𝐻𝑆 Relative humidity of the pore solution due to the 

dissolution of salts 

[%] 

𝑆𝑐𝑎𝑝 Water saturation level in capillary pores [-] 

𝑆𝑐𝑎𝑝,𝑝𝑎,𝑗+1 Water saturation degree in the capillary pores of the 

cement paste at time 𝑡𝑗+1 

[-] 

𝑆𝑅𝐻𝐴,𝑗 Water saturation degree in the still unreacted cores 

or remaining RHA particles at time 𝑡𝑗 

[-] 

T Temperature [K] 

𝑇0 Mid-point on the temperature axis in the TG curve [°C] 

𝑉𝑐𝑎𝑝_𝑤𝑎𝑡, 𝑝𝑎,𝑗+1 Amount of capillary water in cement paste after 

moisture transport at time 𝑡𝑗+1 

[cm3] 

𝑉𝑐𝑒(0) Original volume of cement [cm3] 

𝑉𝑐𝑒(𝑡) Volume of unreacted clinker from the image 

analysis at the age 𝑡 

[cm3] 

𝑉≤𝑑 Capillary pore volume with size less than 𝑑 [cm3] 

𝑉𝑚 Molar volume of water [m3/mol] 

𝑉𝑝𝑜𝑟,𝑝𝑎,𝑗 Capillary pore volume at time 𝑡𝑗 [cm3] 

𝑉𝑝𝑜𝑟,𝑅𝐻𝐴,𝑗+1 Pore volume of still unreacted RHA particles [cm3] 

𝑉𝑅𝐻𝐴 Original volume of RHA particles [cm3] 

𝑉𝑤𝑎𝑡,𝑝𝑎,𝑗 Total amount of water in cement paste at time 𝑡𝑗 [cm3] 

𝑉𝑤𝑎𝑡,𝑝𝑜𝑧 Water consumption in the pozzolanic reaction for 

1 g fully reacted RHA 

[cm3] 
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𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗 Amount of water consumed in the pozzolanic 

reaction at time 𝑡𝑗 

[cm3] 

𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1 Remaining amount of water in RHA particles after 

moisture transport at time 𝑡𝑗+1 

[cm3] 

𝑉𝑤𝑎𝑡≤𝑑𝑤,𝑗
 Amount of water in capillary pores with diameter 

≤ 𝑑𝑤,𝑗 at time 𝑡𝑗 

[cm3] 

 

Greek letters 

𝛼𝐶  Degree of hydration of cement [-] 

𝛼𝑐(𝑡) Degree of hydration of cement at the age 𝑡 [-] 

�̇� rate of hydration [-] 

𝛼𝑗  Degree of hydration of cement at time 𝑡𝑗 [-] 

�̇�𝑗+1 Rate of hydration during the time step 𝑡𝑗+1 [-] 

𝛼𝑅𝐻𝐴(𝑡) Degree of pozzolanic reaction of RHA at the age 𝑡 [-] 

𝛽𝑗  Degree of pozzolanic reaction of RHA at time 𝑡𝑗 [-] 

𝛾 Surface tension of water [N/m] 

𝛾𝐻𝑔 Surface tension of the mercury [mN/m] 

𝛿𝑡𝑟 Transition thickness of the shell of hydration 

products 

[µm] 

∆𝛼𝑗+1 Hydration increments of cement in time step ∆𝑡𝑗+1 [-] 

∆𝛽𝑗+1 Reaction increments of RHA in time step ∆𝑡𝑗+1 [-] 

∆𝑡𝑗+1 Time step 𝑗 + 1 [h] 

∆𝑉𝑤𝑎𝑡, ℎ𝑦𝑑,𝑗+1 Water decrement in the cement paste due to 

cement hydration in time step ∆tj+1 

[cm3] 

∆𝑉𝑤𝑎𝑡,𝑗+1 Amount of water for moisture transport in time 

step ∆tj+1 

[cm3] 

∆𝑉𝑤𝑎𝑡, 𝑝𝑎,𝑗+1 Change of amount of water in cement paste in 

time step ∆𝑡𝑗+1 

[cm3] 

∆𝑉𝑤𝑎𝑡, 𝑝𝑜𝑧,𝑗+1 Water decrement in RHA particles due to 

pozzolanic reaction in time step ∆tj+1 

[cm3] 

∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧𝐶,𝑗+1 Amount of water consumed by chemical reaction 

(pozzolanic reaction) in time step ∆𝑡𝑗+1 

[cm3] 

∆𝑉𝑤𝑎𝑡, 𝑟𝑒𝑐 Amount of water received by the system with low 

RH 

[cm3] 

∆𝑉𝑤𝑎𝑡, 𝑟𝑒𝑐,𝑗+1 Amount of water received by the system with low 

RH in time step ∆tj+1 

[cm3] 

∆𝑉𝑤𝑎𝑡, 𝑟𝑒𝑙 Amount of water released by the system with high 

RH 

[cm3] 
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∆𝑉𝑤𝑎𝑡, 𝑟𝑒𝑙,𝑗+1 Amount of water released by the system with high 

RH in time step ∆tj+1 

[cm3] 

∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑅𝐻𝐴,𝑗+1 Amount of water entrained in the volume of RHA 

that has reacted in time step ∆𝑡𝑗+1 

[cm3] 

∆𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1 Total decrease of the amount of water in 

remaining RHA particles in time step ∆𝑡𝑗+1 

[cm3] 

𝛥𝛿𝑖𝑛,𝑥𝑖,𝑗+1 Incremental increase of the penetration depth of 

the reaction front of cement particle 𝑥𝑖  during a 

time increment 𝛥𝑡𝑗+1 

[µm] 

𝜀𝑠(𝑡) Strain measured in the steel ring at time 𝑡 [mm/m] 

𝜃 Contact angle [-] 

𝜃𝐻𝑔 Contact angle between the mercury and the pore 

wall surface of the cement paste 

[-] 

𝜆 Coefficient to control the types of reaction [-] 

𝜌𝑐𝑒 Density of cement [g/cm3] 

𝜌𝑤 Density of water [g/cm3] 

𝜎𝑐,𝑚𝑎𝑥 Maximum tensile stress in shrinking specimen [MPa] 

∅𝑝𝑜𝑟𝑒,𝑅𝐻𝐴 Porosity of RHA particles [-] 

1, 2, 3 Reduction factors allowing for the change of water 

distribution and change in pore water chemistry in 

the system 

[-] 
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List of abbreviations 

ACI American Concrete Institute 

ASTM American Society for Testing and Materials 

BET Brunauer-Emmett-Teller 

BSE Back-scattered electrons 

CEN European Committee for Standardization 

CH Calcium hydroxide 

C-A-H Calcium aluminate hydrate 

C-S-H Calcium silicate hydrate 

DoH Degree of hydration 

EN European standards 

ESEM Environmental Scanning Electron Microscope 

HP Hydration products 

HPC High performance concrete 

LOI Loss on ignition 

LVDTs Linear variable differential transformers 

MIP Mercury intrusion porosimetry 

PCSIR Pakistan Council of Specific and Industrial Research 

RH Relative humidity 

RHA Rice husk ash 

RPC Reactive powder concrete 

SAPs Super-absorbent polymers 

SF Silica fume 

SP Superplasticizer 

TGA Thermogravimetric analysis 

TSTM Temperature Stress Testing Machine 

UHPC Ultra-high performance concrete 

UPV Ultrasonic pulse velocity 

wt% Weight percentage 

w/b Water-binder ratio 

w/c Water-cement ratio 

XRD X-Ray diffraction 
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Chapter 1  

Introduction 
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1.1 Research background 

Ultra-high performance concrete (UHPC) shows excellent ductility, high compressive 

strength and durability. However, it can develop large shrinkage strains. A very high 

autogenous shrinkage may already develop in the first one or two days after mixing. This 

points to a considerable probability of cracking at early ages. Such early-age cracking due to 

restrained autogenous shrinkage tends to negate the many advantageous properties of UHPC 

and significantly limits its utilization in construction. The very high autogenous shrinkage of 

this concrete is caused by the very low water-binder ratio and very high amount of silica 

fume (SF) used, which cause a significant drop in the internal relative humidity (RH) in the 

cement paste during hardening. The self-desiccation occurs in the absence of any exchange 

of moisture with the environment.   

Reducing or limiting the autogenous shrinkage of UHPC is very important for the 

engineering practice. A report by Castro et al. [1] shows that mitigation of autogenous 

shrinkage using external water curing is not effective, since the very dense microstructure of 

HPC/UHPC enables only a very small amount of water to penetrate into the interior of 

concrete members (see also Figure 1.1). With internal curing, whole concrete members can 

be cured by well-distributed water reservoirs inside the concrete. Thus, internal water curing 

is considered to be an effective solution to counteract self-desiccation and autogenous 

shrinkage, thereby reducing the likelihood of early-age cracking. 

 

 

Figure 1.1 The difference between external curing and internal curing [1] 

The most common methods for internal curing of concrete are the use of saturated light-

weight aggregates and super-absorbent polymers (SAPs). Unfortunately, because of the strict 

requirements on mechanical properties and maximum size of aggregate, light-weight 

aggregates are not applicable in UHPC. Only SAP has been proposed as an efficient internal 

curing agent to mitigate the autogenous shrinkage of UHPC. It has been shown that the use 

of SAPs also works in practice. However, SAPs make the concrete more heterogeneous, 
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because it will leave voids in the matrix as big as 600 μm [2], equal to the maximum size of 

fine aggregate of UHPC [3], which might negatively influence the properties of UHPC.  

Searching for an alternative internal curing method of UHPC remains a challenge. One of 

the very interesting questions is whether any material could play 'a duplex role', to replace 

both SF and SAPs to make UHPC. Finding such a material would mean a great breakthrough 

from both the technological and sustainability point of view.  

One possibility is to use rice husk ash (RHA), an agricultural waste, which is obtained by 

burning rice husk. Rice husk constitutes about one-fifth of the 759.6 million metric tons of 

rice paddy produced annually in the world (2018) [4]. When the husk is incinerated 

completely under appropriate conditions [5, 6] the residue, RHA, contains 90-96% 

amorphous silica. RHA is also classified in the same category of highly active pozzolans like 

SF [7]. RHA has a very high specific surface area ranging from 20 to 260 m2/g [5], which is 

attributed to its porous structure [8, 9]. Although using RHA as supplementary material in 

cementitious mixtures has been proposed decades ago already [7], the research on its 

application for internal curing is still scarce. 

From the perspective of reducing 𝐶𝑂2 emission, using RHA is also beneficial for the 

concrete industry. RHA itself is an environment-friendly material. RHA is obtained by 

ignition of rice husk following self-combustion. Although the incineration of rice husk 

releases 𝐶𝑂2, photosynthesis during rice production recycles the 𝐶𝑂2 into new crops. Besides, 

the replacement of cement by RHA lowers the clinker content of cement-based products, 

which reduces the 𝐶𝑂2 footprint of the concrete mix. 

1.2 Aim and objective 

In this research the possibility is investigated of using rice husk ash to substantially mitigate 

the autogenous shrinkage of UHPC and reduce its probability of cracking. With this aim, the 

objectives of this research are listed as follows: 

1.  To evaluate the effect of rice husk ash on autogenous shrinkage of cement pastes with 

the low water-binder ratio. 

2. To investigate the mechanism of mitigating autogenous shrinkage of cement pastes 

with RHA. 

3. To perform numerical simulations of internal curing in cement pastes with RHA. 

4. To investigate the effect of rice husk ash on proneness to cracking due to autogenous 

shrinkage in UHPC. 

1.3 Research strategy 

To achieve these objectives, the strategy of this research is as follows: 

There is a continuous debate on the onset of autogenous shrinkage. In view of its relevance 

to the practice, the onset of autogenous shrinkage will be re-evaluated. Plain Portland cement 

mixtures with different water-cement ratios will be used for experimental investigation. 

The effect of the fineness and dosage of RHA on autogenous shrinkage of cementitious 

mixtures will be studied experimentally. The mechanism behind the effect of RHA on 

autogenous shrinkage will be explored.  

To reveal the mechanism of mitigating autogenous shrinkage with RHA, several 

influencing parameters will be evaluated. These are: self-desiccation, sorption properties of 

RHA and the pozzolanic reaction of RHA. 
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A mesoscopic model will be established to simulate the internal curing process in cement 

pastes with RHA. Experimental results will be used for the evaluation of the proposed model. 

The optimized dosage and particle size of RHA, which substantially mitigates the 

autogenous shrinkage of cement pastes, will be used in UHPC. The relevant properties, like 

autogenous shrinkage and proneness of cracking, will be evaluated. 

1.4 Outline of this study 

This thesis consists of eight chapters. The structure is shown in Figure 1.2. 

 

1. Introduction and literature survey (Chapter 1-2) 

2. Onset of autogenous shrinkage (Chapter 3) 

3. Experimental and numerical study of the effect of RHA on the autogenous 

shrinkage of cement pastes (Chapter 4-6) 

4. Effectiveness of RHA for mitigating autogenous shrinkage-induced cracking 

tendency in UHPC (Chapter 7) 

5. Conclusions (Chapter 8) 

In chapter 1 a brief introduction including background, objective, strategy and outline of this 

research is given. 

In chapter 2 a literature survey is presented regarding UHPC, basic properties of RHA, 

autogenous shrinkage and internal curing mechanisms in cementitious materials. 

In chapter 3 the onset of autogenous shrinkage is analysed in plain cement mixtures. 

Improved internal relative humidity measurements provide a clearer view on the 

development of self-desiccation. 

In chapter 4 experimental results are presented showing the effect of content and particle 

size of RHA on the autogenous shrinkage of cement pastes. Information on materials and 

mixture design is provided.  

In chapter 5, based on the experimental results, the pozzolanic reaction and the internal 

curing effect of RHA are discussed for revealing the mechanism of mitigating autogenous 

shrinkage in cement pastes. 

In chapter 6 numerical simulations are performed to describe the internal curing process 

in the cement pastes with RHA. The results of numerical simulations are validated by the 

experimental results presented in chapter 4.  

In chapter 7 the effect of RHA on the proneness to cracking in UHPC is evaluated. The 

results of internal relative humidity, autogenous shrinkage, strain development by ring test 

and compressive strength are presented. 

In chapter 8 conclusions and prospects are drawn. Some suggestions for further work are 

presented.  
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Figure 1.2 Outline of the thesis 
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Chapter 2  

Literature review 
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2.1 Introduction 

Since the development of Portland cement in England by Joseph Aspdin, in the early 19th 

century, it has become the most common material around the world as basic ingredient 

of concrete. Concrete made with Portland cement has good behaviour under compressive 

stress, but it is weak in tension. Cracking caused by tension is a typical problem in concrete 

practice. High shrinkage at early ages is one of the most common causes of cracking. In that 

stage shrinkage is strongly related to the decrease of relative humidity (RH) inside the 

concrete. For conventional concrete, moist curing from the exterior can ensure a high internal 

RH, thereby reducing the shrinkage. However, mixtures designed for high strength and long 

durability mostly have a low water-cement ratio (w/c) and dense microstructure. Thus, 

moisture from external curing cannot easily reach the interior of the concrete. Especially in 

high/ultra-high performance concrete, cracking caused by autogenous shrinkage can be a 

severe problem [10]. To minimize the cracking probability induced by autogenous shrinkage, 

internal curing has been proposed [11]. Several internal curing agents are utilized in high 

performance concrete and have shown good results for mitigating autogenous shrinkage [12]. 

Still finding alternative internal curing methods for ultra-high performance concrete remains 

a challenge. Rice husk ash (RHA), as a porous material, is a possible candidate for reducing 

the autogenous shrinkage in ultra-high performance concrete. 

In this chapter, a literature review is presented regarding ultra-high performance concrete, 

the properties of RHA, autogenous shrinkage and internal curing. 

2.2 Ultra-high performance concrete (UHPC) 

2.2.1 Definition 

Ultra-high performance concrete (UHPC) is a new class of concrete that has been developed 

in recent decades for its high strength and good durability. It is defined worldwide as a 

concrete with a compressive strength exceeding 150 MPa [13, 14]. Typically, the term UHPC 

has been used to describe a fibre-reinforced, silica fume-cement mixture with a very low 

water-cement ratio (w/c) produced with the use of superplasticizers, very fine quartz sand 

(0.15-0.60 mm) instead of ordinary aggregate.  

The history of UHPC can be traced back to the early 1990s. Richard et al. [15] used 

components with increased fineness and reactivity to develop reactive powder concrete (RPC) 

via thermal treatment. RPC exhibits excellent mechanical properties. According to the author, 

it can achieve a compressive strength of up to 810 MPa and a flexural strength of up to 141 

MPa. In 1994, De Larrard [16] formally introduced the term ‘‘ultra-high-performance 

concrete”. Until now, the applications of UHPC (150-200 MPa) are widely available in 

Europe, North America, Oceania and Asia [13, 17, 18].  

The basic principles used in UHPC have been identified by several authors [13, 15, 19, 

20], and can be summarized as follows:  

1. Increase of homogeneity by excluding coarse aggregates. 

2. Increase of the packing density by ensuring a balanced particle size distribution of the 

powder.  

3. Improvement of the properties of the matrix by adding a pozzolanic admixture, such as 

silica fume. 

4. The use of a low water-binder (w/b) ratio. 

5. Densification of the microstructure of the matrix by post-set heat treatment under pressure. 

6. Increase of ductility by incorporating small-sized steel fibres. 
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Application of the above principles can lead to a concrete with a compressive strength 

exceeding 150 MPa. The addition of steel fibres improves both the tensile strength and the 

ductility [15]. 

2.2.2 Composition of UHPC 

As mentioned in Section 2.2.1, UHPC is composed of the following materials: cement, sand, 

silica fume, fibers, water and superplasticizer. In this thesis the study concentrates on the 

characteristics of UHPC without fibers and heat curing. In the following the constituents of 

UHPC mixtures are described. 

Cement A typical Portland cement (e.g., CEM I in Europe) or blended cements (e.g., 

CEM III in Europe) can be used in UHPC. 

Sand Quartz sand is usually used in UHPC because of its wide availability, low cost and 

excellent bond with cement paste. The maximum particle size of sand is limited to 600 µm. 

Particle sizes below 150 µm are avoided in order to prevent interference with the largest 

cement particles (80-l00 µm) [15]. 

Mineral admixtures  The addition of fine-grained minerals can improve many properties 

of concrete. The typical effects are denser packing and pozzolanic reactions. In both cases, 

the final impact on the pore structure of the mixture is similar: the concrete porosity decreases 

and the pore size distribution shifts towards smaller pore sizes.  

Silica fume (SF) is an amorphous type of silica dust mostly collected in baghouse filters 

as a by-product of silicon and ferrosilicon production. SF is an ultra-fine powder with 

perfectly spherical particles. SF is the principal constituent of the new generation HPC and 

UHPC.  

Despite its outstanding properties, SF also has several drawbacks. Firstly, SF is an 

industrial waste. However, its availability is limited, especially in developing countries. 

Secondly, SF also causes an aesthetic problem as it sometimes gives a dark colour to the 

concrete due to the unburned coal in it. Thirdly, because of the fine particle size (about 0.1-

1 μm), SF is generally considered nuisance dust of low toxicity. The use and transport of SF 

require stringent safety measures to ensure human health.  

The drawbacks of SF give a motivation for seeking other materials to replace it, especially 

in developing countries. To date, many micro-powders other than SF, such as pulverized fly 

ash, ground granulated blast furnace slag, metakaolin, limestone micro-filler and rice husk 

ash (RHA) have been studied to make UHPC [6, 21-24].  

Superplasticizer Superplasticizers, also known as high-range water reducers, are 

additives used in the concrete industry. They are composed of powerful organic polymers 

that act as dispersers of particles in suspension to improve the rheological properties of 

concrete [25]. The addition of superplasticizer to concrete or mortar allows the reduction of 

the water-cement ratio without sacrificing the workability of the mixture. Since the water-

binder ratio of UHPC is very low, the optimum amount of superplasticizer is relatively high, 

with a solid content of approximately 1.6 wt% of the cement content [15]. 

2.2.3 Shrinkage of UHPC 

Shrinkage of concrete is caused by loss of water due to evaporation or by chemical reactions 

occurring during the hydration of cement [26]. It is one of the most common reasons for 

cracking of concrete. Autogenous shrinkage and drying shrinkage are two main types of 

shrinkage in concrete. Autogenous shrinkage is defined as ‘the bulk strain of a sealed 

specimen of a cementitious mixture, not subjected to external forces and under constant 

temperature, measured from the time of final setting until a specified age’ [27]. Drying 

https://en.wikipedia.org/wiki/Concrete
https://en.wikipedia.org/wiki/Concrete
https://en.wikipedia.org/wiki/Mortar_(masonry)
https://en.wikipedia.org/wiki/Workability
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shrinkage refers to the volume reduction in the cement matrix or concrete element resulting 

from an overall loss of water to the environment through evaporation. 

UHPC exhibits large shrinkage values, but, unlike normal concrete, autogenous shrinkage 

constitutes a bigger fraction of total shrinkage in UHPC compared with drying shrinkage 

[10].Drying shrinkage of UHPC can be mitigated effectively by exposure to a high external 

RH [28]. However, using external curing is inappropriate to reduce autogenous shrinkage. 

Because of the dense microstructure of the paste, only a small amount of water is able to 

penetrate into the interior of concrete [1]. UHPC shows a very high autogenous shrinkage 

already in the first few days after mixing (Figure 2.1), which may lead to cracking at early 

ages. Such early-age cracking due to restrained autogenous shrinkage may negate the 

numerous advantageous properties of UHPC and significantly limits its utilization in 

construction. The high autogenous shrinkage of UHPC is caused by a significant drop in the 

internal relative humidity (RH) during the hardening [11]. 

 

 

Figure 2.1 Autogenous shrinkage of UHPC mixtures containing different amounts of SF measured 

from the final setting time, w/b = 0.18 [6] 

2.3 Rice husk ash (RHA)  

Rice is one of the major crops grown throughout the world, sharing equal importance with 

wheat as the principal staple food and provider of nourishment for the world's population. 

Rice husks are the hard protective coverings of rice grains that are separated from the grains 

during the milling process. The husk constitutes about one-fifth of the 759.6 million metric 

tons of rice paddy produced annually in the world (2018) [4]. During rice cultivation, the 

bulky nature of rice husk could cause difficulty for storage and transportation. If the rice husk 

is not appropriately treated, such as dumping into ponds or streams, it becomes a massive 

quantity of waste and a severe polluter of the environment. One of the solutions is to burn 

the rice husks and use the ash as a mineral admixture in concrete. As a result, problems and 

costs associated with the environmentally safe disposal of this waste can be reduced or 

sometimes eliminated. The socio-economic benefits, achieved by the utilization of RHA as 

a mineral admixture in concrete, is now well recognized by all those concerned with the 

production, disposal and utilization of this waste. In this section, a brief overview of the 

properties of RHA and its the potential utilization in concrete will be presented. 
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2.3.1 RHA production 

The utilization of RHA as a cementitious material in concrete industry depends on its 

pozzolanic properties. The pozzolanic activity of the ash depends on the form of silica present 

and the carbon content. Since the physico-chemical properties of silica in RHA are strongly 

affected by the temperature and the duration of thermal treatment, the yield of highly reactive 

ash requires a burning method that can maintain at low firing temperature and a short 

retention period to generate ash with low carbon content and high surface area [5, 29]. 

From every 100 kg of rice husk, about 25 kg (25%) of ash is generated when this husk is 

completely burnt. Rice husk contains about 50% cellulose, 25-30% lignin, 15-20% silica, and 

10%-15% moisture [30]. After burning, cellulose and lignin are removed, leaving behind 

silica ash. Because the crystalline phase of silica has a negligible reactivity with lime, using 

RHA as a supplementary cementitious material requires that it contains amorphous silica. 

The amorphous silica content and the porous structure of RHA depend on the temperature 

and duration of burning, and the pre-treatment (acidification or alkalinization) of husk before 

combustion [5, 31]. Analysis of several reports, [5, 32], suggests that temperatures below 

700°C will be sufficiently safe to produce rice husk ash with high reactivity. 

There are several methods to incinerate rice husks to ash, such as the cyclone-type furnace 

developed by Mehta-Pitt in 1976, the fluidized bed system by Takuma, the tub-in basket type 

rice husk burner designed by Kapur in 1981, a brick incinerator by the Cement Research 

Institute of India, drum incinerator by the Pakistan Council of Specific and Industrial 

Research (PCSIR) in 1979, an annular kiln enclosure by Nair in 2006, and cylinder furnace 

by the National University of Malaysia (UKM) in 2011 [5, 33-36].  For using at a laboratory 

scale, Bui [5] utilized a modified drum incinerator similar to the one designed by PCSIR [33], 

which is also used by Tuan [6], to produce rice husk ash. It takes almost 15-18 hours for 

complete burning to generate quantities in the range of tens of kilograms of RHA. The husks 

burn by themselves once ignited. No control is required during the burning process. RHA 

samples are collected after the complete cooling of ash samples. An impression of the 

incinerator used by Tuan [6] is shown in Figure 2.2. The drum and detachable chimney of 

the incinerator were made from galvanized iron sheets. The husks are ignited from the bottom 

of the incinerator by using pieces of wastepaper. The highest temperature recorded in this 

incinerator was 600 ℃. The carbon content of the ashes was found to fluctuate from 2 to 6%. 

 

Figure 2.2 Modified PCSIR drum incinerator [5] 
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2.3.2 Microstructure and fineness of RHA 

Upon combustion, the cellulose-lignin matrix of the rice husk is released, leaving behind a 

porous silica skeleton. The highly porous structure (see Figure 2.3) of the ash displays a large 

surface area. The specific surface area of RHA, determined by the Brunauer-Emmett-Teller 

(BET) nitrogen absorption method, ranges from 20 to 270 𝑚2 𝑔⁄  [5], while that of SF is in 

the range of 18 - 23 𝑚2 𝑔⁄  [37].  

 

 

Figure 2.3 Scanning electron micrograph of RHA. (a) 500×  magnification and (b)10000 × 

magnification [38] 

Coupled with its high surface area, rice husk ash also displays a relatively big average particle 

size. While SF has a mean particle size of 0.1-1 μm [37], RHA has a particle size around 45 

μm and a much higher surface area [39]. Mehta [9] suggested that, since the pozzolanic 

reactivity  of RHA comes from its high internal surface area, grinding RHA to a high degree 

of fineness should be avoided. Intensive grinding causes a partial collapse of the porous 

structure of RHA particles, which leads to a reduction of the total pore volume [6]. 

Additionally, long periods of grinding reduce the economic benefits, especially in developing 

countries where electricity is relatively expensive and sometimes intermittent in supply [33]. 

This indicates that there is an appropriate fineness of RHA which is not only enhancing its 

pozzolanic reactivity, but also economically beneficial.  

Concerning the porous structure of RHA, Sugita et al. [40] showed that the specific pore 

volume of coarse RHA is as high as 0.16 𝑐𝑚3 𝑔⁄  with pore sizes in the range of 2-40 nm, and 

an average radius of 12.3 nm. Tuan [6] found that the total pore volume of RHA with a mean 

particle size 5.6 µm is 0.086 𝑐𝑚3 𝑔⁄  determined by mercury intrusion porosimetry (MIP). 

The author reported that the size of pores is from 5 to 60 nm. Because of the high porosity, 

RHA has a high capacity for water absorption, which may adversely affect the fresh 

properties of mortar or concrete containing RHA. 

2.3.3 Physical and chemical composition of RHA 

The physical properties and chemical composition of RHA, as reported by several authors, 

are presented in Table 2.1 and Table 2.2, respectively. 

Table 2.2 shows that RHA is very rich in silica and has a high alkali content (mainly 𝐾2𝑂). 

To use it as a pozzolan in cement and concrete, RHA should satisfy requirements for the  

https://www.sciencedirect.com/topics/materials-science/pore-volume
https://www.sciencedirect.com/topics/materials-science/pore-volume
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Table 2.1 Physical properties of RHA 

Properties Unit 
Mehta 

1992 [41] 
Zhang 

1996 [42] 
Bui 2005 

[43] 

Ganesan 2008 

[44] 
Tuan 2011 

[6] 

Specific gravity  𝑔 𝑐𝑚3⁄  2.06 2.06 2.10 2.06 2.10 

Mean particle size  µm - - 5.0 3.8 7.30 

Fineness (passing 

45 µm sieve)  
% 99 99 - 99 - 

Specific area  𝑚2 𝑔⁄  - - - 36.47 19.2 

 

Table 2.2 Chemical composition of RHA 

Chemical component 

[%] by weight 

Mehta 1992 

[41] 

Zhang 1996 

[42] 

Bui 2005 

[43] 

Tuan 2011 

[6] 

𝑆𝑖𝑂2 87.2 87.3 86.98 87.96 

𝐴𝑙2𝑂3 0.15 0.15 0.84 0.3 

𝐹𝑒2𝑂3 0.16 0.16 0.73 0.52 

𝐶𝑎𝑂 0.55 0.55 1.4 1.14 

𝑀𝑔𝑂 0.35 0.35 0.57 - 

𝑁𝑎2𝑂 1.12 1.12 0.11 - 

𝐾2𝑂 3.68 3.68 2.46 3.29 

𝑆𝑂3 0.24 0.24 - 0.47 

Loss on ignition (L.O.I) 8.55 8.55 5.14 3.81 

 

 

chemical composition of pozzolans as stated in ASTM C618. For example, the total 

proportion of silicon dioxide (𝑆𝑖𝑂2), aluminium oxide (𝐴𝑙2𝑂3) and iron oxide (𝐹𝑒2𝑂3) in the 

ash should be more than 70 wt%, and the loss on ignition (L.O.I) should not exceed 12% [45]. 

2.3.4 Hydration process of cement blended with RHA 

The use of RHA will change the hydration process and microstructure development of 

Portland cement. Many researchers have explored the hydration mechanisms of cement 

blended with RHA [46-51]. They showed that RHA, containing a considerable amount of 

amorphous silica, can react with calcium hydroxide (CH) to form calcium silicate hydrate 

(C-S-H) gel. Due to the pozzolanic reaction, cement paste containing RHA has a lower CH 

content than plain cement paste. The hydration mechanism of cement paste with RHA has 

been illustrated as shown in Figure 2.4 (Hwang et al. [52]). The mechanism is described 

below. 
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Figure 2.4 Schematic drawing of the hydration of cement paste containing RHA [52] 

Similar to what is observed in hydrating Portland cement paste, a cement paste with RHA 

starts to stiffen in the early stage of hydration. Up to 8 hours the penetration resistance of the 

fresh cement paste with RHA measured in a Vicat test [52] goes along with the growth of 

CH. The early resistance against penetration of the Vicat needle is obtained primarily due to 

the formation of CH crystals. The formation of such crystals at the surface of RHA particles 

may be due to the adsorption of liquid at the surface of the cellular microstructure of RHA, 

followed by the pozzolanic reaction inside the cellular spaces of RHA. After 40 hours, the 

pozzolanic reaction further binds Si in RHA with CH to form the C-S-H gel. The reaction 

product of RHA fills the finer capillary pores and reduces the permeability, which may be 

beneficial for durability. 

Because the chemical compositions of SF and RHA are similar (more than 90% is reactive 

silica), Tuan [6] assumed that the pozzolanic reaction of RHA is the same as that of SF. For 

the pozzolanic reaction it holds [53]:  

1.1𝐶𝐻 + 𝑆 + 2.8𝐻 → 𝐶1.1𝑆𝐻3.9   (2.1) 
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2.4 Autogenous shrinkage 

Autogenous shrinkage of concrete is a phenomenon known since 1900 [54]. For a long time, 

autogenous shrinkage has always been considered negligible compared to drying shrinkage 

[55]. In the last three decades, much attention is given to autogenous shrinkage due to the 

increasing use of concretes with low water-binder ratios. Since then, autogenous shrinkage 

has become one of the main research topics. 

2.4.1 Driving force of autogenous shrinkage 

There is a general agreement about the existence of a relationship between autogenous 

shrinkage and RH changes in hardening cement paste [56-58]. 

When cement paste is in the liquid state, the chemical shrinkage due to cement hydration 

is fully transformed into external volume change [56]. This volume change does not induce 

a significant probability of cracking of the material [59, 60]. With ongoing hydration of 

cement, a “stable” solid skeleton is formed in the hardening paste. From then on, in sealed 

conditions, the chemical shrinkage cannot totally be transformed into an external volume 

change. Empty pores are thus formed inside the paste and water will withdraw into smaller 

pores. The menisci occur at the interface between air and water [61]. As the water is 

consumed by cement hydration, bigger pores inside the paste empty first [56]. This process 

is known as self-desiccation, which goes along with a drop in relative humidity. 

Over the years, three principal driving forces of autogenous shrinkage have been proposed 

[62]. The three driving forces are listed below: 

1. Change in the surface tension of the solid gel particles 

2. Disjoining pressure 

3. Tension in capillary water 

2.4.1.1 Surface tension of solid particles  

Surface tension results from the asymmetry of attractive forces on atoms or molecules in the 

vicinity of the solid surface [63]. Surface tension of solid particles is affected by the thickness 

of the water layer adsorbed on them. In general, adsorption of water at the particle surface 

causes relaxation of the surface tension of the hydration products and results in expansion. 

Reversely, removal of adsorbed water increases the surface tension and compresses the solid 

particles. Surface tension can induce compressive stresses of around 250 MPa and noticeable 

bulk shrinkage in small cement gel particles with large specific surface area [64]. Only the 

first three layers of adsorbed water play an important role in surface tension of the solid. The 

effect of layers of adsorbed water, i.e. 4𝑡ℎ layer and 5𝑡ℎ etc. layer, is almost negligible. The 

linear relationship between deformation and change of surface tension seems to exist as long 

as the relative humidity is below 40% [65]. This phenomenon is also observed by other 

researchers [66, 67]. In the construction practice, this mechanism may not play a major role 

in autogenous deformation, where normally the RH does not drop under 75% [68]. 

2.4.1.2 Disjoining pressure 

The disjoining pressure is the distance-dependent pressure between two surfaces. It can be 

either attractive or repulsive. It is active in areas of hindered adsorption, i.e. where the 

distances between the solid surfaces are smaller than twice the thickness of the free adsorbed 

water layer, as shown in Figure 2.5. 
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Figure 2.5 Surfaces of hindered adsorption and distribution of disjoining pressure [69] 

The disjoining pressure between the solid particles is the result of van der Waals forces, 

double layer repulsion and structural forces [70]. Among these, van der Waals forces are 

always contractive, while double-layer repulsion and structural forces are always repulsive. 

Disjoining pressure changes with the thickness of the adsorbed water layer. This thickness is 

determined by the RH in the pore system. When the RH drops, the magnitude of disjoining 

pressure decreases, leading to shrinkage of the materials. For cement-based materials, the 

disjoining pressure also varies with the concentration of 𝐶𝑎2+ ions in the pore fluid [71].  

Quantification of disjoining pressure is not easy. For simple geometries, it can be 

determined by contacting regular-shaped solid particles [72]. However, for the hardening 

cement paste at early ages, the continuous transformation of the microstructure and the shape 

of the particles complicates the quantification of the disjoining pressure and its associated 

volume changes. At which relative humidity range disjoining pressure is responsible for 

autogenous shrinkage is still a subject of debate [63, 73].  

2.4.1.3 Capillary tension 

The capillary tension in the pore fluid is related to the relative humidity in the partly empty 

pores. With the drop of internal RH, the radius of menisci between the liquid and the gas in 

capillary pores decreases and the capillary tension increases. The capillary tension in the 

capillary pores brings the surrounding solid into a state of compression. This compressive 

stress will result in a decrease of the volume of the cement paste. According to Soroka [64], 

the capillary tension mechanism for autogenous shrinkage is effective in the upper RH range, 

above about 45% RH. 

From the diameter of the maximum water-filled pore 𝑑𝑤,𝑗 at time 𝑡𝑗, the relative humidity  

𝑅𝐻𝑗 and the capillary pressure 𝑝𝑗 in the pore system of cement paste can be described by the 

Kelvin equation (Eq. (2.2)) and Young-Laplace equation (Eq. (2.3)), respectively. The 

equations are list below,  

𝑙𝑛 𝑅𝐻𝑗 =
4𝛾𝑉𝑚 𝑐𝑜𝑠 𝜃

𝑑𝑤,𝑗𝑅𝑇
   (2.2) 

Layer thickness 
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𝑝𝑗 =
4𝛾

𝑑𝑤,𝑗
   (2.3) 

where 𝛾 is the surface tension of water (= 72.86 × 10−3 𝑁/𝑚), 𝑉𝑚 is the molar volume of 

water (= 1.8 × 10−5  𝑚3 𝑚𝑜𝑙⁄ ), 𝑑𝑤,𝑗  is the pore diameter, 𝑅 is the universal gas constant (=

8.314 𝐽 ∙ 𝑚𝑜𝑙−1 ∙ 𝐾−1 ), 𝑇  [K] is the temperature, 𝜃  is the contact angle, cos 𝜃 = 1  when 

perfect wetting is assumed. 

Combine the Eq. (2.2) and Eq. (2.3), the relationship between relative humidity and 

capillary pressure at time 𝑡𝑗 can be described by: 

 𝑝𝑗 = 𝑙𝑛 𝑅𝐻𝑗 ∙
𝑅𝑇

𝑉𝑚 𝑐𝑜𝑠 𝜃
   (2.4) 

2.4.2 Early age expansion 

If a cement paste hydrates in saturated conditions, the reaction can go along with an external 

expansion, as observed already since 1900 by Le Chatelier [54]. According to Neville [74], 

values of 1000-2000 microstrain are measured for cement pastes cured under water. In those 

mixtures, generally with high water-cement ratio, the pore system of cement paste is 

supposed to remain saturated throughout hydration [74]. The expansion mechanism is 

complicated and unrevealed. Several possible mechanisms have been proposed in the past 

few decades to explain this expansion. 

Crystal pressure.  Crystal pressure generated by the crystallization of salts in capillary 

pores is a critical factor for the decay of rock, stone and concrete in urban areas [75]. In 

capillary pores filled with supersaturated solution, a crystal will grow and come into contact 

with a pore wall. The crystal will then stop growing or repel the pore wall while generating 

stresses. Crystal pressure is one mechanism proposed to explain the early-age expansion of 

cement paste. The most common solutes in the pore solution of hardening cement paste are 

portlandite (CH) and ettringite. The growth of these solutes (ettringite crystals [76, 77] and 

CH [78]) are considered a possible cause of early-age expansion in cement paste. 

Structure change.  Budnikov & Strelkov [79] proposed a different mechanism to explain 

early-age expansion. During hydration, the macroscopic cement particles convert into a 

number of much smaller hydrated particles through topochemical reactions. These smaller 

reaction products tend to occupy a larger volume than the original unhydrated particle, 

generating an internal pressure that produces macroscopic swelling. 

Shape of hydration products and the formation of ettringite.  Hydration products of cement 

are found with many shapes, like needles, rods and tree-shaped [80]. Due to the morphology 

of hydration products, a new network is formed with a total surface area larger than the 

reactants. The repulsive forces between the solid particles act on a growing surface area and 

cause an expansion [81]. The formation of ettringite has also been considered a principal 

reason for early-age expansion [82]. For a discussion of mechanisms causing early-age 

expansion, see also [83]. 

2.4.3 Onset of autogenous shrinkage 

The schematic development of volume change in a sealed hydrating cement paste is presented 

in Figure 2.6. When cement paste is in the liquid state, the chemical shrinkage due to cement 

hydration is fully transformed into external volume change [56]. With ongoing hydration of 

cement, a “stable” solid skeleton is formed in the hardening paste. From that moment on, 

most of the chemical shrinkage is converted into voids inside cement paste and autogenous 
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shrinkage starts to develop. It can be seen in Figure 2.6 that the curves of chemical shrinkage 

and autogenous deformation start to deviate after the knee point. 

In the past the knee point in the deformation curve has been termed “time-zero”, and has 

been considered the onset of autogenous shrinkage. This “time-zero” has been assumed the 

time when the cement paste develops a “stable” solid skeleton to resist tensile stress [59]. 

However, there is a continuous debate on the methods for determining the “time-zero” in 

literature. 

 

 

Figure 2.6 Schematic development of volume changes, which take place in a sealed cement paste 

system [56] 

The ASTM C1698 [27] suggests to adopt the final setting time determined by Vicat apparatus 

as the “time-zero”. Due to the arbitrariness of the Vicat penetration method, several 

researchers [84-87] have questioned the appropriateness of the final setting time as the “time-

zero” for autogenous shrinkage. They believe that the penetration method like Vicat test 

cannot help to determine the “time-zero”. Bentur [84] found the “time-zero” is roughly equal, 

but not identical, to the final setting time. 

Researchers also tried to determine the time-zero by other approaches, like internal RH 

measurement. However, as the material is still in the super hygroscopic state (approximately 

in the range of 98%-100% of internal RH), measuring the RH change in early-age concrete 

by conventional hygrometer methods is very difficult. Thus, Miao et al. [85] developed a 

specific device for measuring the capillary tension within the paste or concrete and 

determined the “time-zero” from the observed capillary depression [85]. Besides the 

determination of “time-zero” by RH measurement, Darquennes et al. [86] proposed to adopt 

the moment of the second strain rate peak as “time-zero” (Figure 2.7). This moment would 

coincide with the moment stresses started to develop in a hardening concrete test in a TSTM 

(Temperature Stress Testing Machine).  

Knee point 
Created Void Space 
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 Figure 2.7 Evolution of the strain rate since casting time and the autogenous shrinkage expressed 

from the second maximal value of the strain rate of the CEM I mix [86] 

The issue to the ‘correct’ moment from which autogenous shrinkage shall be measured will 

be further discussed in Chapter 3. 

2.5 Internal curing 

2.5.1 Introduction 

Seeking methods to reduce or limit the autogenous shrinkage of HPC/UHPC is becoming 

very important for the engineering practice. Reports [1, 12] have shown that mitigation of 

autogenous shrinkage by applying external curing is not efficient (Figure 2.8), since the very 

dense microstructure of HPC/UHPC almost completely prevents water to reach the interior 

of concrete elements. Instead of external curing, internal curing is proposed to reduce 

autogenous shrinkage of low w/b ratio cementitious system. The definition of internal curing 

by of the American Concrete Institute (ACI) is: “supplying water throughout a freshly placed 

cementitious mixture using reservoirs, via pre-wetted lightweight aggregates, that readily 

release water as needed for hydration or to replace moisture lost through evaporation or self-

desiccation [88]”. The definition succinctly identifies the primary objective of internal curing 

is minimizing self-desiccation. 
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Figure 2.8 Illustration of the difference between external curing and internal curing [1] 

2.5.2 Internal curing agent 

The most common internal curing agents for concrete used in practice are saturated 

lightweight aggregates and super-absorbent polymers (SAPs) [89].  

The application of natural lightweight aggregate in lightweight concrete dates back to 

Roman times [90]. However, the first published recognition of the internal curing potential 

of lightweight aggregates was likely that of Paul Klieger in 1957 [12]. By the mid-1990s, 

several research groups [91-93] investigated internal curing via the use of pre-wetted 

lightweight aggregates. In the years soon after that, implementation of other internal water 

reservoirs, such as super-absorbent polymers (SAP) [94] and pre-wetted wood fibres [95], 

was also investigated.  

Both saturated lightweight aggregate [96] and SAP [94] can effectively reduce the self-

desiccation of cementitious mixtures, hence mitigating autogenous shrinkage. However, 

because of strict requirements on mechanical properties and maximum aggregate size, 

lightweight aggregates are not always appropriate to be used as internal curing agent in 

UHPC. For that reason, to this date only SAP has been investigated as an internal curing 

agent in such class of concrete [2, 97]. Although the autogenous shrinkage of UHPC can 

almost be eliminated [98] by the addition of SAP, it may easily result in a heterogeneous 

concrete, leaving voids as big as 600 μm [2] (similar to the size of large sand particles), which 

might negatively influence the properties of UHPC.  

Searching for internal curing methods of UHPC remains a challenge for researchers. A 

challenging question is whether or not a material can play 'a duplex role' to replace both SF 

and SAPs to make UHPC. If possible, such a material would yield a significant advantage in 

producing UHPC. As discussed in section 2.3, RHA is a potential candidate for this concrete 

class due to its porous structure and pozzolanic reactivity. Investigating the potential of RHA 

for mitigating autogenous shrinkage by internal curing is the research objective in this thesis.  

2.5.3 Simulation of internal curing (conceptual) 

To promote a wider application of internal curing of concrete in the engineering practice, a 

better understanding of phenomena taking place during internal curing is desired. Besides 
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various experimental methods [99], also numerical modelling has been employed to explore 

the mechanisms of water migration from internal water reservoirs to the surrounding 

maturing cement paste, thus improving the understanding of internal curing.  

Research on numerical modelling of internal curing is still scarce. By utilizing a hygro‐

thermo‐chemo‐mechanical model [100], Wyrykowski et.al [101] simulated internal curing at 

the macroscopic level (e.g., strains of the material) from the point of view of water transport 

phenomena. In his simulations the assumption was made that in hydrating cement pastes self-

desiccation is practically instantaneously compensated by water supplied from SAP in the 

hydrating paste. The results of his simulations suggest that the effect of SAP addition on 

reducing self-desiccation and autogenous shrinkage is adequately described by his model, 

both from a qualitative and a quantitative viewpoint. Note that SAP acts as water containers 

and that the material from which these ‘containers’ are made does not take place in the 

chemical reactions in the paste during hydration and are, therefore, not considered in 

Wyryskowski’s model. However, if the material from which the water reservoirs are made 

are chemically reactive, as is the case with RHA that exhibits pozzolanic reactivity, the 

efficiency of internal curing will be influenced by the reaction of the material from which the 

water reservoirs are made. In that case, the simulation of internal curing should include the 

reactivity of the reservoir material. 

2.6 Concluding remarks 

This chapter provided a brief literature survey regarding autogenous shrinkage of UHPC, 

internal curing methods and a potential internal curing agent (RHA). Based on the currently 

available literature, the following state of the art can be made up. 

‑ UHPC exhibits large autogenous shrinkage at early age because of its low w/b ratio and 

significant drop of RH during hydration. Such large autogenous shrinkage may lead to 

early-age cracking, which tends to negate the many advantageous properties of UHPC 

and a significant limitation for its utilization in construction. 

‑ A relationship between autogenous shrinkage and self-desiccation in hardening cement 

paste is widely accepted. 

‑ The time after mixing or casting, from which autogenous shrinkage becomes relevant, 

also called “time-zero” of autogenous shrinkage, is still under debate and needs further 

consideration.  

‑ Internal curing is an efficient method to reduce autogenous shrinkage by counteracting 

the self-desiccation in hardening cement paste or concrete. Saturated lightweight 

aggregates and super-absorbent polymers are the two most commonly used internal 

curing agents in conventional concrete, but have limitations for application in UHPC. 

‑ The porous structure of RHA allows its use as a water reservoir for internal curing, and 

its pozzolanic reactivity can act as a strength-enhancing agent in UHPC mixtures.  

‑ Wyrykowski’s modelling work shows that the internal curing process in cement mixture 

with SAP can be modelled quite accurately and could serve as a starting point for 

modelling internal curing using RHA. 
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Chapter 3  

  

Onset of autogenous shrinkage in 

cement pastes with low water-cement 

ratio 
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3.1 Introduction 

Autogenous shrinkage and self-desiccation of concrete are known phenomena since the year 

1900 [54], but their practical importance has only been recognized in the last three decades. 

Although the main driving force of autogenous shrinkage is still in debate [62], a relationship 

between autogenous shrinkage and self-desiccation in hardening cement paste is widely 

accepted [56-58]. 

The term “time-zero” is introduced by researchers to represent the onset of autogenous 

shrinkage, which is defined as the time when the cement paste develops a “stable” solid 

skeleton to resist tensile stress [59]. However, there is a continuous debate on the methods 

for determining the “time-zero”. 

The ASTM C1698 [27] mentions a set of standard methods to determine autogenous 

shrinkage and suggests to use the final setting time determined by Vicat apparatus as the 

“time-zero”, i.e. the time from which autogenous shrinkage should be measured.  As 

discussed in Chapter 2, several researchers [84-87] have questioned the appropriateness of 

the final setting time as the “time-zero” for autogenous shrinkage. Darquennes et al. [86] 

proposed to use the second peak in the strain rate – time diagram (see Figure 2.7) as “time-

zero”, and found that this “time zero” coincided with the time of first build-up of stresses in 

concrete specimens tested in the Temperature Stress Testing Machine (TSTM). 

 

 

Figure 3.1 Evolution of the strain rate since casting time and the autogenous shrinkage expressed 

from the second maximal value of the strain rate of the CEM I mix [86] 

Assuming a relationship between autogenous shrinkage and self-desiccation, measuring and 

monitoring the self-desiccation process and changes of the RH (relative humidity) might be 

helpful in the study of the onset of autogenous shrinkage. Measuring the RH in a hydrating 

cement paste, however, is not easy. In this study a modified hygrometer method1 was used 

 
1  The typical procedure for measuring the internal RH is to place cement paste in a small, sealed, and 

thermostatic container. The internal RH of the cement paste is assumed to equilibrate with the air inside the 

container, which in turn is measured by a humidity sensor [56]. In practical terms, 100% internal RH is easily 

reached very soon after casting, that is, up to several hours after mixing. According to Raoult’s law, the presence 
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for monitoring self-desiccation of the hydrating paste from a very early age (i.e., the stage 

before the final setting). In parallel the free strain of cement paste specimens cast in 

corrugated plastic tubes is measured according the procedure described in ASTM C1698-09 

[27]. The hydration process of cement paste and stiffness development are determined by 

isothermal calorimetry and ultrasonic pulse velocity measurements, respectively.  

3.2 Materials and methods 

3.2.1 Materials 

The materials used in this study were Portland cement (CEM I 52.5N) and a polycarboxylate-

based superplasticizer (Glenium 51, Solid mass content 35%). Table 3.1 shows the properties 

of the cement. The mineral composition of cement was calculated by the modified Bogue 

equation [103] and is presented in Table 3.2. The particle size distribution of the cement is 

shown in Table 3.3. A superplasticizer was used for proper workability of the mixtures with 

low water-cement ratio. Four types of cement paste mixtures were made. The mixture 

proportion is listed in Table 3.4. 

  

Table 3.1 Properties of cement 

Components Cement* 

Chemical properties, % by weight  

CaO 64.0 

SiO2 24.0 

Al2O3 5.0 

Fe2O3 3.0 

SO3 2.4 

Na2O 0.3 

K2O - 

Loss on ignition (LOI) 1.3 

* Data provided from the company 

 

Table 3.2 The mineral composition of cement CEM I 52.5N, % by weight (calculated by the 

modified Bogue equation [103]) 

Compound C3S C2S C3A C4AF 

Weight (%) 63.77 9.24 8.18 9.13 

 
of ions decreases the saturated vapour pressure of the solution [62]. Hence, the internal RH of the pore solution 

in cement paste will not reach 100%. Moreover, the internal RH is extremely sensitive to temperature changes. 

According to the Bulletin of the American Meteorological Society [102], when RH is above 50%, every 1 °C 

difference in the dew point and dry bulb temperatures, the relative humidity decreases by 5%, starting with 

RH = 100% when the dew point equals to the dry-bulb temperature. It means that, in high RH environments, 

water vapour can easily condense (RH=100%) on the surface of a colder object. Assuming that the internal RH 

of cement pastes is 98% during the first few hours after mixing (which is also observed in experiments in this 

study), condensation can happen on the humidity sensor when the temperature of the humidity sensor is 0.4 °C 

lower than that of the water vapour. Because of this, the measurement of RH at a very early age is challenging. 

Especially if the hydration heat of cement is taken into account, the probability of condensation is even higher. 
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Table 3.3 Particle size distribution of cement 

Cumulative passing, % by volume Particle size, μm 

0 0.14 

10 1.95 

20 4.26 

30 6.58 

40 9.47 

50 12.93 

60 16.98 

70 22.18 

80 29.12 

90 41.25 

100 59.17 

 

Table 3.4 Mixture proportion of cement pastes 

Sample Water-cement mass ratio Superplasticizer-cement mass ratio 

Ref 0.28 0.28 0 

Ref 0.28 SP 0.28 0.4% 

Ref 0.25 SP 0.25 1.6% 

Ref 0.18 SP 0.18 2.6% 

 

3.2.2 Methods 

3.2.2.1 Autogenous deformation test  

The autogenous deformation of mixtures was measured following ASTM C1698-09 standard 

[27], inspired by the work of Jensen and Hansen [104]. Figure 3.2 shows the autogenous 

shrinkage test setup. After cement mixing, a corrugated tube of 440 mm (Ø 28.5 mm) was 

carefully filled with fresh paste and sealed by plugs and sealing glue. Specimens and test 

instruments were immersed in a box filled with glycol, of which the temperature was 

regulated at 20 ± 0.1°C. The autogenous shrinkage of the specimens was recorded every 5 

min with linear variable differential transformers (LVDTs). Three parallel samples were 

measured for each mixture. In all the tests, the autogenous deformation of parallel specimens 

had a similar trend with a deviation of less than 50 microstrains. 

3.2.2.2 Internal RH measurement  

The internal RH of cement paste was monitored by two Rotronic hygroscopic DT stations 

equipped with HC2-AW measuring cells. Similar devices were also used by Jensen [68]. The 

sample is poured into plastic vessels (dimension is 30 mm); the thickness of the test sample 

is less than 7 mm. 
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Figure 3.2 Autogenous deformation measurement (after [104]) 

 

 

  
(a) 

Casting in the sample holder 

(b) 
Sealing the sample holder and curing in 

the test room at 20 °C for 0.5 h 

 

 

 

 (c) 
Placing the sample holder in the water bath 

for at least 0.5 h 

(d) 
Placing the humidity sensor (with slightly 

higher temperature (20.3 °C)) on the 

sample holder 

Figure 3.3 Internal relative humidity test procedure 
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To avoid condensation on the humidity sensor in the very early stage (within one hour after 

mixing), a test procedure of internal RH measurement is developed. Subsequent steps of the 

test procedure are shown in Figure 3.3. The specimen was sealed in a sample holder by a 

sealing plug and put in a test room with a temperature of 20 °C for 0.5 h to achieve 

temperature equilibrium after mixing (Figure 3.3 (b)). The sample holder was kept in a sealed 

condition to prevent moisture loss. Due to the hydration heat of cement, the temperature of 

water vapour from cement pastes is a little higher than the temperature of the humidity sensor. 

Thus, the temperature of water bath is set at 19.0-19.5 °C (depending on the size of sample) 

for pre-cooling the cement pastes. Afterwards, the sealed sample and the sample holder were 

placed in the water bath for at least 0.5 h to achieve temperature equilibrium (Figure 3.3 (c)). 

Then the sealing plug was replaced by the humidity sensor to start the test (Figure 3.3 (d)).The 

humidity sensor was kept in a climate chamber at a slightly higher temperature (slightly 

higher than 20 °C, for example, 20.3 °C) before the test to avoid vapour condensation 

immediately after placing the sensor. The total time for the preparations before the test is 

about one hour. During the measurement, the humidity sensor was placed above the water 

bath, and the sample holder was immersed in the water bath. The temperature surrounding 

the humidity sensor was kept precisely at 20 ± 0.1 °C in a test room. So, the temperature of 

the humidity sensor is always higher than that of the pre-cooled pastes in the sample holder. 

The temperature variation of the humidity sensor is less than 0.1 °C during the whole 

measurement (Figure 3.4). In this way, the internal RH changes can be observed from the 

first hour after mixing, which was very hard to realize in test methods used by Jensen et al 

[68]. 

 

 

Figure 3.4 The variation of the temperature of humidity sensor in the internal RH test 

The internal RH and the temperature of the water vapour in the specimen were continuously 

measured (every 3 min) for one week after mixing. For each mixture two samples were 

measured in parallel. The variation of RH measured in parallel samples was less than 0.5%. 

The results are presented as the average value of two parallel samples for each mixture. For 

calibrating the RH sensors three saturated salt solutions in the range of 65-95% RH were used 

before and after each test. The maximum measurement error of the RH sensors was ± 0.5%. 
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3.2.2.3 Setting time measurement     

The final setting time of sealed specimens was determined with a Vicat apparatus 

(penetration method) according to the procedure described in standard EN 196-3 [105]. The 

diameters of the upper and bottom surface of the sample were 70 ± 1 mm and 80 ± 1mm, 

respectively. The height of the sample was 40 ± 0.2 mm. For avoiding moisture loss, both 

the sample and the mould were put in a sealed plastic box and stored in a chamber at 20 ± 

0.1 °C during the period between the measurements in the Vicat apparatus. 

3.2.2.4 Ultrasonic pulse velocity measurement     

Ultrasonic pulse velocity (UPV) measurements were performed to monitor the development 

of a solid skeleton inside cement paste. The UPV technique is based on a pulse generating 

and transmitting transducer and a receiving transducer. When cement paste is subjected to a 

pulse vibration load, the longitudinal pulse transmitted to the paste is reflected at various 

solid-liquid interfaces or passes through the solid phase until it reaches the receiving 

transducer. With the development of cement hydration, the connection between cement 

particles leads to clusters that form a solid skeleton. The UPV increases with the development 

of this solid skeleton, as the stiffness of the cement paste largely depends on the connection 

of the solid phase [106]. 

The ultrasonic pulse velocity measurement was conducted with a portable ultrasonic non-

destructive digital indicating tester. The ultrasonic transducers were integrated into a 150 × 

150 × 200 mm3 steel mould. The frequency of the transducers was 54 kHz. The time was 

automatically recorded, and the ultrasonic pulse transition time was measured every 2 

minutes for five days. The temperature of the steel mould with the sample is regulated at 20 

± 0.1 °C by using a cooling steel jacket. Two parallel samples were measured for each 

mixture. The test setup and test procedure are described in [107]. 

3.2.2.5 Heat evolution     

The rate of heat evolution of cement paste was measured with an isothermal conduction 

calorimeter at 20 °C for five days. For each mixture three samples were measured in parallel. 

The test procedure followed the method proposed by CEN [108].  

3.2.2.6 Mixing procedure     

The mixing procedure followed the instruction given in ASTM C305-14. The measurements 

of autogenous shrinkage, internal RH and final setting time were performed on the same 

batch of cement pastes. 

3.3 Experimental results and discussion  

3.3.1 Free (autogenous) strain and internal RH change 

The measured free (autogenous) strain of the reference mixture Ref 0.28 is shown in Figure 

3.5. The strain was recorded starting one hour after mixing and then zeroed at the final setting 

time (t = 2.97 h, measured with the Vicat apparatus). From the measured strain in Figure 3.5 

the strain rate is calculated and shown in Figure 3.6, together with the measured evolution 

of the internal relative humidity (RH) of cement paste. 

Figure 3.5 shows that a significant part (more than 50%) of the autogenous shrinkage of 

mixture Ref 0.28 measured since final setting time (t = 2.97 h) in the first seven days occurred 

before the age of the specimen of 12 h. As shown in Figure 3.5, the autogenous shrinkage 
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curve shows a distinct “knee” at the age of about 12 h. At this knee point, the slope of the 

free strain curve changes significantly from very steep to more flat. This trend is further 

illustrated in Figure 3.6. After the second peak of the strain rate curve, the strain rate 

decreases to nearly zero, fluctuating within a narrow range between ± 50 (μm/m/h) at later 

ages. Similar results have been observed by Darquennes et al. [86]. 

 

 

Figure 3.5 Free strain measured on the mixture (Ref 0.28) after casting. (The strain is zeroed at the 

final setting time, t = 2.97 h) 

 

Figure 3.6 Comparison between the deformation rate of the free strain and the internal RH in the 

mixture (Ref 0.28), measured after casting 

According to ASTM C1698 the final setting time should be considered as the onset of 

autogenous shrinkage (“zero time”), and would also represent the time at which a “stable” 

solid skeleton of reacted product in the cement paste has formed. After this “time-zero”, the 

rigid skeleton is assumed to have sufficient stiffness to prevent chemical shrinkage from 

being fully transformed into external volume change. It was expected that the slope of the 
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deformation curve, shown in Figure 3.5, exhibits some changes due to change in the 

microstructure around the final setting time. However, Figure 3.5 shows that at that time the 

strain curve does not show any change. A substantial change in the slope of the strain curve 

is observed around a distinct “knee point in the strain curve in Figure 3.5 and at the 2nd peak 

of the strain rate curve in Figure 3.6. This indicates that at the final setting time (at t = 2.76 

h), determined by the penetration method, does not reflect a significant microstructure change 

in the cement paste. Obviously, the skeleton of reaction products formed at the final setting 

time cannot be considered as a stable skeleton yet. 

 The precise internal RH measurement (without condensation) records the internal RH 

when the pastes are still in the super hygroscopic range (approximately 98% to 100% RH). 

As can be seen in Figure 3.6, the onset of the decrease of internal RH coincides quite well 

with the 2nd peak of the rate of free strain. According to the result of TSTM tests performed 

by Darquennes et al. [86], this 2nd peak represents the time of the first build-up of tensile 

stress to shrink. Because self-desiccation is the main cause of the autogenous shrinkage, the 

time of the first build-up of tensile stress in cement paste should coincide with the start time 

of self-desiccation. The observation in Figure 3.6 corroborates this point. 

Figure 3.7 shows the evolutions of free strain and the internal RH of mixture Ref 0.28. 

The internal RH does not decrease until several hours after the final set, but remained at a 

high value. The internal RH starts to decrease at about 8.5 h after casting, which is very close 

to the “knee point” on the free strain curve. 

 

 

 

Figure 3.7 Comparison between the free strain and the internal RH of the mixture – (Ref 0.28), 

measured after casting. (The strain is zeroed at the final setting time, t = 2.97 h) 

3.3.2 UPV and heat evolution 

The results of ultrasonic pulse velocity measurements and the rate change of the ultrasonic 

pulse velocity of mixture Ref 0.28 are shown in Figure 3.8. 

Figure 3.8 (a) shows that the UPV of mixture Ref 0.28 increases rapidly in the first 9 h 

after casting and then reaches a plateau. The rate change of the UPV in the first 24 h after 

casting, shown in Figure 3.8 (b), provides a clearer view for the plateau after 9h. The rate 

change of UPV slowly decreased until about 9 h after casting. After that, the rate of change 

of the UPV fluctuated within a narrow range between ± 0.05 𝑚 𝑠2⁄ , which corresponds to 

the plateau of the UPV curve. The content and the connectivity of the solid phase in hydrating  
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(a) UPV for 120 h (b) Rate of UPV for 24 h 

Figure 3.8 (a) Ultrasonic pulse velocity measured on the mixture (Ref 0.28) for 120 h after casting; 

(b) the rate of change of ultrasonic pulse velocity measured on the mixture (Ref 0.28) for 24 h after 

casting 

cement paste determines the magnitude of UPV at early ages [106]. The result in Figure 3.8 

indicates that a solid percolation path through the whole matrix has been formed after about 

9 h hydration. After the formation of the solid path, the UPV can still further increase as 

shown in Figure 3.8 (a). However, the rate (first derivative) of UPV gradually approaches 

zero after 9 h hydration in Figure 3.8 (b). 

The UPV result indicates that after a certain time of hydration a solid skeleton of cement 

paste has formed. At later hydration, this solid skeleton will give the cement matrix its 

stiffness and strength, and it can resist internal pore pressure caused by self-desiccation. 

However, whether this solid skeleton at certain time is a “stable” solid skeleton is not easy to 

determine with existing experimental tools. While considering the experimental difficulties, 

modelling of the connectivity of the solid phase in hydrating cement paste can be used as a 

reference. The modelling work will be performed in the next section. 

3.4 Connectivity modelling 

3.4.1 HYMOSTRUC 3D  

The HYMOSTRUC 3D model [107, 109, 110] is developed to simulate the reaction process 

and microstructure formation in hydrating Portland cement. In this model, the degree of 

hydration is simulated as a function of the particle size distribution and chemical composition 

of cement, water-cement ratio and reaction temperature. With the help of HYMOSTRUC 3D, 

the microstructure development of cement pastes was simulated. 

The hydration process and the microstructural development of a 100 × 100 × 100 μm3 

cubic sample of cement paste was simulated. The water-cement ratio of the sample is 0.28, 

and the curing temperature is 20 °C. The simulated degree of hydration in HYMOSTRUC 

3D was compared with the degree of hydration calculated from the heat evolution 

measurements. The rate of heat evolution of mixture Ref 0.28 is shown in Figure 3.9 (a). The  
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Figure 3.9 (a) Rate of heat evolution measured on the mixture Ref 0.28 in 24 h after casting; (b) 

hydration degree of cement in the mixture Ref 0.28 calculated from the cumulative heat of hydration 

during the first 5 days after casting. 

cement in this study is assumed to have a potential heat of hydration of 425 J/g calculated 

from [62]. From the cumulative heat evolution, the hydration degree of the cement is 

calculated and shown in Figure 3.9 (b). 

From a statistic analysis, the size of 100 × 100 × 100 μm3 cubic sample of cement paste 

was proven to be sufficiently big to represent the cement paste [111]. A “burning algorithm” 

[112] was employed to determine the connectivity of the microstructure simulated by 

HYMOSTRUC 3D at different ages. This algorithm searches for a solid path across the 3D 

microstructure generated by HYMOSTRUC 3D. Firstly, the simulated 3D microstructure of  

cement paste is digitized with the information of solid phase and non-solid phase positions. 

Then, the burning algorithm proceeds iteratively from each solid phase to its nearest 

neighbours and stops at the solid phase with no other solid phase around. In the simulation, 

the burning starts at the top of the 3D microstructure and continues until no more 'fuel' 

remains. Then it is checked whether the bottom of the microstructure has been reached. The 

connectivity of the cement matrix at different time steps of the HYMOSTRUC 3D simulation 

is shown in Table 3.5. The 2D images of the microstructure at the age of 3.16 h and 8.91 h 

are illustrated in Figure 3.10. 

The connectivity of cement paste obtained from the simulation shows a so-called “stable” 

solid skeleton formed between 7.94h and 8.91h. However, at the final setting time (2.98h), 

when the degree of hydration is 0.03 (Figure 3.9 (b)), the system is more like a dispersion of 

solid phases in a liquid (Figure 3.10 (a)). At this time, the cement matrix is still in the plastic 

stage, internal stresses are not generated, and the chemical shrinkage can be transferred 

entirely into a bulk volume change of the paste. It is not reasonable to choose the final setting 

time as the “time-zero” for autogenous shrinkage when the “stable” skeleton inside the pastes 

has not formed. However, when the hydration time reaches 8.91 h (Figure 3.10 (b)), the 

simulation result shows that a “stable” solid skeleton has formed. The formation of the “stable” 

solid skeleton reflects the critical point of microstructure change. This point corresponds with 

the knee point of the autogenous shrinkage curve (see Figure 3.5). 
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Table 3.5 Connectivity of cement matrix at different time steps from HYMOSTRUC 

Calculation 

step 

Hydration time  

(h) 

Connectivity 

 (Y/N) 

1 1.00 N 

… … ... 

10 2.82 N 

11 3.16 N 

... ... ... 

19 7.94 N 

20 8.91 Y 

21 10.00 Y 

 

 

  (a) 3.16 h hydration              (b) 8.91 h hydration 

Figure 3.10 2D images of the microstructure from HYMOSTRUC in the mixture Ref 0.28 at 

different ages. (a) 3.16 h; (b) 8.91 h 

3.4.2 Start time of autogenous shrinkage 

The results of the simulation of the connectivity of solid particles discussed in the previous 

section are in relatively good agreement with the results of UPV measurements. Both the 

UPV measurements and simulation results illustrate that the “stable” skeleton does not form 

at the final setting time, but at a later stage in the hydration process. Whether the moment a 

“stable” solid skeleton is formed is the accurate starting time of autogenous shrinkage will 

be discussed below. 

When the “stable” solid skeleton is formed, empty pores could form inside the pastes due 

to ongoing hydration and associated chemical shrinkage [56]. When the water in the cement 

paste is gradually used up, the internal RH begins to decrease, as shown in Figure 3.7. As 

hydration proceeds, more water is consumed, the pore structure refines, the remaining water 

withdraws into the smaller pores, and the capillary tension further increases. The solid 
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skeleton resists the capillary tension and is put in compression [62]. The solid skeleton, and 

hence the paste, may shrink and, if restrained, may start to crack. 

The formation of a “stable” solid skeleton is a precondition for the self-desiccation [61], 

but it does not mean that the RH must decrease right after the formation of the “stable” solid 

skeleton. For example, when a “stable” solid skeleton is formed in concrete with a high water-

cement ratio (w/c greater than 0.4-0.45) [56], the pores generated from chemical shrinkage 

are still (almost) full of free water. The RH does not drop immediately at this time and 

autogenous shrinkage caused by self-desiccation is still negligible. The high efficiency of 

internal curing to mitigate autogenous shrinkage by Super Absorbent Polymer (SAP) also 

proves that autogenous shrinkage can be controlled by maintaining a high internal RH [94]. 

So, the formation time of a “stable” solid skeleton does not represent the start of autogenous 

shrinkage in mixtures with high water-cement ratios or with internal curing agents. Instead, 

the start of self-desiccation, i.e., the onset of internal RH drop, represent the start of 

autogenous shrinkage.  

The evolution of the measured free strain and the internal RH of the mixtures Ref 0.25 SP, 

Ref 0.28 SP, and Ref 0.18 SP are shown in Figure 3.11, Figure 3.12, Figure 3.13, respectively. 

All these figures show that the knee points in the free (autogenous) strain curves correspond 

to the onset of the self-desiccation process. The knee point reflects the threshold of solid 

percolation, which corresponds to the formation of the stable solid skeleton. Once the stable 

solid skeleton is formed, especially for cement pastes with a low water-cement ratio, the 

internal RH starts to decrease.  

 

 

 

Figure 3.11 Comparison between the free strain and internal RH of the mixture Ref 0.25 SP, 

measured after casting. (The strain is zeroed at the final setting time, t = 17.28 h) 

 

Final setting 
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Figure 3.12 Comparison between the free strain and internal RH of the mixture Ref 0.28 SP, 

measured after casting. (The strain is zeroed at the final setting time, t = 6.02 h) 

 

 

Figure 3.13 Comparison between the free strain and internal RH of the mixture Ref 0.18 SP, 

measured after casting. (The strain is zeroed at the final setting time, t = 13.87 h) 

Figure 3.14 shows the autogenous shrinkage of cement mixtures after the final setting time 

(Figure 3.14a) and the onset of internal RH drop (Figure 3.14b), respectively. For the three 

mixtures shown in Figure 3.14 the shrinkage measured from the final setting time is larger 

than measured after the onset of internal RH drop. In the period between final setting and the 

onset of internal RH drop a solid skeleton is gradually formed inside cement matrix. In this 

stage, however, the strength and stiffness of this solid skeleton are still so low that chemical 

shrinkage is almost completely transformed into an external volume change. In other words, 

the large volume change observed in this period is not caused by self-desiccation, but the 

result of free chemical shrinkage. 

 

Final setting 

Final setting 
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(a) (Autogenous) shrinkage measured after 

final setting time 

(b) (Autogenous) shrinkage measured from 

the onset of self-desiccation 

Figure 3.14 Autogenous shrinkage of the cement mixtures measured after the final setting time and 

after the onset of internal RH drop 

3.5 Conclusions 

Based on the results and discussion, the following conclusions can be made for the cement 

mixtures with low water-cement ratio: 

• Internal relative humidity of cement pastes does not decrease immediately after the 

final setting time determined by the Vicat needle test. 

• Both UPV measurements and numerical simulation of cement paste illustrate that the 

percolation path does not form at the final setting time determined by the Vicat 

apparatus, but formed around the onset of internal RH drop. 

• With an improved hygrometer method for monitoring the change of internal RH in 

cement pastes with low water-cement ratio at very early age, the knee point in the 

free strain is found to correspond with the onset of self-desiccation.  

The onset of internal RH drop is a more plausible start time of autogenous shrinkage for 

estimating the (autogenous) shrinkage caused by self-desiccation. 
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Chapter 4  

Experimental study on the autogenous 

shrinkage of cement pastes with RHA 
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4.1 Introduction 

Rice husk is a by-product of the rice paddy milling industry. It is acknowledged that after 

appropriate incineration the residue, rice husk ash (RHA), has a high content of amorphous 

silica (85-90%) and a porous structure with a high specific surface area (60-100 m2/g) [5, 41, 

51]. Because of its porous structure, RHA may also act as an internal curing agent to mitigate 

autogenous shrinkage of HPC/UHPC. It is reported that RHA can decrease the autogenous 

shrinkage of cement matrices. The efficiency of mitigating shrinkage is affected by the 

properties of RHA [113-115]. 

In this chapter, the influence of the fineness and dosage of RHA on autogenous shrinkage 

and self-desiccation of cement pastes is investigated. The measurements of internal RH, 

autogenous shrinkage, heat evolution of cement pastes, pore size distribution, and water 

vapour desorption property of RHA are presented and discussed. 

The objective of the experimental studies in this chapter is to optimize the content and 

particle size of RHA for mitigating autogenous shrinkage and also provide data for validating 

the numerical modelling of internal curing as reported in Chapter 6. 

4.2 Materials 

The materials used in this study are Portland cement (CEM I 52.5N), RHA, and a 

polycarboxylate-based superplasticizer (Solid mass content 35%). The RHA was produced 

by a drum incinerator, which was introduced by Tuan [6]. The details of the incinerator are 

shown in Figure 4.1. The husks burn by themselves once ignited. The highest temperature 

recorded inside the incinerator was 550 °C. The properties of cement and RHA are shown in 

Table 4.1. 

Figure 4.2 shows the X-Ray diffraction patterns of RHA and SF. The RHA sample 

contains a small amount of quartz, while the bulk of the ash is amorphous, similar to the SF 

sample. 

 

 

 

        

Figure 4.1 The drum incinerator for RHA production, which is similar to the equipment used  by 

Tuan  [6].  

 



 | 41 

 

 

 

Table 4.1 Properties of cement and RHA used in this study 

 Cement* RHA** 

Chemical properties                 [%] (weight)   

𝐶𝑎𝑂 64.00 1.72 

𝑆𝑖𝑂2 24.00 88.86 

𝐴𝑙2𝑂3 5.00 0.30 

𝐹𝑒2𝑂3 3.00 0.20 

𝑆𝑂3 2.40 0.60 

𝑁𝑎2𝑂 0.30 - 

𝐾2𝑂 - 4.22 

Minor components - 1.59 

Loss on ignition (L.O.I) 1.30 2.51 

Physical properties   

Specific gravity                        [g/cm3] 3.15 2.10 

Specific surface area (Blaine)  [cm2/g] 4500 - 

Specific surface area (BET)     [m2/g]  - 29.7 

Mean particle size                    [μm] 13.7 9.0 

* Data provided by the company 

** Chemical composition determined by X-Ray Fluorescence Spectrometry method 

 

 

Figure 4.2 XRD patterns of RHA and SF [6] 

Table 4.2 Grinding time and mean particle sizes of RHAs 

 Unit RHA-7 RHA-9 RHA-12 

Mean particle size (𝐷50) μm 7.1 9.0 12.1 

Grinding time days 7 4 2 
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Figure 4.3 Particle size distribution of the cement and RHAs 

Mixture design 

The well-burned ash was ground to different particle sizes in a ball mill with a speed of 

around 20 rpm. According to the study of Tuan [6], the cement mixture with 20% coarse 

RHA, i.e. particle size > 15 𝜇𝑚, requires a large amount of superplasticizer to achieve 

sufficient fluidity. Therefore, for obtaining proper workability of the mixtures, the mean 

particle size of RHA was chosen to be smaller than 15 𝜇𝑚. In order to study the effect of 

RHA fineness on autogenous shrinkage of cement pastes, three types of RHA with different  

 

Table 4.3 Mixture compositions of cement pastes used in this study 

Aspect to be 

investigated 
Mixture name 

Mixing-

water/binder 

ratio*  

Water-

cement 

ratio** 

Superplasticizer

-binder ratio 

Replacement 

percentage 

of RHA 

Mean 

particle size 

of RHA 

(μm) 

- Effect of 

the fineness 

of RHA 

Ref 0.25 0.25 0.260 1.6% 0 - 

10% RHA-7 0.25 0.225 1.6% 10% 7.1 

10% RHA-9 0.25 0.225 1.6% 10% 9.0 

10% RHA-12 0.25 0.225 1.6% 10% 12.1 

20% RHA-7 0.25 0.180 1.6% 20% 7.1 

20% RHA-9 0.25 0.180 1.6% 20% 9.0 

20% RHA-12 0.25 0.180 1.6% 20% 12.1 

- Effect of 

the dosage 

of RHA 

10% RHA-9 0.25 0.225 1.6% 10% 9.0 

15% RHA-9 0.25 0.204 1.6% 15% 9.0 

20% RHA-9 0.25 0.180 1.6% 20% 9.0 

25% RHA-9 0.25 0.154 1.6% 25% 9.0 

* The mixing-water/binder ratio is the amount of water added for casting per gram dry powders of binder. It 

does not include the water in the superplasticizer. Binder here refers to the cement and dry RHA powders. 

** It refers to water-cement ratio after uptake of water by RHA, and includes the water in the superplasticizer. 

The water absorption capacity of RHA is 0.58 g/g (section 4.4.1) determined by MIP. 
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mean particle sizes were chosen. The particle size distribution of the cement and the three 

RHAs are presented in Figure 4.3. The particle size distribution was determined by laser 

diffraction. The grinding time and the mean particle size of these RHAs are shown in Table 

4.2. The required grinding time increases rapidly when a mean particle size of less than 7 𝜇𝑚 

is strived at. The smallest mean particle size of RHA in the study is chosen to be 7 𝜇𝑚. 

Due to the high specific surface area of RHA, the workability of cement pastes is dramatically 

reduced with increasing of RHA content [6]. In this study the RHA dosage was limited to a 

maximum of 25%. In all mixtures the same dosage of superplasticizer was used. The fixed 

dosage is optimized to avoid bleeding and provide relatively good workability for all the 

mixtures. The mixture compositions of cement pastes are listed in Table 4.3. 

4.3 Methods 

4.3.1 Autogenous shrinkage and internal RH test 

For the autogenous shrinkage and internal RH measurements, the preparation of samples and 

the test program were the same as those described in section 3.2.  

4.3.2 Mercury intrusion porosimetry (MIP) 

MIP is a widely used technique to measure the pore size distribution and porosity in cement-

based materials [116, 117]. Although it is a fast method to obtain an indication of the pore 

structure, the result from MIP is influenced by some factors such as pore shape, the ink-bottle 

effect, damage of the fine structure caused by the applied pressure, surface tension and 

sample preparation, i.e. drying treatment [117-119]. 

In this study MIP measurements were performed with Micrometrics PoroSizer® 9320 

(Figure 4.4). The PoreSizer-9320 is a 207 MPa mercury intrusion porosimeter, which 

determines pore sizes in the range from 7 nm to 400 µm. The apparatus has two low-pressure 

chambers and one high-pressure chamber. The measurement is conducted in two stages: a 

manual low pressure run from 0 to 0.170 MPa and an automated high pressure run from 0.170 

to 205 MPa. 

The relation between the pressure 𝑝𝐻𝑔 (MPa) and the pore diameter d (µm) is described 

by the Washburn equation (4.1)[117], based on the assumption of cylindrical pores: 

𝑝𝐻𝑔 = −
4𝛾𝐻𝑔×cos 𝜃𝐻𝑔

𝑑
  (4.1) 

where 𝛾𝐻𝑔 is the surface tension of the mercury (mN/m) and 𝜃𝐻𝑔  (-) is the contact angle 

between the mercury and the pore wall surface of the cement paste. In this study, the mercury 

contact angle and surface tension used were 139˚ and 480 mN/m, respectively [117]. By 

applying the Washburn equation, mercury intrusion data can be converted into a pore size 

distribution. 
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Figure 4.4 Micrometrics PoreSizer-9320 

4.3.3 Isothermal calorimetry 

The rates of heat evolution of all the cement mixes were measured in a Thermometric 

isothermal conduction calorimeter (TAM-AIR-314), using 10 ± 0.01 g samples. All the 

materials were placed in a climate chamber for 24 hours at 20 ˚C before the test. The cement 

pastes were cast into capped glass vials, and the vials were quickly inserted in the calorimeter. 

The tests were performed on 2 parallel samples at 20 ˚C and lasted for 7 days. 

4.3.4 Vapour sorption isotherm 

A dynamic vapour sorption analyser (Figure 4.5) was used for investigating the sorption 

property of RHAs under the controlled condition of temperature and relative humidity. The 

RHAs were immersed in water for 10 minutes before the test. Then the 5-10 mg wet RHA 

sample was placed in the sample holder. The test was carried out to obtain the water vapour 

desorption isotherm. The desorption RH point of the water vapour isotherm was set at 98%, 

95%, 90%, 80%, and 1%, respectively. The test was performed at each RH point until the 

equilibrium is reached, i.e. the mass change of the sample is less than 0.1%. Each test was 

performed in parallel on two samples at 20 ˚C. 

 

 

Figure 4.5 Dynamic vapour sorption analyser (TA Q5000 SA) 
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4.4 Results and discussion 

4.4.1 Effect of the fineness of RHA on autogenous shrinkage of cement paste 

4.4.1.1 Mixtures with 10% cement replacement by RHA 

The autogenous shrinkage of cement pastes with and without RHA with different particle 

sizes is presented in Figure 4.6. The replacement percentage of cement is 10%. The 

measurement of autogenous shrinkage starts at different times and are shown in Figure 4.6a 

and Figure 4.6b, respectively. Figure 4.6a shows the shrinkage measured from the final 

setting time, whereas Figures 4.6b shows the shrinkage measured from the onset of self-

desiccation. 

It is obvious that for the same mixture, different starting times of the measurement mean 

several hundred microstrain difference in the autogenous shrinkage. This may lead to 

different conclusions when discussing the effect of RHA on autogenous shrinkage. The strain 

curves in Figure 4.6a show that the influence of the fineness of RHA on the autogenous 

shrinkage cannot be ignored. However, Figure 4.6b shows that when the measurements start 

from the onset of self-desiccation, the influence of the fineness is neglectable. As discussed 

in Chapter 3, the onset of self-desiccation is the preferred starting point for measuring 

autogenous shrinkage. 

Figure 4.6b clearly shows that 10% replacement of cement by RHA can reduce the 

autogenous shrinkage of the pastes at 7 days from about 810 microstrains to near 280 

microstrains.  

 

        
(a) (Autogenous) shrinkage measured from 

the final setting time  
 (b) (Autogenous) shrinkage measured 

from the onset of self-desiccation 

Figure 4.6 (Autogenous) shrinkage of cement pastes with and without RHA with different particle 

sizes, measured from different times after casting. The replacement percentage of cement is 10%. 

Please note the different scale of the vertical axis. 

Still for the mixtures with 10% RHA, Figure 4.7a shows how the addition of RHA retards 

the decrease of the internal RH in pastes, leading to less autogenous shrinkage. Figure 4.7b 

shows the decrease of internal RH of different mixtures since casting time. For comparing the 

evolution of self-desiccation of different mixtures, Figure 4.7 (c) shows the decrease of the 

internal RH measured from the onset of self-desiccation. The curves clearly show that the 

fineness of RHAs does not have a significant effect on the internal RH change. 
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(a) Internal RH change since casting 

 

 

(b) Internal RH decrease since casting 

 

 

(c) Internal RH decrease since the onset of self-desiccation 

Figure 4.7 Internal RH change of cement pastes incorporating RHA with different particle sizes. 

The replacement percentage of cement is 10%. 
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4.4.1.2 Mixtures with 20% cement replacement by RHA 

The effect of RHA fineness on the mixtures with 20% replacement of cement by RHAs was 

also investigated. The evolution of autogenous shrinkage and internal RH are presented in 

Figure 4.8 and Figure 4.9, respectively. It happens again that different starting moments of 

the measurement result in different magnitude of autogenous shrinkage for the same mixture, 

which is shown in Figure 4.8a and Figure 4.8b. The difference is more than 1000 microstrain. 

This indicates again the importance and need of agreement about the starting point for 

measuring autogenous shrinkage.  

When the replacement is 20%, the addition of RHA almost eliminates the autogenous 

shrinkage of the pastes. The autogenous shrinkage after 7 days of the mixtures with RHAs is 

less than 80 microstrains, as shown in Figure 4.8b. The mixtures with three kinds of RHAs, 

i.e. RHA with different fineness, showed a similar trend of the autogenous shrinkage curves, 

except that the mixture with RHA-12 had slightly larger shrinkage.  

The addition of the RHAs with different fineness postponed the internal RH drop as shown 

in Figure 4.9. While the internal RH of the mixture with RHA-12 decreased faster than the 

other two mixtures with RHA, the difference between the curves in Figure 4.9 (b) is small. 
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 (a) Autogenous shrinkage measured from the final setting time 

 

   (b) Autogenous shrinkage measured from the onset of self-desiccation 

 

(c) Autogenous shrinkage since the onset of self-desiccation 

Figure 4.8 Autogenous shrinkage of cement pastes with and without RHA with different particle 

sizes. The replacement percentage of cement is 20%. 
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(a) Internal RH change since casting 

 

(b) Internal RH decrease since casting 

 

(c) Internal RH decrease since the onset of self-desiccation 

Figure 4.9 Internal RH change of cement pastes incorporating RHA with different particle sizes. 

The replacement percentage of cement is 20%. 
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4.4.1.3 Discussion on effect of the fineness of RHA 

As a potential internal curing agent, the water absorption and pozzolanic reaction of RHA 

are the two critical factors that determine the efficiency of RHA as internal curing agent. 

Water absorption 

The water absorption of RHA (powder) stems from its porous structure and depends on the 

pore volume and pore size distribution. The total pore volume reflects the maximum water 

absorption capacity of RHA, while the pore size distribution determines whether water can 

be released fast enough for internal curing. Figure 4.10 shows the pore structure of RHAs 

characterized by MIP. The total pore volume of RHAs is presented in Figure 4.10b. The 

curves indicate that the total pore volumes of three kinds of RHA are almost identical (around 

0.58 𝑐𝑚3/𝑔), which means the water absorption capacities of the three RHAs are identical 

(0.58 𝑔/𝑔) as well. 

 

    
(a) Pore size distribution  (b) Total pore volume 

Figure 4.10 Pore structure characterization of RHA with different mean particle sizes from mercury 

intrusion porosimetry (MIP). 

Due to the ink-bottle effect and other factors [117], the pore size distribution in Figure 4.10a 

from MIP tests does not reflect the realistic pore structure of RHA. The result from MIP 

cannot help to determine the amount of water released at different RH by RHA. Thus, the 

water vapour sorption analyser is utilized. For determining the desorption property of 

saturated RHA particles, the RHA samples were immersed in water for 10 minutes and then 

put into the device for measuring at 20 ˚C. The desorption RH point of the water vapour 

isotherm was set at 98%, 95%, 90%, 80%, 50% and 1%, respectively. The result is shown in 

Figure 4.11. The figure illustrates that the three RHAs have a similar water vapour desorption 

isotherm. The amounts of released water at different RH in the three RHAs are almost the 

same. It indicates that three kinds of RHAs have an identical pore structure.  
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Figure 4.11 Water vapour desorption isotherms of RHA with different mean particle sizes 

Pozzolanic reaction 

Besides the pore volume and pore structure of RHA, the pozzolanic reaction of RHA in 

cement pastes also affects the internal curing efficiency. RHA is a pozzolanic material, which 

contains a large amount of amorphous silica. Due to its porous structure, RHA adsorbs the 

water when cement paste is cast. With ongoing hydration of cement, calcium hydroxide is 

generated and that reacts with RHA in a pozzolanic reaction. The porous structure of the 

reacted RHA will collapse, while the pozzolanic reaction will consume water (see also 

Chapter 5). For determination of the intensity of the pozzolanic reaction, isothermal 

calorimeter studies were performed. The heat evolution of the blended cement-RHA pastes 

with three kinds of RHA is shown in Figure 4.12. The mean particle size of RHA in the three 

mixtures is 7 µm, 9 µm, and 12 µm, respectively. The replacement percentage of cement by 

RHA is 20%. It is clear that the curves of three cement mixtures in Figure 4.12a and 4.12b  

almost overlap. The water-binder ratio and the dosage of RHA are the same in the three 

cement mixtures. The pore structure of the three RHAs is also identical, as shown in previous 

section. The overlapping curves in the heat evolution show that three kinds of RHA have a 

 

 

      
(a) (b) 

Figure 4.12 Heat evolution of cement pastes incorporating RHA with different particle sizes. The 

replacement percentage of cement is 20%. 
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similar effect on the heat evolution of the pastes. This indicates that their pozzolanic reactions 

proceed at the same rate. 

Since both the water absorption capacity and degree of pozzolanic reaction of three 

different RHAs are almost the same, the internal curing efficiency of three RHAs can be 

assumed largely identical. This explains why the effect of the RHA fineness on autogenous 

shrinkage is relatively small. The possible reason for this observation might be that the size 

range considered in this study is relatively small. 

4.4.2 Effect of the dosage of RHA on autogenous shrinkage of cement paste 

Figure 4.13 shows the development of autogenous shrinkage of cement pastes with different 

dosages of RHA. The onset of self-desiccation is chosen as the starting point of autogenous 

shrinkage. The figure shows that the autogenous shrinkage of cement paste decreases with 

increasing RHA dosage. This result is in line with the findings of Tuan [113] and Rößler 

[114]. When the dosage reaches 20%, the value of autogenous shrinkage becomes less than 

50 microstrains at 7 days. When the dosage increases to 25%, the autogenous shrinkage is 

very small (near 70 microstrains at 7 days) and the curve is close to the one for 20% RHA. It 

can be concluded that the autogenous shrinkage of the mixture is almost eliminated when the 

RHA dosage is equal to or beyond 20%. 

 

 

Figure 4.13 Autogenous shrinkage of cement pastes incorporating RHA with different dosages, 

measured from the onset of self-desiccation 

Figure 4.14a presents the evolution of the internal RH of cement pastes incorporating RHA. 

The addition of RHA reduced the drop of internal RH in hardening cement pastes. Figure 

4.14c shows the internal RH decrease after the onset of self-desiccation. It appears that the 

larger dosage of RHA leads to a smaller drop of internal RH. The decrease of internal RH of 

pastes becomes smaller when the RHA dosage increases from 5% to 25%. Unlike the SAP, 

the water absorption capacity of RHA is relatively small. The water content of RHA-9 at 

RH98% is around 0.24 g/g RHA (Figure 4.11), while the water uptake of SAP in cement 

pastes is more than 1000% by mass [94]. Because of the big difference in water absorption 

capacity, the cement pastes need a higher dosage of RHA than SAP to provide enough 

internal curing water. In the cement paste (w/c=0.3) studied by Jensen [94], adding 0.6% 

dosage of SAP is enough to eliminate the autogenous shrinkage. However, in the cement-

RHA paste, the dosage of RHA needs to be equal or more than 20% to eliminate the 

autogenous shrinkage (Figure 4.13). 
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(a) Internal RH change since casting 

 

(b) Internal RH decrease since casting 

 

(c) Internal RH decrease since the onset of self-desiccation 

Figure 4.14 Internal RH change of cement pastes incorporating RHA with different dosages  
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4.5 Conclusions 

In this chapter, the effects of the fineness and dosage of RHA on self-desiccation and 

autogenous shrinkage of cement pastes were investigated. RHA turns out to be effective in 

mitigating autogenous shrinkage of cement pastes. Based on experimental results and the 

discussion of these results, the following conclusions have been drawn. 

• The effect of the fineness of RHA, i.e. the mean particle size from 7.1 µm to 12.1 µm, 

on the self-desiccation and autogenous shrinkage of cement pastes is neglectable. 

This is because the water absorption capacity of three different RHAs are almost 

identical. 

• The autogenous shrinkage of cement pastes decreases with increasing dosage of RHA. 

The larger dosage of RHA leads to a smaller drop of internal RH in cement pastes. 

• With the optimized dosage (20%) and mean particle size (9 µm), the autogenous 

shrinkage of cement pastes (mixture 20% RHA-9) at early age can be eliminated by 

using RHA. 

It needs to mention that the absorption of dry RHA particles on casting water will decrease 

the water-cement ratio in blended cement-RHA pastes. Thus, the water-cement ratio in 

cement pastes with different dosage of RHA is different. 

The pozzolanic reaction of RHA will consume water and change the porous structure of 

RHA. This may influence the efficiency of internal curing of RHA, which will be discussed 

in detail in next chapter.  
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Chapter 5  

Mechanism of mitigating autogenous 

shrinkage by using RHA 
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5.1 Introduction 

The experimental results in Chapter 4 show that RHA is effective in mitigating autogenous 

shrinkage of cement pastes. However, the exact mechanism in mitigating autogenous 

shrinkage by using RHA, that is chemically reactive itself (pozzolanic reaction) is unclear. 

The objective of this chapter is to study the relevant mechanism of mitigating autogenous 

shrinkage by RHA. 

The American Concrete Institute (ACI) Terminology Guide defined internal curing as 

“supplying water throughout a freshly placed cementitious mixture using reservoirs, via pre-

wetted lightweight aggregates, that readily release water as needed for hydration or to replace 

moisture lost through evaporation or self-desiccation” [12]. According to this definition, 

RHA performs as an internal curing agent [56].  

The amount of water entrained in the RHA particles can be released during self-

desiccation of the hydrating cement paste, mitigating autogenous shrinkage [94]. However, 

unlike currently used internal curing agents, like superabsorbent polymers (SAPs) or water-

saturated aggregate [89], the RHA will react in a pozzolanic reaction. This will result in a 

change of the pore structure and thus affect water absorption capacity of the RHA. The high 

content of amorphous silica enables RHA to react with calcium hydroxide from cement 

hydration. Moreover, this pozzolanic reaction will consume extra water, which would even 

lead to an increase of self-desiccation. 

The internal curing process with a ‘reacting’ water reservoir, like RHA, is more complex 

than that with conventional reservoir. For revealing the mechanism of internal curing with 

chemically reactive water-containing particles, first the absorption capacity of RHA needs to 

be determined. After that the effect of the pozzolanic reaction on the internal curing effect of 

RHA will be studied. The materials and methods that will be used for the experimental study 

of the absorption capacity and the pozzolanic reactivity of RHA will be dealt with in the next 

two sections. 

5.2 Materials 

The materials used in this study are Portland cement (CEM I 52.5N), RHA, and a 

polycarboxylate-based superplasticizer (Solid mass content 35%), which are all the same as 

those used in Chapter 4.  

The cement mixture with the optimized dosage (20 wt%) and mean particle size of RHA 

(9 µm) as established in chapter 4 is used. The mixture composition is listed in Table 5.1. 

 

Table 5.1 Mixture composition of cement pastes 

Mixture 

name 

Mixing-

water/binder 

ratio* 

Water-cement 

ratio** 

Superplasticiz

er-binder ratio 

Replacement 

percentage of 

RHA 

Mean particle 

size (D50) 

(μm) 

Ref 0.25 0.25 0.26 1.6% 0 - 

20% RHA-9 0.25 0.18 1.6% 20% 9.0 

* The mixing-water/binder ratio is the amount of water added for casting per gram dry powders of binder. It 

does not include the water in the superplasticizer. 

** The water-cement ratio includes the water in the superplasticizer. 
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5.3 Methods 

5.3.1 Filtration method for determining the absorption capacity of RHA  

From the liquid absorption by SAP it is known that the ion concentration of the absorbed 

liquid strongly affects the liquid uptake of SAP [11]. Such an effect might also occur in the 

water absorbed by the RHA. It was decided, therefore, to consider two fluids with different 

ion concentrations for estimating the absorption kinetics of RHA. One is demineralized water 

and the other is a synthetic pore fluid. The test details are presented below.  

The RHA-9 to be used in the experiments was oven-dried at 105 ˚C for 1 day before the 

test. 200 ml of demineralized water or synthetic pore fluid at 20 ± 1˚C was prepared to which 

about 5 g of RHA was added. This condition was maintained for 5, 10, 15, 30, and 60 minutes, 

respectively, while stirring. The sample was vacuum filtered with glass fibre filter paper 

(WhatmanTM 1820-110, pore size 1.6 µm). To avoid the influence of water drops sticking on 

filter paper, the sample was moved from the filter paper to a small glass dish and weighted. 

Then the glass dish with the wet sample was oven-dried for obtaining the dry sample mass.  

The synthetic pore fluid is similar to that used by Jensen [94] for determining the absorption 

capacity of SAP. The composition of the synthesized pore fluid [𝑚𝑚𝑜𝑙/𝑙]: [𝑁𝑎+] = 400, [K−] 

= 400, [𝐶𝑎2+] = 1, [SO4
2−] = 40, [𝑂H−] = 722. 

For each measurement, two parallel samples were used. The absorption capacity (𝑄) of 

RHA was calculated with the equation:  

𝑄 =
𝑀𝑤𝑒𝑡−𝑀𝑑𝑟𝑦

𝑀𝑑𝑟𝑦
  (5.1) 

where 𝑀𝑤𝑒𝑡 is the mass of wet sample, 𝑀𝑑𝑟𝑦 is the mass of RHA sample after drying. 

Because the pore size of filter paper is 1.6 µm, the small RHA particles (<1.6 µm) may 

pass through the filter paper and get lost in the vacuum filtration process. The pass rate (by 

mass) of RHA through the filter paper in vacuum filtration process is also measured, i.e. 1.4 

± 0.1 %. Due to the low penetration rate of RHA during filtration, the liquid absorbed by the 

‘lost’ RHA particles is neglected. 

5.3.2 Thermogravimetric analysis (TGA) for determination of CH content  

For studying the pozzolanic reactions of RHA it is important to know the CH (calcium 

hydroxide) content of in hydrating cement-RHA paste. For that purpose, test samples of the 

mixtures Ref 0.25 and 20% RHA-9 (See Table 5.1) were prepared in a Hobart mixer at room 

temperature around 20 ± 2 ºC. After 3 minutes mixing, the pastes were poured into plastic 

bottles (ϕ 33×70 mm) and sealed to prevent moisture loss. All the specimens were stored in 

a climate room at 20 ± 1 ºC. 

At a predefined age, the specimens were demoulded from the plastic bottles and crushed 

into small pieces. After that, the specimens were immersed in liquid nitrogen (around -195 

ºC) for 5 minutes to stop hydration. The specimens were then dried in a freeze-dryer. Water 

loss was recorded once per day after drying for one week. When the loss of water was less 

than 0.05% per day, the drying procedure was considered complete. 

The dried paste samples were ground by hand until the particle size was smaller than 125 µm. 

The obtained powder was put in an aluminium oxide (Al2O3) crucible and heated from 40 °C 

to 1100 °C in a thermoanalyzer TG-449-F3-Jupiter instrument (Figure 5.1). The heating rate 

is 10 °C per minute. The weight change of the sample was measured with the thermo-analyzer  
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Figure 5.1 TG-449-F3-Jupiter® for thermogravimetric analysis 

and was carried out in Argon atmosphere. The test was performed at the age of 1d, 2d, 3d, 

7d, 14d, and 29d. 

The amount of CH of the paste was determined by TGA-test according to Midgley [120]. 

A typical weight-loss versus temperature curve obtained from TGA-measurements for 

Portland cement paste (w/c=0.4; at 28 days) is shown in Figure 5.2 [121]. Three characteristic 

endothermic effects are observed. The first endothermic effect, in the temperature range from 

100 to 320 °C, is attributed to the dehydration of calcium silicate hydrate (C-S-H) and 

calcium aluminate hydrate (C-A-H) [122-124]. For determination of the amount of CH in the 

cement paste the second endothermic temperature peak is of interest that occurs between 420 

and 550 °C. The decomposition reaction of CH follows Equation (5.2): 

𝐶𝑎(𝑂𝐻)2(𝑠) → 𝐶𝑎𝑂(𝑠) + 𝐻2𝑂(𝑔)  (5.2) 

During the decomposition of CH, the weight loss of the sample comes from the loss of 

water. This weight loss (𝑚𝐻2𝑂) can be determined by a graphical technique proposed by 

Marsh [123] (see Figure 5.2). Within the TG curve the onset and offset points of the 

decomposition curve of CH are determined, which are the intersections of two tangent lines. 

 

 

Figure 5.2 Procedure used to calculate the CH content of paste from TGA-test result [121] 
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They are defined as the initial baseline and final baseline, respectively. By the onset and 

offset points (Temperature axis), the mid-point 𝑇0 is created. The weight loss 𝑚𝐻2𝑂  is defined 

as the distance between two intersections generated by the vertical line from 𝑇0 with initial 

and final baselines. Then the content of CH (𝑚𝐶𝐻) is calculated: 

𝑚𝐶𝐻 = 𝑚𝐻2𝑂 ×
74

18
   (5.3) 

where 74 and 18 are the molar weights of 𝐶𝑎(𝑂𝐻)2 and 𝐻2𝑂. 

The third endothermic effect around 700 °C indicates the decarbonation of calcium 

carbonate (𝐶𝑎𝐶𝑂3) in cement paste. Decarbonation of calcium carbonate will not be further 

dealt with in this study. 

5.3.3 ESEM studies for determination of the degree of hydration of cement 

For determination of the degree of hydration of the cement ESEM (Environmental Scanning 

Electron Microscope) studies have been performed. For preparing test samples of cement 

pastes for ESEM studies the same procedure was followed as used for the TGA test samples 

as discussed in section 5.3.2. 

Several pieces of the dried paste samples (about 20 g) with different sizes were collected 

in a plastic bottle for ESEM tests. The sample in a plastic bottle was put in a vacuum chamber 

and degassed at 30 mbar for 1 hour. With the vacuum pump still running, a very low viscosity 

epoxy resin was infused dropwise from a cup outside the chamber to the top of the samples 

via a plastic tube. The infusion is stopped when the upper surface of the sample was covered 

with epoxy. After about 10 minutes, the air was gradually let into the vacuum chamber and 

the bottle was taken out. The impregnated sample was stored at atmospheric pressure at 20 

ºC for 24 hours. Then the samples were ready for grinding and polishing. Figure 5.3 shows 

an example of the sample ready for the ESEM studies. The ESEM-measurements were 

performed at the age of 1d, 2d, 3d, 7d, 14d, and 29d. 

The microstructure characteristics of the paste samples were studied using the back-

scattered electrons (BSE) mode. The observations were conducted with a Philips-XL30-

ESEM in a gaseous (water vapour) environment (no conductive coating is needed). An 

acceleration voltage of 20 kV was used. The size of the reference region in each image is 248 

μm in length and 188 μm in width. The magnification is 500× and the image size is 1424 × 

968 pixels, so the resolution of each image is 0.18 μm per pixel. 

BSE image analysis technique is widely used for determining the hydration degree of 

cement in cement paste [125]. One must remember that the accuracy of the results depends  

 

 

 

Figure 5.3 Sample for ESEM images analysis 
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on the resolution of the images. Scrivener et al. [126]  found that for a cement paste analysis 

often fields at a magnification of 400 were sufficient to give a standard error of around 0.6%. 

Mouret et al. [127] applied a rigorous statistical analysis to show that a magnification of 200 

is sufficient to give good results for the anhydrous phase and that 30 images are needed for a 

mean value with an error of < 0.2% in pastes and mortars. In this chapter, a magnification of 

500 and 20 images were used for the image analysis, following the method used by Ye [117]. 

A typical BSE image of Portland cement paste (w/c = 0.4; at 7 days) and its grey level 

histogram are shown in Figure 5.4. Phases with different densities show different grey 

levels. The grey level histogram indicates that the main phases are unhydrated cement 

(anhydrous), hydration products (CH, HP), and pores. Figure 5.4 illustrates that the 

unhydrated cement phase in cement paste can easily be segmented. The degree of 

hydration of cement, 𝛼𝐶, can be estimated from the area fraction (equivalent to volume 

fraction) of remaining unhydrated cement. It is the ratio of reacted cement relative to the 

original amount of cement as indicated in Equation  (5.4):  

𝛼𝑐(𝑡) =
𝑉𝑟𝑒𝑎𝑐𝑡𝑒𝑑

𝑉𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
= 1 −

𝑉𝑐𝑒(𝑡)

𝑉𝑐𝑒(0)
   (5.4) 

where 𝑉𝑐𝑒(𝑡) is the volume of unreacted clinker from the image analysis at the age 𝑡, and 

𝑉𝑐𝑒(0) the original volume of cement in the mix proportions. 

 

 

Figure 5.4 A typical BSE image (500×) of cement paste at 7 days and its grey level histogram 

(Pore: Porosity; HP: hydration products other than Portlandite; CH: Portlandite; Anhydrous: 

unhydrated cement)[121] 

The same segmentation procedure as mentioned before can also be applied for analysing 

the degree of hydration of cement in cement-RHA blended systems. An example is shown 

in Figure 5.5. It is not possible, however, to distinguish the RHA particles or portlandite 

from the grey level histogram in Figure 5.5, because the grey levels of RHA particles 

overlap those of hydration products (CH, HP). Besides this, the irregular shape of RHA 

particles also complicates the segmentation of RHA from BSE images. This means that 

the area selection tool [128] cannot be utilized here. Hence, the reaction degree of RHA 

is hard to obtain from the BSE images directly, whereas the degree of hydration of cement 

in blended systems can easily be calculated with Equation  (5.4). 
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Figure 5.5 A typical BSE image (500×) of cement paste incorporating RHA at 7 days and its grey 

level histogram (Pore: Porosity; HP: hydration products; Anhydrous: unhydrated cement) 

5.3.4 Determination of the degree of reaction of RHA2 in blended cement 

In the pozzolanic reaction 𝐶𝑎(𝑂𝐻)2 is consumed and forms C-S-H. The consumption of 

𝐶𝑎(𝑂𝐻)2  can, therefore, be used as an indicator for the pozzolanic reaction in blended 

cement [131, 135]. Bentz et al. [53] derived 𝐶1.1𝑆𝐻3.9 to represent the C-S-H gel produced 

by the pozzolanic reaction of silica fume. Because the chemical composition of silica fume 

(SF) and RHA is similar (see section 4.2), it is assumed that their pozzolanic reactions are 

similar as well. The pozzolanic reaction of RHA (represented by “S”) is presented below: 

1.1𝐶𝐻 + 𝑆 + 2.8𝐻 → 𝐶1.1𝑆𝐻3.9   (5.5) 

where 𝐶𝐻 represents 𝐶𝑎(𝑂𝐻)2; 𝑆 represents 𝑆𝑖𝑂2; 𝐻 represents 𝐻2𝑂; 𝐶 represents 𝐶𝑎𝑂.  

The amount of CH in a mixture at a certain time t (𝐶𝐶𝐻(𝑡)) results from the amount of CH 

initially present in the cement (𝐶𝐶𝐻,0), the CH formed in the hydration reaction of the cement, 

i.e. 𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)), and the consumption of CH in the pozzolanic reaction (𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡)). This 

amount of CH can be measured by TGA (𝐶𝐶𝐻,𝑚𝑒𝑎(𝑡)) as explained in section 5.3.2. In 

formula form: 

𝐶𝐶𝐻(𝑡) = 𝐶𝐶𝐻,𝑚𝑒𝑎(𝑡) = 𝐶𝐶𝐻,0 + 𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)) − 𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡)  (5.6) 

 
2 Several authors [ [129-132] have used selective dissolution methods to measure the reaction degree of slag or fly ash in 

blended cement. With this method the reaction products are dissolved leaving behind the unreacted pozzolanic materials. 

However, researchers already noted that the dissolution of reaction products is often incomplete. Taylor and Mohan [133] 

noted that large corrections must be made for incomplete dissolution of other phases and estimated an error in the results of 

about ± 10%. For studying the reliability of the selective dissolution, Kocaba et al. [134] examined the residues after 

selective dissolution by XRD and SEM. The results showed that except ettringite and ferrite, the other anhydrous and 

hydrated phases were not completely dissolved, and in the residues hydrotalcite was observed by XRD. Ben Haha et al. 

[132] noted a significant possible error in the result of the selective dissolution method as different assumptions lead to large 

differences in the quantification of reaction degree of fly ash. Kocaba et al. [134] also pointed out that wildly divergent 

results are reported for this method by different workers in nominally similar pozzolanic materials.  

In the light of the previous work and the scatter of the results in the literature, the selective dissolution method will not 

be used for quantitative determination of the reaction degree of RHA.  

Unreacted clinker 

Pore 
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The amount of CH formed during hydration, i.e. 𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)), is assumed to be a linear 

function of the degree of hydration of the cement 𝛼𝑐(𝑡), viz. [ref]: 

𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)) = 𝐴  𝛼𝑐(𝑡) + 𝐵  (5.7) 

where A and B are constants to be determined experimentally. The degree of hydration of 

the cement, 𝛼𝑐(𝑡), can be determined by SEM as explained in section 5.3.3. 

By rewriting Eq. (5.6), the amount of CH consumed in the pozzolanic reaction, 𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡), 

g/g binder) it holds: 

𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡) = 𝐶𝐶𝐻,0 +  𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)) − 𝐶𝐶𝐻,𝑚𝑒𝑎(𝑡)  (5.8) 

Once 𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡) is known, the reacted 𝑆𝑖𝑂2 content can be calculated with Eq. (5.5). The 

degree of pozzolanic reaction of RHA at the age 𝑡, i.e. 𝛼𝑅𝐻𝐴(𝑡), (g/g RHA) can then be 

determined with Eq. (5.9): 

𝛼𝑅𝐻𝐴(𝑡) =
𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡)

𝑅
∗

𝑀𝑆

1.1∗𝑀𝐶𝐻
∗

1

𝐶𝑆𝑖𝑂2

  (5.9) 

where 𝐶𝑆𝑖𝑂2
 is the 𝑆𝑖𝑂2 content of RHA, (88.86%), 𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡) is the reacted CH content in 

the pozzolanic reaction [g/g binder],  R is the replacement ratio of cement by RHA in the 

mixture (here: 20%), 𝑀𝑆 is the molar mass of 𝑆𝑖𝑂2( 60.08 g/mol) and  𝑀𝐶𝐻 is the molar mass 

of Ca(𝑂𝐻)2 ( 74.093 g/mol). 

5.4 Results and discussion 

5.4.1 Liquid absorption capacity of RHA 

The absorption capacity of RHA was measured in demineralized water and synthetic pore 

solution, respectively, for different immersion time. The result is shown in Figure 5.6. The 

figure indicates that the RHA particles can rapidly absorb the liquid in several minutes and 

reach the maximum absorption capacity after 5 minutes. The reason for this high-speed 

absorption is capillary action. The pore size of RHA-9 particles is less than 10 µm (result of 

MIP in Chapter 4, Figure 4.10). With these small pores, a prominent capillary force according 

to the Young-Laplace equation [12] will form, when RHA particles become in contact with 

liquids. As a consequence, the liquids were moved quickly into RHA particles under the 

capillary force. 
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Figure 5.6 Absorption capacity of RHA-9 measured in demineralized water and synthetic pore 

solution with different immersion time 

The results also show that the maximum absorption capacity of RHA in synthetic pore 

solution is slightly smaller than that in demineralized water. It indicates that the presence of 

ions in solution has an impact on the maximum absorption capacity of RHA, but this effect 

is small3. Because of the presence of ions in the pore solution of cement pastes, in further 

studies a maximal liquid uptake of RHA-9 in the mixture will be adopted of 0.58 g/g.  

5.4.2 Evolution of reactions in cement and RHA  

The evolution of the hydration reaction in the cement and the pozzolanic reaction in the RHA 

in the mixtures Ref 0.25 and 20% RHA-9 (see Table 5.1) are presented in Table 5.2 and 

graphically in Figure 5.7 to Figure 5.11. 

5.4.2.1 Degree of hydration of cement in mixtures Ref 0.25 and 20%RHA-9 

The degree of hydration of the cement in the mixtures Ref 0.25 and 20%RHA-9 is determined 

from BSE images as discussed in section 5.3.3. Results are presented in Table 5.2 and in 

Figure 5.7. The figures show that for the same age, the degree of hydration of the cement in 

mixture ‘20% RHA-9’ is higher than that in mixture ‘Ref 0.25’, although the effective 

water/cement ratio in ‘20% RHA-9’ is lower, i.e. 0.18 instead of 0.25 in the reference sample 

(due to absorption of water by RHA). This may be explained by two mechanisms. First, the 

hydration product of cement, i.e. CH, is consumed by the pozzolanic reaction, promoting 

further hydration of cement. Second, the RHA releases the absorbed water gradually, which 

provides extra water for cement hydration. It is noted that if the degree of pozzolanic reaction  

 
3 The small difference in absorption capacity of RHA in demineralized water and pore solution can be explained 

by the analogy with SAP-studies. The absorption capacity of SAP amounts to approximately 350 g/g in distilled 

water and 37 g/g in synthetic pore fluid [94]. The driving forces for absorbing liquid are different between SAP 

and RHA. The macromolecular matrix of SAP is a polyelectrolyte, i.e. a polymer with ionizable groups that 

can dissociate in solution. For this reason, a high concentration of ions existing in the solution inside the SAP 

leading to a water flow into the SAP due to osmosis. The salinity of the aqueous solution has an important effect 

on the osmosis pressure and influences the swelling of SAPs [11]. However, the water flowing into RHA 

particles is driven by capillary action. The salinity of the solution has a minor influence on the capillary force 

in the Young-Laplace equation. This is why the maximum absorption capacities of RHA measured in 

demineralized water and synthetic pore solution are close. 
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Table 5.2 Summary of measurement data of degree of hydration and CH-content in mixtures Ref 

0.25 and 20% RHA-9, as well as calculated degree of pozzolanic reaction of RHA.   

Time 

t 

[days] 

Ref 0.25 20% RHA-9 

Degree of 

hydration 

𝛼𝑐(𝑡) 

[SEM] 

[--] 

CH-content 

𝐶𝐶𝐻(𝑡) 

 

[TGA] 

[g/g] 

Degree of 

hydration 

𝛼𝑐(𝑡) 

[SEM] 

[--] 

CH-content 

𝐶𝐶𝐻,𝑚𝑒𝑎(𝑡) 

 

[TGA] 

[g/g binder] 

𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)) 

(calc.) 

 

Eq. (5.9) 

[g/g] 

𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡) 

(calc.) 

 

Eq. (5.10) 

[g/g] 

Degree of 

reaction 

𝛼𝑅𝐻𝐴(𝑡) 

Eq. (5.11) 

[%] 

1 0.41 0.69 0.46 0.55 0.64 0.09 3.7 

2 0.46 0.83 0.52 0.63 0.76 0.13 5.4 

3 0.49 0.90 0.62 0.69 0.93 0.24 9.9 

7 0.53 0.94 0.63 0.66 0.95 0.29 11.9 

14 0.55 0.98 0.64 0.65 0.97 0.32 13.0 

29 0.56 1.05 0.64 0.59 0.97 0.38 15.5 

 

 

 

 

Figure 5.7 Degree of hydration of cement in mixtures Ref 0.25 and 20%RHA-9, determined from 

BSE images. 

is relatively small at certain age, which means the amount of water consumed in the 

pozzolanic reaction is much less than the amount of water released by RHA particles, the 

second mechanism will dominate. 

5.4.2.2 Evolution of CH content in mixtures Ref 0.25 and 20%RHA-9 

The evolution of the CH content in the mixtures Ref 0.25 and 20%RHA-9 was determined 

experimentally by TGA measurement. Results are shown in Table 5.2 and in Figure 5.8 a and 

b. In Figure 5.8a the CH content is presented as function of time for both mixtures. For the 

reference mixtures the CH content increases with time, whereas the amount of CH mixture 

‘20% RHA-9’ starts to decrease after about 3 days. Obviously from that time on the 

pozzolanic reaction starts at noticeable rates.  

In Figure 5.8b the CH content is presented as function of the degree of hydration of the 

reference mixture Ref. 0.25. As shown in this figure there is an almost linear relationship 

between the CH content and the degree of hydration of the cement after 1 day since casting. 
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For the relation between the amount of CH formed in the hydration process, i.e. 
𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)), it follows (after curve fitting the constants A and B in Eq. (5.7)):  

𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)) = 0.2282  𝛼𝑐(𝑡) − 0.0245  (5.10) 

From the curve fit analysis, a strong correlation between the degree of hydration and the 

liberated amount of CH was found: coefficient of determination (R2) is 0.97.  

Now the values of constant A and B in Eq. (5.7) are known, i.e. A = 0.2282 and B = -

0.0245, the amount of CH (per gram cement) formed from cement hydration in mixture 

20%RHA-9 can be calculated. These calculated values of 𝐶𝐶𝐻,ℎ𝑦𝑑(𝛼𝑐(𝑡)) are presented in 

Table 5.2. 

 

 

     
              a.  Measured CH content vs. time                          b. Measured CH content vs. degree of hydration  

Figure 5.8 Measured CH content, 𝐶𝐶𝐻,𝑚𝑒𝑎(𝑡), in cement mixtures Ref. 0.25 and 20%RHA-9, 

determined by TGA. a) CH content vs. time. b) CH content vs. degree of hydration of cement 

5.4.2.3 Evolution of the pozzolanic reaction in RHA in mixture 20%RHA-9 

The degree of pozzolanic reaction of the RHA in mixture 20%RAH-9 is calculated with Eq. 

(5.9). The only unknown in Eq. (5.9) is the CH-content consumed in the pozzolanic reaction, 

i.e. 𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡). Values of 𝐶𝐶𝐻,𝑝𝑜𝑧(𝑡) have been calculated with Eq. (5.8) and are presented 

in Table 5.2. The evolution of the pozzolanic reaction is calculated and presented in Figure 

5.9.  

 

0

0.02

0.04

0.06

0.08

0.1

0.12

1 10 100

C
H

 c
o

n
te

n
t 

[g
/g

 b
in

d
er

]

Time [d]

RHA-9 20%

Ref 0.25

3

y = 0,2282x - 0,0245

R² = 0,9725

0

0.03

0.06

0.09

0.12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
H

 c
o

n
te

n
t 

[g
/g

 c
em

en
t]

Degree of hydration of cement [-]

Ref 0.25

Curve fitting



 | 66 

 

 

 

  

Figure 5.9 Evolution of the pozzolanic reaction of RHA-9 in mixture 20% RHA-9 with time 

As shown in Figure 5.9, the degree of pozzolanic reaction of RHA at the age of 29d is only 

15.5%. Compared to the high reaction activity of SF at early ages [135], the activity of 

pozzolanic reaction of RHA is low. Tuan [6] also found that the pozzolanic reaction activity 

of RHA was much lower than that of SF. Tuan found that for the same replacement 

percentage, the cement paste with RHA had a higher CH content than a cement paste with 

SF after 3 days since casting. Obviously the pozzolanic reaction in the mixture with RHA 

had hardly started, resulting in a high CH content in the paste.  

5.4.3 Internal curing with pozzolanic reaction of RHA 

In section 5.4.2 the evolution of the degree of hydration of the cement and of the pozzolanic 

reaction of the RHA in a cement-RHA blended paste have been discussed. In this section the 

focus will be on the evolution of the internal moisture state during these reactions and how 

RHA may act as an efficient internal curing agent.      

5.4.3.1 Water consumed in pozzolanic reaction 

RHA can hold water thanks to its porous structure. In cement pastes the porous structure of 

RHAs will collapse due to the pozzolanic reaction with CH. The reacted RHA particles can 

then no longer act like water reservoirs as before. In fact, the initially absorbed water will be 

needed for the pozzolanic reaction of the RHA. According to Eq. (5.5), 1 g RHA (88.86% 

𝑆𝑖𝑂2 content) can react with 0.75 g water. If the amount of entrained water in RHA is 0.58 

g/g, 1 g RHA needs 0.17 g extra water for a complete pozzolanic reaction. The water will be 

taken from the cement paste, leading to extra self-desiccation of the paste.  

For mixture 20% RHA-9, with an evolution of the pozzolanic reaction as presented in 

Figure 5.9, the total amount of water needed for the pozzolanic reaction is shown in Figure 

5.10. 
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Figure 5.10 Total amount of water consumed in the pozzolanic reaction of RHA in mixture 20% 

RHA-9 (pozzolanic reaction as in Figure 5.9)  

The fact that for the pozzolanic reaction of the RHA more water is needed than absorbed in 

its pore structure means that the pozzolanic reaction will intensify the self-desiccation of the 

paste and negatively affect the efficiency of the internal curing by RHA. Yet, the 

experimental results in Chapter 4 have clearly shown that RHA can efficiently mitigate the 

autogenous shrinkage of cement pastes. This suggests that the amount of water released by 

the still intact RHA particles is higher than the amount of water needed for the pozzolanic 

reaction of the reacting RHA. More details about the influence of pozzolanic reaction on the 

efficiency of internal curing by RHA will be discussed in chapter 6. 

5.4.3.2 Evolution of RH (relative humidity) in reacting cement-RHA blended systems  

The autogenous shrinkage and internal RH measurements shown in Chapter 4 indicated that 

RHA has a positive effect on mitigating autogenous shrinkage of cement pastes. The porous 

structure makes RHA particles acting as water reservoirs. For estimating the effectiveness of 

internal curing of RHA, the amounts of water released at different ages need to be determined. 

In chapter 4 the measured internal RH in cement paste at the onset of self-desiccation of 

mixture 20%RHA-9 was about 99.5%. The initial RH drop of about 0.5% can be attributed 

to dissolved salts in the pore fluid. The effect of dissolved salts on the RH of the pore solution 

amounts to several percent in the Portland cement system. For example, for a composition of 

the pore fluid of a two-month-old cement paste with w/c ratio 0.45 [136], a value of 96.7% 

RH is calculated. Here it will be assumed that the initial RH drop measured in the mixture 

20% RHA-9 is only caused by dissolved salts and, furthermore, that effect remains constant 

during hydration [57]. With this assumption it is possible to calculate the RH change without 

the effect of dissolved salts.  

The RH in the pore systems can be estimated using the following formula [62]: 

𝑅𝐻 = 𝑅𝐻𝑆 ∗ 𝑅𝐻𝐷  (5.11) 

where 𝑅𝐻𝑆 is the relative humidity of the pore solution due to the dissolution of salts and 

𝑅𝐻𝐷 is the relative humidity of the pore solution without the effect of dissolution of salts 

(like deionized water).  
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Figure 5.11 Measured internal RH change, RH due to salt dissolution in the pore fluid and internal 

RH change without salt dissolution in the mixture ‘20% RHA-9’ (Eq. (5.11)) 

The change of the internal RH of the pore solution without the dissolved salts 𝑅𝐻𝐷, calculated 

with equation (5.11), is shown in Figure 5.11. Figure 5.12 presents water vapour desorption 

isotherm of RHA-9 at different RH (partly from Chapter 4). The maximum water absorption 

capacity of RHA-9 measured in Section 5.4.1 is the water content of RHA at 100% RH. 

Based on the water content of RHA particles at different RH in measured desorption isotherm 

and the evolution of internal RH in the mixture ‘20% RHA-9’, the water content in the RHA 

particles in the mixture ‘20% RHA-9’ at different ages can be determined. As the initial water 

uptake of RHA-9 is 0.58 𝑔/𝑔, the amount of water released from RHA particles with time is 

obtained and shown in Figure 5.13. 

 

 

Figure 5.12 Water content of RHA-9 at different RH 
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Figure 5.13 Amount of internal curing water released by RHA at different ages in the mixture ‘20% 

RHA-9’ with and without considering pozzolanic reaction 

As discussed in section 5.4.3.1, the pozzolanic reaction consumes a certain amount of 

entrained water inside RHA and thereby reduce the amount of released water for internal 

curing. The amounts of released water at different ages with and without considering 

pozzolanic reaction are presented in Figure 5.13. Due to the relatively low degree of 

pozzolanic reaction of RHA-9 (15.5% at 29 days in Figure 5.9), the influence of this 

pozzolanic reaction on the content of released water is limited.  

A sketch of internal curing process of RHA in cement pastes is shown in Figure 5.14. 

Before the onset of self-desiccation, the RH in cement pastes is almost 100% (a bit lower due 

to the effect of dissolved salts). During this period no RH gradient exists between RHA and 

cement pastes, thus no water is released from RHA particles before the onset of self-

desiccation in the cement paste (see Figure 5.13). In the mixture ‘20% RHA-9’, the internal 

RH is about 95% at 2 days after casting. According to Figure 5.12, the water content in RHA-

9 is 0.58 g/g at RH 100% and 0.135 g/g at RH 95%. Therefore, a major part (77%) of the 

water stored in RHA-9 is released in 2 days. The phenomenon has also been observed in 

cementitious mixtures with SAP [94] and lightweight aggregate [57]. These internal curing 

agents, including RHA, can release most of the entrained water at the early age when the self-

desiccation starts while the RH value is still relatively high. This is a critical characteristic of 

a good internal curing agent. Because at the very early age of a sealed cement paste the 

stiffness is relatively weak, even moderate capillary tension can induce big autogenous 

shrinkage and form cracking. It is important to keep the internal RH as high as possible during 

this period, which means a good internal curing agent should release a large amount of water 

at a high RH. A typical negative example is using a porous material – zeolite as internal 

curing agent. It can be found in the literature [137] that zeolite aggregate has a high water 

absorption capacity, but their fine pore structure hold the absorbed water until the RH is lower 

than 80%. Most of the water is retained in nm-sized pores and does not help to counteract the 

effects of self-desiccation. 

RHA can provide internal curing at later ages, which is favorable for the long-term 

properties of cement mixtures. The water content in the RHA-9 after 7 days is calculated at  
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Figure 5.14 Internal curing in cement paste with RHA. (a) At initial condition, RH equilibrium 

exists between paste and RHA. (b) Water migrates from RHA to cement pastes due to RH difference. 

(c) New RH equilibrium is reached after moisture exchange. 

about 0.1 g/g. This implies that a certain amount of water still remains in the smaller pores 

and is gradually released at later ages. Even after 28 days, when the RH  has decreased to 78% 

[138],  the water content in the RHA-9 is still about 0.06 g/g (see Figure 5.12). The remaining 

water can be released to the surrounding cement paste and beneficial for the hydration of 

cement at later ages. This phenomenon is also observed with high-performance mortar using 

saturated lightweight aggregates in [139]. 

5.4.4 RHA as internal curing agent: Summary of findings   

5.4.4.1 Mechanism in mitigating autogenous shrinkage 

RHA can be considered an excellent agent for mitigating autogenous shrinkage of cement 

pastes. When dry RHA powder is mixed with cement paste, due to its porous structure and 

 

 

Figure Error! No text of specified style in document..1 Internal curing in cement paste 

with RHA. (a) At initial condition, RH equilibrium exists between paste and RHA. (b) Water 
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high pore volume, a part of the added mixing water is rapidly absorbed by RHA. With the 

evolution of cement hydration, self-desiccation of cement pastes occurs and an RH gradient 

forms between RHA particles and surrounding cement paste. The initially absorbed water is 

then gradually released from the RHA particles to the cement pastes. The internal curing by 

RHA reduces the self-desiccation and maintains the internal RH value at a high level (RH > 

90% in 7 days). During the internal curing process, part of the RHA reacts in the pozzolanic 

reaction which reaction needs extra water. However, since the degree of reaction remains 

small (15.5% at 29 days), the effect of the pozzolanic reaction on the amount of released 

water is limited. 

5.4.4.2 Comparison with other internal curing agents 

Lightweight aggregates and SAPs are the two most commonly used internal curing agents 

for concrete used in practice. The absorption capacity and particle size of SAPs are the two 

most critical factors which determine the efficiency of internal curing. 

The absorption capacity of RHA-9 (0.58 g/g, Figure 5.6) is bigger than that of normal 

lightweight aggregates (0.13 ~ 0.27 g/g in [140], 0.26 g/g in [57] ), but much smaller than 

that of SAPs (37 ~ 350 g/g in [94]). To provide a similar amount of curing water, a larger 

dosage of the internal curing agent with smaller absorption capacity is needed. Therefore, the 

dosage of RHA in cement mixtures is much larger than that of the SAP (less than 1% [94]). 

The particle size of RHA-9 (D50 = 9 µm) is several orders of magnitude smaller than that of 

lightweight aggregates (grain size 0.15 ~ 4.75 mm in [140], grain size 4 ~ 8 mm in [57]) and 

SAPs (D50 = 125 ~250 µm in [94]). The ‘distribution’ of water reservoirs plays an important 

role in internal curing process, because it determines whether the entire body of the mixture 

is cured by the water released from these water reservoirs [89]. Computer simulations 

indicate that the water diffusion in a cement paste is limited to distances of the order of 100-

200 µm when the capillary pore space is percolated [141]. In mixtures with a low 

water/binder ratio, especially in UHPC, the microstructure of cement paste is very dense, 

which constrains the water movement from reservoirs to the surroundings. This means that 

water reservoirs should be well dispersed in the paste to ensure the effectiveness of internal 

curing agents. In this respect, RHA is easier to disperse than SAP because of its smaller 

particle size.  

Due to the strict requirements on mechanical properties and the maximum size of 

aggregate, lightweight aggregate is not frequently used in UHPC for internal curing. For 

those mixtures SAP has more often been proposed as internal curing agent to mitigate the 

autogenous shrinkage. However, SAP makes the concrete heterogeneous, because it will 

leave voids even as big as 600 μm [2], which has a negative impact on the properties of 

UHPC. 

As discussed above, RHA is a competitive internal curing agent and has an advantage in 

mixtures with low water/binder ratio, especially for UHPC. 

5.5 Conclusions 

Based on the experimental results and discussions in this chapter, the following conclusions 

have been drawn. 

1) With the evolution of cement hydration, the self-desiccation occurs in cement paste 

and an RH gradient is formed between the RHA particle and the surrounding cement 

paste. Due to capillary suction and moisture diffusion water gradually releases from 

the RHA to the cement pastes until the new RH equilibrium in the paste is reached. 
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The amount of released water provides the internal curing for the mixture, thus 

counteracting self-desiccation and reducing autogenous shrinkage. 

2) The pozzolanic reaction of RHA can intensify the self-desiccation and negatively 

affects the mitigation of autogenous shrinkage of cement pastes, but this influence is 

limited and will not negate the beneficial effect.  

3) Compared to the SAPs and lightweight aggregates, RHA is a competitive internal 

curing agent, especially for UHPC due to its dense microstructure. 

The influence of pozzolanic reaction of RHA on internal curing in the mixture 20% RHA-9 

is qualitatively estimated by experiments in this chapter. However, this influence may be  

differenct in other mixtures which has different dosage of RHA. For further understanding, 

the quantitive descirption of the effect of pozzolanic reaction by numerical simulation will 

be performed in next chapter. 
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Chapter 6  

Numerical simulation of internal curing 

in cement paste with RHA 
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6.1 Introduction 

In Chapter 5, the mechanisms for mitigating autogenous shrinkage by using RHA have been 

studied experimentally. The internal curing effect of RHA can counteract the self-desiccation 

and reduce the autogenous shrinkage. At the same time the pozzolanic reaction of RHA can 

intensify the self-desiccation and increase the autogenous shrinkage. These two effects of 

RHA jointly determine the efficiency of RHA to mitigate autogenous shrinkage. For a better 

understanding of these two effects of RHA on mitigating autogenous shrinkage, numerical 

simulations will be performed in this chapter.  

The effect of internal curing and its effect on the rate of cement hydration and the 

pozzolanic reaction of RHA is evaluated quantitatively by using the numerical simulation 

model HYMOSTRUC. How this simulation model is used for quantitative simulation of 

internal curing will be described in this chapter. Parameters that will be focused on in 

particular are the (evolution of the) degree of saturation and the internal relative humidity of 

the hardening paste. As output the evolution of the degree of hydration of the cement and the 

associated internal relative humidity in the paste are shown for different dosages of RHA.  

6.2 Moisture transport in hydrating cement pastes with RHA 

6.2.1 Mechanism of moisture transport in hardening cement paste with RHA 

For the internal curing process, water migration in cement paste is essential. For cement 

pastes with internal curing agents (water reservoirs), capillary pressure differentials in the 

pore system are the driving force of water movement [142-145]. When the hydration of 

cement proceeds, the pores of the paste are gradually emptied, resulting in different values 

of the RH in the pore systems of the paste and the “reservoirs” [146]. Under capillary pressure 

water will be drained from the reservoirs to the small pores in the drying cement paste. After 

receiving extra water from these reservoirs, the hydrating cement paste maintains a higher 

saturation degree and a higher RH compared to cement pastes without saturated RHA. 

 For the explanation of simulation, the schematic of the internal curing of cement paste by 

saturated RHA in section 5.4.4 is shown again in  Figure 6.1. Initially the saturation degree 

and RH of cement paste and RHA are both, roughly, 100%. No difference exists between the 

RH of the paste and RHA, which means no water movement (Figure 6.1a). With progress of 

cement hydration, self-desiccation of the paste happens. The RH in the hydrating cement 

paste becomes lower than 100%. However, the RH in the RHA is still 100% at this moment 

since the pozzolanic reaction degree of the RHA is still very small in that stage. The capillary 

pressure gradients drive the water from RHA to the cement paste (Figure 6.1b). The water 

from the RHA particles enters the drying pore structure of the cement paste and increases the 

degree of saturation and internal RH in the paste. Due to the movement of water from RHA 

to the cement paste, the RH in the pores of the RHA particle decreases until a new RH 

equilibrium is reached (Figure 6.1c). With ongoing hydration of the cement, new 

equilibriums will be established step by step. The internal curing process continues until the 

water inside RHA is used up or hydration of cement stops. 
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Figure 6.1 Internal curing in cement paste with RHA. (a) At initial condition, RH equilibrium exists 

between paste and RHA. (b) Water migrates from RHA to cement pastes due to RH difference. (c) 

New RH equilibrium is reached after moisture exchange. 

6.2.2 Aspects to be considered for simulation of internal curing 

For modelling the internal moisture transport, as described in the foregoing section, at least 

the following two aspects have to be considered:  

a. Evolution of the pore structure in hydrating paste  

b. Mechanism driving the moisture transport   

In this section these aspects will be briefly discussed, with particular emphasis of modelling 

constraints. 

Ad a.  Evolution of the pore structure of RHA-blended cement paste 

In an RHA-blended cement paste the ongoing chemical reactions, i.e. cement hydration and 

pozzolanic reaction of RHA, will cause a continuous change, i.e. densification, of the pore 

structure and a decrease of the amount of water in the pore system. The decreasing amount 

of water will concentrate in the smaller pores of the pore system. Gradually the paste dries 

out (self-desiccation), which goes along with an increase in the capillary pressure in the pore 

water and a drop of the relative humidity.  

As mentioned in section 2.4.1, the pore pressure and the relative humidity are related to 

each other via the Kelvin-Laplace equation. In the equations, the magnitude of the relative 
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humidity (and also of the capillary pressure) is determined by the largest pore still filled with 

water (pore diameter 𝑑𝑤 ). It is important, therefore, to know the largest filled pore as 

accurately as possible in order to make reliable predictions of the evolution of the relative 

humidity.  

 Generating detailed information about the pore structure, including the pore size 

distribution, of a hydrating system is not easy. Already for simple non-blended cement pastes 

numerical simulation of the evolution of the pore structure is difficult. For blended pastes 

this is even more complicated. In a cement-RHA mixture the reaction products of cement 

and RHA gradually merge, resulting in a pore structure different from that of a plain cement 

paste. Without detailed information about the pore structure, however, it will not be possible 

to determine the largest water-filled pore 𝑑𝑤 and the corresponding relative humidity in the 

pore system. 

 Since modelling of the evolution of pore structures in blended cement pastes was not the 

goal of this thesis, an alternative approach will be followed. In this alternative approach the 

pore structure of cement paste will be described by a mathematical expression applied in the 

simulation model HYMOSTRUC [9], used for simulating hydration processes in plain 

cement pastes. This mathematical expression contains two model parameters, a and b, which 

depend on, among other things, the type of binder. How to determine a and b for the blended 

pastes considered in this thesis will be explained further in section 6.3.1. In section 6.2.3 a 

brief introduction of the HYMOSTRUC model will be given, including further explanation 

of the description of the pore structure.    

Ad b.  Moisture transport process from saturated RHA particles to drying cement paste 

The simulation of hydration-induced moisture transport in saturated RHA particles to drying 

cement paste is complicated and computationally time-consuming [147]. From experimental 

studies Lura et al. [142] inferred that water could travel up to 3 mm in a hardening cement 

paste (w/c 0.3). Trtik et al. [148] used neutron tomography for studying water migration from 

large SAP particles to maturing cement paste. They found that during the first day of 

hydration of a cement paste with w/c 0.25 hardly any gradient of water content could be 

observed [101]. An almost uniform distribution of water in the hardening paste also became 

plausible from numerical simulations of water migration performed by Wyrzykowski [146]. 

For modelling internal curing Wyrzykowski et al. [101] assumed that self-desiccation caused 

by water consumption of hydrating cement is practically instantaneously compensated by 

supply of water from mixed-in ‘reservoirs’. The results of Wyrzykowski’s simulation were 

in very good agreement with experimental data, i.e. measurements of the evolution of the 

internal RH. Based on these findings it is considered justified to assume that, for numerical 

simulation of internal curing, moisture transport induced by self-desiccation takes place 

almost instantaneously. 

 In blended cement/RHA mixtures the relatively small RHA particles, i.e. 𝐷50 = 9µm, with 

dosages 10%-20%, are assumed to be well-distributed in the paste. Because of this 

homogenous distribution the moisture from the RHA particles can easily migrate to the bulk 

cement matrix. The assumption as proposed by Wyrzykowski et al. [101] regarding the 

instantaneous water transport will also be considered for the numerical simulations in this 

study. However, unlike the SAP in the Wyrzykowski’s simulation, RHA is not an inert water 

reservoir. The RHA will react with calcium hydroxide generated from cement hydration. For 

this pozzolanic reaction water is consumed and the volume of unreacted water-containing 

RHA particles decreases. This pozzolanic reaction should also be considered in the 

simulation of internal curing in a hydrating cement paste with RHA. 
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6.2.3 Numerical simulation of internal curing in RHA-blended cement pastes  

The blended cement/RHA system considered in this study consists of two powders, i.e. 

cement paste and RHA. For modelling the reaction processes, these two components of the 

system will be considered, at first, separately. The hydrating cement paste is called system 

A, and the RHA is called system B. System B exhibits pozzolanic activity. The hydrating 

system A consumes water and gradually dries out. When the hydration process starts, water 

will flow from the saturated RHA particles to the drying cement matrix. From that moment 

on the rate of hydration of system A will be affected by the water coming from system B 

(RHA). As soon as the RHA starts to react in a pozzolanic reaction, water transport from the 

system B to system A will slow down, stops, or even water is taken from the hydrating cement 

paste, potentially resulting in extra self-desiccation.  

 In the following sub-sections, some basics features of numerical modelling of cement 

hydration (system A) and pozzolanic reaction of RHA (system B) will be briefly presented.  

6.2.3.1 Hydrating cement paste (System A) 

General description of hydration and microstructure development of sealed cement paste 

In a sealed hydrating cement paste water is consumed by the reaction with cement, resulting 

in self-desiccation of the paste. The reaction products form a gel, which contains the solid 

reaction products and the gel pores. Under normal curing conditions these gel pores are 

always filled with water, i.e. gel water. Pores with a size beyond the size of gel pores are 

capillary pores. These pores are partly filled with water and partly with air.  

A particular stage in the evolution of the microstructure is schematically shown in Figure 

6.2. At the walls of capillary pores a thin layer of adsorbed water is present. The thickness of 

this layer depends on the relative humidity in the empty pores. For a given pore system there 

is an equilibrium between the relative humidity in the capillary pore system and the amount 

of water stored in the smaller capillary pores. 

 

 

Figure 6.2 Schematic view of state of water in the pores systems of a cement paste [80] 

RH 

RH = Relative humidity  
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Figure 6.3 Evolution of the hydration process in sealed-cured cement paste - Schematic.  

When the reaction proceeds more capillary water is consumed. The paste dries out, the 

relative humidity will further drop and the reaction proceeds at a slower rate. At an arbitrary 

time 𝑡𝑗 the degree of hydration (DoH) of the cement is 𝛼𝑗. In the subsequent time step ∆𝑡𝑗+1 

the degree of hydration will increase by a hydration increment ∆𝛼𝑗+1. This increment follows 

from (see also Figure 6.3): 

∆𝛼𝑗+1 = �̇�𝑗+1 ∙  ∆𝑡𝑗+1   (6.1) 

where �̇�j+1 is the rate of hydration during the time step 𝑡𝑗+1. The rate of hydration �̇�(𝑡) is a 

function of, among other things, the type of cement, the amount of water in the system and 

the distribution of the water in the pore system of the paste. 

Numerical simulation of the sealed-cured cement with HYMOSTRUC 

In this study the evolution of the hydration process will be calculated with the numerical 

simulation program HYMOSTRUC. In HYMOSTRUC, the hydration process of Portland 

cement is modelled at the particle level. At particle level the reaction is assumed to start as a 

phase-boundary reaction and gradually changes into a diffusion-controlled reaction [80]. In 

HYMOSTRUC these two types of reaction are simulated with a core-shell model, 

schematically shown in Figure 6.4. At the beginning, the cement particles are modelled as 

digitized spheres randomly distributed in a three-dimensional body. As cement hydrates, the 

cement grains gradually dissolve and a porous shell (outer product) of hydration products is 

formed around the grain, which will lead to an outward growth of the outer shell. When the 

total thickness of the inner product and outer product reaches a threshold value, the hydration 

will become a diffusion-controlled reaction. This threshold value is defined as transition 

thickness. During the aforementioned reaction period, the reaction rate is affected by the total 

thickness of the inner product and outer product. 

 With increasing thickness of outer shell the adjacent small particles will be embedded in 

the outer shell of bigger particles. The encapsulation of adjacent small particles will result in 

an extra growth of the outer shell (Figure 6.4). In addition, if the embedded small cement 

particles are not fully hydrated yet, they will further react, consuming water. In consequence, 

the rate of reaction of the bigger particles will further decrease. 

α

Timetj+1tj

αj

αj+1

�̇�j+1

∆αj+1 = α̇j+1 ∙ ∆tj+1
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Figure 6.4 Schematic representation of core-shell model of cement particle in HYMOSTRUC  

Based on the above growth process, the HYMOSTRUC program [80] calculates the rate of 

hydration of an individual cement particle with Eq. (6.2) (simplified form): 

𝛥𝛿𝑖𝑛,𝑥𝑖,𝑗+1

𝛥𝑡𝑗+1
 =  𝐾0 × 𝛺1(. ) × 𝛺2(. ) × 𝛺3(. ) × [ 

𝛿𝑡𝑟

𝛿𝑥𝑖,𝑗
 ]

𝜆

  (6.2) 

where 𝛥𝛿𝑖𝑛,𝑥𝑖,𝑗+1 is an incremental increase of the penetration depth of the reaction front of 

cement particle 𝑥𝑖  during a time increment 𝛥𝑡𝑗+1 =  𝑡𝑗+1 −  𝑡𝑗 . The factor 𝐾0 [μm/hour] is 

the initial penetration rate of the reaction front of a hydrating cement particle. 1() ,  

2(, 𝑆𝑐𝑎𝑝)  and 3(, 𝑆𝑐𝑎𝑝)  are reduction factors allowing for the change of water 

distribution and change in pore water chemistry in the system. 𝛿𝑡𝑟 is the transition thickness 

of the shell of hydration products when the hydration mechanism of the cement particle 

changes from a phase boundary reaction to a diffusion-controlled reaction. 𝜆 is a coefficient 

to control the types of reaction (from phase boundary reaction (𝜆 = 0) to diffusion-controlled 

reaction (𝜆 = 1)).  

 From the penetration depth of the reaction front in the cement particle the degree of 

hydration of an individual cement particle is calculated. The resulting degree of hydration 𝛼𝑗 

of the cement paste at time 𝑡𝑗 is calculated as the sum of the contribution of all individual 

hydrating cement particles at time 𝑡𝑗 (for details, see [80]).  

Mathematical approximation of the capillary pore structure  

The growth process, schematically shown in Figure 6.4, results in a microstructure from 

which the pore structure can be inferred [11]. This, however, is a tough process with limited 

accuracy. In HYMOSTRUC the capillary pore structure is approximated with a mathematical 

expression, viz.: 

 𝑉≤𝑑 = 𝑎 ∙ (𝑙𝑛 𝑑) + 𝑏 (6.3) 

where 𝑑 is the pore diameter [𝑚], 𝑎 and b are constants [𝑐𝑚3], which depend on type and 

fineness of the cement and the w/c ratio. The pore volume formed by pores smaller than 𝑑 = 

Cement paste 
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Figure 6.5 Schematization of pore volume and pore size distribution of cement pastes  

𝑑0 = 2 × 10−9 𝑚 (𝑑0 is the size of the smallest capillary pore in Figure 6.5), i.e. the gel 

porosity, is not included in the pore volume 𝑉≤𝑑. 

Calculation of the relative humidity RH  

For a pore size distribution described by Eq. (6.3), the amount of water in the pore system at 

time 𝑡𝑗, i.e. 𝑉𝑤𝑎𝑡,𝑗, determines the maximum pore 𝑑𝑤,𝑗 that is still filled with water. Based on 

Eq. (6.3) it holds: 

𝑙𝑛 𝑑𝑤,𝑗 =  
𝑉𝑤𝑎𝑡≤𝑑𝑤,𝑗

−𝑏

𝑎
    (6.4) 

where 𝑉𝑤𝑎𝑡≤𝑑𝑤,𝑗
 is the amount of water in capillary pores with diameter ≤ 𝑑𝑤,𝑗  at time 𝑡𝑗 

(Figure 6.5). 

From the diameter of the maximum water-filled pore 𝑑𝑤,𝑗 at time 𝑡𝑗 the relative humidity  

𝑅𝐻𝑗 in the pore system of cement paste can be calculated by using the Kelvin equation as 

below: 

𝑙𝑛 𝑅𝐻𝑗 =
4𝛾𝑉𝑚 𝑐𝑜𝑠 𝜃

𝑑𝑤,𝑗𝑅𝑇
   (6.5) 

where 𝛾 is the surface tension of water (= 72.86 × 10−3 𝑁/𝑚), 𝑉𝑚 is the molar volume of 

water (= 1.8 × 10−5  𝑚3 𝑚𝑜𝑙⁄ ), 𝑑𝑤,𝑗  is the pore diameter, 𝑅 is the universal gas constant (=

8.314 𝐽 ∙ 𝑚𝑜𝑙−1 ∙ 𝐾−1 ), 𝑇  [K] is the temperature, 𝜃  is the contact angle, cos 𝜃 = 1  when 

perfect wetting is assumed.  

Numerical simulation of the unsealed-cured cement with HYMOSTRUC 

In case the hydration process proceeds under unsealed conditions, the HYMOSTRUC 

program has to be used with adjusted values of the reduction factors 1(),  2(, Scap) and 

3(, Scap) in Eq. (6.2). Those are reduction factors which allow for the effect of the actual 

state of water in the pore system of the cement paste on the rate of hydration. They are all 

functions of the degree of hydration , and during the simulation process they are determined 

in a step-wise calculation procedure.   

d0 

𝑑𝑝,𝑗 𝑑𝑤,𝑗 

𝑉𝑤𝑎𝑡≤𝑑𝑗
 

𝑉𝑝𝑜𝑟≤𝑑𝑝,𝑗
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 The reduction factor 1, also called partition factor, allows for the effect of embedded 

particles on the rate of hydration. In a cement-RHA blended system some RHA-particles will 

become embedded in the growing outer shell. However, in this study the cement and RHA 

particles are assumed to react independently from each other and the effect of embedded 

RHA-particles on the rate of hydration of cement will not be considered explicitly. Hence, 

the reduction factor 1() in a cement-RHA blended system is considered the same as in 

plain cement paste. 
 The reduction factor 2(, Scap) describes the influence on the rate of hydration of wetted 

surface area of the capillary pores compared to the surface area of all capillary pores in the 

cement paste. In a non-sealed system, additional water may be introduced into the cement 

paste, resulting in a higher saturation Scap and a larger area of the capillary pores in contact 

with water, resulting in a higher hydration rate than in a sealed system. 

 The reduction factor 3(, Scap)  describes the influence of the amount of capillary water 

in the pore system on the rate of hydration.  In an unsealed system the amount of water in the 

hydration cement paste might be higher (or lower) than in case of sealed curing. This will 

result in a higher (or lower) rate of hydration. 

In Dong’s work [147], the rate of hydration �̇�  in the cement pastes with supply of 

additional water from outside was calculated with HYMOSTRUC [80, 107, 149]. The supply 

of additional water increases the water saturation level in capillary pores 𝑆𝑐𝑎𝑝 of cement paste, 

and hence the value of the reduction factors 2(, Scap) and 3(, Scap) in Eq. (6.2) (Note: 

higher values of the reduction factors, i.e. values closer to 1, result in a smaller decrease of 

the rate of hydration!). In case of simulating internal curing, the water transported from RHA 

can be seen as supply of additional water to the cement paste.  Hence, the approach used by 

Dong for evaluating the effect of supplying external water on the rate of hydration will also 

be used for evaluating the effect of water supply from mixed-in water reservoirs, i.e. saturated 

RHA particles.   

6.2.3.2 RHA particles and their pozzolanic reaction (System B) 

During mixing of RHA-blended cement paste, the porous RHA particles become filled with 

water. With the hydration of cement, the amorphous silica of RHA can react with calcium 

hydroxide, one of the hydration products of cement, resulting in so-called pozzolanic reaction. 

Part of RHA loses its porous structure and consumes the entrained water in the pozzolanic 

reaction. The remaining unreacted RHA particles can still hold some water. A particular stage 

of the hydration process is schematically shown in Figure 6.6. 

 

 

 
Figure 6.6 Schematic representation of RHA particle in blended cement paste 

Reacted part of RHA 

Absorbed water 

Unreacted part of RHA 

A hydrating blended cement paste RHA particle 

Empty pore after water release 



 | 82 

 

 

 

As discussed in chapter 5, the pozzolanic reaction and mass stoichiometry [53] of RHA can 

be described as follows: 

1.1𝐶𝐻 + 𝑆 + 2.8𝐻 → 𝐶1.1𝑆𝐻3.9 (6.6) 

   1.36          1        0.84             3.2      

where 𝐶𝐻 is calcium hydroxide with a molar mass of 74.093 𝑔/𝑚𝑜𝑙, 𝑆 is silica dioxide with 

a molar mass of 60.08 𝑔/𝑚𝑜𝑙 and 𝐻 is water with a molar mass of 18.015 𝑔/𝑚𝑜𝑙. Based on 

Eq. (6.6) the water consumed in the pozzolanic reaction at time 𝑡𝑗 , 𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗 , can be 

calculated with: 

𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗 = 0.84 ∙ 𝐶𝑆𝑖𝑂2
∙ 𝑚𝑅𝐻𝐴 ∙ 𝛽𝑗/𝜌𝑤  (6.7) 

where 𝐶𝑆𝑖𝑂2
 is the content (%) of amorphous silica in RHA, 𝑚𝑅𝐻𝐴 is the initial mass (g) of 

RHA in cement-RHA mixture, 𝛽𝑗 is the degree of pozzolanic reaction of RHA at time 𝑡𝑗, 𝜌𝑤 

is the density of water, i.e. 1 𝑔/𝑐𝑚3. The silica content of RHA-9 is 88.86%, and most of it 

is amorphous (Section 4.2). It is assumed that all the silica in the RHA is reactive.  

According to Eq. (6.7), the water consumption in the pozzolanic reaction (𝑉𝑤𝑎𝑡,𝑝𝑜𝑧) for 1 

g fully reacted RHA can be calculated, viz.: 

𝑉𝑤𝑎𝑡,𝑝𝑜𝑧 = 0.75 (𝑐𝑚3) =̂ 0.75 𝑔/𝑔 𝑅𝐻𝐴  (6.8) 

 The water absorption capacity of RHA-9 is 0.58 𝑔/𝑔 (see Chapter 5). This is less than the 

water consumption for the pozzolanic reaction as shown in Eq. (6.8).  

 The fact that the amount of water absorbed in the RHA particles is less than the amount 

of water needed for pozzolanic reaction implies that additional water is needed for complete 

reaction of the RHA. Assuming that the pozzolanic reaction occurs at the surface of the RHA 

particles, this extra water should be provided by the capillary water in the surrounding cement 

paste (which implies extra drying of the cement paste and hence an increase of the autogenous 

shrinkage!), or from the still in-tact RHA-core of the reacting particle. Because the cement 

and RHA particles are assumed to react independently (as discussed in section 6.2.2), the 

additional water for the pozzolanic reaction is considered to be taken from the amount that is 

present in the still unreacted part of RHA particles.  

 For calculating the degree of pozzolanic reaction 𝛽𝑗 , an extended version of the 

HYMOSTRUC program will be used, i.e. HYMOSTRUC-E, developed by Gao [150]. 

HYMOSTRUC-E can simulate the degree of pozzolanic reaction of pozzolanic materials 

(silica fume, fly ash or slag) and the DoH of the cement in blended cement systems. Because 

the chemical composition of RHA is similar to that SF, the RHA will be considered as a kind 

of coarse silica fume. The input parameters of the model regarding particle size distribution 

of the powders (cement and RHA), water-binder ratio and density, can be obtained from the 

experimental results in Chapter 4. Details of the simulation about 𝛽𝑗 are presented in section 

6.3.2. 
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6.2.3.3 Moisture transport between cement paste (system A) and RHA (system B) 

For simulation of the moisture transport, a stepwise procedure is followed. In each time step 

the systems A (cement paste) and B (RHA particles) of the blended system are assumed to 

react independent from each other. Because of the different pore structures and reaction rates 

the values of RH in the systems A and B will develop differently, suppose the pore systems 

of A and B are not connected. In reality, however, these pore systems are connected. Hence, 

moisture will migrate from the system with high RH to that with low RH, until an equilibrium 

is reached. During the transport process the amount of water received by the system with low 

RH, i.e. ∆Vwat, rec, should be equal to the amount of water released by the system with high 

RH, i.e. ∆Vwat, rel. 

To simulate the moisture transport between the systems A and B, the calculation is 

following the route below (see also Figure 6.7): 

Step 1a  Calculate the water decrement in the cement paste due to cement hydration 

(∆Vwat, hyd,j+1) in time step ∆tj+1, and determine the water saturation degree and 

relative humidity in cement paste at time 𝑡𝑗+1.   

Step 1b Calculate the water decrement in RHA particles due to pozzolanic reaction 

(∆Vwat, poz,j+1) in time step ∆tj+1, and determine the water saturation degree and 

relative humidity in RHA particles at time 𝑡𝑗+1. 

Step 2 Determine the amount of transported ‘exchange water’, needed to establish a new 

RH in the blended paste at time 𝑡𝑗+1. To reach this new RH equilibrium, RHA 

particles release part of entrained water ∆Vwat, rel,j+1, and cement pastes receive an 

amount of water ∆Vwat, rec,j+1.  

Details of the calculation procedures follow in the sub-sections below.  

 

 

 

Figure 6.7 Schematic representation of the moisture transport simulation by the water amount 
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6.2.3.3a Water saturation degree S and relative humidity RH in cement paste (Step 

1a) 

In system A (cement paste), at time 𝑡𝑗, the degree of hydration (DoH) of the cement is 𝛼𝑗. In 

the subsequent time step ∆𝑡𝑗+1 the degree of hydration will increase by ∆𝛼𝑗+1, resulting in 

change of the degree of saturation S and of the relative humidity RH in the pore system.   

 In the time step ∆𝑡𝑗+1 the water decrement ∆Vwat,hyd,j+1 due to cement hydration is:  

∆𝑉𝑤𝑎𝑡, ℎ𝑦𝑑,𝑗+1 = 0.4 ∙ 𝑚𝐶 ∙ ∆𝛼𝑗+1/𝜌𝑤  (6.9) 

where 𝑚𝐶 is the mass of cement in a unit volume of cement paste, 0.4 represents the total 

amount of chemically and physically bound water when 1 g of cement is has completely 

hydrated [11], 𝜌𝑤 is the density of water (1 𝑔/𝑐𝑚3). 

Considering the amount of water ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑐,j+1 received from RHA particles, the change 

of amount of water in cement paste ∆𝑉𝑤𝑎𝑡, pa,𝑗+1 in time step ∆𝑡𝑗+1 is: 

∆𝑉𝑤𝑎𝑡, 𝑝𝑎,𝑗+1 = ∆𝑉𝑤𝑎𝑡,ℎ𝑦𝑑,𝑗+1 − ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑐,𝑗+1  (6.10) 

For the amount of capillary water in cement paste after moisture transport 𝑉𝑐𝑎𝑝_𝑤𝑎𝑡, 𝑝𝑎,𝑗+1 

at time 𝑡𝑗+1, it holds: 

𝑉𝑐𝑎𝑝_𝑤𝑎𝑡, 𝑝𝑎,𝑗+1 = 𝑉𝑤𝑎𝑡,𝑝𝑎,𝑗 − ∆𝑉𝑤𝑎𝑡,𝑝𝑎,𝑗+1  (6.11) 

where 𝑉𝑤𝑎𝑡,𝑝𝑎,𝑗 is the total amount of water in cement paste at time 𝑡𝑗.  

The amount of capillary water 𝑉𝑐𝑎𝑝_𝑤𝑎𝑡, 𝑝𝑎  is stored in the capillary pore volume and 

determines the degree of saturation 𝑆𝑐𝑎𝑝,𝑝𝑎 of the cement paste. For the capillary pore volume 

𝑉𝑝𝑜𝑟,𝑝𝑎,𝑗 at time 𝑡𝑗, when the degree of hydration of the cement is 𝛼𝑗, it holds [9]:  

𝑉𝑝𝑜𝑟,𝑝𝑎,𝑗 =
𝜌𝑐𝑒

𝜌𝑤+𝜌𝑐𝑒∙
𝑤

𝑐

∙ (
𝑤

𝑐
− 0.3375 ∙ 𝛼𝑗) (6.12) 

where 𝜌𝑐𝑒 and 𝜌𝑤 are the densities of cement particles and water, which is 3.15 𝑔/𝑐𝑚3 and 

1 𝑔/𝑐𝑚3 respectively; 𝑤/𝑐 is the water-cement ratio and 𝛼𝑗  is the degree of hydration of 

cement at time 𝑡𝑗. 

With Eq. (6.10) - (6.12) the water saturation degree in the capillary pores of the cement 

paste, i.e. 𝑆𝑐𝑎𝑝,𝑝𝑎,𝑗+1, at time 𝑡𝑗+1 can be described as: 

𝑆𝑐𝑎𝑝,𝑝𝑎,𝑗+1 =
𝑉𝑐𝑎𝑝_𝑤𝑎𝑡, 𝑝𝑎,𝑗+1

𝑉𝑝𝑜𝑟,𝑝𝑎,𝑗+1 
=

𝑉𝑤𝑎𝑡,𝑝𝑎,𝑗−∆𝑉𝑤𝑎𝑡,ℎ𝑦𝑑,𝑗+1+∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑐,𝑗+1

𝑉𝑝𝑜𝑟,𝑝𝑎,𝑗+1
 (6.13) 

For the relative humidity in the cement paste 𝑅𝐻𝑝𝑎,𝑗+1 at time 𝑡𝑗+1, i.e. after moisture 

exchange during time step tj+1, it holds (Eq. (6.5)):  
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𝑙𝑛 𝑅𝐻𝑝𝑎,𝑗+1 =
4𝛾𝑉𝑚

𝑅𝑇
∙ (𝑒

𝑏 − 𝑉𝑐𝑎𝑝_𝑤𝑎𝑡,𝑝𝑎,𝑗+1

𝑎 ) (6.14) 

with 𝛾, 𝑉𝑚, 𝑅 and 𝑇 as indicated for Eq. (6.5). The parameters 𝑎 and 𝑏 varies with water-

cement ratio and degree of hydration of the cement. Values for 𝑎 and 𝑏 will be determined 

in section 6.3.1. 

6.2.3.3b Water saturation degree S and relative humidity RH in RHA (Step 1b) 

The degree of the pozzolanic reaction of system B (RHA particles) at time 𝑡𝑗 is 𝛽𝑗. In the 

subsequent time step ∆𝑡𝑗+1 the degree of reaction will increase by ∆𝛽𝑗+1, resulting in change 

of the degree of saturation 𝑆𝑅𝐻𝐴 and of the relative humidity 𝑅𝐻𝑅𝐻𝐴 in the pore system of the 

RHA.   

In time step ∆𝑡𝑗+1 the amount of water in the RHA particles will decrease by the water 

decrement ∆𝑉𝑤𝑎𝑡, 𝑝𝑜𝑧,𝑗+1: 

∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗+1 = ∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧𝐶,𝑗+1 − ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑅𝐻𝐴,𝑗+1  (6.15) 

where ∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧𝐶,𝑗+1 is the amount of water consumed by chemical reaction (pozzolanic 

reaction) in time step ∆𝑡𝑗+1 and ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑅𝐻𝐴,𝑗+1 the amount of water entrained in the volume 

of RHA that has reacted in time step ∆𝑡𝑗+1 . The amounts of water ∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧𝐶,𝑗+1  and 

∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑅𝐻𝐴,𝑗+1 in Eq. (6.15) can be calculated with: 

∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧𝐶,𝑗+1 = 0.84 ∙ 𝐶𝑆𝑖𝑂2
∙ 𝑚𝑅𝐻𝐴 ∙ ∆𝛽𝑗+1  (6.16) 

∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑅𝐻𝐴,𝑗+1 = 𝑆𝑅𝐻𝐴,𝑗 ∙ 𝑉𝑅𝐻𝐴 ∙ ∅𝑝𝑜𝑟𝑒,𝑅𝐻𝐴 ∙ ∆𝛽𝑗+1 (6.17) 

where 𝐶𝑆𝑖𝑂2
 the silica content of RHA (88.86%); 𝑚𝑅𝐻𝐴 the initial mass of RHA in cement-

RHA mixture; 𝑆𝑅𝐻𝐴,𝑗 the water saturation degree in the still unreacted cores or remaining 

RHA particles at time 𝑡𝑗, 𝑉𝑅𝐻𝐴 original volume of RHA particles, and  ∅𝑝𝑜𝑟𝑒,𝑅𝐻𝐴  the porosity 

of RHA particles, for which a value 0.55 has been measured (see Ch. 5). 

In a blended cement-RHA paste the amount of water in the RHA particles does not only 

change because of the pozzolanic reaction, but also as a result of water transport to the 

hydrating cement paste. Suppose that in time step ∆𝑡𝑗+1 the amount of water released to the 

cement paste is ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1. For the total decrease of the amount of water in remaining RHA 

particles, ∆𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1, it then holds: 

∆𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1 = ∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗+1 + ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1  (6.18) 

with ∆𝑉𝑤𝑎𝑡, 𝑝𝑜𝑧,𝑗+1 according to Eq. (6.15).  

For the remaining amount of water in RHA particles after moisture transport at time 𝑡𝑗+1, 

i.e. 𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1, it holds: 

𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1 = 𝑉𝑤𝑎𝑡,𝑅𝐻𝐴,𝑗 − ∆𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1   (6.19) 
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The amount of water 𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1  is stored in the pore volume 𝑉𝑝𝑜𝑟,𝑅𝐻𝐴,𝑗+1  of still 

unreacted RHA particles. For a degree of reaction 𝛽𝑗+1  of the RHA at time 𝑡𝑗  this pore 

volume is: 

𝑉𝑝𝑜𝑟,𝑅𝐻𝐴,𝑗+1 = 𝑉𝑅𝐻𝐴 ∙ (1 − 𝛽𝑗+1) ∙ ∅𝑝𝑜𝑟,𝑅𝐻𝐴   (6.20) 

where 𝑉𝑅𝐻𝐴 is original volume of RHA particles and ∅𝑝𝑜𝑟,𝑅𝐻𝐴 is the porosity of the RHA.  

With Eq. (6.19) and Eq. (6.20) the saturation degree 𝑆𝑅𝐻𝐴,𝑗+1 of RHA at time 𝑡𝑗+1 can be 

determined with: 

𝑆𝑅𝐻𝐴,𝑗+1 =
𝑉𝑤𝑎𝑡,𝑅𝐻𝐴,𝑗+1

𝑉𝑝𝑜𝑟𝑒,𝑅𝐻𝐴,𝑗+1 
=  

𝑉𝑤𝑎𝑡,𝑅𝐻𝐴,𝑗−∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗+1−∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1

𝑉𝑅𝐻𝐴∙(1−𝛽𝑗+1) ∙ ∅𝑝𝑜𝑟𝑒,𝑅𝐻𝐴 
   (6.21) 

For a given pore structure and pore volume, the degree of saturation determines the 

relative humidity. For the relationship between degree of saturation and relative humidity the 

experimentally obtained moisture isotherm of RHA-9 (Chapter 4) has been adopted. This 

relationship is shown in Figure 6.8. This figure shows that experimental results can be 

described with a mathematical expression (𝑅2 = 0.99): 

𝑙𝑛𝑅𝐻 = 0.0172 ∙ (𝑆−2.212 − 1)0.548  (6.22) 

Following this expression, the relative humidity of RHA after the moisture transport, 

𝑅𝐻𝑅𝐻𝐴,𝑗+1, at time 𝑡𝑗+1 can be calculated with (with 𝑆𝑅𝐻𝐴,𝑗+1 according Eq. (6.21)): 

𝑙𝑛 𝑅𝐻𝑅𝐻𝐴,𝑗+1 = 0.0172 ∙ (𝑆𝑅𝐻𝐴,𝑗+1
−2.212 − 1)

0.548
  (6.23) 

 

 

Figure 6.8 Relationship between RH and water saturation degree SRHA in RHA-9 based on 

desorption isotherm experiments (Chapter 4). 
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6.2.3.3c Determination of moisture exchange and resulting relative humidity (Step 2) 

After cement hydration and pozzolanic reaction in time step ∆𝑡𝑗+1 new values of the relative 

humidity in the systems A (cement paste) and B (RHA) are obtained. The differences in RH 

between system A and B drives the moisture transport to happen. At the end of time step 

∆𝑡𝑗+1 two conditions have to be fulfilled, viz.: 1) RH-equilibrium and 2) mass conservation. 

 

First condition: Relative humidity equilibrium. After moisture transport in time step ∆𝑡𝑗+1, 

the relative humidity in the hydrating cement paste and the RHA particles at time 𝑡𝑗+1 should 

be equal: 

𝑅𝐻𝑝𝑎,𝑗+1 = 𝑅𝐻𝑅𝐻𝐴,𝑗+1  (6.24) 

Second condition: Mass conservation. During the moisture transport in time step ∆𝑡𝑗+1, 

the amount of water ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑐,𝑗+1 received by one system should be equal to the amount of 

water ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1 released by the other system. In formula form: 

|∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑐,𝑗+1| = |∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1| = ∆𝑉𝑤𝑎𝑡,𝑗+1 (6.25) 

 For the relative humidity 𝑅𝐻𝑝𝑎,𝑗+1 and 𝑅𝐻𝑅𝐻𝐴,𝑗+1 the equations (6.14) and (6.23) it has 

been derived:  

Eq. (6.14):  𝑙𝑛 𝑅𝐻𝑝𝑎,𝑗+1 =
4𝛾𝑉𝑚

𝑅𝑇
∙ (𝑒

𝑏 − 𝑉𝑐𝑎𝑝_𝑤𝑎𝑡,𝑝𝑎,𝑗+1

𝑎 ) 

Eq. (6.23):  𝑙𝑛 𝑅𝐻𝑅𝐻𝐴,𝑗+1 = 0.0172 ∙ (𝑆𝑅𝐻𝐴,𝑗+1
−2.212 − 1)

0.548
 

 With Eq. (6.10) and Eq. (6.11) the term  𝑉𝑐𝑎𝑝_𝑤𝑎𝑡,𝑝𝑎,𝑗+1 in Eq. (6.14) can be rewritten, 

which leads to the following equation for 𝑅𝐻𝑝𝑎,𝑗+1 : 

𝑙𝑛 𝑅𝐻𝑝𝑎,𝑗+1 =
4𝛾𝑉𝑚

𝑅𝑇
∙ (𝑒

𝑏 − (𝑉𝑤𝑎𝑡,𝑝𝑎,𝑗− 𝑉𝑤𝑎𝑡,ℎ𝑦𝑑,𝑗+1+ ∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1)

𝑎 ) (6.26) 

 With Eq. (6.21) the term 𝑆𝑅𝐻𝐴,𝑗+1  in Eq. (6.23) can be rewritten, which leads to the 

following equation for 𝑅𝐻𝑅𝐻𝐴,𝑗+1: 

𝑙𝑛 𝑅𝐻𝑅𝐻𝐴,𝑗+1 = 0.0172 ∙ ((
𝑉𝑤𝑎𝑡,𝑅𝐻𝐴,𝑗−∆𝑉𝑤𝑎𝑡,𝑝𝑜𝑧,𝑗+1−∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1

𝑉𝑅𝐻𝐴∙(1−𝛽𝑗+1) ∙ ∅𝑝𝑜𝑟𝑒,𝑅𝐻𝐴 
)−2.212 − 1)

0.548

 (6.27) 

 At the end of time step ∆𝑡𝑗+1 the aforementioned conditions (6.24) and (6.25) have to be 

met. With 
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𝑅𝐻𝑝𝑎,𝑗+1 = 𝑅𝐻𝑅𝐻𝐴,𝑗+1 = 𝑅𝐻𝑗+1 

and 

|∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1| = |∆𝑉𝑤𝑎𝑡,𝑟𝑒𝑙,𝑗+1| = ∆𝑉𝑤𝑎𝑡,𝑗+1 

the two equations (6.26) and (6.27) contain two unknowns, i.c. 𝑅𝐻𝑗+1 and ∆𝑉𝑤𝑎𝑡,𝑗+1. Their 

values follow from solving these equations, resulting in the new value for the relative 

humidity 𝑅𝐻𝑗+1 at time at 𝑡𝑗+1. Implicitly also the values for the degree of saturation of the 

cement paste (system A) and the RHA (system B) are obtained, as well as the amounts of 

water in cement paste (𝑉𝑤𝑎𝑡, 𝑝𝑎,𝑗+1) and RHA particles (𝑉𝑤𝑎𝑡, 𝑅𝐻𝐴,𝑗+1)  at time 𝑡𝑗+1 . The 

latter values are needed for executing the next simulation step. 

6.2.4 Flow chart of the Internal Curing Simulation 

The Internal Curing Simulation is implemented in MATLAB. A flowchart of the simulation 

is presented in Figure 6.9. 

Initially, the cement paste and RHA both have a water saturation level of 100%. With 

HYMOSTRUC-E, the hydration increment of cement ∆𝛼𝑗+1 and the reaction increment of 

RHA ∆𝛽𝑗+1 in time step ∆𝑡𝑗+1 are determined. The hydration process and the pozzolanic 

reaction go along with consumption of water, i.e. the water decrement in cement paste and 

in the RHA particles.   

By fulfilling the RH equilibrium (Eq. (6.24)) and mass conservation (Eq. (6.25)) the 

moisture transport process is computed. The amount of exchanged water in time step  ∆𝑡𝑗+1 

and the resulting 𝑅𝐻𝑗+1 at time at 𝑡𝑗+1 are obtained. 

In the stepwise calculation procedure, the evolution of the degree of water saturation in 

cement paste and RHA are outputted, the development of internal RH in cement paste with 

RHA is simulated. 
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Figure 6.9 Flowchart for the simulation in the Internal Curing Simulation. 𝑡𝑚𝑎𝑥 is the maximal time 

for the simulation. 
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6.3 Determination of input parameters for HYMOSTRUC-E 

6.3.1 Parameters for pore size distribution in cement paste 

For running the numerical simulation program HYMOSTRUC-E, the capillary pore size 

distribution in hydrating cement paste (system A) is approximated by Eq. (6.3).  As 

mentioned in section 6.2.3.1, the parameters 𝑎 and 𝑏 in Eq. (6.3) still have to be determined.  

For determining the pore size distribution of plain cement paste at different ages,  

adsorption isotherms of hardened cementitious materials with different water-cement ratio 

collected by Xi et al. [151] are utilized. Based on the experiment result of Xi et al. [151], the 

parameters 𝑎 and 𝑏 are determined. The details of the calculation are shown in Appendix A.  

The parameters 𝑎 and 𝑏 for a cement paste (w/c = 0.18) versus degree of hydration are 

presented in Figure 6.10. The evolution of the parameters is obtained by spline curve fitting 

on several points. These two curves describe the 𝛼-dependency of the parameters 𝑎 and 𝑏 of 

the cement paste, and will be used for the Internal Curing Simulation. 

 

 

    

Figure 6.10 Evolution of the parameters 𝑎 and 𝑏 of a cement paste with different DoH (w/c = 0.18) 

6.3.2 Parameters for pozzolanic reaction of RHA 

HYMOSTRUC-E model developed by Gao [150] can simulate the hydration and 

microstructural development in hardening blend-cement paste. For running the model, the 

particle size distribution and mineral composition of RHA-9 and cement (relevant data is 

shown in Chapter 4) are needed. The input data for the cement and RHA for ‘20% RHA-9’ 

in HYMOSTUC-E is presented in Table 6.1.  
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Table 6.1 The input data of cement and RHA for ‘20% RHA-9’ in HYMOSTRUC-E 

Properties Value Properties Value 

Mixing-water/binder ratio* 0.26 Curing temperature [℃] 20 

Cement RHA-9 

Percentage in binder 80% Percentage in binder 20% 

n (RRD** parameter) 0.9338 n (RRB parameter) 1.5520 

c (RRD parameter) 0.0705 c (RRB parameter) 0.0237 

Mean particle size [𝜇𝑚] 13.7 Mean particle size [𝜇𝑚] 9.0 

Maximum particle size [𝜇𝑚] 50 Maximum particle size [𝜇𝑚] 50 

Minimum particle size [𝜇𝑚] 2 Minimum particle size [𝜇𝑚] 2 

Density [𝑘𝑔 𝑚3⁄ ] 3150 Density [𝑘𝑔 𝑚3⁄ ] 2100 

𝐾0 [𝜇𝑚 ℎ⁄ ] 0.05 𝐾0 [𝜇𝑚 ℎ⁄ ] 0.01 

𝛿𝑡𝑟 [𝜇𝑚] 0.3 𝛿𝑡𝑟 [𝜇𝑚] 0.016 

* The mixing-water/binder ratio is the amount of water added for casting per gram dry powders of binder. Here 

it includes the water in the superplasticizer. 

** RRD is Rosin-Rammler distribution for describing a particle size distribution. 

6.4 Simulation results 

The Internal Curing Simulation program will be used for simulating the moisture exchange 

between cement paste and RHA in blended mixtures and the internal RH change in plain 

cement pastes. Mixture compositions are shown in Table 6.2. First three mixtures are the 

same mixtures used in Section 4.2. The mixtures Ref 0.225 and Ref 0.18, which respectively 

have the same water-cement ratio (excluding RHA absorption) with mixtures 10% RHA-9 

and 20% RHA-9, are used for studying the effect of internal curing on the hydration of cement. 

As reported already in Chapter 5, the absorption capacity of dry RHA-9 particles is 0.58 

g/g at RH 100%, and the absorption process is finished in several minutes. The water-cement 

ratios of blended pastes after water absorption by RHA are listed in Table 6.2. 

Table 6.2 Proportion of cement-RHA mixtures used for internal curing modelling 

Mixture  

Mixing-

water/binder 

ratio* 

Water-cement ratio 

(excluding RHA 

absorption)** 

Cement replacement  

by RHA-9 

Superplasticizer-binder 

ratio 

20% RHA-9 0.25 0.180 20% 1.6% 

10% RHA-9 0.25 0.225 10% 1.6% 

Ref 0.25 0.25 0.260 0 1.6% 

Ref 0.225 0.225 0.225 0 0 

Ref 0.18 0.18 0.180 0 0 

* The mixing-water/binder ratio is the amount of water added for casting per gram dry powders of binder. It 

does not include the water in the superplasticizer.  

** The amount of water in the superplasticizer is considered when water-cement ratio is calculated. The solid 

mass content of superplasticizer is 35%. 

6.4.1 Evolution of hydration of cement and pozzolanic reaction of RHA  

The simulated and experimentally observed evolution of cement hydration in mixture ‘Ref 

0.25’ are presented in Figure 6.11 a. The experimentally observed evolution of cement 
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hydration is determined by measuring the change of non-evaporated water in hydrating 

cement paste. The simulated hydration curve is performed by HYMOSTRUC-E. The 

simulated and experimentally observed pozzolanic reaction of RHA-9 in mixture ‘20% RHA-

9’ are shown in Figure 6.11 b. The process of pozzolanic reaction determined by experiment 

is from Section 5.4.2 and the simulated process is from HYMOSTRUC-E. The Figure 6.11 

a and b show good agreement between the experimental and modelling results. This 

illustrates again that HYMOSTRUC-E can well simulate the evolution of the hydration of 

cement and the pozzolanic reaction of RHA, which is in line with earlier observation in [109, 

150].  

  

  

(a) Degree of hydration (b) Degree of pozzolanic reaction 

Figure 6.11 Simulated and experimentally observed evolution of the hydration of cement in Ref 0.25 

(a) and the pozzolanic reaction of RHA-9 in 20% RHA-9 (b) 

6.4.2 Plain cement paste 

In the Internal Curing Simulation, the pore size distribution of cement paste is described by 

Eq. (6.3). To check the validity, the experimental result of the internal RH change in the 

mixture ‘Ref 0.18’ and ‘Ref 0.25’ is utilized for comparison. In the measured result of internal 

RH, the initial RH drop can be attributed to dissolved salts in the pore solution. The RH drop 

because of ions in pore solution can be estimated with Raoult’s law [57]. The ion 

concentration of pore solution is not considered in the Internal Curing Simulation. It needs 

to mention that the experimental result of internal RH shown in Figure 6.12 excludes the 

influence of dissolved salts by using Raoult’s law. The water-cement ratio is 0.18 in mixture 

Ref 0.18, which is the same as that in mixture 20% RHA-9. The internal RH changes after 

casting determined by experiment and simulation are presented in Figure 6.12. The start point 

of curves is the onset of self-desiccation. In Figure 6.12, the simulated RH change is almost 

identical to the experimental result. This indicates that the internal RH change process in 

plain cement paste can be well described by the Internal Curing Simulation. 
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Figure 6.12 Internal RH modelling of the mixture Ref 0.18 and Ref 0.25 by Internal Curing 

Simulation 

6.4.3 Internal curing in cement pastes with RHA 

The equilibrated RH and water saturation degrees after moisture exchange are the outputs of 

the Internal Curing Simulation. The calculated saturation degrees of cement paste and RHA-

9 in mixture 10% RHA-9 and 20% RHA-9 are presented in Figure 6.13. The start point of all 

the curves is the onset of self-desiccation in the mixture. 

For the mixture ‘20% RHA-9’, the water saturation degree of cement pastes decreases at 

a very early age (< 1 day). After 1 day, the saturation degree increases to a high level and 

maintains there for the following time. For RHA particles, the water saturation degree 

maintains at a high level in 1 day and then decreases for the later ages. For explaining the 

reason, the phenomenon is divided into two periods. At the early ages (< 1day), the DoH of 

cement is small. The pore structure consists of more big pores and less small pores. Besides 

this, the total water content in the cement paste is more than that in RHA. It means the 

meniscus in cement paste exists in bigger pore than that in RHA. Based on the Kelvin 

equation, the bigger radius of meniscus represents a higher RH. The moisture moves from 

the cement paste to RHA and decreases the water saturation degree of cement paste. At the 

later ages (> 1day), due to the hydration of cement, the total water content and the pore size 

is reduced in cement paste. Meanwhile, the water content of RHA does not decrease much 

because of the low reaction degree. The radius of meniscus in the pores of RHA turns to be 

bigger than that in cement paste. The transport of moisture is in turn from RHA to the cement 

paste. Because of the high dosage (20%) in the mixture, RHA particles provide a significant 

amount of water (big decrease on water saturation degree) to cement paste and maintain its 

water saturation degree at a very high level. 

For the mixture ‘10% RHA-9’, similar increase-period is found in the trend of saturation 

degree of cement paste as the mixture ‘20% RHA-9’. However, the saturation degree of 

cement pastes in the mixture ‘10% RHA-9’ cannot maintain at a high level as it in the mixture 

‘20% RHA-9’. It is evident that RHA particles still released certain amount of water from 

the big decrease on water saturation degree. However, the total amount of entrained water in 

RHA particles in ‘10% RHA-9’ is obviously less than that in ‘20% RHA-9’. The lack of 

internal curing water leads the saturation degree of cement paste in ‘10% RHA-9’ less than 

that in ‘20% RHA-9’. 

 

70%

75%

80%

85%

90%

95%

100%

0 2 4 6 8 10

In
te

rn
al

 R
H

 [
%

]

Time [d]

Ref 0.25 experiment

Ref 0.25 simulation

Ref 0.18 experiment

Ref 0.18 simulation



 | 94 

 

 

 

 

Figure 6.13 Water saturation degrees of cement paste and RHA calculated from the Internal Curing 

Simulation in the mixture 10% RHA-9 and 20% RHA-9 

The hydration processes of cement in mixtures 10% RHA-9 and 20% RHA-9 simulated by 

Internal Curing Simulation are presented in Figure 6.14. The hydration processes in the plain 

cement pastes, simulated by HYMOSTRUC, which have the same water-cement ratio as 

cement-RHA mixtures, are shown in Figure 6.14 for comparison.  The reaction curves in 

Figure 6.14 indicates that the internal curing water from RHA particles enhances the cement 

hydration in cement-RHA mixtures. Because the total amount of water stored in RHA 

particles in mixture 20% RHA-9 is larger than in 10% RHA-9, the degree of hydration of 

cement in 20% RHA-9 increases more than that in 10% RHA-9. 

 

 

                    (a) Mixtures: 10% RHA-9 and Ref 0.225                 (b) Mixtures: 20% RHA and Ref. 0.18 

Figure 6.14 Comparison of hydration process of cement in cement-RHA mixtures and plain cement 

mixtures with same water-cement ratio 
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The numerically simulated RHs of the mixture 20% RHA-9 and 10% RHA-9 are compared 

with the experimental results in Figure 6.15. The start point of all the curves is the onset of 

self-desiccation.  

The simulated RHs in 10% RHA-9 and 20% RHA-9 show a good consistency with the 

experimental results. This indicates that the internal curing process in the blended 

cement/RHA system can be well described by the Internal Curing Simulation. 

 

 

Figure 6.15 Simulation and experimental results of internal RH in the mixture 10% RHA-9 and 

20% RHA-9 and Ref 0.25, measured from the onset of self-desiccation 

The simulation reflects the same trend as experiment, i.e. the internal RH in blended cement 

paste decreases slowly with the increase of the dosage of RHA. The results also demonstrate 

that the addition of RHA retards the development of self-desiccation of cement paste. 

6.5 Conclusion 

For a better understanding of the role of RHA on mitigating autogenous shrinkage, numerical 

simulations are performed. A model named Internal Curing Simulation is proposed to 

describe the evolution of the self-desiccation in the cement-RHA mixtures. In this chapter 

the following conclusions can be drawn: 

- By comparing the measured and simulated internal RH, it could be shown that the Internal 

Curing Simulation describes the moisture exchange between RHA and cement paste quite 

well. 

- From the perspective of retarding the self-desiccation, the effects of pozzolanic reaction 

and internal curing are competitive phenomena. The pozzolanic reaction of the RHA will 

intensify the self-desiccation, whereas the release of absorbed water by the RHA will 

mitigate self-desiccation. With the Internal Curing Simulation the effects of these two 

phenomena could be evaluated quantitatively and the effectiveness of RHA as internal 

curing agent was convincingly demonstrated. 
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Chapter 7  

Effectiveness of RHA for mitigating 

cracking tendency in UHPC  
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7.1 Introduction 

In previous chapters, it has been shown that at the scale of cement pastes, saturated RHA 

particles act as water reservoirs that can mitigate the autogenous shrinkage of low water-

binder ratio cement pastes by internal curing. Because the inert aggregates in UHPC usually 

won’t participate in the chemical reaction of cement or RHA, it can be expected that the 

autogenous shrinkage in UHPC will be mitigated efficiently by the similar RHA used in 

cement pastes. The engineering practice, however, will particularly be interested to see 

whether RHA mitigates not only the autogenous shrinkage in UHPC, but also the shrinkage-

induced tensile stresses and the resulting risk of cracking. The cracking tendency of UHPC 

does not only depend on the magnitude of the autogenous shrinkage, but also on the evolution 

of the mechanical properties, like stiffness and strength, and the time dependent properties, 

i.e. creep and relaxation. An in-depth study of RHA on the evolution of mechanical and time-

dependent properties is outside the scope of this study. Still it would be worth to give a 

preliminary indication of the use of RHA on the reduction of the shrinkage-induced cracking 

tendency of UHPC. For this reason, a simple ring test has been performed and discussed in 

this chapter to evaluate the effect of RHA on mitigating shrinkage-induced proneness to 

cracking of UHPC. The autogenous shrinkage, internal RH and compressive strength of 

UHPC with RHA were also measured. 

7.2 Materials 

The materials for UHPC specimens, actually mortar specimens, tested in this chapter are 

Portland cement (CEM I 52.5N), RHA, and a polycarboxylate-based superplasticizer (Solid 

mass content 35%), the same as used in Chapter 4. One additional constituent, namely silica 

sand with a particle size ranging from 125 to 250 µm, was added. 

Based on the optimization study in Chapter 4, RHA-9 was utilized for the UHPC mixture. 

The replacement percentage of cement by RHA is 20%. The UHPC composition is listed in 

Table 7.1. 

Table 7.1 UHPC mixture composition of mortar. Values by weight 

Mixture 

Mixing-

water/binder 

ratio* 

Superplastici

zer-binder 

ratio** 

Sand-

binder 

ratio 

Replacement 

of RHA  

[%] 

Mean 

particle 

size (D50) 

[μm] 

REF  0.25 1.6% 1 0 - 

RHA20% 0.25 1.6% 1 20 9.0 

* The mixing-water/binder ratio is the amount of water added for casting per gram dry powders of binder. It 

does not include water in the superplasticizer. 

**The 65% mass of superplasticizer is considered as water in this study. 

7.3 Methods 

7.3.1 Autogenous shrinkage and internal RH 

The preparation of UHPC samples and the test procedure for the measurement of autogenous 

shrinkage and internal RH were the same as described in Chapter 3.  



 | 99 

 

 

 

7.3.2 Restrained ring test 

The effectiveness of using RHA in UHPC to mitigate the shrinkage-induced susceptibility to 

cracking was investigated by means of a restrained ring test. The restrained ring test consists 

of a cylindrical specimen cast around a steel ring. As the specimen shrinks, the steel ring 

prevents the specimen from deforming, resulting in the development of tensile stress in the 

specimen [152]. If these tensile stresses exceed the tensile strength of the specimen, cracking 

will occur. 

In order to estimating the induced tensile stress and the time of cracking in the UHPC 

specimen, the restrained ring test procedure given by ASTM C1581-09 is followed. The test 

setup and geometry of the ring-shaped specimen are shown in Figure 7.1. Four strain gauges 

were glued to the interior surface of the steel ring at midheight. The positions of these gauges 

are opposite each other along the diameter of the inner steel ring. During testing, any moisture 

exchange with the environment is prevented. It can be done by covering the upper surface 

with sealing tapes after casting. The contact surface between the steel rings and the steel base 

was sealed by a sealing gel without adhesion. The test equipment is shown in Figure 7.2. 

 

 

 

Figure 7.1 Test setup and geometry of the ring specimen 

 

 

Figure 7.2 Test equipment for the restrained ring test 
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The strain gauges on the inner surface of the steel ring start to record exerted strains about 

30 minutes after casting. The strain of the steel ring was measured with five-minute intervals. 

With the measured strain of the steel ring the maximum tensile stress in the test specimen 

𝜎𝑐,𝑚𝑎𝑥 can be derived with equation (7.1) [152]. 

𝜎𝑐,𝑚𝑎𝑥(𝑡) = −𝜀𝑠(𝑡)𝐸𝑆 (
𝑅𝐼𝐶

2 +𝑅𝑂𝐶
2

𝑅𝑂𝐶
2 −𝑅𝐼𝐶

2 ) (
𝑅𝐼𝐶

2 −𝑅𝐼𝑆
2

2𝑅𝐼𝐶
2 )  (7.1) 

where 𝜀𝑠(𝑡) is the strain measured in the steel ring at time 𝑡 and 𝐸𝑆 is the elastic modulus of 

the steel ring, i.e. 206 GPa. As indicated in Figure 7.1, 𝑅𝐼𝐶 is the inner radius of the specimen, 

𝑅𝑂𝐶 is the outer radius of the specimen, and 𝑅𝐼𝑆 is the inner radius of the steel ring. For the 

test device used it holds: R𝐼𝐶 is 87.5 cm, R𝑂𝐶 is 137.5 cm and R𝐼𝑆 is 75 cm. 

7.3.3 Compressive strength 

Compressive strength of UHPC samples at ages of 1d, 3d, 7d and 28d was measured on cubic 

specimens. The specimen size is 40 × 40 × 40 mm3. The specimens were cast and cured in 

the sealed plastic bags for avoiding water loss at 20 ± 1 ˚C until testing. Three samples were 

measured for each mixture. The test procedure follows EN206.  

7.4 Results and discussion 

7.4.1 Autogenous shrinkage and internal RH 

The autogenous shrinkages of the UHPC mixture with and without RHA are represented in 

Figure 7.3. The autogenous shrinkages were measured from the onset of self-desiccation as 

discussed in Chapter 3. Figure 7.3 shows that using RHA significantly reduces the 

autogenous shrinkage of the UHPC specimen. In mixture RHA20% the autogenous shrinkage 

measured from the onset of self-desiccation during the first 14 days after casting, is only 80 

µm/m. This indicates that the incorporation of sand in UHPC mixtures (compared to the 

earlier tested RHA-modified pastes, see Figure 4.13) does not affect the effectiveness of RHA 

 

 

 

Figure 7.3 Autogenous shrinkage of UHPC with and without RHA. Autogenous shrinkage measured 

from the onset of self-desiccation 
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on mitigating autogenous shrinkage. RHA performs as good as it in cement pastes. The 

similar phenomenon was also found in Tuan’s work [6].  

Figure 7.4 shows the internal RH change of UHPC during the first 14 days. The addition 

of RHA reduced the drop of RH in the UHPC specimen. Even after 14 days, the internal RH 

can be maintained at 90% in UHPC mixture RHA20%. This indicates that even with the 

incorporatioin of sand, the UHPC specimen still can be internally cured efficiently by the 

water from RHA. 

 

 

  

(a) Internal RH change since casting (b) Internal RH decrease since casting 

Figure 7.4 Internal RH change of UHPC with and without RHA 

7.4.2 Compressive strength  

The compressive strength of UHPC with and without RHA is shown in Figure 7.5. Adding 

RHA to the mixture increases the compressive strength of UHPC at all ages (1d, 3d, 7d, 28d) 

compared to the reference specimen. The compressive strength of UHPC with RHA reaches 

160 MPa at 28d. Due to its porous structure, some of the water is absorbed by RHA during 

mixing. It leads to a decrease in the initial water binder ratio in the mixture and thus reduces 

the porosity. For the UHPC mixture RHA20%, the initial water binder ratio is decreased to 

0.14 from 0.26 (absorption rate of RHA is 0.58 𝑔/𝑔 from section 5.4.1). In the later stage 

due to the internal curing by the saturated RHA particles, extra water is released (see also 

Figure 5.13). This amount of curing water increases the water saturation degree of cement 

paste and facilitates the hydration of cement (see also Figure 6.13 and Figure 6.14), which 

increases the compressive strength further. Similar phenomenon and explanation can also be 

found in [114].  

A high compressive strength in concrete normally means a high tensile strength. 

Considering the small autogenous shrinkage of the mixture with RHA, combined with a high 

tensile strength, the risk of cracking is expected to be low. This will be checked in the next 

section by the ring test. 
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Figure 7.5 Compressive strength of UHPC with and without RHA 

7.4.3 Restrained ring test - cracking tendency 

The result of the ring test of UHPC specimens with and without the RHA after casting is 

shown in Figure 7.6. Figure 7.6 b shows that the tensile stress in the mixture RHA20% 

increases earlier than that in the reference mixture REF without RHA. The setting time of the 

UHPC mixture with RHA is shorter, the onset of self-desiccation is earlier (Figure 7.6 a), so 

the tensile stress increases earlier compared to the reference mixture. In both mixtures, after 

the initial increase, the tensile stress starts to decrease at about 20-24 hours after casting and 

then increases again. Similar results have also been found by other researchers. Mechtcherine 

et al. [97] related this decrease of tensile stress to the thermal expansion due to the 

development of the hydration heat in the cementitious specimens. Park et al. [153] considered 

this decrease negligible from the engineering point of view because it only takes a very small 

part of the whole tensile stress change.  

When the performance of the two UHPC mixtures during the first 14 days is compared, it 

seems that the addition of RHA significantly reduces the steel ring strain (Figure 7.6 a) and 

tensile stress (Figure 7.6 b) of the mortar specimen. The tensile stress of the specimen with 

RHA is about 2.3 MPa at the age of 14d, which is 3 times smaller than the tensile stress in 

the reference specimen at the same age. This also indicates that the addition of RHA 

dramatically reduces the shrinkage-induced susceptibility to cracking in UHPC. The 

phenomenon can be explained by two reasons. First, the addition of RHA reduces the drop 

of internal RH in UHPC, leading to small driving force to autogenous shrink. Second, the 

tensile strength of UHPC with RHA is higher (or similar) than that of the reference, resulting 

in a higher capacity to resist the tensile stress caused by autogenous shrinkage. These two 

effects of the addition of RHA together reduce the proneness to cracking of UHPC. 

During the ring test, there is no crack happened in 28 days in the mixture RHA20%. The 

sealing tape of the specimen was removed at about 32 days. The ring-shape specimen was 

exposed to the environment with 50% RH at 20 °C. The drying shrinkage of the specimen 

causes the strain of steel ring increases rapidly and the cracking occurs in several days after 

the removal of sealing (Figure 7.6). This indicates that RHA can maintain the RH at a high 

level in the UHPC mixture for a long period. 

A similar reduction on the tensile stress in a restraint ring test was also found in UHPC 

with the addition of super absorbent polymers (SAP). Mechtcherine et al. [97] illustrated that 

at the concrete age 50 days the stresses induced in UHPC specimen containing SAP were 

approximately 2 MPa, which was 4 times smaller than the corresponding stresses in the  
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(a) (b) 

Figure 7.6 Restrained ring test of sealed UHPC specimens after casting (a) Measured steel strain 

(b) Tensile stress 𝜎𝑐,𝑚𝑎𝑥 calculated from the measured steel strain (Eq. (7.1))  

reference concrete (w/b=0.19) at the same age. Like the SAP, the addition of RHA can 

effectively reduce the proneness to cracking of UHPC. 

7.5 Conclusions 

RHA appears to be a good additive to mitigate autogenous shrinkage and the proneness to 

cracking in UHPC. It is an effective internal curing agent, even compared to SAP, especially 

in UHPC application. In this chapter, the following conclusions can be drawn. 

1) Incorporating sand in UHPC mixtures does not affect the effectiveness of RHA on 

mitigating autogenous shrinkage of UHPC at early age. RHA performs as good as it 

is in cement pastes. 

2) The addition of RHA increases the compressive strength of UHPC. From that an 

increase of the tensile strength might be expected as well, which further contributes 

to a decrease of the proneness to cracking of RHA-modified UHPC. 

3) The proneness to cracking in UHPC at early age is reduced with the addition of RHA, 

as observed from the restrained ring tests. 
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Chapter 8  

Retrospection, conclusions and 

prospects 
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8.1 Retrospection 

Ultra-high performance concrete (UHPC) has become one of the promising types of concrete 

of the 21st century thanks to its ultra-high-strength, low permeability, and excellent durability 

characteristics. However, the low water/binder ratio and the use of silica fume in UHPC result 

in high autogenous shrinkage, which significantly increases the cracking potential of UHPC 

in the first few weeks after casting. Such early-age cracking tends to negate the many 

advantages of UHPC and limits its utilization in construction.  

Autogenous shrinkage, as a major component of early-age shrinkage in UHPC, is a 

consequence of the self-desiccation during cement hydration. The key to mitigating 

autogenous shrinkage is to counteract the self-desiccation. The conventional strategy of 

external moisture-curing has proved to be effective in normal concrete. Nevertheless, this 

method is not efficient for UHPC. Penetration of moisture from external curing into the 

interior of the element is hindered due to its dense microstructure. For overcoming this issue, 

a methodology called internal curing was proposed in the 1990s. Water reservoirs are mixed 

with cement during casting and then readily release water as needed to replace moisture lost 

through self-desiccation. Lightweight aggregates and super-absorbent polymers (SAP) are 

two common-used reservoirs for internal curing in conventional concrete and high strength 

concrete, while they have drawbacks in UHPC applications. Lightweight aggregates do not 

meet the requirement of the maximum size of aggregate in UHPC. SAP generates voids in 

the range of hundreds of micrometers after the release of water, which may negatively 

influence the durability of UHPC. Therefore, searching for new water reservoirs for internal 

curing in UHPC remains a motivation for researchers, which is also the principal objective 

of this research. 

After extensively searching and studying, rice husk ash distinguishes itself from its porous 

structure and pozzolanic reactivity. The effect of rice husk ash on the mitigation of 

autogenous shrinkage for UHPC mixes was investigated in this research. The mechanisms 

behind the phenomenon were also studied and revealed. The following analysis and 

evaluations of these aspects will be given in detail below. 

In Chapter 3, the onset of autogenous shrinkage was investigated in cement pastes with 

low water/cement ratios. The onset of internal RH drop is a more plausible start time of 

autogenous shrinkage for estimating the (autogenous) shrinkage caused by self-desiccation. 

This determination of the start time reduces the distraction from the different “time-zero” 

when autogenous shrinkage is evaluated. 

In Chapter 4, RHA was produced by using a drum incinerator and ground to different 

fineness. The effect of various aspects of RHA on the autogenous shrinkage of cement pastes 

was studied experimentally. Some influencing parameters were identified: 

a) Mean particle size of RHA 

When the mean particle size is bigger than 15 𝜇𝑚, a large amount of superplasticizer 

is required to achieve a certain fluidity for cement pastes containing RHA [6]. When a 

mean particle size of less than 7 𝜇𝑚 is strived at, the required grinding time increases 

rapidly. Therefore, for obtaining proper workability of the mixtures and saving energy, 

the mean particle sizes of RHA for the study were chosen to be 7.1 µm, 9 µm and 12.1 

µm, respectively. 

b) Cement replacement content by RHA 

The workability of cement pastes is dramatically reduced with the increase of RHA 

content when the superplasticizer dosage is fixed. Therefore, the RHA dosage in the 
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study was limited to a maximum of 25%, which were 10%, 15%, 20% and 25%, 

respectively. 

In Chapter 5, the mixture ‘20% RHA-9’ (mean particle size 9 µm, cement replacement 

20%) was defined as the research target since it nearly eliminated the observed autogenous 

shrinkage. For revealing the mechanism of mitigating the autogenous shrinkage by using 

RHA, several factors were investigated, respectively: 

a) Liquid absorption capacity of RHA 

b) Pozzolanic reaction of RHA 

In Chapter 6, numerical simulation of internal curing in cement paste with RHA has been 

performed, aiming for a better understanding of the mechanism of RHA on mitigating 

autogenous shrinkage. An Internal Curing Simulation was proposed to describe the process 

of the self-desiccation in the cement-RHA mixtures. Within this model, it was assumed that 

the drop of saturation of pores in cement paste is instantaneously compensated by the water 

transported from RHA and redistributed in the cement matrix. The moisture exchange 

between RHA and cement paste is well described by The Internal Curing Simulation. 

In Chapter 7, the effectiveness of RHA on mitigating the autogenous shrinkage of UHPC 

was evaluated. The cracking probability of UHPC with RHA was also investigated.  

8.2 Conclusions 

In this thesis, the possibility of using RHA to mitigate the autogenous shrinkage of UHPC 

was investigated by both experimental studies and numerical simulation. The general 

conclusions of this study are given as follows: 

Onset of autogenous shrinkage 

‑ The onset of internal RH drop is used as the start of autogenous shrinkage, which is 

more plausible for estimating the (autogenous) shrinkage caused by self-desiccation, 

comparing to the final setting time.  

The optimization of RHA on the fineness and dosage 

‑ The effect of the fineness of RHA, i.e., the mean particle size of 7.1 µm, 9 µm and 

12.1 µm, on the autogenous shrinkage and self-desiccation of cement pastes was 

found to be neglectable. This is because the water absorption capacity and pozzolanic 

reaction extent of three different RHAs were both close. 

‑ The autogenous shrinkage of cement pastes decreases with the increasing dosage of 

RHA. A larger dosage of RHA leads to a less significant drop of internal RH in 

cement pastes. 

‑ With the optimized dosage (20%) and mean particle size (9 µm), the autogenous 

shrinkage of cement pastes at early age can be eliminated by using RHA. 

Mechanism of mitigating the autogenous shrinkage by using RHA 

‑ With the development of cement hydration, the self-desiccation occurs in cement 

paste, and a RH gradient is created between the RHA particle and the surrounding 

cement paste. Due to capillary suction and moisture diffusion, water gradually 

releases from RHA to cement pastes until a new RH equilibrant is reached. This 

amount of released water provides the internal curing for the mixture, thus counteracts 

self-desiccation and reduces the driving force of autogenous shrinkage. 
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‑ The pozzolanic reaction of RHA can intensify the self-desiccation and negatively 

affects the mitigation of autogenous shrinkage of cement pastes, but this influence is 

limited in 7 days. 

‑ Comparing to the SAPs and lightweight aggregates, RHA is a competitive candidate 

as an internal curing agent. 

Numerical simulation of internal curing 

‑ The proposed model - Internal Curing Simulation was proved to be capable to 

describe the moisture exchange between RHA and cement paste. 

Mitigating autogenous shrinkage in UHPC 

‑ The incorporation of RHA dramatically reduces the autogenous shrinkage of UHPC 

in the first 14 days. The addition of RHA increases the compressive strength of UHPC, 

as same in the cement paste. 

‑ The proneness to cracking in UHPC at early age is reduced with the addition of RHA, 

as observed from the restrained ring tests. 

8.3 Contributions 

The main contributions of this study are listed: 

“Time-zero” is a critical terminology in the research field of autogenous shrinkage. The 

method for determining “time-zero” has been debated for decades, and no consensus has been 

reached up to date. In this research, an improved hygrometer method was proposed to monitor 

the internal RH change starting one hour after casting. With the help of this particular 

experimental result, the onset of internal RH drop is considered as a more plausible start time 

of autogenous shrinkage for estimating the autogenous shrinkage caused by self-desiccation. 

It is directly linked to the onset of self-desiccation, which corresponds to the time of initiation 

of the driving forces leading to autogenous shrinkage. 

With the incorporation of optimized RHA, the early-age autogenous shrinkage of both the 

cement pastes and UHPC can be mitigated to less than 50 microstrains without the 

jeopardizing of strength.  

Comparing to other internal curing agents, RHA has its own characteristics and 

advantages. Although the water absorption capacity of RHA is smaller than SAP, it can still 

retain a significant amount of water. Due to the smaller particle size than SAP, RHA is more 

convenient to distribute in dense concrete, especially in UHPC, for internal curing.  

The Internal Curing Simulation is proved as a good numerical tool to study the mechanism 

of mitigating autogenous shrinkage in blended cement system. From the perspective of 

retarding the self-desiccation, the effects of pozzolanic reaction and internal curing are 

competitive phenomena. The pozzolanic reaction will intensify the self-desiccation, whereas 

the release of absorbed water by the internal curing agent will mitigate self-desiccation. It is 

hard to separate them and determine their contribution to the self-desiccation from the 

experimental result. Nevertheless, with the Internal Curing Simulation the effects of these 

two phenomena could be evaluated quantitatively and the effectiveness of internal curing 

agent was convincingly demonstrated.  
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8.4 Prospects 

From this study, several aspects are recommended for future research: 

‑ The water absorption capacity and pozzolanic activity are two critical factors that 

affect the efficiency of mitigating autogenous shrinkage by using RHA. Both aspects 

are related to the pore structure and amorphous silicate content of RHA, and are 

strongly influenced by the incineration process of rice husks. The effect of the burning 

procedure on the properties of RHA needs to be studied. If this effect can be described 

quantitatively, a customized internal curing agent based on RHA is expected to be 

manufactured for different purposes. 

‑ The simulation of the moisture exchange between RHA and cement paste in this 

thesis assumes that the self-desiccation is practically instantaneously compensated by 

the curing water from RHA. Although the simulated result is consistent with the 

experimental result, the actual moisture transport is a time-dependent process. The 

Moisture Exchange & Reaction model can be modified in future to a time-dependent 

moisture transport model, which can more accurately describe and predict the RH 

change in cement paste containing RHA.  

‑ Nowadays, global warming is a big challenge for the whole human race. The 

manufacture of clinker of Portland cement releases a mass of greenhouse gas (𝐶𝑂2) 

to the environment. Minimizing the consumption of Portland cement is a possible 

solution as a response to climate change for the concrete industry. As an agriculture 

by-product, replacing cement by RHA in concrete can reduces the cost of concrete 

production and increases environmental benefits. However, the high-water demand 

constrains the increase of the RHA content in UHPC. In fact, it is known that the 

addition of some pozzolans like fly ash and blast furnace slag can improve the 

workability of fresh concrete. This gives an idea that the cement replacement level 

can be increased further by using RHA combined with these pozzolans. This aspect 

should be investigated. 
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Summary 

Concrete made with Portland cement has good behaviour under compressive stress, but it is 

weak in tension. Cracking caused by tension is a typical problem in concrete practice. High 

autogenous shrinkage at early ages is one of the causes of cracking, especially in high/ultra-

high performance concrete. In that stage shrinkage is strongly related to the decrease of 

relative humidity (RH) inside the concrete. To minimize the probability of cracking induced 

by autogenous shrinkage at early age, internal curing, which can provide moisture inside the 

concrete, has been proposed. Several internal curing agents, such as Super Absorbing 

Polymers (SAP) and saturated lightweight aggregate (LWA), are utilized in high 

performance concrete and have shown good results for mitigating autogenous shrinkage. The 

use of these agents, however, also have some drawbacks. Searching for an alternative internal 

curing methods for ultra-high performance concrete remains a challenge. 

A possible candidate for serving as internal curing agent is rice husk ash (RHA). Rice 

husk ash distinguishes itself by its porous structure and pozzolanic reactivity. When the rice 

husk is incinerated completely under appropriate conditions, the residue, RHA, contains 90-

96% amorphous silica and has a very high specific surface area due to its porous structure. 

The effect of rice husk ash on mitigating autogenous shrinkage for UHPC mixes was 

investigated in this research.  

In the research field of autogenous shrinkage, there is a continuous debate on the methods 

for determining the onset of autogenous shrinkage. It was found that the onset of internal RH 

drop is a more plausible starting point for quantitative description of (autogenous) shrinkage 

caused by self-desiccation that the often used final setting time. 

After determination of the onset of autogenous shrinkage, the effect of the fineness and 

dosage of RHA on the autogenous shrinkage of blend RHA-cement pastes were determined 

experimentally. With the optimized dosage (20%) and mean particle size (9 µm), the 

autogenous shrinkage of cement pastes can be eliminated almost completely by the mixed-in 

RHA. 

Then, the mechanism of mitigating autogenous shrinkage by using RHA is evaluated. 

RHA, as a porous material, can absorb water during mixing and release it at later ages for 

internal curing, thus counteracting self-desiccation and reducing autogenous shrinkage. At 

the same time water is consumed by the pozzolanic reaction of RHA, intensifying self-

desiccation. Results of autogenous shrinkage tests reveal that in mixture 20%RHA-9 the 

degree of pozzolanic reaction of RHA in 28 days is relatively small. This indicates that the 

effect of the first mechanism, i.e. internal curing by release of water by RHA particles, is 

more important than the effect of the water-consuming pozzolanic reaction of the RHA.   

For a better understanding of these two effects of RHA on mitigating autogenous 

shrinkage, numerical simulations are performed. A model named Internal Curing Simulation 

is proposed to describe the evolution of the self-desiccation in the cement-RHA mixtures. 

The blended system consists of two powders, i.e. cement paste and RHA. For modelling the 

reaction processes, these two powders are considered, at first, separately. The hydrating 

cement paste is called system A, and the RHA is called system B. System B exhibits 

pozzolanic activity. The hydrating system A consumes water and gradually dries out. When 

this hydration process starts, water will flow from the saturated RHA particles to the drying 

cement matrix. From that moment on the rate of hydration of system A will be affected by 

the water coming from the system B (RHA). At the same time, however, the RHA reacts in 

a pozzolanic reaction. Since this pozzolanic reaction needs water, the water transport from 
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system B to system A will slow down, stops, or even water is taken from the hydrating cement 

paste for the pozzolanic reaction, potentially resulting in extra self-desiccation. 

By comparing the measured and simulated internal RH, it could be shown that the Internal 

Curing Simulation describes the moisture exchange between RHA and cement paste quite 

well. From the perspective of retarding the self-desiccation, the effects of pozzolanic reaction 

and internal curing are competitive phenomena. The pozzolanic reaction of the RHA will 

intensify the self-desiccation, whereas the release of absorbed water by the RHA will mitigate 

self-desiccation. With the Internal Curing Simulation, the effects of these two phenomena 

could be evaluated quantitatively and the effectiveness of RHA as internal curing agent was 

convincingly demonstrated.    

Finally, after the experimental and numerical study of RHA in cement pastes with low 

water-cement ratio, the effectiveness of RHA to mitigate autogenous shrinkage was 

illustrated by performing a classic ring test for studying the proneness to cracking of UHPC. 

The results showed that RHA is a promising additive indeed to mitigate autogenous shrinkage 

and proneness to cracking in UHPC.  

To summarize, this thesis investigated the possibility of RHA as an internal curing agent 

in blended RHA-cement mixtures. With the optimized fineness and dosage of RHA, the 

early-age autogenous shrinkage of both the cement pastes and UHPC can be mitigated to less 

than 50 microstrains without jeopardizing the strength. The Internal Curing Simulation 

quantitatively described the effects of internal curing and pozzolanic reaction on mitigating 

autogenous shrinkage by using RHA quite well. It illustrated that numerical simulations can 

be most helpful to understand the role of RHA in mitigating autogenous shrinkage in low 

water-cement ratio mixtures and can be used for optimizing mixture designs of low-shrinkage 

concrete. 
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Samenvatting 

Beton gemaakt met portlandcement gedraagt zich goed onder drukspanning, maar is zwak 

onder trekspanning. Scheurvorming als gevolg van trek is een typisch probleem bij het 

toepassen van beton. Grote autogene krimp bij jong beton is één van de oorzaken van 

scheurvorming, vooral in beton met (ultra)hoge sterke (UHPC). In jong verhardend beton is 

krimp sterk gerelateerd aan de afname van de relatieve vochtigheid (RV) in het beton. Om 

de kans op scheurvorming als gevolg van autogene krimp bij jong beton te minimaliseren, is 

interne nabehandeling voorgesteld, waarbij vocht in het beton wordt gebracht. Verschillende 

producten voor interne nabehandeling, zoals superabsorberende polymeren (SAP) en 

verzadigd lichtgewicht aggregaat (LWA), worden gebruikt in hoogwaardig beton en hebben 

goede resultaten opgeleverd voor het verminderen van autogene krimp. Het gebruik van deze 

middelen heeft echter ook een aantal nadelen. Het zoeken naar een alternatieve interne 

nabehandelingsmethode voor ultrahoogwaardig beton (UHPC) blijft een uitdaging. 

Een kansrijke kandidaat voor interne nabehandeling is rijstkafas. Rijstkafas onderscheidt  

zich door zijn poreuze structuur en puzzolane reactiviteit. Wanneer rijstkaf onder de juiste 

omstandigheden wordt verbrand bevat het residu, RHA, 90-96% amorfe silica en heeft het 

door zijn poreuze structuur een zeer hoog specifiek oppervlak. Het effect van rijstkafas op 

het verminderen van autogene krimp voor UHPC-mengsels werd in dit onderzoek onderzocht.  

Met betrekking tot autogene krimp is er een voortdurende discussie over de methoden om 

het aanvangstijdstip van autogene krimp te bepalen. In het onderzoek bleek dat de start van 

de interne RV-daling een plausibel uitgangspunt is voor de kwantitatieve beschrijving van 

(autogene) krimp door zelfuitdroging, beter dan de vaak gebruikte ‘einde binding’.  

Na het bepalen van het startmoment van de autogene krimp werd het effect van de fijnheid 

en de dosering van RHA op de autogene krimp van RHA-cementpastas experimenteel 

onderzocht. Met de geoptimaliseerde dosering (20%) en de gemiddelde deeltjesgrootte (9 

µm) zorgt de toegevoegde RHA ervoor dat autogene krimp van cementpastas bijna volledig 

wordt geëlimineerd. 

Vervolgens is het mechanisme van de vermindering van autogene krimp door het gebruik 

van RHA geëvalueerd. Als poreus materiaal kan RHA tijdens het mengen water opnemen en 

in latere stadia weer afgeven voor interne nabehandeling, waardoor zelfuitdroging wordt 

tegengegaan en autogene krimp wordt verminderd. Tegelijkertijd wordt echter ook water 

verbruikt voor de puzzolane reactie van RHA, waardoor de zelfuitdroging wordt versterkt. 

Uit de resultaten van de autogene krimpproeven blijkt dat in het mengsel 20%RHA-9 de mate 

van puzzolane reactie van RHA na 28 dagen nog relatief gering is. Dit wijst erop dat het 

effect van het eerste mechanisme, dat wil zeggen interne nabehandeling door afgifte van 

water door RHA-deeltjes, belangrijker is dan het effect van de water verbruikende puzzolane 

reactie van het RHA.  

Voor een beter begrip van deze twee effecten van RHA op het verminderen van autogene 

krimp worden numerieke simulaties uitgevoerd. Een model met de naam Internal Curing 

Simulation wordt voorgesteld om de ontwikkeling van de autogene krimp in cement-RHA 

mengsels te beschrijven. Het gemengde systeem bestaat uit twee poeders, namelijk 

cementpasta en RHA. Voor de modellering van de reactieprocessen worden deze twee 

poeders eerst afzonderlijk beschouwd. De hydraterende cementpasta wordt systeem A 

genoemd en de RHA systeem B. Systeem B vertoont puzzolane activiteit. Het hydraterende 

systeem A verbruikt water en droogt geleidelijk uit. Wanneer dit hydratatieproces begint, 

stroomt er water van de verzadigde RHA-deeltjes naar de drogende cementmatrix. Vanaf dat 
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moment wordt de hydratatiesnelheid van systeem A beïnvloed door het water uit systeem B 

(RHA). Tegelijkertijd reageert het RHA echter in een puzzolane reactie. Aangezien deze 

puzzolane reactie water nodig heeft, zal het watertransport van systeem B naar systeem A 

vertragen, stoppen, of kan het zelfs zo zijn dat er water onttrokken wordt aan de hydraterende 

cementpasta voor de puzzolane reactie, wat mogelijk leidt tot extra zelfuitdroging. 

Door de gemeten en gesimuleerde interne RV te vergelijken kon worden aangetoond dat 

de vochtuitwisseling tussen RHA en cementpasta vrij goed kon worden gesimuleerd. Vanuit 

het oogpunt van vertraging van de zelfuitdroging zijn de effecten van de puzzolane reactie 

en de interne nabehandeling concurrerende verschijnselen. De puzzolane reactie van RHA 

versterkt de zelfuitdroging, terwijl de afgifte van geabsorbeerd water door RHA de 

zelfuitdroging vermindert. Op basis van de gesimuleerde interne nabehandeling konden de 

effecten van deze twee verschijnselen kwantitatief worden geëvalueerd en kon de 

doeltreffendheid van RHA voor interne nabehandeling overtuigend worden aangetoond.    

Na de experimentele en numerieke studie van RHA in cementpasta's met een lage water-

cementfactor werd ten slotte de doeltreffendheid van RHA om autogene krimp tegen te gaan 

geïllustreerd door een klassieke ringtest uit te voeren om de scheurgevoeligheid van UHPC 

te bestuderen.  De resultaten toonden aan dat RHA inderdaad een veelbelovend additief is 

om autogene krimp en scheurgevoeligheid in UHPC te verminderen.  

Samengevat is in dit proefschrift de mogelijkheid van RHA als intern nabehandeling in 

RHA-cementmengsels onderzocht. Met de geoptimaliseerde fijnheid en dosering van RHA 

kan de vroegtijdige autogene krimp van zowel de cementpastas als UHPC worden beperkt 

tot minder dan 50 microrekken zonder dat dit de sterkte in gevaar brengt. De simulatie van 

interne nabehandeling beschreef kwantitatief de effecten van interne uitharding en puzzolane 

reactie op het verminderen van autogene krimp door het gebruik van RHA. Het illustreerde 

dat numerieke simulaties zeer nuttig kunnen zijn om de rol van RHA voor het verminderen 

van autogene krimp in mengsels met een lage water-cementfactor te begrijpen en kunnen 

worden gebruikt voor het optimaliseren en ontwerpen van mengsels voor krimparm beton.. 
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Appendix 

Parameters a and b determination in cement 

paste 

 

Based on the best-known isotherm model (Brunauer-Emmett-Teller (BET) model [154]), Xi 

et al. [151] developed a mathematical model to predict adsorption isotherms of hardened 

cementitious materials. The adsorption of water in cementitious materials is affected by many 

parameters, such as type of cement, the water-to-cement ratio 𝑤/𝑐, temperature 𝑇 [𝐾] and 

curing time 𝑡 [𝑑]. The amount of adsorbed water 𝑊 (kg in a unit volume of the material) can 

be calculated according to: 

𝑊 =
𝑉𝑚

′ ∙𝐶∙𝑘′′∙𝑅𝐻

(1−𝑘′′∙𝑅𝐻)∙[1+(𝐶−1)∙𝑘′′∙𝑅𝐻]
  (A.1) 

where 𝑅𝐻 is the relative humidity, and 𝑉𝑚
′ , 𝐶 and 𝑘′′ stand for: 

𝐶 = 𝑒𝑥𝑝 (
855

𝑇
),    𝑘′′ =

(1−1 𝑛′⁄ )∙𝐶−1

𝐶−1
   (A.2) 

𝑉𝑚
′ = (0.068 −

0.22

𝑡
) ∙ (0.85 + 0.45 ∙

𝑤

𝑐
) ∙ 𝑉𝑐𝑡 (A.3) 

𝑛′ = (2.5 +
15

𝑡
) ∙ (0.33 + 2.2 ∙

𝑤

𝑐
) ∙ 𝑁𝑐𝑡 (A.4) 

The value of 𝑉𝑐𝑡 and 𝑁𝑐𝑡 depends on the type of cement. For ordinary Portland cement, 𝑉𝑐𝑡 

and 𝑁𝑐𝑡 are taken as 0.9 and 1.1, respectively. In the calculation, 𝑇 is 293 [K],  𝑤/𝑐 is chosen 

to be 0.3 when 𝑤/𝑐 is less than 0.3 and 𝑡 is chosen to be 5 when the age of cement paste is 

less than 5 days [151]. Note that this formula deals with cement pastes after the age of 0.25 

days.  

With the determined parameters (Eq. (A.2) - Eq. (A.4)), the adsorption isotherm of a 

hardened cement paste can be determined according to Eq. (A.1). The adsorption property of 

cement paste can be converted into the pore size distribution, and then helps to determine the 

parameters 𝑎 and 𝑏.   

A plain cement paste with w/c 0.18 is used as an example to show the calculation process. 

The pore size distribution of cement paste from adsorption isotherm is shown in Figure A.1.  
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Figure A.1 Pore size distribution of cement paste (w/c=0.18) from the adsorption isotherm in Xi et 

al. [151] 

As discussed in Chapter 6, a simple expression shown below is utilized in Internal Curing 

Simulation to describe the pore size distribution of cement paste.   

𝑉≤𝑑 = 𝑎 ∙ (𝑙𝑛 𝑑) + 𝑏  (A.5) 

Based on the result in Figure A.1, the parameters 𝑎  and 𝑏  with different ages can be 

determined. The ages can be converted to the degree of hydration by using HYMOSTRUC 

model. An evolution of the parameters 𝑎 and 𝑏 is obtained as shown in Figure A.2. 

 

 

Figure A.2 Evolution of the parameters 𝑎 and 𝑏 of a cement paste with different DOH (w/c = 0.18) 
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