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Abstract 

This research aims to understand the influence of microcracks on the transport properties of 

concrete. Concretes, mortars and pastes  (w/c: 0.35 and 0.50; curing ages: 3, 28 and 90 days) 

were conditioned to equilibrium by drying at 105°C, 50°C (7%RH), 21°C (33%RH) or by 

stepwise drying at 21°C (93%RH  3%RH) to produce varying degrees of microcracking 

prior to transport tests. The characteristics of microcracks were measured using fluorescence 

microscopy and image analysis. The data were used to understand factors influencing 

microcracks and to quantify the influence of microcracks on the transport properties.   

All samples exhibited drying-induced microcracks perpendicular to the exposed surface.  

Most of the microcracks had widths < 10 μm and lengths < 100 μm. Increasing the severity of 

drying caused a significant increase in the degree of microcracking, O2 diffusivity, O2 

permeability and sorptivity. Furthermore, a significant size effect was observed. Samples with 

smaller ratio of sample thickness to maximum size of aggregate had more severe 

microcracking and consequently higher O2 permeability.  

Image analysis showed that microcracks undergo closure when the sample is confined. This 

significantly decreased O2 permeability and the effect was greater for samples with a higher 

degree of microcracking. Image analysis showed that the initial water absorption is 

dominated by rapid absorption into microcracks. Subsequent uptake then occurs through non-

cracked regions at a much lower rate. This produced non-linear behaviour in the water 

absorption-time
½
 plot that deviates from classical unsaturated flow theory.  However, the 

study found that O2 diffusivity and electrical conductivity were relatively insensitive to 

microcracking.  

Micro-cracked samples were reconditioned at gradually increasing humidity to study the 

influence of rewetting on transport properties and to isolate the effect of microcracking from 

water content. Moisture hysteresis was observed when the samples were rewetted. Results 

showed that, following rewetting, the effect of microcracks on transport properties is 

insignificant when the comparison is made between samples of similar degree of saturation. 

This may be due to condensation and self-healing of microcracks that occur upon rewetting.  

The implications of the findings from this study on the impact of drying-inducing 

microcracking on the durability of most real concrete structures are discussed.   
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Notation  

Roman letters 
 

a                              Fitting constant 

ASR Alkali-silica reaction 

A Cross-sectional area of sample (m
2
) 

A* Image area (mm
2
) 

AC Crack area (mm
2
) 

AAC Crack area fraction 

BSE Backscattered electron 

C Concrete 

CCD Charge-coupled device 

C2 Concentration of oxygen in the oxygen stream at 1 bar (m
3
/m

3
) 

C1 Mean concentration of oxygen in the nitrogen stream at 1 bar (m
3
/m

3
) 

CA Concentration of oxygen (mol/m
3
) 

CT Computed tomography 

C-S-H Calcium Silicate Hydrate                          

C3S 3CaO.SiO2 

C2S 2CaO.SiO2 

C3A 3CaO.Al2O3 

C4AF 4CaO.Al2O3.Fe2O3 

D Diffusion coefficient (m
2
/s) 

D1, D2, D3, D4 Drying regime 1, 2, 3, 4, respectively 

DICM Digital image correlation method 

DSLR Digital single-lens reflex 

d Crack density (mm
-1

) 

ESEM Environmental scanning electron microscope 

FEIM Fluorescent epoxy impregnation method 

FM Fluorescence microscopy 

FOV Field of View 

FIB-nt Focused Ion Beam Nanotomography 

g Gravity acceleration (m/s
2
)    

G0 Percentage of oxygen in the initial nitrogen stream 

G1 Percentage of oxygen in outflow stream 
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GGBS Ground granulated blastfurnace slag 

h Capillary rise height (m) 

heq The equilibrium capillary rise height (m) 

HPC High-performance concrete 

i Cumulative absorbed water per unit area of the inflow face (g/m
2
) 

I Current through the sample 

ITZ Interfacial transition zone 

JA Oxygen transport rate (kg/m
2
.s) or (moles/m

2
.s)       

k Coefficient of permeability (m/s)  

kint Intrinsic permeability of the material (m
2
) 

kg O2 permeability coefficient (m
2
) 

L Total crack length (m) 

t Thickness of sample (mm) 

Li Length of each crack 

LSCM Laser scanning confocal microscopy 

M Mortar 

M Mass of a sample in the preconditioned state (g) 

md Mass of sample at 105C oven-dried condition (g) 

ms Mass of sample at SSD condition (g) 

mw Mass of sample (g) 

MSA Maximum size of aggregate (mm) 

N Number of data    

NL The number of intersections per length of grid line 

O Overall degree of orientation of cracks 

OM Optical microscopy 

P Paste 

P1 * Pressure of oxygen stream (bar) 

P2 * Pressure difference oxygen stream (bar)  

P1 Absolute pressure on the inlet face (N/m
2
) 

P2 Absolute pressure on the outlet face (N/m
2
) 

Pm Mean pressure of the inlet and outlet streams 

ph The hydrostatic pressure (Pa) 

pc Capillary pressure (Pa) 

PL(α) The number of intersections at the α 

PLmax The maximum PL when α varies 
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PLmin The minimum PL when α varies 

Q Oxygen diffusion rate at 1 bar (m
3
/s) 

Q* Oxygen permeation rate (m
3
/s) 

r Radius of the capillary (m) 

r.d. Relative density   

R Electrical resistance (Ω)   

R
2 

Correlation coefficient 

R1 Flow rate of nitrogen stream (mL/min) 

R2 Flow rate of oxygen stream (mL/min) 

RH Relative humidity (%) 

S Sorptivity coefficient (g/m
2
.min

1/2
) 

S0 Sorptivity obtained before the sample reached saturated (g/m
2
.min

1/2
) 

S1 Sorptivity obtained in Stage 1 (g/m
2
.min

1/2
) 

S2 Sorptivity obtained in Stage 2 (g/m
2
.min

1/2
)                               

SCMs Supplementary cementitious materials 

SEM Scanning electron microscopy 

SE Standard error 

Silica fume     SF 

SSD Saturated-surface dry    

t/MSA Sample thickness to maximum size of aggregate 

U Voltage drop across the sample (V) 

UV Ultraviolet 

v The volume of sample (mm
3
) 

w Water content (%) 

wair Weight of sample in air (g) 

wwater Weight of sample immersed in water (g) 

w/c Water to cement ratio 

∆W/A Mass of absorbed water per unit inflow area 

x Distance (m) 
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Greek letters 
 

α                      Angle to a fixed axis 

θ Accessible porosity   

θt Total porosity  

ρ The density of water (g/mm
3
) 

ρ* Density of fluid (kg/m
3
) 

ρe Electrical resistivity (Ωm) 

η Dynamic viscosity of the fluid (N.s/m
2
) 

ηg Dynamic viscosity coefficient of the fluid (N.s/m
2
) 

β A constant 

σ Standard deviation 

σe Electrical conductivity (S/m) 

 Diameter (mm) 

γ Surface tension (N/m)  

δ Liquid/solid contact angle (°) 

ϕ Inclination angle of the capillary pore or crack to the inflow surface (°) 
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Chapter 1-Introduction 

1.1 Research background 

Concrete is the most commonly used construction material in the world. Annual consumption 

is estimated to be 25 billion tonnes [CSI, 2009], and current demand for concrete continues to 

rise in developing countries, such as China, India and Brazil. In developed countries, a large 

fraction of the construction budget is spent on repairing and replacing aging infrastructure. In 

America for example, repair and replacement costs of structures take up almost 40% of the 

total construction budget [Mehta and Monteiro, 2005]. It is therefore essential that concrete 

structures remain durable for as long as possible. In the past several decades, the performance 

of concrete structures, in particular durability, has received widespread attention. However, a 

thorough understanding of the fundamental mechanisms affecting the durability of concrete is 

still lacking due to its complex nature and interaction with various environmental factors. 

As a porous material, concrete is not totally impermeable to external substances. Various 

gases, liquids, and ions can move into concrete due to different driving forces. Depending on 

the driving force, there are three main transport processes involved: diffusion, permeation and 

absorption. Diffusion is the flow of gas/ions under a concentration gradient, while permeation 

of liquids is driven by a pressure gradient. Absorption can be described as the ability of 

concrete to absorb water by means of capillary force. The interaction between concrete and 

external substances can cause concrete to deteriorate. At least ten different concrete 

deterioration processes have been recognized [Buenfeld, 1997], all of which are related to the 

transport of aggressive agents into concrete, with the exception of mechanical damage (e.g. 

abrasion, erosion) [Neville, 2011]. One example is chloride-induced reinforcement corrosion, 

which is rate-controlled by the transport of oxygen, moisture and chloride ions. 

Most concrete structures in service are inevitably subjected to some amount of drying-

induced shrinkage. If shrinkage is restrained, whether externally or internally, tensile stresses 

will develop and potentially cause microcracking if they exceed the local tensile strength. The 

formation of microcracks in concrete can also be induced by plastic shrinkage, autogenous 

shrinkage, thermal contraction, carbonation, freezing and thawing, alkali-silica reaction, and 

corrosion of reinforcement. It has been recognised that concrete in real structures is generally 

always cracked [Hearn, 1999]. 
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It has long been suspected that drying-induced microcracks (normally less than 100 µm) 

could facilitate the transport of aggressive agents and that this would have an impact on the 

durability of concrete structures. However, the literature contains very few studies that have 

directly characterised the microcracks and correlated their characteristics to the mass 

transport properties of concrete. Numerous studies [e.g. Samaha and Hover, 1992; Wang et 

al., 1997; Aldea et al., 1999a,b; Hearn, 1999; Lim et al., 2000; Yang et al., 2006; Picandet et 

al., 2009; Zhou et al., 2012; Akhavan et al., 2012; Djerbi Tegguer et al., 2013; Özbay et al., 

2013; Rastiello et al., 2014] have been performed to study the effect of mechanically-induced 

damage on the mass transport properties of cementitious materials. However, it should be 

noted that the cracks caused by mechanical loading are much larger than drying-induced 

microcracks and often propagate through the sample. 

Microcracks may grow into macrocracks if concrete is subjected to severe structural loads or 

environmental conditions. Consequently, the development of cracks may form an 

interconnected and percolated crack network, and this would accelerate the transport of 

aggressive agents and degradation of concrete structures. 

To summarize, the flow of aggressive agents through micro-cracked concrete may 

compromise the durability and long-term performance of concrete structures. Thus, it is 

essential to investigate the transport properties of micro-cracked concrete and to understand 

the influence of microcracks on the properties of concrete. Although the impact  of 

microcracks on concrete durability has been highlighted by many researchers [Wong et al., 

2009; Soutsos, 2010; Bisschop and Wittel, 2011; Akhavan et al., 2012; Djerbi Tegguer et al., 

2013], there is still a lack of systematic and rigorous studies on the nature of drying-induced  

microcracks and their influence on transport properties of concrete. More crucially, no 

attempt has been made to isolate the effect of microcracks from other factors, such as water 

content and porosity, on transport properties. Therefore, the extent of the influence of 

microcracks remains unclear. 

1.2 Objectives and scope 

The aim of this research is to understand the influence of drying-induced microcracks on the 

transport properties of cement-based materials, in particular concrete. Specific objectives are 

to: 

 Characterise microcracks by microscopy and image analysis 
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 Investigate and understand the factors influencing microcracking 

 Quantify the influence of microcracks on the transport properties  

Microcracking will be induced in paste, mortar and concrete samples by drying. Different 

factors including drying regime, aggregate size, sample thickness, cement type (CEM I, silica 

fume, and ground granulated blastfurnace slag) and water/cement ratio are tested to 

determine their influence on microcracking and transport properties in terms of oxygen 

diffusivity, oxygen permeability, water sorptivity and electrical conductivity. Image analysis 

will be applied to characterise microcracks and the results will be correlated to the measured 

transport properties. Since the measured transport properties are also influenced by water 

content, attempts will be made to isolate this effect from other factors.  

 

1.3 Thesis outline 

Eight chapters are presented in this thesis. Chapter 1 introduces the research background, 

objectives and scope of the study. Chapter 2 presents a literature review on the topics relevant 

to the scope of this thesis. Chapter 3 presents the materials and methodology of experimental 

work, including sample preparation, transport tests, imaging techniques and image analysis 

approach. The main findings of this research are then presented in the next four chapters 

(Chapter 4 to 7).  

Chapter 4 presents the effect of aggregate size, sample thickness, drying regimes and related 

microcracking on the mass transport properties of cementitious materials. Mass transport tests 

are normally carried out on samples with thickness (t) of 50 mm or around three times the 

maximum size of aggregate (MSA) particles. However, this research showed that a t/MSA 

ratio of 3 was not sufficient to give representative results. It was found that O2 permeability 

decreased with increasing t/MSA, but remained relatively constant beyond t/MSA of 10. 

However, this size effect was not seen on O2 diffusivity and water sorptivity. Image analysis 

showed that the increase in O2 permeability at low t/MSA ratio is attributable to the influence 

of microcracks.  

Chapter 5 deals with the effect of microcracking on the water absorption in concrete. An 

abnormality in the water absorption was found whereby the relationship between water 

uptake and square root of elapsed time was observed to be increasingly non-linear in micro-

cracked samples. Image analysis was then conducted to analyse the water penetration through 
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microcracks and non-cracked regions. The effect of microcracks on the water absorption is 

discussed.  

Chapter 6 provides another approach to study the influence of microcracking on mass 

transport properties. O2 diffusivity and O2 permeability were measured while the samples 

were subjected to increasing confining pressure up to 1.9 MPa. The results showed that the 

gaseous transport properties of micro-cracked samples decreased significantly when the 

confining pressure was increased. The effect was more significant for O2 permeability than 

for O2 diffusivity, and for samples with larger crack widths. Image analysis showed that 

closure of microcracks occurred when samples were confined at relatively low compressive 

stresses and that this influenced transport properties. Therefore, the results showed that 

microcracking had a more significant effect on O2 permeability, consistent with the findings 

from Chapter 4.  

Chapter 7 presents an approach to study the influence of microcracking on gaseous transport 

properties by isolating the effect of degree of water saturation and to assess the influence of 

rewetting on the transport properties of micro-cracked cementitious materials. This was done 

by first drying samples in several ways to induce varying amounts of microcracking, and then 

reconditioning the samples at increasing relative humidity. Significant moisture hysteresis 

was observed when samples were rewetted. The results showed that the difference in 

measured transport properties was insignificant when comparison was made between samples 

of similar degrees of water saturation. This showed that the influence of microcracks on 

transport properties is small upon rewetting, probably because of a) blockage of the 

microcracks due to moisture condensation, and b) self-healing of the microcracks due to 

further cement hydration.  

Finally, the main findings from this thesis are summarised in Chapter 8. The implications of 

these findings are discussed, in particular regarding the influence of drying-induced 

microcracks on the durability of real concrete structures. Recommendations for further 

research are given. 
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Chapter 2-Literature review 

This chapter presents a literature review on the topics relevant to the scope of this thesis. 

Since the microcracks investigated in this thesis are caused by drying, the mechanism of 

drying-induced microcracking will be examined in detail, and other types of non-structural 

cracking will be given a brief review. Subsequently, the existing imaging techniques and 

approaches to quantify microcracks will be identified and evaluated. More importantly, the 

findings from past studies on the effect of microcracks on the transport properties of 

cementitious materials will be critically reviewed. Finally, the implications of microcracking 

on the durability of concrete are discussed. 

2.1 Mechanisms of microcracking 

The formation of cracking in concrete can be induced by structural loads and non-structural 

loads. Structural loads generally produce macrocracks which are large and clearly visible to 

the naked eye in most cases, while non-structural loads (e.g. drying shrinkage and autogenous 

shrinkage) produce cracks that are smaller. According to The Concrete Society [1992], types 

of non-structural cracking mainly include cracks caused by drying shrinkage, crazing, 

corrosion of reinforcement, alkali-silica reactions (ASR), carbonation, freezing and thawing 

cycles, early thermal contraction, and plastic shrinkage, as shown in Fig. 2.1. The main focus 

of this thesis will be drying-induced cracking. Other types of microcracking induced by 

autogenous shrinkage, crazing, ASR, corrosion of reinforcement, and freezing and thawing 

cycles will be briefly reviewed.  
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Figure 2.1 Illustration of typical non-structural cracks in concrete structures [Concrete 
Society, 1992]. Note: A-C, plastic settlement cracking; D-F, plastic shrinkage cracking; 

G-H, early thermal contraction; I, drying shrinkage cracking; J-K, crazing; L-M, 

corrosion cracking; N, alkali-silica reaction cracking. 

2.1.1 Drying-induced microcracking 

Most concrete structures in service are inevitably subjected to drying and thus volumetric 

shrinkage. This drying-induced shrinkage occurs when water residing in pores evaporates. 

The water that is lost due to drying can be categorised into capillary water, adsorbed water 

and interlayer water, as illustrated in Fig. 2.2 [Mehta and Monteiro, 2005]. Water in large 

capillary pores (>50 nm) is thought to be free water since its removal does not produce any 

shrinkage; while water in small capillaries (5 to 50 nm) is held by strong capillary tension and 

thus, its removal generates shrinkage. The loss of adsorbed water and interlayer water at very 

low relative humidity (less than 30%RH) can lead to substantial shrinkage [Mehta and 

Monteiro, 2005].   
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Figure 2.2 Illustration of the types of water associated with the calcium silicate hydrate 

(C-S-H) [Mehta and Monteiro, 2005] 

Drying of concrete produces non-homogenous distribution of humidity within the concrete 

with the highest moisture gradient at the exposed surface. Several studies have measured the 

moisture gradient on the cross section of a sample subjected to drying. For instance, Yang et 

al. [2013] presented the distributions of relative humidity on the cross section of normal and 

high performance concrete samples with different drying durations in Fig. 2.3. Results show 

that the moisture gradient decreased with depth from the exposed surface. Similar moisture 

profiles on the cross section of cementitious materials with the surface exposed to drying 

conditions were also observed by Terrill et al. [1986] and Wei et al. [2013].  

 

 

Interlayer 

water 
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            (a) Normal concrete       (b) High performance concrete 1   (c) High performance concrete 2 

Figure 2.3 Distribution of internal RH results after several periods of drying (50C, 

RH=35%) for (a) normal concrete, w/b=0.68, (b) high performance concrete 1, w/b=0.30, 

and (c) high performance concrete 2 (7.4% micro-silica, 20% pulverised fuel ash), 

w/b=0.25 [Yang et al., 2013] 

The drying-induced moisture gradient would cause shrinkage gradient and thus strain 

gradient within the concrete [Hwang and Young, 1984]. The shrinkage of material near the 

drying surface is restrained by the underlying material that shrinks less. This produces an 

internal restraint, which is also known as self-restraint [Bisschop and van Mier, 2002b]. 

Another type of internal restraint is caused by the presence of aggregates and/or reinforcing 

steel. In addition, drying shrinkage can be restrained by external restraints such as adjacent 

members and formwork. According to ACI Committee 224 [2001], a typical value for the 

final shrinkage strain in a normal concrete is 600  10
-6

, while the strain capacity of concrete 

is typically 150 x 10
-6

 or less. Hence, the tensile stresses that develop when shrinkage is 

restrained can potentially cause cracking, as illustrated in Fig. 2.4 by Martinola et al. [2001].  
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Figure 2.4 Stress distribution and crack formation in a concrete element subjected to 

drying. h: humidity, hext: external humidity, ti (i = 1 to n): different time duration 

[Martinola et al., 2001] 

The mechanism of drying-induced microcracking has been studied experimentally. For 

example, Maruyama and Sasano [2014] applied digital image correlation method (DICM) to 

quantify the strain distribution on the cross section of concrete samples subjected to drying, 

and used fluorescent epoxy impregnation method (FEIM) to visualize drying-induced 

microcracks. The data was then used to study the correlation between microcracks and the 

measured strain. Fig. 2.5 shows typical results of minimum and maximum principal strain 

distributions (b and c), and the related crack distributions (d and e). It was found that 

maximum shrinkage occurred between mortar and coarse aggregates, where most of 

microcracks were observed. The detected cracks can be divided into bond cracks which 

appear at the interface between aggregates and cement paste, and matrix cracks that appear in 

the cement paste, as illustrated and observed in Fig. 2.6 and Fig. 2.7 respectively. This typical 

pattern of drying-induced microcracks was also observed by others [Goltermann, 1995; 

Bisschop and van Mier, 2002a, b; Wong et al., 2009]. 
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    (a) Section of concrete     (b) Min principle strain distribution    (c) Max principle strain distribution 

                        

     (d) Crack distribution detected by fluorescent epoxy      (e) Close-up of square in the section 

Figure 2.5 Strain and crack distribution in concrete section dried at 20C, 60%RH for 9 

days [Maruyama and Sasano, 2014] 
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              (a) Illustration of matrix cracks                                       (b) Typical matrix cracks 

Figure 2.6 Matrix crack opening mechanism: cracks developed perpendicular to the 

surface of aggregates [Maruyama and Sasano, 2014] 

 

   

                 (a) Illustration of bond cracks                                             (b) Typical bond cracks 

Figure 2.7 Bond crack opening mechanism: cracks developed at aggregate-mortar 

interface [Maruyama and Sasano, 2014] 

Another observation is that matrix cracks tend to propagate from the surface of one aggregate 

particle to the surface of a neighbouring aggregate particle. Interestingly, Bisschop and van 

Mier [2002a] presented an example showing propagation of a matrix microcrack connecting 

Matrix 

cracks 

Bond cracks 
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to neighbouring sand particles (Fig. 2.8). The mortar sample was firstly imaged at 3°C, 

70%RH, and then imaged at a much dry condition (30°C, 13%RH) using an environmental 

scanning electron microscope (ESEM). 

   

                         (a)  3°C, 70%RH                                                          (b) 30°C, 13%RH 

Figure 2.8 ESEM micrographs of a wet-cured sample taken at (a) 3°C, 70%RH, (b) 

after 30 minutes at 30°C, 13%RH. SG=sand grain [Bisschop and van Mier, 2002a] 

A cell-like crack pattern is often observed on the surface of samples subjected to drying. For 

example, Bisschop and Wittel [2011] applied different drying regimes (immediately or 

gradually exposed to 20°C, 26%RH) to cement paste (no external restraint) to produce 

different degrees of microcracking upon drying. The typical drying-induced microcrack 

pattern on the surface of cement paste is shown in Fig. 2.9. These microcracks propagated 

into the interior of the sample.  

 

Figure 2.9 Binary image of crack pattern on the drying surface of 33 cm cement paste 

sample after 2 months drying at 20C, 26%RH 

Matrix microcrack 
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Idiart et al. [2012] attempted to avoid surface microcracking induced by non-uniform drying 

by drying the samples in a stepwise manner from 95%RH to 60%RH, but they were 

unsuccessful. This suggests the difficulty of conditioning cementitious materials without 

moisture gradient effects.  

Conventional oven drying at 40°C to 105°C is commonly used to condition samples prior to 

transport tests [Watson and Oyeka, 1981; Picandet et al., 2001; Snoeck et al., 2012]. For 

example, concrete samples were dried at 60°C for 1 month prior to the nitrogen permeability 

testing by Picandet et al. [2001]. However, this may produce additional microcracks as drying 

at elevated temperatures would cause a moisture and thermal gradient across the sample. This 

has been reported in many studies. For example, Wong et al. [2009] characterised the 

microcracking in cementitious materials that were subjected to oven drying at 50°C and 

105°C. Typical microcracks (matrix and bond cracks) with widths of about 0.5 to 10 µm were 

observed in mortar and concrete samples (Fig. 2.10).  

 

Figure 2.10 Typical matrix and bond microcracks on concrete samples (w/c: 0.5, curing 

age: 90 days) dried at 105°C [Wong et al., 2009] 

The main parameters influencing the formation of microcracks are the rate of drying, 

thickness of sample, size and volume fraction of aggregate particles, the aggregate-paste 

bond, tensile strength and creep properties of the cement paste matrix, and stiffness contrast 

between aggregate and paste [Hobbs, 1974; Bazant and Raftshol, 1982; Hwang and Young, 

1984; Goltermann, 1995; Bisschop and van Mier, 2002b]. Cement-based composites can be 

free of cracks provided that the drying rate is extremely low or the sample thickness is limited 

to a few mm [Bazant and Raftshol, 1982], but these conditions are rarely met, so it is 
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reasonable to assume that most concrete structures are micro-cracked. Although the published 

literature contains investigations of the mechanism and pattern of drying-induced 

microcracking, studies that have thoroughly characterised drying-induced microcracks and 

their influencing factors such as drying rate, sample thickness and aggregate size are limited. 

2.1.2 Autogenous shrinkage induced microcracking 

Shrinkage-induced microcracking can also be induced by self-desiccation due to hydration. 

Since the volume of the reaction products formed is less than the reactants, empty pores will 

generate within the hydrating paste structure [Neville, 2011]. If these empty pores are not 

subsequently filled with external water, autogenous shrinkage will occur. This shrinkage is 

relatively small and it does not need to be distinguished from drying shrinkage in most 

common situations [Neville, 2011]. In addition, autogenous shrinkage occurs uniformly 

through the concrete and causes no strain gradient. This is sometimes beneficial to the 

concrete, for example, it may produce a “clamping pressure” on fibres incorporated into 

concrete mixtures [Stang, 1996].  

However, autogenous-shrinkage induced cracking may be a problem in high-performance 

concrete (HPC) containing supplementary cementitious materials (SCMs) such as silica 

fume, ground granulated blastfurnace slag (GGBS), and fly ash. A typical HPC is 

characterised by a low water/binder ratio (<0.4), relatively high cement content, incorporation 

of SCMs and superplasticiser. As a result, HPCs have a fine and discontinuous capillary pore 

network that can induce very large capillary tension [Li and Li, 2014] and shrinkage. For 

example, Paillère et al. [1989] showed that HPCs with w/c of 0.26 (with 15% silica fume 

addition) and 0.30 produced tensile stresses of 3.51 and 3.17 MPa respectively when 

autogenous shrinkage was restrained and cracking occurred through the sample. However, no 

cracking was observed on the concrete with 0.44 w/c ratio. Lura et al. [2009] prepared small 

cylindrical cement paste samples (10 × 12 mm) with a steel rod (1.5, 3 or 6 mm diameter) 

cast in the centre and investigated the microcracks that form when autogenous shrinkage is 

restrained by the steel rod. They observed that after a month of hardening at 32°C, the sample 

with the 6 mm steel rod developed a large through microcrack of about 11-25 μm width while 

samples with 1.5 or 3 mm steel rods developed multiple short radial microcracks. Similar 

occurrence of cracking due to externally restrained autogenous shrinkage was also observed 

by Mounanga et al. [2011] and Bouasker et al. [2014]. 

For microcracks induced by autogenous shrinkage without external restraints, they are 
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generally very fine and isolated, and formed at the interfacial area around aggregates due to 

the aggregate restraint. For example, fine microcracks with width of 0.1 to 0.8 µm were 

detected around aggregates in a mortar sample with the w/c ratio of 0.30 by Mounanga et al. 

[2011]. However, there were no detectable microcracks in cement paste after 10-day sealed 

hydration. This is expected because autogenous shrinkage is a uniform deformation and if the 

deformation is not subjected to any restraint, there would be no stress and thus 

microcracking.  

2.1.3 Other types of cracking 

Crazing cracking 

A network of fine cracks induced by rapid evaporation of moisture from the surface of 

concrete and thus differential contraction between the surface and interior sections is 

frequently alluded to as crazing [White et al., 1928; The Concrete Society, 1992; ACI 

302.1R-96, 1997; Mircea, 2009]. Crazing generally develops at an early age within one to 

seven days of casting, but sometimes occurs much later under severe climatic conditions  

(e.g. rapid evaporation due to high temperature, or low ambient relative humidity, or high 

wind velocity) [The Concrete Society, 1992; Mircea, 2009]. Crazing appears as a map-pattern 

with a spacing of 6 mm up to about 75-100 mm [The Concrete Society, 1992; Neville, 2011], 

and generally occurs on the floated or steel trowelled surface of slabs or the formed surface of 

concrete, particularly on those with high cement content  [The Concrete Society, 1992]. 

Crazing cracks are very fine and fairly random, and are not visible until the surface of 

concrete has been wetted and begins to dry out [ACI 302.1R-96, 1997], or has been filled 

with dirt [The Concrete Society, 1992; Neville, 2011]. The pattern of crazing is substantially 

different to that of plastic shrinkage cracks which are usually parallel to one another with a 

spacing of 0.3 m to 1 m, and are of considerable depth [Neville, 2011]. However, the pattern 

of crazing is similar to that of drying-induced microcracks on the surface of concrete as 

reviewed in Section 2.1.1. This is expected as crazing is also caused by drying shrinkage. In 

addition, typical crazing is a network of cracking which occurs only in the surface zone 

(rarely more than 3 mm deep [Mircea, 2009]), and thus is generally recognized as surface 

crazing. This surface crazing has not been explicitly distinguished from drying-induced 

microcracking in most studies [e.g. Mangat and EI-Khatib, 1992; Collins and Sanjavan, 2000 

and 2001; Bakharev et al., 2000; Georgali and Tsakiridis, 2005]. However, it is important to 

highlight that typical drying-induced microcracks tend to penetrate to a relatively deeper 
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depth of up to 10 mm (as observed in Section 4.3.4) compared to crazing cracks.  

ASR-induced cracking 

Alkali-silica reaction (ASR) refers to the reaction between the reactive silica constituents in 

aggregates and the alkalis in the cement paste. ASR produces an expansive alkali-silica gel 

that gives rise to internal pressure, expansion and eventually cracking. The cracks occur along 

the boundary between aggregate particles and the cement paste, or within aggregate particles, 

and these cracks may propagate into bulk cement paste [Giaccio et al., 2009; Kagimoto and 

Kawamura, 2011; Kagimoto et al., 2014]. 

Corrosion-induced cracking 

Corrosion products that form on the surface of rebar cause build-up of radial pressure at the 

interface between reinforcement and concrete. This pressure eventually leads to cracking in 

concrete if the resultant tensile stress exceeds the tensile strength. The cracks emanate from 

the steel-concrete interface, and propagate into bulk paste. They subsequently appear on the 

surface of the sample as cracks parallel to the reinforcement bars [Cabrera, 1996; Maaddawy 

and Soudki, 2003; Malumbela et al., 2011; Tran et al., 2011]. The widths of crack have been 

shown to increase with level of steel corrosion [Alonso et al., 1998; Torres-Acosta and 

Martinez-Madrid, 2003]. 

Freezing and thawing induced cracking 

The freezing of water in the microstructure causes expansive pressure and damage 

particularly if the concrete is highly saturated. The damage can manifest as cracking and 

surface scaling (Pigeon et al., 1996). The degree of deterioration strongly depends on the 

number of freezing and thawing cycles, and the length of the freezing period [Stark, 1989; 

Promentilla and Sugiyama, 2010]. The cracks induced by freezing and thawing are generally 

uniformly distributed and exist along the boundary of aggregates and at bulk paste regions. 

These cracks can become very well connected if the concrete is subjected to severe cyclic 

freezing and thawing [Yang et al., 2006; Promentilla and Sugiyama, 2010]. 

2.2 Imaging microcracks 

To date, several imaging techniques have been applied to observe and image microcracks. 

These include fluorescence microscopy (FM) [e.g. Bisschop and van Mier, 2002a], scanning 

electron microscopy (SEM) [e.g. Nemati, 1997; Bisschop and van Mier, 2002a; Wong et al., 

2009], neutron radiography [e.g. Najjar et al., 1986; Samaha and Hover, 1992], and X-ray 
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computed tomography (CT) [e.g. Rougelot et al., 2010; Promentilla and Sugiyama, 2010; 

Withers and Preuss, 2012]. Among these methods, FM and SEM are widely accessible and 

most commonly used for imaging microcracks, while other methods are limited because of 

their lower resolution or smaller field of view (FOV).  

Fluorescence microscopy 

In contrast to a conventional optical microscope, a fluorescence microscope uses a much 

higher intensity light source with a shorter wavelength than visible light, which can excite 

fluorophores in a sample that has been impregnated with fluorescent epoxy prior to imaging. 

The fluorophores in turn emit the light at a longer wavelength that is collected by the detector 

to produce a high contrast fluorescence image [Herman, 1998]. Because the only phases that 

fluoresce are the epoxy-filled microcracks and pores, the contrast between the features of 

interested (microcracks and pores) and background is enhanced. Microcracks can be 

identified and separated from pores considering that microcracks have larger dimensions and 

elongated geometry (i.e. shape). The applications of FM in concrete research are extensive, 

for example the work of Mobasher et al. [1990], Jacobsen et al. [1995], Ammouche et al. 

[2001], Bisschop and Van Mier [2002]b, Elzafraney and Soroushian [2004], Nagataki et al. 

[2004] and Litorowicz [2006]. 

FM requires the sample to have a flat surface which can be obtained through grinding and 

polishing. It can accommodate a relatively large range of sample sizes. Moreover, FM allows 

one to image a large area at an appropriate resolution (for imaging cracks) and in a relatively 

short time. However, due to the occurrence of diffraction of long-wavelength light [Herman, 

1998], fluorescence microscopy has a limited resolution of around 0.25 µm. Therefore, very 

fine microcracks may not be detected. 

Backscattered electron (BSE) microscopy 

In scanning electron microscopy (SEM), the sample is exposed to a high-energy beam of 

electrons. This is different to fluorescence microscopy which uses photons for visualization. 

When the electron beam strikes the sample in a scanning electron microscope chamber, the 

incident electron beam interacts with the sample and its energy is dissipated through a series 

of elastic and inelastic scattering events. This electron-solid interaction generates various 

radiations such as secondary electrons, BSEs, auger electrons, x-rays and 

cathodoluminescence that can be collected to form an image or spectra. Among these, the 

application of BSE imaging mode on epoxy impregnated flat-polished samples to study the 

microstructure of cementitious materials has been extensive since the pioneering work by 
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Scrivener and Pratt [1984]. In the last three decades, BSE imaging of polished surfaces has 

become a well-established method for studying the microstructure of cementitious materials 

[Scrivener, 2004]. 

BSEs are elastically scattered electrons with a large sampling volume and therefore, produces 

a low spatial resolution relative to secondary electrons. The intensity of BSEs increases with 

the mean atomic number of the imaged solid phase [Stutzman and Clifton, 1999; Echlin, 

2009]. This enables compositional imaging. The phase with the largest mean atomic number 

appears brightest in a BSE image. For a hydrated cement paste, the anhydrous cement 

produces the highest brightness intensity, followed by calcium hydrate, calcium silicate 

hydrates and the resin-filled pores and cracks. Hence, pores and cracks appear as the darkest 

phase, and this feature of BSE imaging enables quantitative analysis of microcracks to be 

conducted.  

BSE microscopy is capable of providing detailed surface information with a much higher 

resolution and higher magnification than FM, so it has been extensive employed to study 

microcracks in concrete, for example Ollivier, 1985; Kjellsen and Jennings, 1996; Nemati, 

1997; Nemati et al., 1998; Bisschop and van Mier, 2002a; Fu et al., 2004; Wang et al., 2005; 

Wong et al., 2009. However, an elaborate sample preparation (cutting, drying, impregnation, 

grinding and polishing) is required for a flat-polished surface, and the imaged area is very 

small in order to achieve high resolution and therefore many images are required to obtain a 

representative field of view.  

It should be emphasized that both FM and BSE microscopy require sample preparation prior 

to imaging and this process may induce additional microcracks. Sample preparation involves 

drying out the sample first to enable epoxy impregnation. Therefore additional drying-

induced microcracks may occur due to the moisture sensitivity of cementitious materials. A 

number of methods have been developed to avoid or minimize drying related damage, such 

as the replica method [Ollivier, 1985], freeze-drying [Day and Marsh, 1988; Gallé, 2001], 

and solvent exchange [Gran, 1995]. The adopted drying techniques, commonly used to 

prepare samples for micro-structural analysis, have been recently reviewed by Zhang and 

Scherer [2011], and they showed that isopropanol exchange is the best method for preserving 

the microstructure since isopropanol has a much lower surface tension than water at room 

temperature. However, this method requires several days to weeks for the isopropanol 

exchange process to complete for a small sample at several-mm scale. 
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Small sections are normally prepared for microscopy. Therefore another source of artificial 

damage that may occur during sample preparation is cutting-induced microcracks. In 

addition, the coolant that is used during cutting may cause swelling of the dried sample and 

subsequent closure of microcracks [Bisschop and van Mier, 2002a]. In Chapter 3, a 

fluorescent epoxy impregnation procedure is developed to avoid additional microcracking 

during sample preparation. 

2.3 Characterising microcracks 

Characteristics of microcracks  

Various parameters have been used to describe microcracks in terms of their size, length, 

density, area and orientation [Ringot and Bascoul, 2001; Shiotani et al., 2003; Elzafraney and 

Soroushian, 2004; Litorowicz, 2006; Wong et al., 2009; Idiart et al., 2012]. These parameters 

are explained as follows. 

Crack width and length 

The most common method to describe the size of microcrack is by measuring its width. The 

width of crack is normally measured as the size of the crack opening in the direction 

perpendicular to the growth of the crack. Although the size range for microcracks in 

cementitious materials has not been universally defined, most researchers have investigated 

microcracks with widths smaller than 100 μm [e.g. Kjellsen and Jennings, 1996; Jensen and 

Chatterji, 1996; Bisschop and van Mier, 2008; Wong et al., 2009; Bisschop and Wittel, 2011; 

Idiart et al., 2012; Ranade, et al., 2014]. The crack length is also commonly measured and 

regarded as one of the main characteristics of cracks. 

The data relevant to crack width and length can be analysed in: a) the average width/length of 

cracks or b) a distribution of crack width/length or c) the range of width or length of cracks or 

d) the cumulative length of cracks [e.g. Bisschop and van Mier, 2002b; Bisschop and van 

Mier, 2008; Torrijos et al., 2010; Akhavan et al., 2012; Idiart et al., 2012].  

Crack density 

Crack density d (mm
-1

) is expressed as crack length per image area A* (mm
2
) as follows 

[Ringot and Bascoul, 2001; Soroushian and Elzafraney, 2005; Litorowicz, 2006] 

                                                                     
*

1

1 n

i

i

d L
A 

                                                         Eq. 2.1 

Crack density (mm
-1

) can be also determined from the number of intersections per length of 
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grid line [Nemati et al., 1998; Wong et al., 2009] according to stereology [Russ and Dehoff, 

2000]. However, this approach may not be appropriate for quantifying drying-induced 

microcracks in cement-based materials. This is because the prerequisite for using stereology 

is that the probing method must be random, isotropic, and uniform with respect to the feature 

of interest. Bias will be produced if the drying-induced microcracks fail to satisfy this 

precondition. As mentioned in Section 2.1.1, the moisture and drying shrinkage gradient are 

likely to cause non-uniform distribution of microcracks on the cross section of concrete. This 

will be analysed in Chapter 4.      

Crack area 

Data relevant to crack area is analysed in total area of cracks AC (mm
2
) on the image and 

crack area fraction AAC (mm
2
/mm

2
) which is obtained by dividing crack area by total image 

area A* (mm
2
) [Soroushian and Elzafraney, 2005]. The crack area can be estimated from the 

product of the cumulative length and the average width of cracks.  

Crack orientation 

Crack orientation can be shown by means of a rose of intercepts [Nemati et al., 1998], which 

characterises the anisotropy of cracks. To obtain crack orientation, the image is intersected by 

an array of equally spaced parallel lines at certain angular increments, for example at angles 

of 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150 and 165 degree to a fixed axis. Then, the 

number of intersections of the line array with cracks is measured at each angle. A “rose of 

intersections” diagram can be obtained by plotting a vector of length proportional to the 

number of intersections PL(α) at α, and an overall degree of orientation of all cracks can be 

estimated as [Ammouche et al., 2000] 

                                                max min

max min( / 2 1)

L L

L L

P P
O

P P




 
     (0 ≤ O ≤1)                                   Eq. 2.2 

Where PLmax and PLmin are the maximum and minimum values taken by PL(α) when α varies. 

If O takes the value 0, this shows a perfectly isotropic cracking pattern; if O takes the value 1, 

this shows that all cracks have the same orientation.  

It should be emphasized that parameters reviewed above can only provide information of the 

microcrack characteristics in 2D. Due to the difficulties with imaging microcracks in 3D, 

only a few studies have tried to tackle the challenging problem of directly characterising 

microcracks in 3D. Several studies applied imaging techniques such as -CT [Wang et al., 

2003; Landis et al., 2003; Landis et al., 2007; Wan and Xue, 2013; Darma et al., 2013], and 
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laser scanning confocal microscopy (LSCM) [Sunderland et al., 1995; Menéndez et al., 2001; 

Nichols and Lange, 2006]. However, none of these techniques that I have assessed to-date 

can produce a representative volume of concrete at sufficiently high resolution to capture the 

microcracks. -CT is able to image a relatively large volume of concrete (in several mm 

scale), but it detects cracks wider than 10 μm due to limited resolution. For example, Darma 

et al. [2013] recently used -CT to image cracks of a sample with approximately 16 mm in 

height and 20 mm in diameter, but each voxel size was 22×22×44 µm. While, LSCM has a 

better resolution and can image a large area, its imaging depth is limited to tens of microns 

[Head and Buenfeld, 2006].  

Approaches to quantify microcracks 

To detect and segment cracks from other phases, different automated methods have been 

proposed and developed by Ringot [1988], Ammouche et al. [2001], Soroushian et al.[2003], 

Elzafraney and Soroushian [2004], and Glinicki and Litorowicz [2006]. Automatic image 

analysis normally starts with a thresholding operation, which is a process that transforms a 

greyscale image to a binary image by selecting the appropriate range of grey level that 

corresponds to the fluorescent epoxy filled components (microcracks and pores). The 

segmented microcracks are then separated from other features such as air voids and pores on 

the basis of shape. This is possible since microcracks are elongated features with relatively 

high length-to-width ratio compared to voids which are more circular. 

However, my experience is that automated detection and segmentation methods for 

microcracks are often unreliable. For example, clusters of pores within the ITZ may be 

mistaken as a microcrack. Furthermore, microcracks often propagate through pore structures 

and this can be problematic for automated procedures. In this thesis, all detectable 

microcracks will be traced manually to obtain a more reliable and consistent segmentation. 

The approach to segment microcracks will be elaborated in detail in Section 3.5. 

2.4 Effect of drying-induced microcracks on transport properties 

As mentioned in Section 2.1.1, most concrete structures are subjected to drying shrinkage and 

microcracking can be induced if the drying-induced stress exceeds the local tensile strength. 

Although drying-induced microcracking is commonly found in cementitious materials and 

the factors influencing their formation have been identified (e.g., the rate of drying, the 

aggregate-paste bond, tensile strength), the influence of microcracks on mass transport 
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properties (e.g. diffusivity, permeability, and sorptivity) has not been investigated thoroughly 

in the literature. It is reasonable to suspect that microcracks can provide flow channels for 

deleterious agents such as water, chloride, oxygen and sulphates. Subsequently, this may 

accelerate deterioration and impact the durability of concrete structures.  

The lack of work concerning the influence of drying-induced microcracks on transport 

properties is partly due to experimental difficulties in making direct measurements of 

microcracks that are very small, scattered and non-uniformly distributed in the 

microstructure. Another reason is that sample preparation may also induce artefacts during 

drying, cutting, grinding and polishing.  

It is also very difficult to isolate the influence of microcracks from other significant factors 

such as moisture content and accessible porosity that inevitably change when concrete is 

dried, but have major influence on transport. Wong et al. [2009] compared the transport 

properties (oxygen diffusivity, oxygen permeability, and water sorptivity) of paste, mortar 

and concrete samples that were dried at 50° to that dried at 105° until mass equilibrium. Their 

results showed that the number and size of microcracks increased with the increase in drying 

temperature, and that oxygen permeability increased as much as up to 30 times, while oxygen 

diffusivity and water sorptivity only increased by 10-100% when comparing the same sample 

dried at 50°C and 105°C. Lion et al. [2005] also measured the gas permeability of mortar 

samples dried at 60°C, 150°C and 200°C, and their results demonstrated that an apparent 

increase of gas permeability occurred when the samples were dried at 150°C and 200°C. 

However, the increase of transport properties cannot be directly attributed to the presence of 

microcracks because samples dried at different temperature would also produce different 

amounts of water content that can hugely influence the transport properties as shown in many 

studies [Bentz et al., 1999; Gallé and Daian, 2000; Nokken and Hooton, 2002; Sercombe et 

al., 2007; Wong et al., 2007; Boher et al., 2013; Weiss et al., 2013; Yang et al., 2013].  

In addition, the testing condition may also be an influencing factor on the measured transport 

properties of micro-cracked concrete. Many transport tests such as gas/liquid permeation test 

and gas diffusion test demand the test sample to be confined to prevent fluid leakage through 

the sides of the sample during testing so that fluids can only flow through the flat surface of 

the sample. However, various confining pressures ranging from 0.7 MPa up to 5.4 MPa have 

been used in the published literature [RILEM TC 116; Chen et al., 2009; Perlot et al., 2013]. 

Microcracks may close up when the sample is confined by compression, and eventually 

influence the measured transport properties. The effect of confining pressure on measured 
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mass transport will be explored in Chapter 6.  

The observation that only a few studies have investigated the effect of drying-induced 

microcracking on the transport properties of concrete is in contrast to the numerous studies 

that have been carried out on the transport properties of cementitious materials with 

mechanically-induced damage [e.g. Samaha and Hover, 1992; Wang et al., 1997; Aldea et al., 

1999a,b; Hearn, 1999; Lim et al., 2000; Yang et al., 2006; Picandet et al., 2009; Zhou et al., 

2012; Akhavan et al., 2012; Djerbi Tegguer et al., 2013; Özbay et al., 2013; Rastiello et al., 

2014]. The cracks investigated in these studies are substantially larger than drying-induced 

microcracks, they often propagate through the sample, and their size and location can be 

well-controlled in the laboratory. These cracks are often produced by loading the sample at 

30% to 100% of the ultimate strength or by controlling the crack opening displacement from 

25 µm up to 0.55 mm. 

2.5 Summary 

As reviewed in Section 2.1, drying shrinkage inevitably occurs in most concrete structures 

and would cause microcracking if the shrinkage-induced tensile stress exceeds the material 

tensile strength. Since the ingress of gases, water or ions takes place via the pore structure, 

the presence of microcracks is likely to increase transport rates and thus accelerate 

degradation. For example, microcracks may facilitate the ingress of chlorides, moisture and 

oxygen through the concrete cover, and accelerate the initiation and propagation of 

reinforcement corrosion. The build-up of stresses caused by the accumulation of corrosion 

products at the rebar-concrete interface eventually result in cracking. Since different transport 

mechanisms may coexist in mass transport processes in real concrete structures, the effect of 

microcracking on the transport properties of real concrete structures should be 

comprehensively analysed in different aspects of transport processes. A good understanding 

of effects of microcracking on the transport properties of concrete allows more accurate 

prediction of the durability and service life of concrete structures. 

The above references are selected to represent the work related to the problem that this thesis 

is attempting to tackle. These investigations have extensively showed the drying-induced 

microcracks by image analysis in cementitious materials. Nevertheless, a thorough 

understanding of the correlation between microcracks and the measured mass transport 

properties has never been achieved. This thesis hopes to contribute valuably towards this 

challenge.  
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Chapter 3-Methodology 

This chapter introduces the materials and experimental procedures used in this thesis. Details 

of sample preparation, transport testing, imaging techniques and image analysis are 

presented. 

3.1 Sample preparation  

3.1.1 Materials 

Portland cement CEM I 32.5 R, CEM I blended with 10% silica fume (SF), and CEM III 

containing 70% ground granulated blastfurnace slag (GGBS) were used. The oxide 

composition and loss on ignition of CEM I, SF and CEM III are shown in Table 3.1. The 

calculated Bogue composition of CEM I was 52.7% C3S, 19.3% C2S, 10.6% C3A, 7.4% 

C4AF by mass. The specific gravity of the CEM I, SF and CEM III was 3.06, 2.30 and 2.90, 

respectively. The fineness of CEM I and CEM III was 2905 cm
2
/g and 4635 cm

2
/g, 

respectively. 

Table 3.1 Oxide composition and ignition loss of CEM I, silica fume and CEM III 

 Oxide composition (%) Ignition 

loss (%) Materials CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 Cl- TiO2 P2O5 Mn2O3 

CEM I 63.4 20.6 5.6 2.4 1.6 0.2 0.7 2.9 < 0.1 - - - 2.1 

SF 0.15 98.70 0.31 0.02 0.04 0.09 0.30 - - 0.39 0.02 0.01 0.47 

CEM III 48.0 29.2 8.9 1.2 4.8 0.2 0.6 2.6 0.1 - - - 1.4 

 

A polycarboxylate-based superplasticiser admixture (Sika
®
 ViscoCrete 20RM) that complies 

with BS EN 934-2 was used to improve the workability of low w/c and stiff mixes. It had a 

density of 1.06 and contained no chloride.  

Thames Valley sand with maximum particle size of 2.5 and 5 mm were used as fine 

aggregates, and limestone with maximum size of 10 mm and 20 mm were utilized as coarse 

aggregates. The particle size distributions of fine and coarse aggregates are shown in Fig.3.1. 

The sieve analysis showed that limestone almost complied with BS EN 12620:2002+A1 

overall grading, and the sand complied with the recommended BS 882:1992 medium grading.  
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Figure 3.1 Grading curves for aggregates (MSA: maximum size of aggregate) 

The specific gravity at saturated and surface dry condition (SSD), 24 hour absorption, and 

moisture content of the aggregates are given in Table 3.2.  

Table 3.2 Specific gravity, moisture content and absorption values for aggregates 

Aggregate type Max agg size (mm) Specific gravity 24-hr absorption (%) Moisture content (%) 

Sand 
2.5 2.437 0.38 0.21 

5 2.540 0.52 0.21 

Limestone 
10 2.712 0.88 0.46 

20 2.750 0.84 0.40 

 

3.1.2 Mix proportions 

The absolute volume method was used to determine the proportions of cement, 

supplementary cementitious materials, tap water, aggregates and admixture. This method 

assumes that the volume of a compacted sample equals the sum of the volumes of all 

ingredients [Neville, 2011]. Samples were carefully compacted layer by layer to remove 

entrapped air (Section 3.1.3). However, it is difficult to achieve a full compaction, hence, 1% 

vol. entrapped air was assumed for each mix. 

Table 3.2 shows that all of the aggregates used had moisture content lower than the 24-hr 

absorption. Therefore, it is important that the mix design considers the amount of water 

absorbed by the aggregates when the concrete is in the fresh state. This is to ensure that the 

targeted free water/binder (w/b) ratio is achieved. The additional water required to bring the 
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aggregates to SSD condition is the difference between 24-hr absorption and moisture content.  

Trials were carried out to determine the amount of the superplasticiser required to achieve 

good compaction for stiff mixes. The water content of the superplasticizer was accounted for 

in the mix design to ensure that the targeted free w/b ratio was achieved. For mortar mixes, 

sand volume fraction of 50% and 60% was used in the 0.35 and 0.5 w/c mortars respectively. 

For concrete mixes, the total aggregate volume fraction was either 68% or 60%, at sand-total 

aggregate ratio of 0.4. Mixes prepared in this thesis are tabulated in Table 3.3. 

Table 3.3 Mix proportions 

Mix Free w/b 
MSA: 

mm 

Agg. vol 

fraction: % 

Limestone: 

kg/m
3
 

Sand: 

kg/m
3
 

Cement: 

kg/m
3
 

Water: 

kg/m
3
 

Silica 

fume: 

kg/m
3
 

C 0.5-10:60 0.5 10 60 951.0 633.7 471.7 241.8 ---- 

C 0.5-20:60 0.5 20 60 958.0 638.9 471.7 242.0 ---- 

C 0.5-10:68 0.5 10 68 1077.3 718.2 374.9 194.2 ---- 

C 0.35-10:68 0.35 10 68 1077.3 718.2 458.0 160.3 ---- 

C-SF 0.35-10:68 0.35 10 68 1077.3 718.2 396.4 166.0 44.0 

C-SG 0.35-10:68 0.35 10 68 1077.3 718.2 431.2 166.0 ---- 

M 0.5-2.5:60 0.5 2.5 60 ---- 1462.2 471.7 238.3 ---- 

M 0.5-5:60 0.5 5 60 ---- 1524.0 471.7 240.6 ---- 

M 0.35-5:50 0.35 5 50 ---- 1270.0 724.0 257.3 ---- 

P 0.5 0.5 ---- ---- ---- ---- 1197.4 598.7 ---- 

P 0.35 0.35 ---- ---- ---- ---- 1462.8 512.0 ---- 

Note: sample designation is shown in Fig. 3.2. 

 

The following samples were prepared in this thesis: 

1. CEM I mortar and concrete mixes (w/c: 0.5, aggregate fraction: 60%, curing age: 28 

days). The only variable in the mix design was MSA at 2.5, 5, 10 and 20 mm. These 

were used to study the effect of aggregate size, sample thickness, drying regime and 

related drying-induced microcracking on mass transport properties [Chapter 4]. 

2. CEM I paste, mortar and concrete samples (w/c: 0.5, curing age: 28 days). For mortar 

and concrete samples, aggregate volume fraction was 60% and MSA was 2.5, 5, 10 

and 20 mm. These samples were cast to study the anomalous water absorption in 

micro-cracked cementitious materials [Chapter 5].  

3. CEM I paste and concrete samples (w/c: 0.5 and 0.35, curing age: 3 days). For the 

concrete samples, aggregate volume fraction was 68% and MSA was 10 mm. These 

were used to study the effect of low confining pressure on the mass transport 

properties of micro-cracked cementitious materials [Chapter 6]. 
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4. CEM I paste, mortar and concrete samples (w/c: 0.5 and 0.35, curing age: 3 and 90 

days), CEM II concrete samples (w/c: 0.35, curing age: 90 days, 10% silica fume), 

and CEM III concrete samples (w/c: 0.35, curing age: 90 days, 70% GGBS). For 0.5 

and 0.35 w/c mortars, aggregate volume fraction was 60% and 50% respectively. For 

all concrete samples, aggregate volume fraction was 68% and MSA was 10 mm. 

These samples were used to study the influence of rewetting on the transport 

properties of micro-cracked cementitious materials [Chapter 7]; 

The sample designation used in this thesis is shown in Fig.3.2. Specific samples prepared will 

be summarised in the following chapters. 

 

 

Notations: 

              C  = Concrete, M = Mortar, P = Paste 

              SF = Containing silica fume (10%),  SG = Containing GGBS (70%) 

               MSA = Maximum size of aggregate 

 

Figure 3.2 Sample designation 

 

3.1.3 Mixing and curing 

Cylindrical samples were cast with diameter of 100 mm and thickness of 25, 50, or 250 mm. 

Additional cubic samples with size of 100 mm × 100 mm × 100 mm from selected mixes 

were cast for compressive strength test in Chapter 6.  

Cement and aggregates were first dry mixed for around 30 seconds in a 30-litre capacity pan 

mixer. Water was then added and mixed for a further 3 minutes. If the mix requires 

superplasticiser, then the admixture was added together with the mix water. A vibrating table 

with adjustable intensity was used for compaction. Samples were cast in steel moulds, 
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compacted in three layers for the 250 mm tall samples or in two layers for the 25 and 50 mm 

tall samples. Each layer was vibrated until no significant release of air bubbles. All the mixes 

produced were easily compacted with no evidence of significant bleeding or segregation. The 

compacted samples were covered with wet hessian and then plastic sheet at room temperature 

for the first 24 hours. Afterwards, samples were demoulded and sealed cured at room 

temperature to an age of 3, 28 and 90 days by wrapping with at least 6 layers of cling film 

and sealing in plastic bags.  

After curing, samples were unwrapped, and labelled. For the 250 mm tall cylinders, they 

were sectioned using a diamond abrasive cutter to obtain three 50 mm thick and three 25 mm 

thick discs that span the height of the cylinders. The position of each disc relative to the 

casting direction was noted. The excess material on the top and bottom of each sample was 

thrown away.  

3.2 Conditioning regimes 

Samples were sealed by two layers of adhesive tape on the curved side prior to conditioning 

to generate unidirectional drying. This is deemed to be a more realistic approximation to the 

way in which many structures dry in service.  

A trial was carried out to verify the effectiveness of the tape to prevent evaporation through 

the sealed sides as follows. After 3-day curing, a cylindrical paste sample (100 mm × 50 

mm) with 0.5 w/c ratio was fully wrapped with two layers of tape, and conditioned in a 

sealed incubator at 35% relative humidity (RH) at room temperature for one month. The mass 

of this sample was monitored every 5 days, and the results showed no measureable change in 

mass. Therefore, sealing the disc samples on the curved side with the adhesive tape will 

ensure that moisture can only flow in or out through the top or bottom flat surfaces. Thus, 

one-dimensional moisture drying (or wetting) was obtained. 

Different drying regimes were used to obtain different degrees of microcracking. For each 

mix, a group of four replicates was subjected to each drying regime until moisture 

equilibrium was achieved, taken to occur when the mass loss was no more than 0.01%/day. 

Drying was carried out either in an oven or in an enclosed chamber at room temperature. 

Both contained fans to generate circulating air and soda lime to minimise carbonation. The 

drying regimes are: 
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 Regime 1 (D1): ‘Gentle’ stepwise drying from 93%RH to 86%, 76%, 66%, and 55%, 

33% and 3% at 21°C.  

 Regime 2 (D2): 21°C, 33%RH; 

 Regime 3 (D3): Oven drying at 50°C, 7%RH; 

 Regime 4 (D4): Oven drying at 105°C; 

Regime 1 was selected to reduce the amount of drying shrinkage, and thus the degree of 

drying-induced microcracking. Samples dried according to Regime 1 are referred as control 

samples. The severity of drying is increased in Regimes 2, 3 and 4. It should be noted that the 

105°C and 50°C drying condition imposed in this thesis are more severe than the natural 

drying experienced by most structures. However, these drying regime are similar to those 

employed in other related studies (e.g., Lion et al. [2005], Chen et al. [2013]) and they are 

conditioning regimes that have been recommended by codes of practice (e.g., RILEM TC 

116). 

Appropriate saturated salt solutions (Table 3.4) were used to produce the targeted RH in 

drying regime D1 and D2. Silica gel was used to achieve 3%RH. For the drying regime D1, 

samples were dried to mass equilibrium at each RH step before moving to the next lower RH. 

The actual RH in the conditioning chamber was 3%RH of the targeted value. Samples dried 

at 50°C and 105°C were cooled overnight to room temperature in a vacuum desiccator 

containing silica gel prior to transport testing, so that moisture was prevented from re-

entering the samples during cooling. The mass before and after cooling were recorded and the 

difference was always less than 0.01%, implying constant moisture content.   

 

Table 3.4 Saturated salt solutions and corresponding RH at 21°C 

RH 93% 86% 76% 66% 55% 33% 

Saturated salt solution KNO3 KCl NaCl NaNO3 Mg(NO3)2 MgCl2 

 

The water content and degree of water saturation of the samples were measured by 

gravimetry. Water content of a material can be described in several different ways [Hall and 

Hoff, 2012]. In this thesis, it was calculated as the mass of water per mass of dry material, 

which is widely used in the literature [e.g. Hall, 1977; Anderberg and Wadso, 2007; BS EN 

ISO 12570:2000+A1: 2013]. The degree of saturation is calculated as the volume of pores 

filled with water relative to the total volume of pores [Abbas et al., 1999]. The method 

consists of weighing the sample at the initial state, at vacuum saturated-surface dry (SSD) 
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condition and at 105°C oven-dried condition. The water content of a sample w was calculated 

as 

                                                  %100)( 



d

dw

w

mm
w                                           Eq. 3.1 

The degree of saturation of a sample s was calculated as 

                                                     %100)( 
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s

  

Eq. 3.2 

Where 

mw = mass of sample (g) 

md = mass of sample at 105°C oven-dried condition (g) 

ms = mass of sample at vacuum saturated-surface dry (SSD) condition (g) 

 

The accessible porosity and total porosity were measured. The accessible porosity θ is a 

measure of the volume fraction of pores and cracks accessible to transport, and it was 

estimated by measuring the volume of water absorbed from the preconditioned state to a 

vacuum saturated-surface dry condition, and dividing it by the sample volume v. 
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  Eq. 3.3 

Where 

m = mass of a sample in the preconditioned state (g) 

  = density of water (g/mm
3
) 

v  = volume of sample (mm
3
) 

Total porosity θt was estimated by measuring the volume of water absorbed from the 105°C 

oven-dried state to a vacuum saturated-surface dry condition, and dividing it by the sample 

volume v. 
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Eq. 3.4 

Fig.3.3 shows a plot of water content with drying age for concrete samples subjected to 

different drying regimes. For each drying regime, the results show that the rate of mass loss 

decreases with time and the curve eventually becomes nearly horizontal when the sample 

approaches mass equilibrium. The stepwise drying regime has the lowest drying rate and is 

therefore the least severe drying regime, but it took around two years for the sample to reach 
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mass equilibrium.  The 105°C drying regime produced the biggest drying rate and required 

the shortest drying time (around two weeks) to equilibrate samples. The time taken to reach 

equilibrium for the D2 and D3 regime was about 5 months and 2 months respectively. The 

four drying regimes produced samples of different moisture contents or degree of water 

saturation. For example, the moisture content of the concrete samples shown in Fig. 3.3 in 

D1, D2, and D3 regime was 2.06%, 2.41%, and 0.32% relative to the 105°C dried mass, 

respectively. It is noted that the plot of degree of water saturation with drying time has the 

same trend, hence, only the plot of water content with drying time is shown. 

 

Figure 3.3 Change in water content of concrete samples (w/c: 0.5, curing age: 3 days) 

subjected to different drying regimes 

 

3.3 Transport measurement 

Four different transport properties: oxygen diffusivity, oxygen permeability, water sorptivity, 

and electrical conductivity were measured to investigate the influence of microcracks on 

these transport mechanisms. Tests were carried out in three replicates, following the sequence 

described above. The same sample was used throughout in this sequence since the results of 

the earlier test will not affect the results of subsequent tests.  

Gaseous diffusion and water absorption were selected because these are important transport 

mechanisms in non-saturated concrete and are relevant to reinforcement corrosion. 
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Permeation is not an important transport mechanism with respect to degradation of most 

structures in service, but it is often measured and used as a ‘performance indicator’, and so it 

was included in this study. Gaseous permeation was favoured over water permeation because 

the latter requires prolonged exposure to water that would alter the microstructure of the 

sample. In addition, the selected tests are supported by well-established theory and provide 

meaningful transport coefficients.   

3.3.1 Oxygen diffusivity 

Both ordinary diffusion and Knudsen diffusion co-exist when oxygen diffuses in cementitious 

materials under an influence of concentration gradient. The combined flow can be 

approximately calculated by Eq. 3.5 based on Fick’s Law [Lawrence, 1984; Kobayashi and 

Shuttoh, 1991]: 

                                                     
dx

dC
DJ A

A                                    Eq. 3.5 

Where 

JA = oxygen transport rate (kg/m
2
.s) or (moles/m

2
.s) 

D = diffusion coefficient (m
2
/s) 

CA = concentration of oxygen (mol/m
3
) 

x = distance (m).  

Test procedure 

Oxygen diffusivity was determined by exposing the two opposite sides of a sample to oxygen 

and nitrogen at the same pressure and temperature. The set-up of the oxygen diffusion test is 

illustrated in Fig. 3.4 [Wong, 2006], and is shown in Fig. 3.5. The test sample was placed in a 

diffusivity cell, and its lateral side (curved surface) was sealed by applying a 15 kN load on 

the steel plate cover and silicon rubber ring using a hydraulic jack. This causes the silicon 

rubber ring to expand laterally and confine the sample at a pressure of 0.6 MPa. Trials were 

carried out using different loads and the results show that 15 kN was sufficient to seal the 

sample. Therefore, gas flows only through the sample without any leakages through the side. 

The pressure of the oxygen and nitrogen stream was adjusted to be approximately equal and 

the set up was allowed to reach equilibrium condition, which typically took about 30 minutes 

to 1 hour. The oxygen concentration in the outflow stream was then measured using a 

zirconia oxygen analyser. The measured oxygen concentration, oxygen pressure, pressure 
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difference between the oxygen and nitrogen stream, oxygen and nitrogen flow rates, together 

with sample dimensions, were used to calculate the diffusivity coefficient of oxygen D (m
2
/s), 

given by Lawrence [1984]: 
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Q t
D
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                            Eq. 3.6 

Where  

Q  = oxygen diffusion rate (m
3
/s) at 1 bar, which is expressed as:  
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                                       Eq. 3.7 

Where 

R1 = flow rate of nitrogen stream (mL/min) 

R2 = flow rate of oxygen stream (mL/min) 

G1 = percentage of oxygen in outflow stream 

G0 = percentage of oxygen in the initial nitrogen stream 

P1 * = pressure of oxygen stream (bar) 

P2 * = pressure difference between the oxygen and nitrogen stream (bar) 

A = cross-sectional area of sample (m
2
) 

t = sample thickness (m) 

C2  = concentration of oxygen in the oxygen stream (m
3
/m

3
) at 1 bar expressed as: 
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                               Eq. 3.8 

C1 = mean concentration of oxygen in the nitrogen stream (m
3
/m

3
) at 1 bar expressed as: 

                                                       

1 0 1 2
1

( ) ( )

2 100

G G P P
C

 
                   Eq. 3.9 
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Figure 3.4 Schematic of the oxygen diffusivity test set-up [Wong, 2006] 

 

 

Figure 3.5 Photograph of the oxygen diffusivity test set-up 

 

3.3.2 Oxygen permeability 

Permeation is the transport of fluids through a porous medium as result of a pressure gradient. 

The flow of incompressible fluids in the laminar flow regime through a porous medium at 

steady-state condition can be expressed as: 
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                                     Eq.3.10 

Where  

Q* = oxygen permeation rate (m
3
/s) 

K = coefficient of permeability (m/s) 

A = cross-sectional area of the sample (m
2
) 

Δh = pressure difference (m) 

t = sample thickness (m) 

kint = intrinsic permeability of the material (m
2
) 

Ρ* = density of fluid (kg/m
3
) 

η = dynamic viscosity of the fluid (N.s/m
2
) 

g = gravity acceleration (m/s
2
) 

 

The coefficient kint is an intrinsic property of the material, independent of the type of fluid 

used in the test. Since oxygen gas is a compressible fluid, Eq. 3.10 is therefore not valid. 

Another form of the Darcy’s law has been developed for compressible fluids by considering 

that the pressure-velocity product is constant throughout the sample, at isothermal and steady 

state condition [Carman, 1956; Dullien, 1992]: 
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                                                     Eq.3.11 

Where  

kg = O2 permeability coefficient (m
2
) 

ηg = dynamic viscosity coefficient of the fluid (N.s/m
2
), for oxygen at 20°C, ηg = 20.2×10

-

6
 N.s/m

2
 

t = sample thickness (m) 

P1 = absolute pressure on the inlet face (N/m
2
) 

P2 = absolute pressure on the outlet face (N/m
2
) 

 

Test procedure 

Fig. 3.6 shows the test set-up for the oxygen permeation test. The cylindrical sample was 

placed in the permeability cell, which is similar to the one used in the diffusion test. The 

sample was sealed in the silicon rubber ring to avoid leakage through the curved side by 

applying a 15 kN load on the steel plate cover and silicon rubber ring. Oxygen gas was then 
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applied to the inlet face to produce a pressure difference across the sample. Three oxygen 

pressures of 0.05, 0.15 and 0.25 MPa above atmospheric pressure were applied. The outflow 

rate at each applied pressure was measured after the flow reached stabilisation, which 

normally achieved within 30 to 50 minutes. To confirm the effectiveness of the seal, blank 

tests were conducted using 100 mm diameter steel discs with thickness of 50 mm. Zero 

outflow was measured in the blank tests even at the highest applied pressure gradient, which 

confirmed that no leakage occurred through the curved side. The outflow rate was measured 

using a series of soap bubble flow meters. For each applied pressure, four readings were 

taken to calculate the average flow rate. The recorded sample mass before and after test show 

negligible change (less than 0.1g). The sample dimensions, the outflow rate, pressure gradient 

were then used to calculate the oxygen permeability according to Eq.3.11.  

 

Figure 3.6 Oxygen permeability test apparatus [Wong, 2006] 

The obtained permeability kg at each pressure is an apparent permeability which is dependent 

to the applied gas pressure. This is because gas molecules slip at the walls of pore channels, 

which is known as gas slippage [Klinkenberg, 1941]. This effect is significant when the 

mean-free path of the gas molecules is of comparable magnitude to the pore size. Hence, for 

very fine capillaries, substantial gas slipping would occur and thus the flow rate of gas is 

larger than would be expected. Klinkerberg [1941] provided a correction method, and an 

intrinsic permeability which is pressure-invariant can be obtained. It is noted that the 

Klinkerberg correction method has been extensively acceptable to calculate the gas 
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permeability in a porous medium.  

Using the Klinkerberg method, intrinsic gas permeability can be obtained:
                                        

                                                        

                                                          )1(int

m

g
P

kk


                         Eq.3.12 

Where  

kg  = gas permeability coefficient (m
2
) 

kint = intrinsic permeability coefficient (m
2
) 

β  = a constant 

Pm  = mean pressure of the inlet and outlet streams (P1+P2)/2     

 

The mean-free path of gas molecules approaches zero when a very high pressure (infinite 

input pressure Pm) is applied, so the capillaries are much bigger than the mean-free path of 

gas molecules. Hence, the gas flow predominantly takes place via a viscous mechanism, in 

contrast to Knudsen diffusion. The intrinsic permeability coefficient only depends on the pore 

structure and is independent of the fluid characteristics and applied pressure. 

Three apparent permeability coefficients are calculated from Eq.3.11 for the three input 

pressures. Then these coefficients are plotted against 1/Pm and the intrinsic permeability is 

obtained from the y-intercept of the best-fit line (the dash line in Fig.3.7). An example of 

typical plot of apparent permeability kg against 1/Pm is shown in Fig. 3.7. The coefficient of 

regression for the least-squares fit was always greater than 0.99. 
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Figure 3.7 A typical plot for Klinkenberg corrections for a concrete sample (C 0.5-

10:68:50-3d) dried at 105°C 

3.3.3 Water sorptivity 

The water sorptivity test measures the rate of absorption of water by capillary suction of 

unsaturated concrete placed in contact with water [Hall, 1977; Neville, 2011]. This capillary 

suction is caused by unequal surface tension forces between the fluid-fluid and fluid-solid 

interfaces [Martys and Ferraris, 1997]. Water absorption is a common and important transport 

mechanism since most concrete structures in service are in an unsaturated condition. 

Considering one-dimensional absorption into a semi-infinite homogeneous medium, it can be 

shown that the cumulative mass of absorbed water per unit area of the inflow face is linearly 

proportional to the square root of elapsed time, as in Eq.3.13 [Hall, 1977]: 

                                                     
1/2( )i a S time                                                     Eq. 3.13 

Where  

i   = cumulative absorbed water per unit area of the inflow face (g/m
2
) 

S = sorptivity coefficient (g/m
2
.min

1/2
) 

a = fitting constant, due to minor edge and surface effects [Hall and Holf, 2012].  

The water absorption test was carried out by placing the sample on two plastic strips in a tray 

of water to a depth of about 1-2 mm (Fig. 3.8). A loose fitting lid was used to cover the tray to 

produce a humid environment to avoid drying of the sample, but care was taken to ensure that 

condensates did not form underneath the cover and drop on to the sample.  The amount of 



58 

 

water absorbed was measured with an electronic balance accurate to 0.01 g. Prior to each 

weighing, surface water was removed with dampened cloth and the weighing was completed 

quickly (within 30 s). The mass of absorbed water was measured at frequent intervals: 5, 10, 

15, 20 and 30 minutes, then every 15 minutes for the next hour, and then approximately every 

hour for the next 6 hours. Daily readings were taken until the sample reached saturation. The 

sorptivity coefficient was obtained from the slope of the regression line of absorbed water per 

unit flow area against square-root of time.  

 

 

 

 

 

 

                           

 

 

 

 

Figure 3.8 Sorptivity test set-up 

3.3.4 Electrical conductivity 

Electrical conductivity is the reciprocal of electrical resistivity, and it measures the ability of 

a material to conduct electric current. Electric current is applied via external electrodes and it 

is carried through the concrete pore network by movement of ions in the pore solution. When 

an electrical potential is applied to a saturated concrete, ions will be driven to move towards 

the electrode of an opposite sign, which produces electric current. This is unlike ordinary 

diffusion, where movement is driven by a concentration gradient.  

Theoretically, electrical conductivity of cementitious materials is mathematically related to 

diffusivity [Tumidajski and Schumacher, 1996], thus the effect of microcracks on diffusivity 

can also be estimated by measuring the electrical conductivity of micro-cracked samples. 

Moist concrete acts as a semi-conductor. The resistivity of saturated concrete is 

approximately 10 Ω m, but this increases to around 10
6
 Ω m when the concrete is oven-dried 

[Whiting and Nagi, 2003]. This is because the degree of saturation hugely influences the 

electrical conductivity of concrete [Hunkeler, 1996; Rajabipour and Weiss, 2007]. Apart from 

this, other factors, such as the composition of pore solution, pore structure, and temperature 

[Shi, 2004; Ostvik, 2004; Rajabipour and Weiss, 2007] also play an important role in the 

electrical conductance of concrete. Microcracks may also influence electrical conductivity, as 

Sample 

lid 

Plastic strips 

Water 
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they provide channels for ions to flow.  

Electrical resistivity ρe (Ω m) can be defined as the electrical resistance of a conductor of unit 

volume and constant cross section, in which current is continuous and uniformly distributed 

[Esbach and Souders, 1975], and it can be expressed as: 

                                                             
e

R A U A

t I t


 
 


                                                     Eq.3.14 

Where  

R  = electrical resistance (Ω) 

A = cross-sectional area (mm
2
) 

t = sample thickness (mm) 

U = voltage drop across the sample (V) 

I = current through the sample, as shown in Fig. 3.9.  

The electrical conductivity σe (S/mm) of a sample is then obtained as the reciprocal of its 

resistivity. 

 

 

 

 

 

 

 

                                   

Figure 3.9 Electrical conductivity test set up 

Test procedure 

The electrical conductivity test was carried out on samples in a vacuum saturated and surface 

dry condition. The flat surfaces of the sample were clamped with brass plates connected to a 

LCR databridge. A generous amount of a salt-free electrode gel was applied to ensure a good 

electric contact between the sample surface and the brass plates (Fig. 3.10). An alternating 

electrical current was then applied across the sample and resistance was measured at 1 kHz 

frequency to minimise polarisation effects. The resistance typically stabilised within one 

minute of connection. Three measurements were taken per sample and averaged. Electrical 

conductivity was then calculated from the measured resistance and sample dimensions, 

according to Eq.3.14.  

A 

Sample 

Electrode U t 
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Figure 3.10 Photograph of the electrical conductivity test set up 

3.4 Imaging techniques 

3.4.1 Sample preparation for imaging  

Microcracks were characterised using fluorescence microscopy (FM) and image analysis. The 

disc samples were pressure-impregnated with low-viscosity fluorescein-dyed epoxy. The 

fluorescent epoxy resin is able to penetrate the sample via microcracks and pores, and it 

protects the sample from further damage during subsequent cutting, grinding and polishing 

operations. Microcracks filled with fluorescent epoxy can be imaged using fluorescence 

microscopy, and distinguished from pores based on their size and shape characteristics.  

The fluorescent epoxy was prepared by adding a fluorescent dye (Struers Epodye) into the 

epoxy resin (Araldite AY103) at 5g/litre resin, and then a magnetic stirrer was used to mix the 

fluorescent resin for one day to ensure the dye was uniformly dispersed in the resin. The 

fluorescent epoxy was then heated up to 40°C prior to mixing with the hardener and toluene.  

The proportion used was 25 resin to 3 hardener to 1.474 toluene in mass. Toluene was used to 

reduce viscosity of the resin. 

Fig. 3.11 shows the set up developed to impregnate samples with fluorescent resin. The 

sample was placed in a cell similar to the one used for measuring oxygen permeability. The 

sample was sealed by applying a confining pressure of 0.6 MPa and the fluorescent epoxy 

was poured onto the top surface. It should be noted that the confining pressure was the same 

as the one used in the gas transport measurements so that a correlation between microcracks 

and transport properties can be made. This is important because closure of microcracks can 

occur when the sample is confined, as will be discussed in Chapter 6.  

A compressed air at 0.7 MPa above atmospheric pressure was then applied and maintained 

for 6 hours to force the epoxy into the sample. Prior tests found that additional pressuring 

Electrode gel 

LCR databridge 

Sample 

Brass plate 
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produced only a small increase in penetration since the epoxy stiffens over time. Vacuum 

impregnation was avoided to remove the risk of additional drying induced cracking under 

vacuum.  

The impregnated sample was cured at room temperature for 2 days to allow proper hardening 

of the epoxy. The sample was then sectioned with a diamond saw to extract an 8 mm thick 

slice from the centre so that the degree of internal microcracking can be observed on the 

cross-section. Another approach used was to extract an 8 mm thick slice from the exposed flat 

surface so that the microcracking pattern on surface of the sample can be observed. The 

hardened epoxy protects the sample and so this procedure eliminates the possibility of 

cutting-induced or additional drying-induced microcracks. Even if the sample preparation 

produces new microcracks, these would not be epoxy-filled and therefore will not be imaged 

with fluorescence microscopy. The 8 mm thick slice was then ground using silicon carbide 

paper of grit sizes 80 and 120 to obtain a flat surface for imaging. 

 

Figure 3.11 Schematic showing a) the apparatus for epoxy impregnation, b) disc sample, 

and c) 8-mm thick cross-section of the impregnated sample for microcrack analysis 

As stated previously, a 0.7 MPa air pressure was applied to impregnate the sample with 

epoxy. To study the influence of applied pressure, a 90-day cured concrete sample with 0.35 

w/c ratio was impregnated at 0.2, 0.5 and 0.7 MPa above atmospheric pressure. The sample 

was dried at 105°C prior to impregnation. When the epoxy has hardened, an 8 mm thick slice 

was extracted from the cross section and imaged with a digital single-lens reflex (DSLR) 

camera. The area and depth of the intruded resin was measured using image analysis (Section 

3.5). The results plotted in Fig. 3.12 show that the average epoxy intrusion depth increases 

with increase in applied air pressure. However, the increase in epoxy intrusion depth achieved 

between 0.5 and 0.7 MPa pressure was small compared to that achieved between 0.2 and 0.5 

Pressure epoxy 

impregnation 

Epoxy intrusion 

depth 

a)  b)  
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MPa (Fig. 3.13). Therefore, a 0.7 MPa air pressure was used in this thesis since a higher 

pressure is not likely to significantly increase the penetration depth. Furthermore, a high 

pressure may induce additional damage and this should be avoided. Results in Section 3.4.3 

also show that a 0.7 MPa pressure is sufficient to ensure that the epoxy fills the smallest 

drying-induced microcracks at the near surface regions.  

 

 

(a) 0.2 MPa                                                                           

 

 (b) 0.5 MPa 

 

 (c) 0.7 MPa 

Figure 3.12 Fluorescence image of a sample impregnated at (a) 0.2 MPa, (b) 0.5 MPa, 

and (c) 0.7 MPa showing the depth of epoxy penetration. The sample is a 0.35 w/c 

concrete sample, dried at 105°C. 

 

Figure 3.13 Influence of applied air pressure on the average epoxy intrusion depth  

Exposed surface 

20 mm 
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To study the characteristics of microcracks at the interior regions, a second epoxy 

impregnation was performed on the 8 mm thick cross-section slices from selected samples. 

This was carried out by sealing the curve and bottom sides of the slice with two layers of 

waterproof adhesive tape, and then de-airing the sample in vacuum for four hours. Next, the 

fluorescent resin (with the required amount of hardener and toluene) was poured onto the 

sample whilst under vacuum to cover the entire surface.  Fig.3.14 schematically shows the 

vacuum impregnation procedure. The vacuum was then released and a compressed air at 0.25 

MPa above atmospheric pressure was applied to push the resin into the sample. Fig. 3.15 

shows an example of a concrete sample after the high pressure impregnation and subsequent 

vacuum impregnation.  

 

Figure 3.14 Illustration of the vacuum impregnation procedure 

      

                                         (a)                                                                                (b) 

Figure 3.15 An 8 mm thick slice of a concrete sample after (a) high-pressure 

impregnation and the same slice after (b) additional vacuum impregnation  

3.4.2 DSLR camera imaging 

The sample was illuminated using a 15W ultraviolet (UV) lamp with a power source of 230-

240 V and 50 Hz to induce fluorescence and then photographed in a dark room with a 24 MP 

digital single-lens reflex (DSLR) camera. The camera was operated at a small aperture size to 

increase depth of field and slow shutter speed to achieve adequate exposure. Example of 

fluorescence images (pixel size = 22 µm) taken with the DSLR camera of paste, mortar and 

concrete samples are shown in Fig. 3.16. This imaging approach is sufficient to obtain a 
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macro view of the sample to measure the penetration depth of the epoxy and to observe the 

microcrack pattern on the exposed surface of paste samples.  

 

(a) Paste (cross section) 

 

(b) Mortar (cross section) 

 

(c) Concrete (cross section) 

 

(d) Paste (exposed surface) 

Figure 3.16 Example of fluorescence images taken with a DSLR camera on the cross-

section of (a) paste, (b) mortar, (c) concrete. All samples at 0.5 w/c ratio and conditioned 

at 105°C. (d) The microcrack pattern on the exposed surface of a paste sample dried at 

50°C. 

Exposed surface 

20 mm 
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3.4.3 Fluorescence microscopy imaging 

Subsequently, a petrographic microscope (Olympus BX 51, Fig. 3.17) operated in 

fluorescence mode was used to image the sample at a much higher resolution for microcrack 

analysis. The intensity of the UV light, brightness and contrast settings of the charge-coupled 

device (CCD) camera were adjusted to achieve optimal image quality for microcrack 

analysis.  These settings were then kept consistent for all samples to ensure repeatability. The 

epoxy-intruded area was divided into 10 equal segments (Fig. 3.20a). For each segment, a 

large number of overlapping fluorescence images were captured at 50× magnification (2048 

×1536 pixels, pixel size = 0.89 µm) using the petrographic microscope. An example of 

fluorescence image captured using the microscope is shown in Fig. 3.18. The images were 

then aligned and stitched to produce a large montage of the entire epoxy-intruded area using 

Microsoft Image Composite Editor.  

 

 

Figure 3.17 Olympus BX-51 petrographic microscope 
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Stage 
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Figure 3.18 Example of a fluorescence image captured by the petrographic microscope 

Fluorescence microscopy (FM) was used to image and characterise microcracks in this study 

because it allows us to image a large area of the sample cross-section at a satisfactory 

resolution and in a relatively short time. Backscattered electron (BSE) microscopy has a 

much better resolution, but it would be extremely laborious and time consuming to carry out 

the same analysis with this technique, as reviewed in Chapter 2. Fig. 3.19 shows an example 

of BSE image of a concrete sample, in which phases such as unhydrated cement particles, 

hydration products, capillary pores, microcracks and aggregate particles are clearly visible. A 

comparison was carried out between FM and BSE in order to ensure that FM is capable of 

producing representative and accurate analysis of microcracks. Results are shown in Section 

5.3.4. 

 

Figure 3.19 BSE image of a concrete sample (C 0.5-10:60:50-28d) 
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3.5 Image analysis 

As mentioned in Section 2.3, automated detection and segmentation of microcracks are often 

unreliable. Hence, a careful manual operation was applied to detect and segment the 

microcracks in this thesis. All detectable microcracks were carefully traced on the montage to 

obtain a binary image that consists of only cracks (Fig. 3.20 c and e). The tracing was done 

manually on the enlarged montage using image analysis software (ImageJ) and its accuracy 

was checked frequently by cross-referencing with the actual live image. The microcracks are 

clearly visible and can be differentiated from other porous regions when the figure is enlarged 

(for example Fig. 3.20 d). The adopted crack analysis procedure is a very time consuming 

process, but necessary for accuracy and statistical significance. Furthermore, my experience 

is that automated detection and crack segmentation methods are often not reliable. Once the 

binary image of the cracks is complete, the number of microcracks, their orientation with 

respect to the exposed surface, crack density, width and length distribution, crack area were 

measured using the image analysis. Crack density was defined as the cumulative length of 

microcracks divided by image area, and crack area was estimated from the product of the 

cumulative length and the average width of microcracks. To obtain the distribution of crack 

orientation, width and length, and area, a series of 10 μm spaced horizontal gridlines were 

placed on the montage and measurements were made where cracks intersect the gridlines.  
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(a) Cross-section of the impregnated sample imaged with a DSLR under UV lighting 

 

b) Montage of the boxed area in Fig. 3.20 (a) 

produced by stitching images from fluorescence 

microscopy 

 

c) Binary image showing detectable 

microcracks 

 

d) Montage of the boxed area produced by 

stitching images from fluorescence microscopy 

 

e) Binary image showing detectable microcracks 

Figure 3.20 Microcrack characterisation using fluorescence microscopy and image analysis 
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Image analysis was also carried out to characterise the microcracks on the surface exposed to 

drying (Fig. 3.21), in addition to the cross-section of samples. All detectable microcracks 

were manually traced (Fig. 3,21b) to obtain a binary image that consists of only microcracks 

(Fig. 3.21c).  

 

(a)  

 

(b) 

 

(c) 

Figure 3.21 Segmentation of microcracks on a w/c 0.5, 3-day paste sample, dried at 

105°C, (a) DSLR image after grinding, (b) tracing of microcracks, and (c) binary 

images of microcracking 

 

 

10mm 
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3.6 Summary 

The experimental methods and procedures used in this thesis were described in this chapter. 

Details of materials, mix proportions, sample preparation, drying regimes to generate 

microcracking, transport tests, imaging techniques, and image analysis were presented. The 

overall experimental program is illustrated in Fig.3.22. 

 

Figure 3.22 Overall experimental program 

Four drying regimes of varying severity were used to generate microcracking and to 

condition samples until mass equilibrium prior to transport measurement. However, this 

produced samples with different moisture contents/degree of water saturation, which would 

have a significant influence on the measured transport properties. To isolate this effect from 

that of microcracking, an attempt was made to condition samples that were initially dried at 

105°C, 50°C and 33%RH at gradually increasing humidity until that they reach a similar 

moisture content as those subjected to stepwise drying. The results from this approach are 

discussed in Chapter 7. 

The drying induced microcracks were characterised using fluorescence imaging and image 

analysis. Samples were impregnated with a fluorescent epoxy, sectioned and then imaged 
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with a DSLR camera. The images were used to obtain a macro view of the sample, observe 

the pattern of microcracking and measure the epoxy penetration depth. Fluorescence 

microscopy was then used to image the sample at a much higher resolution and image 

analysis was applied to quantify the microcracks in terms of length, width, area, orientation 

and density.  
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Chapter 4-Influence of aggregate size, sample thickness, drying 

regime and related microcracking effects on mass transport 

properties  

It has long been suspected that microcracks influence the transport properties and durability 

of concrete structures, but the nature and extent of this influence has been unclear. In this 

chapter, the characteristics of microcracks caused by different drying regimes and their 

influence on transport properties are investigated. Mortars and concretes were prepared with 

t/MSA ratio ranging from 2.5 to 20 by varying sample thickness (t: 25 and 50 mm) and 

maximum aggregate size (MSA: 2.5, 5, 10 and 20 mm). Samples were dried to mass 

equilibrium at 105°C or 50°C/7%RH or 21°C (stepwise: 93%RH  55%RH) prior to 

characterisation of microcracks by fluorescence microscopy and oxygen diffusivity, oxygen 

permeability and water sorptivity tests. Image analysis found that all samples exhibited 

drying-induced microcracks, and most microcracks (>80% of population) have widths < 

10μm and lengths < 100μm. This study shows a significant sample size effect on the 

microcracks and transport properties. Regardless of drying regime, concrete samples with 

smaller t/MSA ratio consistently had larger microcrack density, widths and lengths, area and 

consequently recorded higher O2 permeability. O2 permeability decreased with increasing 

t/MSA, and remained relatively constant beyond t/MSA of 10. However, this size effect was 

not seen on O2 diffusivity and sorptivity, both remaining relatively constant for the entire 

range of t/MSA investigated.  

4.1 Introduction 

Studies using microscopy techniques have observed that neat cement pastes, when subjected 

to drying, form a cell-like crack pattern (map-cracking) on the surface, and that the 

microcracks form perpendicular to the dried surface, but with limited penetration depth 

[Hwang and Young, 1984; Kjellsen and Jennings, 1996; Bisschop and Wittel, 2011].  In 

cement-based composites containing aggregate, drying shrinkage induces radial (matrix) and 

circumferential (bond) microcracks around aggregate particles [Slate and Olsefski, 1963; 

Bisschop and van Mier, 2002b; Wong et al., 2009]. To facilitate understanding the underlying 

mechanisms causing microcracking, a number of experimental and numerical studies have 

been carried out on model systems. These are essentially two-dimensional or very thin 

cementitious composites containing mono-sized aggregate inclusions (glass spheres, steel 
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rods) at relatively low volume fractions [Hsu, 1963; Bisschop and van Mier, 2002; Schlangen 

et al., 2007;  Grassl et al., 2010; Idiart et al., 2012]. These studies collectively show that 

radial cracks typically occur along the shortest distance connecting neighbouring aggregates, 

and that increasing aggregate size at constant volume fraction increases the degree of 

microcracking. Some studies have also suggested that a critical aggregate size exists, below 

which drying shrinkage produces an insignificant amount of microcracking [Bisschop and 

van Mier, 2002; Idiart et al., 2012].  

To what extent studies on model systems relate to real mortars and concretes is unclear. 

Cement-based composites can be free of cracks provided the drying rate is extremely low or 

the sample thickness is limited to a few mm [Bazant and Raftshol, 1982], but these conditions 

are rarely met, so it is reasonable to assume that most concrete structures are micro-cracked. 

The question that is of most practical significance is to what degree the microcracks influence 

transport properties and long-term durability. A related issue that lacks understanding is the 

influence of size effects (sample thickness and aggregate size) on microcracking and 

measured transport properties. Conventional laboratory transport tests typically involve 

applying a pressure, concentration or potential gradient, and measuring the flux through the 

sample. Obviously, the volume of tested material should be large enough to be representative. 

Sample thickness (t) in the direction of flow should also be several times the maximum 

aggregate size (MSA) to prevent flux being dominated by short circuits through cracks or the 

porous interface of a single large aggregate. Table 4.1 summarises the recommended drying 

regimes and sample dimensions in several standardised transport test methods. A t/MSA ratio 

of  3 is specified in several tests, but it is not well established that this is sufficient to 

provide representative measurements. 
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Table 4.1 Recommendations of various codes of practice on the conditioning regime, sample 

dimensions and maximum aggregate size (MSA) requirements for measuring transport 

properties of cement-based materials. 

Code Transport property Conditioning  
MSA 

(mm) 

Diameter 

ø (mm) 

Thickness 

t (mm) 
t/MSA 

CEMBUREAU, 1989 

[Kollek, 1989] 

Gas and water 

permeability 

65%RH, 20°C for 28d; 

or 105°C for 7d, 

followed by 20°C for 3d. 

≤20 150 50 ≥ 2.5 

RILEM TC 116: 1999 

[ref] 

Gas permeability and 

capillary absorption 

50°C until pre-set weight 

loss is attained 
≤20 150 50 ≥ 2.5 

CRD-C 163-92: 1992 

[ref] 
Water permeability Moist cured at 23°C  - 20-100 ≥ ½ ø ≥ 3          

NT Build 506: 2006 

[ref] 
Water permeability 

In lime-saturated water 

at 20°C until test 
- - - ≥ 3 

BS EN 772-15: 2000 

[ref] 

Water vapour 

permeability (concrete) 
- - - 8-50 - 

BS EN 1015-19: 1999 

[ref] 

Water vapour 

permeability (mortar) 

95%RH, 20°C for 2-5 

days, then 50%RH, 20°C 

for 23-26d 

- - 10-30 - 

NT Build 369: 1991 

[ref] 
Water diffusion 40°C for 7d - 100 20 - 

RILEM CPC 18: 1988  

[ref] 
Carbonation depth 65%RH, 20°C  - - 40-100  ≥ 3 

ASTM C1760-12: 

2012 [ref]  
Electrical conductivity Vacuum saturated  - 100 100-200 ≥ 3 

ASTM C1202-12: 

2012 [ref]  
Chloride ion penetration Vacuum saturated - 100 50 - 

BS 1881-122:2011 

[ref]  
Capillary absorption 105°C for 3d - 75 32-150 - 

NT Build 368: 1991 

[ref] 
Capillary absorption 40°C for 7d 16 100 20 - 

BS EN 13057: 2002 

[ref] 
Capillary absorption 40°C until constant mass  - 100 25 ≥3 

 

 

The published literature contains a vast number of papers on the mass transport properties of 

cement-based materials. However, studies where aggregate size is a variable are limited and 

do not provide a clear and consistent answer as to whether a significant size effect on 

transport exists. Data from some suggest that increasing aggregate size increases measured 

transport [Soongswang et al., 1991; Basheer et al., 2005; Pereira et al., 2009; Torrijos et al., 

2013], while others show insignificant influence [Dhir et al., 1989; Dias, 2004] or even 

opposing trends [Özbay, 2010]. Most studies looked at a small range of aggregate sizes, at 

constant sample thickness, and very few have considered the possible influence of 

microcracks or related their observations to the t/MSA ratio [Hooton and Wakeley, 1989; 

Wong et al., 2009; Torrijos et al., 2013]. The inconsistent findings may also be due to several 

influencing parameters that vary (but may not be considered) in experiments, which 

underscore the difficulty of isolating the effect of microcracks. 
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The aim of this chapter is to study the effect of sample thickness, aggregate size and the 

t/MSA ratio on drying-induced microcracking and to understand its influence on transport 

properties. Mortars and concretes with t/MSA ratio ranging from 2.5 to 20 were prepared by 

varying the sample thickness or aggregate size distribution, and then dried in several ways to 

induce microcracks. O2 diffusion, O2 permeation and capillary absorption were tested because 

the influence of microcracks may be dependent on the transport mechanism. All samples had 

the same free w/c ratio, aggregate volume fraction and curing age to ensure consistent 

porosity at the time of testing. Microcracks were characterised using image analysis and 

correlated to transport results. The study is focused on establishing if there is a size effect on 

transport, and whether a critical t/MSA ratio exists, beyond which the size effect or the 

influence of microcracks become negligible. The understanding gained will help in 

interpretation of mass transport measurements, which are increasing used as performance 

indicators. It will also facilitate modelling of transport properties from microstructure (e.g. 

should microcracks be included?). A more practical motivation for this study is to help 

understand the significance of drying-induced microcracks on the durability of most concrete 

structures in real service.  

4.2 Experimental details 

4.2.1 Experimental program 

Fig. 4.1 summarises the experimental program for this chapter. Three drying regimes were 

used to dry samples prior to O2 diffusion, O2 permeation tests and water absorption. 

Subsequently, accessible porosity, imaging and image analysis were conducted. The 

measured mass transport properties of the test samples were then correlated to the 

characteristics of detectible microcracks. A brief description of materials, mix proportions, 

sample conditioning, transport tests, image analysis is presented, and details of them are 

available in Chapter 3. 
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Figure 4.1 Experimental program 

 

4.2.2 Materials, mix proportions and samples 

Two mortar and two concrete mixes with w/c 0.5 and total aggregate volume fraction of 60% 

were prepared according to the proportions given in Table 4.2. The main variable in the mix 

design was the maximum size of aggregate (MSA) at 2.5, 5, 10 and 20 mm. Total aggregate 

volume fraction for all mixes was set at 60% so that the cement content, paste fraction and 

hence the total porosity was the same for all samples. This allows meaningful comparison to 

Sample 

preparation 

105°C drying 

O2 diffusion test 

Stepwise drying at 21°C from 93%RH to 86% 

RH, 76% RH, 66% RH, and 55% RH 

Dried Samples 

50°C/7%RH drying 

O2 permeation test 

Analysis of data 

Imaging and 

image analysis 

Porosity 

measurement 

Water absorption 

test 
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be made between mixes. A value of 60% vol. aggregate content was chosen because of the 

difficulty in compacting mortars with sand content higher than this. Incomplete compaction 

produces excess air voids that would be another variable influencing mass transport results 

[Wong et al., 2011]. The properties of cement, aggregates, and grading of aggregates are 

available in Section 3.1.1. 

Table 4.2 Mix proportions  

Mix 
Cement: 

kg/m
3
 

Total water: 

kg/m
3
 

Free 

w/c  

MSA: 

mm 

Sand: 

kg/m
3
 

Limestone: 

kg/m
3
 

Aggregate vol 

fraction: % 

M 0.5-2.5:60 471.7 238.3 0.5 2.5 1462.2 ---- 60 

M 0.5-5:60 471.7 240.6 0.5 5 1524.0 ---- 60 

C 0.5-10:60 471.7 241.8 0.5 10 633.7 951 60 

C 0.5-20:60 471.7 242.0 0.5 20 638.9 958 60 

 

Disc samples with diameter of 100 mm and thickness (t) of 25 mm or 50 mm were prepared. 

Samples were cast to the required thickness in three replicates, or cast in 250 mm tall 

cylinders, cured and then sectioned to the required thickness. These are referred to as ‘cast’ 

and ‘cut’ samples respectively in this chapter. The different sample types allow us to establish 

not only the size effect, but also the effect of surface condition and sample location on the 

measured transport properties. The details of casting and curing procedures are presented in 

Section 3.1.3. 

After curing, the 250 mm tall cylinders were sectioned to obtain three 50 mm thick and three 

25 mm thick discs spanning the height of the cylinders. By varying the disc thickness and 

aggregate size, samples with t/MSA ratio ranging from 2.5 to 20 were obtained. Table 4.3 lists 

the thirteen types of samples prepared with different thickness, t/MSA ratio and surface 

condition. The ‘cut’ samples are indicated with an asterisk. 
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Table 4.3 Mortar (M) and concrete (C) samples with various t/MSA ratios 

Series Sample ID MSA: mm 
Thickness, t: 
mm 

Sample 

type 
t/MSA 

I M 0.5-2.5:60:50 2.5 50 Cast 20 

 M 0.5-5:60:50 5 50 Cast 10 

 C 0.5-10:60:50 10 50 Cast 5 

 C 0.5-20:60:50 20 50 Cast 2.5 

II M 0.5-2.5:60:25 2.5 25 Cast 10 

 M 0.5-5:60:25 5 25 Cast 5 

 C 0.5-10:60:25 10 25 Cast 2.5 

III M 0.5-2.5:60:50* 2.5 50 Cut 20 

 M 0.5-5:60:50* 5 50 Cut 10 

 C 0.5-10:60:50* 10 50 Cut 5 

IV M 0.5-2.5:60:25* 2.5 25 Cut 10 

 M 0.5-5:60:25* 5 25 Cut 5 

 C 0.5-10:60:25* 10 25 Cut 2.5 

4.2.3 Conditioning 

Samples were conditioned prior to transport testing by drying to equilibrium. Three 

conditioning regimes were used: oven drying at 105°C, oven drying at 50°C/7%RH, and 

stepwise drying at room temperature (21°C) from 93%RH to 86%, 76%, 66% and 55%RH in 

a CO2 free environment as shown in the experimental diagram (Fig. 4.1). The moisture 

content of samples after conditioning at 21°C, 55%RH ranged from 3.1% to 3.9%, while the 

50°C dried samples had moisture content ranging from 0.8% to 1.3% relative to the 105°C 

dried mass. Different conditioning regimes were used to enable us to examine the size effect 

and extent of drying-induced microcracks on samples with different moisture states.  

4.2.4 Transport properties and microcrack characterisation 

Three transport properties were measured since the influence of microcracks may vary for 

different transport mechanisms.  Tests were carried out following the sequence of oxygen 

diffusion, oxygen permeation, and water absorption in three replicates and the results were 

averaged. Details of each transport test are available in Section 3.3. It should be noted that the 

sorptivity coefficient was obtained from the slope of the regression line of absorbed water per 

unit flow area against square-root of time according to the classical unsaturated flow theory 

[Hall, 1977]. The best-fit regression line was drawn across at least 10 readings taken during 

the first 7 hours of measurement. The coefficient of regression of the least squares fit R
2
 was 

always above 0.985. Fluorescence microscopy and image analysis were then used to 

characterise all the detectable microcracks. The details of these procedures are presented in 

Section 3.4 and 3.5. 
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4.3 Results 

4.3.1 Transport properties 

The measured O2 diffusivity, O2 permeability and sorptivity are shown in Table 4.4. Each 

value is an average of three replicates and precision is expressed as the standard error 

(standard deviation divided by the square-root of sample number = /n
½
). The diffusivity 

ranged from 2.610
-8

 to 2.810
-7

 m
2
/s, while permeability and sorptivity ranged from 1.510

-

17
 to 9.210

-16
 m

2
 and 80 to 239.5 g/m

2
.min

0.5 
respectively. It is noted that water absorption 

was carried out on ‘cast’ samples.  

It is well known that the conditioning method greatly influences the measured transport 

property and this is reflected in the data. Oven drying at 105°C produced the highest gaseous 

transport coefficients, while drying at 21°C, 55%RH consistently gave the lowest values. The 

transport property measured after drying at 105°C was up to a factor of 9 times higher than 

that at 21°C, 55%RH, and up to twice that measured after drying at 50°C. The 105°C and 

50°C oven-dried samples showed a slight nonlinear relationship between cumulative 

absorbed water and square-root of elapsed time, where initial mass gain was followed by a 

more rapid mass gain before achieving saturation. Therefore, the absorption plots showed a 

sigmoidal, instead of the conventional bi-linear trend. This behaviour was previously 

observed in cement pastes containing drying-induced microcracks [Wong et al., 2007]. It 

creates uncertainties regarding the way in which the sorptivity coefficient should be defined 

and calculated. Nevertheless, the sorptivity coefficients reported in this chapter were 

calculated following the conventional approach.   

One may be tempted to attribute the changes in transport properties to microcracking, but this 

is not as straightforward as it seems because changes in moisture content would also make a 

significant contribution. Removing more moisture increases the accessible porosity and this 

effect is compounded by microcracks that develop with drying. 

Since all mixes had the same w/c ratio, aggregate volume fraction and curing age, one would 

expect the measured transport properties to be fairly consistent between samples dried in the 

same way. However, this was not the case and the results show significant variability in the 

transport coefficients, particularly for O2 permeability. Considering samples of the same 

thickness and drying regime, O2 permeability increased significantly with increase in 

aggregate size, but O2 diffusivity and sorptivity remained relatively constant.  
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Another observation was that ‘cut’ samples tended to produce lower transport coefficients 

compared to ‘cast’ samples of the same thickness, aggregate size and conditioning regime. 

This does not seem to be an experimental error since the trend is repeated for different sample 

thickness, aggregate sizes, drying conditions and transport properties. If samples were 

damaged during sectioning, then one would expect the ‘cut’ samples to have higher transport 

properties, but this is clearly not the case. It is also noted that the transport properties of ‘cut’ 

samples displayed higher variability (larger standard errors). Furthermore, samples cut from 

top of the cylinder consistently produced higher transport coefficients than those from the 

bottom. This was also observed in previous studies [Wong et al., 2009 and 2011] and is due to 

some amount of segregation that inevitably occurs during compaction of the 250 mm tall 

cylinders, producing gradients in porosity and aggregate content along the height of the 

cylinder. 

Cast surfaces tend to suffer from reduced quality because of bleeding effects and poor 

aggregate packing, i.e. the wall effect. As a result, the surface zone is likely to be more 

porous and exhibit microstructural gradients. Furthermore, the tendency for bleeding and 

segregation increases with sample height. Therefore, ‘cut’ samples are more likely to be 

influenced by these factors since they were extracted from 250 mm tall cylinders. For 

example, Wong et al. [2013] measured the amount of bleed water in CEM I mortars (60% 

vol. sand) and concretes (70% vol. aggregate) with a range of w/c ratios that were cast and 

compacted in the same manner as the 250 mm tall cylindrical samples prepared in this study. 

At w/c 0.5, the amount of bleeding was found to reduce the free w/c ratio to 0.485 and 0.494 

for mortar and concrete respectively.   
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Table 4.4 Mass transport results for all samples. ‘Cut’ samples are indicated with an asterisk (*).  

Sample ID 

O2 diffusivity (× 10-7 m2/s) O2 permeability (× 10-17 m2) Sorptivity (g/m2.min0.5) 

105°C 50°C 
21°C, 

55%RH 
105°C 50°C 

21°C, 

55%RH 
105°C 50°C 

21°C, 

55%RH 

M 0.5-2.5:60:50 
2.83 

(0.01) 

2.48 

(0.02) 

1.19 

(0.02) 

24.3 

(0.55) 

16.0 

(0.48) 

12.5 

(0.28) 

162.3 

(4.6) 

239.5 

(1.2) 

88.3 

(3.5) 

M 0.5-5:60:50 
2.73 

(0.04) 

2.32 

(0.05) 

1.10 

(0.06) 

26.3 

(1.80) 

15.6 

(0.74) 

10.7 

(1.13) 

184.3 

(4.0) 

188.5 

(13.6) 

83.0 

(3.8) 

C 0.5-10:60:50 
2.01 

(0.02) 

1.67 

(0.00) 

0.75 

(0.07) 

61.7 

(2.17) 

27.4 

(3.08) 

13.9 

(3.75) 

167.9 

(1.4) 

170.8 

(10.6) 

96.7 

(12.2) 

C 0.5-20:60:50 
1.92 

(0.04) 

1.55 

(0.08) 

0.84 

(0.06) 

92.3 

(3.46) 

53.7 

(4.14) 

28.8 

(5.86) 

190.5 

(10.2) 

170.1 

(10.6) 

91.9 

(9.2) 

M 0.5-2.5:60:25 
2.62 

(0.15) 

2.11 

(0.11) 

0.93 

(0.07) 

19.8 

(2.02) 

12.2 

(0.77) 

6.16 

(1.16) 

197.2 

(24.4) 

205.8 

(3.7) 

93.5 

(11.3) 

M 0.5-5:60:25 
2.68 

(0.04) 

1.91 

(0.09) 

0.92 

(0.09) 

30.7 

(0.75) 

18.1 

(0.90) 

6.93 

(1.50) 

195.8 

(25.1) 

187.6 

(6.9) 

81.7 

(6.3) 

C 0.5-10:60:25 
1.73 

(0.19) 

1.30 

(0.02) 

0.79 

(0.07) 

66.4 

(2.21) 

50.8 

(8.72) 

29.1 

(1.68) 

172.5 

(10.0) 

140.5 

(3.7) 

80.0 

(7.5) 

M 0.5-2.5:60:50* 
2.21 

(0.19) 

1.63 

(0.12) 

0.26 

(0.06) 

11.1 

(2.26) 

7.09 

(1.74) 

1.45 

(0.68) 
--- --- --- 

M 0.5-5:60:50* 
2.19 

(0.19) 

1.73 

(0.13) 

0.35 

(0.09) 

13.0 

(3.40) 

9.77 

(4.07) 

3.05 

(1.17) 
--- --- --- 

C 0.5-10:60:50* 
2.14 

(0.22) 

1.76 

(0.18) 

0.53 

(0.05) 

59.7 

(3.50) 

37.8 

(10.9) 

22.0 

(1.71) 
--- --- --- 

M 0.5-2.5:60:25* 
2.26 

(0.19) 

1.64 

(0.22) 

0.53 

(0.04) 

11.8 

(2.59) 

9.60 

(4.93) 

3.60 

(1.78) 
--- --- 

--- 

 

M 0.5-5:60:25* 
2.11 

(0.17) 

1.70 

(0.17) 

0.53 

(0.07) 

15.2 

(2.87) 

12.6 

(4.63) 

4.73 

(1.78) 
--- --- --- 

C 0.5-10:60:25* 
2.09 

(0.12) 

1.77 

(0.16) 

0.68 

(0.01) 

46.8 

(9.21) 

29.0 

(9.23) 

18.0 

(4.44) 
--- --- --- 

Note: standard errors are shown in brackets 

 

4.3.2 Effect of t/MSA ratio  

An interesting trend is observed when the transport data are plotted against the ratio of 

sample thickness to maximum size of aggregates (t/MSA). This is shown in Figs. 4.2 to 4.4 

for oxygen permeability, oxygen diffusivity and water sorptivity. The figures are produced by 

grouping samples of the same thickness and conditioning regime, and normalising the 

transport results to the average of each group. Results for ‘cast’ and ‘cut’ samples are plotted 

in separate graphs, but using the same scale on the y-axis to aid comparison. The error bars in 

Figs. 4.2 to 4.4 indicate +/- one standard error of the average. It is noted that variability 

within replicates is relatively small and so meaningful comparison can be made.  

The results show that oxygen permeability increased as much as fivefold when t/MSA 

decreased from 10 to 2.5. Beyond a t/MSA ratio of 10, O2 permeability remained relatively 

constant. This trend was consistent for both sample types (cut/cast) and for all conditioning 

regimes. The data suggest that t/MSA of at least 10 is required to obtain a consistent value for 

O2 permeability. On the other hand, the measured O2 diffusivity (Fig. 4.3) and sorptivity (Fig. 

4.4) were relatively constant for the entire range of t/MSA investigated. Although there is a 
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slight scatter in the data, the overall trend indicates that O2 diffusivity and sorptivity are 

independent of t/MSA.  

 

(a) ‘Cast’ samples 

 

(b) ‘Cut’ samples 

Figure 4.2 Effect of t/MSA ratio on O2 permeability 

 

(a) ‘Cast’ samples 

 

  (b) ‘Cut’ samples 

Figure 4.3 Effect of t/MSA ratio on O2 diffusivity  
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Figure 4.4 Effect of t/MSA ratio on water sorptivity  

 

4.3.3 Sample porosity 

The volume fraction of pores and cracks accessible to transport was estimated by measuring 

the volume of water absorbed from the preconditioned state to a vacuum saturated-surface 

dry condition, and dividing it by the sample volume. Results are shown in Table 4.5, and 

normalised to the average value and plotted against t/MSA in Fig. 4.5. It is evident that t/MSA 

ratio has no significant effect on porosity. This is not surprising given that all the samples had 

the same w/c ratio, aggregate volume fraction and curing age. It does however verify that the 

observed change in O2 permeability with t/MSA ratio in Fig. 4.2 is not due to a significant 

variation in sample porosity. Further analysis was carried out using the microcrack data. The 

porosity contributed by microcracks was estimated from the product of the cumulative length 

and the average width of microcracks, divided by the image area. Results show that the 

microcracks contribute only 0.1-1.3% of the sample porosity, indicating that the drying-

induced microcracks did not produce a significant change in total porosity. 
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Table 4.5 Sample porosity results.  

Sample ID 
Accessible porosity 

105°C 50°C 21°C, 55%RH 

M2.5:50 0.16 (0.001) 0.17 (0.001) 0.12 (0.001) 

M5:50 0.15 (0.002) 0.16 (0.001) 0.09 (0.004) 

C10:50 0.14 (0.006) 0.14 (0.001) 0.11 (0.002) 

M2.5:25 0.15 (0.001) 0.15 (0.002) 0.12 (0.001) 

M5:25 0.16 (0.001) 0.17 (0.001) 0.11 (0.002) 

C10:25 0.13 (0.005) 0.14 (0.007) 0.10 (0.002) 

Note: standard errors are shown in brackets 

 

 

Figure 4.5 Effect of t/MSA ratio on sample porosity 

4.3.4 Microcracks 

Pattern of microcracks 

The characteristics of microcracks in selected samples having a range of t/MSA ratio and 

drying regimes were measured according to the procedures described in Section 3.5. The 

exposed surfaces of oven dried samples tend to show a map-cracking pattern (Fig. 4.6a). The 

crack pattern has a characteristic triple-branching morphology and is typical of shrinkage-

induced microcracking [Bisschop and Wittel, 2011].  

On the cross-section, the microcracks show a very different morphology (Fig. 4.6b). They 

extend to significant depths below the exposed surface and show very little tendency for 
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branching. Their morphology is somewhat influenced by the aggregate particles, but their 

average orientation as shown in Fig. 4.7a is near perpendicular to the exposed surface 

irrespective of the drying regime or t/MSA ratio. Note that the crack orientation was obtained 

by placing a series of 50 μm spaced horizontal gridlines on the crack montage and measuring 

the angle at which the cracks intersect the gridlines.  

The detectable microcracks on the cross-section occur mainly within 10 mm from the 

exposed surface; hence microcracks in this region were characterised. The majority of cracks 

occur either at the aggregate-paste interface (bond cracks) or through the cement paste 

(matrix cracks), propagating from the surface of one aggregate particle to the surface of a 

neighbouring aggregate particle. The crack is either arrested at the aggregate particle or 

travels around the aggregate particle. It may also propagate through the aggregate, although 

this was very rare. Samples that were dried at 21°C, 55%RH also showed microcracking, but 

significantly less extensive compared to samples dried at 50°C and 105°C. 

The observed microcracks are not likely to have been caused by sample preparation, for 

example damage from cutting, grinding or polishing. This is because samples were epoxy 

impregnated prior to any of these procedures.  Furthermore, impregnation was not carried out 

under vacuum to avoid the possibility of additional drying induced cracking. If any new 

microcracks form during sample preparation, these would not be epoxy-filled and therefore 

not imaged with fluorescence microscopy. Thus, the detected microcracks must either be 

inherent or induced by the drying regime.   

Microcrack density, width and length distribution 

The crack density, distribution of crack widths and lengths are shown in Fig. 4.7b, Fig. 4.8 

and Fig. 4.9 respectively. The detectable microcracks have widths ranging from 1 to 60μm 

and extend to depths of several mm into the sample. However, a large proportion of the 

microcracks (> 80% of the population) have widths smaller than 10 μm and lengths shorter 

than 100 μm. The number of cracks per unit area, the average crack widths, total lengths, and 

total area of cracks are also given in Table 4.6. The number of microcracks measured to 

provide these data was up to 662 per sample. It should also be emphasised that the crack 

measurements were made on the cross section because this is more relevant to transport 

compared to measurements made on the exposed surface. 

The results collectively show that increasing the severity of drying induces more 

microcracking and increases the density, widths and lengths, area of the microcracks. This is 
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to be expected. However, the results also show that the t/MSA ratio has a significant effect. 

For the same drying regime, samples with lower t/MSA ratio consistently showed a larger 

crack density, crack widths and lengths. This is evident from the data shown in Fig. 4.7b, Fig. 

4.8 and Fig. 4.9 respectively. Table 4.6 also shows that the average crack width value 

doubled, when t/MSA decreased from 20 to 5.  

As mentioned earlier, the degree of microcracking is most severe near the exposed surface 

region. For example, the widths of microcracks located in the interior region within 10 mm 

from the mid-height of samples with t/MSA of 5 were measured. The data are shown in Fig. 

4.8a and Fig. 4.8b, both labelled as “t/MSA = 5 (Int)”. The results show that around 80% and 

90% of the microcracks in the interior region have widths that are less than 3 µm for the 

105°C and 50°C dried samples. The total length of microcracks in the interior was 2.6 mm, 

which was much smaller compared to 53.2 mm within the first 10 mm from the exposed 

surface for the 105°C dried sample. It should also be pointed out that all the samples 

appeared well compacted and showed little indication of segregation in the cross-section. 

There was no significant difference in the amount of air content between samples of different 

t/MSA ratios and so this could not be a factor influencing the measured mass transport 

properties [Wong et al., 2011].  

Fig. 4.10 compares the microcracks detectable with fluorescence microscopy to those of BSE 

microscopy in the same sample and field of view. Very fine microcracks with widths ~1-3 μm 

that can be seen on the BSE image were also captured on the fluorescence image. The widths 

of several microcracks were measured at 10 μm intervals and averaged. The data show no 

significant difference between measurements made on the BSE and fluorescence images. 

However, the detectable microcracks may depend not only on the resolution of the imaging 

system, but also on whether the epoxy resin intruded and filled the smallest cracks present. In 

Fig. 4.10, it can be seen that capillary pores much smaller than 1 μm were filled with epoxy 

giving compositional contrast in the BSE images [Wong and Buenfeld, 2006a]. This gives 

confidence that the pressure impregnation method was able to fill the smallest cracks with 

epoxy resin.  

The smallest crack detectable in this study is about 1 μm and I believe this is sufficient for the 

purpose in this thesis. Microcracks finer than 1 μm can be seen using BSE imaging at very 

high magnifications, but these are relatively few, and tend to be short and isolated. Previous 

studies using scanning electron microscopy [Ollivier, 1985; Kjellsen and Jennings, 1996; 

Wong et al., 2009] have also found that drying induced microcracks in cement-based 
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materials tend to be wider than 0.5 μm. The widths of microcracks that I have observed are 

also similar to what others have seen in model systems made by embedding cement paste 

with hard inclusions then subjecting them to drying [e.g. Lura et al., 2009; Idiart et al., 2012].  

 

a) Exposed surface 

 

b) Cross-section 

Figure 4.6 Typical map-cracking pattern on (a) the exposed surface and (b) cross-

section of epoxy impregnated samples after drying. 

 

(a) 

 

(b) 

Figure 4.7 Effect of t/MSA ratio and drying regime on (a) the average microcrack 

orientation and (b) average microcrack density    

 

20 mm 100 µm 

Exposed surface 

Matrix crack 

Bond crack 
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(a) 105°C 

 

(b) 50°C, 7%RH 
 

(c) 21°C, 55%RH 

Figure 4.8 Effect of drying regime and t/MSA ratio on the width of microcracks 

 

 

(a) 105°C 

 

(b) 50°C/7%RH 

 

(c) 21°C/55%RH 

Figure 4.9 Effect of drying regime and t/MSA ratio on the length of microcracks 
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Table 4.6 Number of detectable cracks per unit area, the average crack width, total length and 

total area of cracks measured on selected samples with a range of t/MSA and drying regimes.  

Sample 
ID 

t/MSA 

Number of cracks per mm2 Average width (μm) Total length (mm) Total area (× 10-3 mm2) 

105°C 50°C 
21°C/55
%RH 

105°C 50°C 
21°C/55
%RH 

105°C 50°C 
21°C/55
%RH 

105°C 50°C 
21°C/55
%RH 

M2.5:50* 20 
1.16 

(0.13) 

0.94  

(0.16) 

0.94       

(0.10) 

4.6   

(0.3) 

3.6  

(0.1) 

3.1          

(0.1) 

27.0 

(1.9) 

17.3 

(2.5) 

8.7                

(1.9) 
124.2 62.3 27.0 

M5:50* 10 
1.23 

(0.00) 

0.96 

(0.02) 

0.83       

(0.05) 

5.6  

(0.2) 

4.8  

(0.2) 

4.2            

(0.3) 

37.3 

(8.5) 

30.7 

(3.2) 

 11.7          

(3.6) 
208.9 147.4 49.1 

C10:50* 5 
1.30 

(0.08) 

0.95  

(0.04) 

0.51       

(0.07) 

8.6  

(0.5) 

7.2  

(0.7) 

5.7                

(0.1) 

 53.2 

(0.9) 

50.3 

(6.9) 

 17.5          

(4.4) 
457.5 362.2 99.8 

Note: standard errors are shown in brackets 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.10 Comparison between fluorescence and backscattered electron microscopy 

for characterising microcracks.  

Mean width: 

3.4 ± 0.12 μm  

Mean width:  

2.5 ± 0.10 μm  

Mean width: 

2.6 ± 0.15 μm  

Mean width:  

3.5 μm ± 0.19 μm   

100μm 

Mean width: 

2.2 ± 0.1 μm 

Mean width: 

2.5 ± 0.09 μm 

Mean width: 

1.6 ± 0.09 μm 

Mean width: 

2.0 ± 0.18 μm 

Mean width: 

2.2 ± 0.10 μm 

Mean width: 

1.3 ± 0.08 μm 

100μm 
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4.4 Discussion 

4.4.1 Influence of aggregate on microstructure 

Aggregates used in normal-weight concrete have much lower porosity than cement paste and 

so they act as obstacles to transport by decreasing the cross-sectional area available for flow 

and increasing the tortuosity of the transport path. However, the cement paste region 

approximately 20-50 μm surrounding each aggregate particle, known as the ‘interfacial 

transition zone’ (ITZ), contains on average higher porosity and lower cement content 

compared to the ‘bulk paste’ farther away [Struble, 1988; Mindess, 1989; Larbi, 1993; 

Ollivier et al., 1995; Scrivener et al., 2004]. In practical mortars and concretes, the ITZ 

occupies a significant fraction of the total paste volume and is interconnected (percolated). 

Therefore, the ITZ is widely believed to have an important influence on the overall behaviour 

of the composite.  

However, the microstructure within the ITZ is spatially variable [Diamond and Huang, 2001; 

Scrivener et al., 2004; Wong and Buenfeld, 2006b]. For example, referring to the BSE images 

shown in Figs. 4.10 (b, d), some areas within the ITZ are clearly dense or have similar 

porosity to the ‘bulk paste’ while other areas show a marked increase in porosity. 

Furthermore, the increase in porosity or the amount of ITZ must be balanced by a 

corresponding decrease in porosity of the bulk paste because of water conservation in the 

mix. Despite being on average more porous and itself more permeable, experimental and 

numerical studies have shown that the net effect of ITZ on transport properties is small, even 

when the ITZ fraction is sufficiently high to be overlapping [Buenfeld and Okundi, 1998; 

Bentz et al., 1998; Carcasses et al., 1998; Delagrave et al., 1998; Wong et al., 2009; Zheng et 

al., 2009; Dehghanpoor et al., 2013]. These results strongly suggest that when the aggregate 

content (volume fraction) is increased, the effect of ITZ percolation is balanced by the 

reduction in the cross-sectional area available for flow, the increase in tortuosity of the 

cement paste and the lower penetrability of the bulk paste.  

Changing the size distribution of aggregates at constant volume fraction and w/c ratio induces 

a number of effects, some expected to reduce transport, while others are expected to do the 

opposite. If we consider the case of decreasing aggregate size at constant aggregate fraction, 

this equates to a greater number of aggregate particles, a larger aggregate surface area in 

contact with paste and thus, a greater amount of ITZs. Here, the cross-sectional area available 

for flow and total porosity is constant, but the tortuosity of the transport path should be 
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affected. The aggregate particles are now packed closer and the separating distance between 

them decreases. Therefore, the ITZ not only increase in amount, but there would be a much 

greater overlap between them. If the ITZ is indeed the main controlling factor with regards to 

transport, then we would expect a substantial increase in transport properties for samples with 

smaller MSA, but this was not observed. The finding from this study is that the net effect of 

decreasing aggregate size is to decrease O2 permeability, while no significant trend in O2 

diffusivity or sorptivity was recorded. 

Changing the size distribution of aggregate may also cause other unintended effects, for 

example certain aggregate gradings are known to produce concretes that are more prone to 

segregation and bleeding. These are undesirable effects, but often not considered when 

interpreting experimental results because the amount of bleeding is seldom measured in 

experiments and the degree of segregation cannot be seen without making a cross section of 

the samples.   

4.4.2 Drying-induced microcracks 

When mortar or concrete is dried, it is the cement paste that shrinks and shrinkage is 

restrained by the rigid aggregate particles. The restrained shrinkage produces a build-up of 

radial and tangential stresses, and when these exceed the local tensile strength, microcracking 

occurs. The stresses are largest at the aggregate-paste interface so microcracks often initiate 

here, then propagate and radiate into the paste matrix [Hsu, 1963; Jensen and Chatterji, 

1996]. At equal aggregate volume fraction, increasing aggregate size in concrete equates to 

lower surface area to bond with the paste. Thus, shrinkage would produce higher stress 

concentrations at the interface and more microcracking compared to concretes with smaller 

aggregate particles. The cracks formed are less tortuous and offer a shorter transport path 

because of the larger aggregate spacing and fewer obstructing aggregate particles per unit 

volume concrete to arrest the cracks.  

The image analysis results show that microcracking increased when the drying regime 

became more severe. The microcracks are perpendicular to the drying surface and mainly 

within 10 mm from the exposed surface. For the same drying condition, the crack density, 

widths and lengths of microcracks increased with increase in aggregate size. In a study using 

BSE microscopy [Wong et al., 2009], it was also observed that concretes (MSA: 12.7 mm) 

have more microcracks, and that the microcracks have lower specific lengths compared to 

analogous mortars (MSA: 5 mm) subjected to the same drying treatment. These findings 
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appear to be consistent with available studies on model systems such as those on thin 

cementitious composites containing rigid inclusions at relatively low volume fractions 

[Bisschop and van Mier, 2002b; Lura et al., 2009; Idiart et al., 2012]. For example, Bisschop 

and van Mier [2002b] studied the drying shrinkage microcracking in a cement-based 

composite containing mono-sized glass spheres (0.5-6 mm, 10-35% vol. fraction). They 

found that for a given drying treatment, the length and depth of microcracks measured using 

fluorescence microscopy were significantly larger in samples containing larger aggregates 

than those with smaller aggregates at the same volume fraction.  

A number of two-dimensional mesoscale models have also been presented in recent years to 

investigate the effect of aggregates on drying shrinkage-induced microcracking [Schlangen et 

al., 2007; de Sa et al., 2008; Grassl et al., 2010; Idiart et al., 2012]. These studies show that 

increasing the volume fraction of inclusions yields an increase in degree of microcracking 

and size of the microcracks. For example, Grassl et al. [2010] used a 2D lattice approach 

based on non-linear FE analysis to model mortars and concretes with regular and random 

arrangements of aggregates at volume fractions of 10 to 50%. They showed that the average 

crack width increased from ~2 to 7 μm when the size of circular aggregates increased from 2 

to 16 mm diameter at 50% vol. fraction, and this consequently increased the simulated 

permeability greatly. Results from the hygro-mechanical model of Idiart et al. [2012] showed 

larger degrees of microcracking for higher levels of drying as well as for increasing aggregate 

volume fraction and size. The model was calibrated and compared to experimental results 

from thin (2 mm) CEM I samples with mono-sized cylindrical steel rods of 2-6 mm diameter 

at 10% and 35% vol. fraction.  

It is interesting to note that the ‘gentle’ step-wise drying at 21°C imposed over a 10-month 

period did not entirely avoid microcracking in the samples. This is probably due to the 

significant thickness of the samples causing non-uniform drying and shrinkage restrained by 

underlying materials. However, there were far fewer microcracks and the widths and lengths 

of cracks were smaller compared to the oven-dried samples. Studies on neat cement pastes 

have found that samples up to 3 mm thickness can be dried crack-free down to 26%RH under 

atmospheric pressure if they are dried single sided [Bisschop and Wittel, 2011]. 

Microcracking in thick samples could probably be avoided by slowing down the drying rate 

even further, but this would not be practical because of the long conditioning time required. 

Another approach to obtain crack-free samples is to dry samples under compressive load 

[Bazant and Raftshol, 1982; de Sa et al., 2008]. 
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4.4.3 Size effect and influence of microcracks on transport properties 

The results showing that O2 permeability decreased with an increase in t/MSA ratio up to 10 

was unexpected because it is often assumed that a t/MSA of 3 is sufficient to provide 

representative results. For example, the CEMBUREAU, NT Build 506 and CRD-C 163-92 

methods recommend that the sample thickness must be at least three times the maximum 

aggregate size for permeability testing. Other permeability test methods have not specified 

the minimum t/MSA ratio. However, the recommended sample thicknesses range from about 

10 to 50 mm (Table 4.1) and if one considers the aggregate sizes used in typical concretes, 

the t/MSA ratio when testing permeability according to these methods will be smaller than 5 

in most cases.  

Not many studies have looked at the effect of sample size or aggregate size on transport 

properties in detail. However, the limited data from several studies seem to be in line with my 

observations. For example, Hooton and Wakeley [1989] measured the water permeability of 

concretes containing fly ash with MSA of 37.5 mm using discs with t of 50 to 178 mm 

(t/MSA: 1.33-4.75). In one set of data (0% fly ash), the permeability increased by 90% when 

t/MSA decreased from 4.75 to 3.0. In another set of data (25% fly ash), the permeability 

increased as much as 300 times when t/MSA decreased from 3 to 1.33. In another study, 

Aldea et al. [1999a] measured the water permeability of concretes containing cracks of 

widths 50-350 μm induced by feedback-controlled splitting. The samples had MSA of 4.76 

mm and permeability was measured on 25 mm and 50 mm thick discs (t/MSA: 5 and 10.5). 

Their data showed that thinner samples consistently recorded 1 to 3 times higher 

permeability. Wong et al. [2009] tested a 3-year old mortar with MSA of 4.75 mm and t of 20 

to 60 mm (t/MSA: 4-13). Samples were dried at 50°C and 105°C prior to transport testing. 

They found that t/MSA ratio had little effect on O2 diffusivity and sorptivity, but O2 

permeability increased significantly when t/MSA decreased from 10 to 4.  

The size effect on permeability can also be deduced from the data of several studies where 

measurements were made at constant thickness, but varying aggregate sizes. For example, the 

data from Soongswang et al. [1991] showed that water permeability measured on 50 mm 

thick discs increased by 60-90% when the MSA increased from 9.5 to 25.4 mm (t/MSA: 2 and 

5.3). Basheer et al. [2005] reported a 51 to 65% increase in air permeability index measured 

on 50 mm thick discs when the MSA was increased from 10 to 20 mm (t/MSA: 2.5 and 5). 

Pereira et al. [2009] observed that air permeability of concretes made with several types of 
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natural coarse aggregates (granite, basalt, carcareous and marble) increased by 4 to 33% 

when the MSA increased from 9.52 to 12.70 mm. The permeability measurements were 

carried out on 50 mm thick discs (t/MSA: 3.9 and 5.3). More recently, Torrijos et al. [2013] 

tested the transport properties of concretes made with granite, quartzite crushed stone and 

river gravel with MSA of 19 and 38 mm that were subjected to drying shrinkage at 20°C, 

70%RH for 10 years. Transport measurements were carried out on 40 mm thick discs (t/MSA: 

1.1 and 2.1). Their data showed that air permeability increased by 4.3 to 44%, while water 

permeability increased by 16 to 755% when MSA was increased from 19 to 38 mm. However, 

water sorptivity did not show any significant size effect.    

Interestingly, Özbay [2010] reported that water permeability and sorptivity decreased by up 

to 57% when MSA increased from 4 to 8, 16 and 22.4mm. Tests were conducted at t = 50 

mm, giving a t/MSA of 2.2 to 12.5. At first impression, this work appears to report a finding 

that is completely opposite to that of other studies. However, this is not the case upon careful 

examination of the work because the samples with varying aggregate sizes were prepared at 

the same w/c ratio (0.45) and at a constant total aggregate surface area. To achieve this, it 

would be necessary to reduce cement content from 653 kg/m
3
 to 450 kg/m

3
 and to reduce 

paste volume fraction from 50.1% to 34.5% when MSA was increased. Thus, the total 

porosity would be reduced by the corresponding amount. This effectively produces two 

variables: aggregate size and sample porosity, and it would be incorrect to interpret the data 

solely on the effect of aggregate size since changes in porosity will have a major influence on 

transport. In fact, their data show that the variable with the dominating effect on transport 

properties is the total porosity, as to be expected [Buenfeld and Okundi, 1998].  

In this study, t/MSA was varied by changing sample thickness and the aggregate size 

distribution, but keeping total porosity constant. It is worth mentioning that previous studies 

have looked at a limited size range and have varied t/MSA ratio by either changing the sample 

thickness or maximum aggregate size, but not both. Very few studies have characterised the 

microcracks and considered their possible influence, or related their observations to the 

t/MSA ratio. Most studies also did not explain the apparent size effect on permeability as this 

was not the focus of the work. Some researchers [Basheer et al., 2005; Pereira et al., 2009] 

have suggested that a larger aggregate size increases the likelihood of micro-bleeding and 

bleed water accumulating beneath aggregate particles, causing a more porous ITZ. However, 

as mentioned earlier, this effect should be balanced by a denser bulk paste and the increase in 

separating distance between neighbouring ITZs. Furthermore, this does not explain the 
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increase in permeability observed in studies where aggregate size was held constant [Hooton 

and Wakeley, 1989; Aldea et al., 1999a, Wong et al., 2009]. It is also worth mentioning here 

that the size effect on permeability has not been observed in numerical studies since currently 

available three-dimensional models for permeability have yet to achieve the level of 

sophistication required to simulate a representative volume of concrete, and include the 

influence of microcracks.  

The increase in O2 permeability at decreasing t/MSA ratio is most probably linked to the 

presence of microcracks. This corroborates well with my (and others’) observations that the 

severity of microcracking in terms of crack width, length, and density, increases with increase 

in aggregate size. If sample thickness is kept constant, the greater amount of microcracking in 

samples with larger aggregate particles means there is a greater likelihood of the cracks 

spanning the sample. However, the influence of drying-induced microcracks diminishes if 

one considers the permeability across thicker elements or if the aggregate size grading is 

decreased. Likewise, microcracks in a thinner sample have a greater possibility to extend 

across the full thickness in the direction of flow, compared to a thicker sample with identical 

MSA and drying treatment. This would provide a preferential path for substances to migrate 

through the sample. It should also be noted that the size effect on permeability is not a result 

of differences in moisture content since the moisture contents achieved at the end of each 

conditioning regime were very consistent. The size effect cannot be attributed to percolation 

of porous ITZ as discussed earlier. However, the presence of localised microcracking may 

increase the connectivity of the ITZ, thereby exacerbating their effect on permeability.  

It is also interesting to observe that gas diffusivity and sorptivity remained relatively constant 

for the entire range of t/MSA for all drying regimes. This is in agreement with available 

experimental data such as Dias [2004], Wong et al. [2009] and Torrijos et al. [2013]. This is 

also consistent with the expectation that permeability is more sensitive to the presence of 

microcracks compared to diffusivity or sorptivity. Theoretically, flow through a cracked 

media as a result of pressure gradient scales to the cube of crack width, whereas diffusion and 

capillary absorption are proportional to the total accessible porosity, which is not greatly 

increased by the microcracks [Gérald and Marchand, 2000]. This greater sensitivity of 

permeability to cracks has been observed in experiments, for example in refs. [Aldea, 1999b; 

Wong et al., 2007; Zhou et al., 2010; Djerbi et al., 2013].  

The observed non-linear behaviour between absorbed water and square-root of elapsed time 

for the oven-dried samples is interesting and suggests that the microcracks have an influence 
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on water absorption. This behaviour has been investigated and the findings are reported in 

Chapter 5. 

A critical point to note is that gas permeation is not considered to have a major influence on 

degradation mechanisms and durability of most concrete structures. Water permeation is 

more relevant, but this is limited to structures that are subjected to high water head and long-

term wetting, such as basements and water-retaining structures. However, water permeability 

is expected to decrease over time because the microcracks will self-heal when exposed to 

moisture. Water absorption and gas diffusion in partially saturated conditions are far more 

relevant and important for durability, but the results show that these transport mechanisms are 

less sensitive to microcracks. Furthermore, the samples tested in this study are likely to be 

more micro-cracked than concretes in practical situations due to the sample size and severity 

of drying. Thus, one may conclude on this basis that drying-induced microcracks would have 

little impact on the durability of real concrete structures. 

4.5 Conclusions 

The aim of this study was to understand the influence of sample thickness (t), maximum size 

of aggregate (MSA), and microcracking on the transport properties of mortars and concretes 

subjected to drying. Samples with t/MSA ratio ranging from 2.5 to 20 were prepared by 

varying the sample thickness (25 and 50 mm) or the aggregate size distribution (MSA: 2.5, 5, 

10 and 20 mm). Samples were prepared at constant free w/c ratio (0.5), aggregate volume 

fraction (60%) and curing age (28 days) so that they had the same porosity at the time of 

testing.  

All samples exhibited microcracking, even those that were subjected to a gentle step-wise 

drying at 21°Cat gradually decreasing relative humidity. As expected, drying at higher 

temperatures of 50°C and 105°C increases the severity of microcracking, measured in terms 

of density, width and length, area of the microcracks. The observed microcracks had widths 

ranging from 1 to 60 μm and extended to depths of several mm into the sample. However, a 

large proportion of the microcracks (> 80% of the population) had widths in the range of 1-10 

μm and lengths smaller than 100 μm.  

The study showed for the first time that the microcracking and gas permeability exhibited a 

significant size effect. Regardless of the drying condition, samples with smaller t/MSA ratio 

showed larger microcrack density, widths and lengths, and consequently recorded higher gas 
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permeability values. Gas permeability increased as much as fivefold when t/MSA decreased 

from 10 to 2.5. Above t/MSA of 10, gas permeability remained relatively constant. However, 

gas permeation has little relevance to degradation and durability of most concrete structures. 

Water absorption and gas diffusion are far more relevant and important for durability, but the 

study showed that these properties are not sensitive to drying-induced microcracks. They 

remained relatively constant for the entire range of t/MSA investigated. These trends were 

consistent for all drying regimes and sample types (cut/cast). Because the samples tested in 

this study are likely to be more micro-cracked than concretes in practical situations due to 

their size and severity of drying, one may conclude on this basis that drying-induced 

microcracks would have little impact on the durability of most real concrete structures. 

However, gas permeability is a commonly measured transport property and so the observed 

size effect has other important implications. The study showed that a t/MSA of at least 10 is 

required to obtain consistent gas permeability values, but this is clearly not practical for 

routine testing of concrete. Permeability is often measured at t/MSA ratio much lower than 10 

and used as a ‘performance indicator’, thus the influence of size effects and drying-induced 

microcracks must be considered when interpreting and comparing results. Caution must also 

be taken when using lab-measured permeability data to compare or validate numerical 

models that aim to predict permeability from microstructure since currently available models 

have yet to achieve the level of sophistication required to simulate a representative volume of 

concrete, and include the influence of microcracks.  

Finally, it should be pointed out that increasing the t/MSA ratio at a constant sample thickness 

and aggregate volume fraction equates to increasing the amount of aggregate-paste interfacial 

transition zone (ITZ) and the degree of ITZ percolation. Therefore, the results from this work 

also support findings from other studies [e.g. Buenfeld and Okundi, 1998; Bentz et al., 1998; 

Carcasses et al., 1998; Delagrave et al., 1998; Wong et al., 2009; Zheng et al., 2009; 

Dehghanpoor Abyaneh et al., 2013] that the ITZ has an insignificant influence on the bulk 

transport properties of concrete. 

  



98 

 

Chapter 5-Anomalous water absorption in micro-cracked cement-

based materials 

Classical unsaturated flow theory states that the cumulative water absorbed by capillary 

absorption is proportional to square-root of time and the rate of absorption, defined as 

sorptivity, can be obtained from the slope of this linear relationship. However, Chapter 4 

found that 105°C and 50°C oven-dried samples showed a nonlinear relationship between 

cumulative absorbed water and square-root of time. This anomaly in the water absorption of 

micro-cracked samples is hence investigated further in this chapter. Results showed that the 

relationship between the water uptake and square-root of time becomes increasingly non-

linear in micro-cracked samples. Image analysis revealed that the initial water uptake was 

dominated by very rapid absorption into microcracks. Subsequent uptake then occurred 

through the non-cracked regions at a much lower rate. This is believed to cause the deviation 

in the linear water absorption-time
½
 plot. An attempt was made to calculate the water 

sorptivity coefficient for micro-cracked samples by dividing the data to two stages and fitting 

the data from each stage to a linear regression equation. Results showed that the calculated R
2
 

values for the sorptivity coefficient at each stage was always higher than 0.99 regardless of 

drying regime, MSA, and sample thickness. 

5.1 Background  

Among the transport of deleterious substances into/through concrete, the migration of water 

is a central and critical process by which most degradation mechanisms occur [Mehta and 

Monteiro, 2005]. This is because water is a medium primarily responsible for the transport of 

dissolved chemicals. For example, dissolved salts can ingress to the steel bar embedded in 

concrete through the capillary pore network, and cause the initiation of steel corrosion. An 

analysis of water transport in concrete has been recognized as a very good basis for 

understanding deteriorations in building materials [Hall and Hoff, 2012].  

The flow of water in concrete can be driven by pressure gradient in saturated concrete or by 

capillary suction in un-saturated concrete. However, most concrete structures in the field are 

in an unsaturated condition. Therefore, the flow of water by capillary force can be considered 

as the primary transport mechanism for water transport in concrete structures [Martys and 

Ferraris, 1997; Hall and Hoff, 2012].  

Few studies have measured the effect of microcracks on the water absorption in cementitious 
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materials in the literature. Yang et al. [2006] showed that the rate and total amount of water 

absorption increased linearly with an increase in freezing and thawing damage, which 

produced well distributed cracks of widths up to 100 µm. Water absorption into concrete has 

also been studied by numerical simulations, for example [Wang and Ueda, 2011; 

Dehghanpoor Abyaneh et al., 2014], but none of these models have taken microcracks into 

account. 

This chapter aims to understand the effect of drying-induced microcracks on water absorption 

in cementitious materials. Paste, mortar, and concrete samples were prepared and conditioned 

in different drying regimes prior to the water sorptivity test. Image analysis was then carried 

out to examine the water penetration in micro-cracked samples.  

5.2 Experimental details 

5.2.1 Experimental program 

Fig. 5.1 shows the experimental program for this chapter. Mortar and concrete samples were 

subjected to three drying regimes until mass equilibrium. Water absorption testing was then 

conducted. Subsequently, image analysis was performed to study the water penetration into 

cracked and non-cracked regions of the sample cross section. The materials, mix proportions, 

sample conditioning, water absorption test, and image analysis are described in the next 

sections.  
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Figure 5.1 Experimental program 

5.2.2 Materials, mix proportions and samples 

One paste, two mortar and two concrete mixes with w/c 0.5 and different maximum size of 

aggregates (MSA) were prepared according to the proportions given in Table 5.1. The 

properties of cement and aggregates are available in Section 3.1.1.  
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105°C drying 

Water absorption test 

Stepwise drying at 21°C from 93 %RH to 86% 

RH, 76% RH, 66% RH, and 55% RH 
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50°C/7%RH drying 

Analysis of data 
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Table 5.1 Mix proportions  

Mix 
Cement: 

kg/m
3
 

Total water: 

kg/m
3
 

Free 

w/c  

MSA: 

mm 

Sand: 

kg/m
3
 

Limestone: 

kg/m
3
 

Aggregate vol 

fraction:% 

P 0.5-50 1197.4 598.7 0.5 ---- ---- ---- ---- 

M 0.5-2.5:60 471.7 238.3 0.5 2.5 1462.2 ---- 60 

M 0.5-5:60 471.7 240.6 0.5 5 1524.0 ---- 60 

C 0.5-10:60 471.7 241.8 0.5 10 633.7 951 60 

C 0.5-20:60 471.7 242.0 0.5 20 638.9 958 60 

 

Cylindrical samples with diameter of 100 mm and thickness (t) of 25 mm or 50 mm were cast 

in three replicates. Table 5.2 lists the seven types of samples prepared with different thickness 

and MSA. Samples were sealed cured for 28 days by wrapping with cling film and sealing in 

plastic bags. The details of casting and curing procedures are presented in Section 3.1.3. 

Table 5.2 Mortar (M) and concrete (C) samples 

Sample ID MSA: mm Thickness, t: mm 

M 0.5-2.5:60:50 2.5 50 

M 0.5-5:60:50 5 50 

C 0.5-10:60:50 10 50 

C 0.5-20:60:50 20 50 

M 0.5-2.5:60:25 2.5 25 

M 0.5-5:60:25 5 25 

C 0.5-10:60:25 10 25 

5.2.3 Conditioning 

Samples were conditioned prior to water absorption test by drying to mass equilibrium. Three 

conditioning regimes were used: oven drying at 105°C, oven drying at 50°C/7%RH, and 

stepwise drying at room temperature (21°C) from 93%RH to 86%, 76%, 66% and 55%RH in 

a CO2 free environment. The oven drying at 50°C and 105°C is more severe than the stepwise 

drying in room temperature. However, oven drying is commonly used to condition samples 

prior to the transport tests as reviewed in Chapter 2. The moisture content of samples after 

conditioning at 21°C, 55%RH ranged from 3.1% to 3.9%, while the 50°C dried samples had 

moisture content ranging from 0.8% to 1.3% relative to the 105°C dried mass.  

5.2.4 Water absorption 

The procedure of the water absorption test is described in Section 3.3.3. 
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5.2.5 Image analysis 

To understand the water penetration process, a digital single-lens reflex (DSLR) camera was 

used to record a series of photographs of the sample cross-section whilst it was in contact 

with water. Fig. 5.2 shows an example of a paste sample (w/c: 0.5, curing age: 28 days, 50°C 

dried) that was imaged after 2 hours in contact with water. Similar to the conventional water 

absorption test described in Section 3.3.3, the sample was placed in a tray of shallow water 

with two plastic strips supporting the sample. However, Fig. 5.2 (a) shows that the contrast 

between the wetted region and non-wetted region is poor if tap water was used as the test 

solution. Hence, a small amount of fluorescein dye (C20H12O5, 1% in mass) was added into 

the tap water to act as a tracer. The sample together with the tray was placed in a dark room. 

The entire cross-section was illuminated with a 15W UV lamp to induce fluorescence and 

then photographed with a 24 MP DSLR camera. The camera was operated at a very small 

aperture to increase depth of field and slow shutter speed to achieve adequate exposure. Fig. 

5.2 (b) shows a photograph captured with the aid of fluorescein dye and UV illumination. 

The result shows a marked improvement in the clarity of the wetting front. The fluorescence 

images are used to obtain a macro view of water uptake through the sample. Image analysis 

was then used to measure the increase in area of the wetted region with elapsed time.   

 

       

                                 (a) Tap water                                       (b) Tap water + 1% wt. fluorescein  

Figure 5.2 Photograph of water absorption into samples after 2 hours immersed in (a) 

tap water, (b) tap water + 1% wt. fluorescein illuminated by UV light 

 

5.3 Results  

5.3.1 Water absorption  

The mass of absorbed water per unit inflow area ∆W/A (g/m
2
) was plotted against the square-

root of time (min
0.5

). Fig. 5.3 and Fig. 5.4 show typical water absorption plots for mortars and 

Absorbed water front 

Sample 

Plastic strip 

Tray of shallow water 

20 mm 
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concretes with different maximum size of aggregate, sample thickness and conditioning 

regime. It is noted that the replicates produced similar water absorption plots; hence, result 

from one replicate for each sample ID is presented in Fig. 5.3 and Fig. 5.4.    

   

                           (a) C 0.5-20:60:50                                                   (b) C 0.5-10:60:50                                                    

 

                        (c) M 0.5-5:60:50                                          (d) M 0.2.5-5:60:50 

Figure 5.3 Cumulative water absorption against square-root of elapsed time for 50 mm 

thick samples at different drying regimes: (a) concrete with MSA = 20 mm, (b) concrete 

with MSA = 10 mm, (c) mortar with MSA = 5 mm, (d) mortar with MSA = 2.5 mm 

MSA=20 MSA=10 

MSA=5 MSA=2.5 
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                          (a) C 0.5-10:60:25                                   (b) M 0.5-5:60:25                                                    

 

                                                               (c) M 0.5-5:60:25 

Figure 5.4 Cumulative water absorption against square-root of elapsed time for 25 mm 

thick samples at different drying regimes: (a) concrete with MSA = 10 mm, (b) mortar 

with MSA = 5 mm, and (c) mortar with MSA = 2.5 mm 

The results show that the slope of the water absorption profile and the total amount of water 

absorbed for the stepwise dried samples were significantly lower than that for the oven dried 

samples. This is expected because the water content of stepwise dried samples (3.1% to 

3.9%) is much higher than the 50°C dried samples (0.8% to 1.3%) and the 105°C dried 

samples. However, in the majority of the cases, there was an insignificant difference in the 

MSA=10 MSA=5 

MSA=2.5 
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slope of the overall water absorption profile between samples dried at 105°C and 50°C. This 

will be explored when fitting the data to obtain the sorptivity as follows. 

To obtain the rate of water absorption by capillary suction, the measured data is normally 

fitted into a classical unsaturated flow theory which states that water uptake is linearly 

proportional to the square root of elapsed time. Considering one-dimensional absorption into 

an unsaturated semi-infinite homogeneous medium, it can be shown [Hall, 1977] that the 

cumulative absorbed water per unit area of the inflow face is given by the following 

expression: 

                                                         
1/2( )i a S time                                  Eq. 5.1                                      

Where  

i   = cumulative absorbed water per unit area of the inflow face (g/m
2
) 

S  = sorptivity coefficient (g/m
2
.min

0.5
) 

a  = fitting constant, caused by minor edge and surface effects [Hall and Holf, 2012].  

However, the oven-dried samples showed an anomalous behaviour in the water absorption 

plots (Fig. 5.3 and 5.4) whereby a significant departure from linearity between the cumulative 

absorbed water (i) and the square-root of elapsed time can be observed. This non-linear trend 

in the water absorption plot appears approximately sigmoidal, instead of the conventional bi-

linear. The results indicate that the initial mass gain was followed by a more rapid mass gain 

before achieving saturation. Moreover, the extent of nonlinearity increased when samples 

were subjected to a more severe drying regime, for example when comparing 50 °C and 

105°C dried samples. This observation is evident and consistent in all samples regardless of 

sample thickness and aggregate size.  

It was further found that the relationship between water uptake and square root of elapsed 

time can be approximately divided into two stages. The data from each stage can be fitted to a 

linear regression equation giving an R
2
 correlation coefficient of greater than 0.99. This is 

shown in Fig. 5.5. The best-fit regression line in Stage 1 was drawn across the readings 

before the inflection point (average 4 readings) taken during the first 40 minutes of 

measurement, while the best-fit regression line in Stage 2 was drawn across the subsequent 

readings taken up to the first 7 hours of measurement. A sorptivity coefficient was defined for 

each stage. Here, S1 and S2 are used to denote the sorptivity measured in Stage 1 and Stage 2 

respectively. The conventionally calculated sorptivity obtained by fitting all the data during 

the first 7 hours of measurement to Eq. 5.1 was also calculated and this is denoted as S0. 
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Therefore, three sorptivity coefficients were obtained for each cumulative water uptake vs. 

time
1/2 

plot. Table 5.3 and Table 5.4 present the measured sorptivity coefficients and their 

respective R
2
 correlation coefficient for all samples. Each value is an average of three 

replicates and precision is expressed as the standard error (= /n
½
). 

 

       

                                    (a) 105°C                                                                    (b) 50°C 

 

                                                                        (c) Stepwise                                                                              

Figure 5.5 Plots of cumulative water absorption against square-root of time for concrete 

samples with MSA of 20 mm and thickness of 50 mm subjected to (a) 105°C, (b) 50°C 

and (c) stepwise drying at 21°C, 55%RH. Linear regression is carried out in two stages 

to highlight the anomaly in the oven-dried samples.  
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Table 5.3 Water sorptivity coefficients (g/m
2
.min

0.5
) of concrete and mortar samples (t = 50 mm).  

C 0.5-20:60:50 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
190.5 

(10.2) 

91.7 

(8.1) 

210.5 

(15.0) 

170.1 

(2.9) 

138.1 

(2.4) 

184.8 

(4.3) 

91.9 

(9.2) 

85.5 

(11.3) 
92.9 (8.2)  

R
2
 

0.9892 

(0.0016) 

0.9961 

(0.0018) 

0.9978 

(0.0008) 

0.9965 

(0.0006) 

0.9991 

(0.0003) 

0.9991 

(0.0002) 

0.9994 

(0.0003) 

0.9986 

(0.0001) 

0.9998 

(0.00003) 

C 0.5-10:60:50 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
167.9 

(1.4) 

90.4 

(0.2) 

183.0 

(1.5) 

170.8 

(10.6) 

112.5 

(7.4) 

190.7 

(13.2)  

96.7 

(12.2) 

70.1 

(6.9) 

103.2 

(13.5)  

R
2
 

0.9895 

(0.0004) 

0.9950 

(0.0046) 

0.9975 

(0.0006) 

0.9894 

(0.0023) 

0.9934 

(0.0020) 

0.9954 

(0.0013) 

0.9954 

(0.0013) 

0.9961 

(0.0005) 

0.9996 

(0.0003) 

M 0.5-5:60:50 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
184.3 

(4.0) 

100.3 

(6.5) 

205.4 

(2.4) 

188.5 

(13.6) 

156.6 

(7.3)  

190.5 

(15.4)  

83.0 

(3.8)  

71.5 

(7.1)  
83.8 (3.6) 

R
2
 

0.9893 

(0.0007) 

0.9931 

(0.0012) 

0.9979 

(0.0003) 

0.9948 

(0.0008) 

0.9946 

(0.0020) 

0.9976 

(0.0018) 

0.9993 

(0.0003) 

0.9941 

(0.0008) 

0.9996 

(0.0001) 

M 0.5-2.5:60:50 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
162.3 

(7.2) 

74.1 

(6.9) 

178.8 

(5.4) 

239.5 

(1.2)  

181.0 

(15.5) 

246.7 

(1.1) 

88.3 

(3.5) 

73.1 

(2.7)  
90.2 (3.5) 

R
2
 

0.9857 

(0.0021) 

0.9920 

(0.0017) 

0.9966 

(0.0004) 

0.9985 

(0.0009) 

0.9939 

(0.0030) 

0.9997 

(0.0002) 

0.9989 

(0.0001) 

0.9992 

(0.0005) 

0.9997 

(0.0001) 

Note: standard errors are shown in brackets 
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Table 5.4 Water sorptivity coefficients (g/m
2
.min

0.5
) of concrete and mortar samples (t = 25 mm).  

 
C 0.5-10:60:25 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
172.5 

(10.0) 

115.4 

(6.8) 

183.9 

(12.1) 

140.5 

(3.7) 

107.5 

(1.8) 

153.8 

(4.1) 

80.0 

(7.5) 

64.2 

(6.0) 

83.8 

(7.7) 

R
2
 

0.9930 

(0.0017) 

0.9985 

(0.0006) 

0.9971 

(0.0014) 

0.9945 

(0.0006) 

0.9966 

(0.0016) 

0.9985 

(0.0014) 

0.9945 

(0.0004) 

0.9956 

(0.0017) 

0.9995 

(0.0002) 

 
M 0.5-5:60:25 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
195.8 

(25.1) 

113.2 

(16.4) 

213.5 

(28.1) 

187.6 

(6.9) 

174.9 

(9.7) 

178.0 

(8.3) 

81.7 

(6.3) 

71.4 

(3.0) 

82.7 

(6.7) 

R
2
 

0.9895 

(0.0013) 

0.9969 

(0.0005) 

0.9971 

(0.0006) 

0.9959 

(0.0018) 

0.9969 

(0.0008) 

0.9939 

(0.0028) 

0.9990 

(0.0004) 

0.9943 

(0.0025) 

0.9994 

(0.0002) 

 
M 0.5-2.5:60:25 

Drying 

regimes 
105°C 50°C Stepwise 

Stage ID S0 S1 S2 S0 S1 S2 S0 S1 S2 

Sorptivity 
197.2 

(24.4) 

102.2 

(25.9) 

218.4 

(27.5) 

205.8 

(12.4) 

195.9 

(13.8) 

196.5 

(9.6) 

93.5 

(11.3) 

89.9 

(14.6) 

91.5 

(9.1) 

R
2
 

0.9847 

(0.0025) 

0.9937 

(0.0039) 

0.9965 

(0.0013) 

0.9985 

(0.0004) 

0.9991 

(0.0005) 

0.9967 

(0.0007) 

0.9989 

(0.0002) 

0.9980 

(0.0014) 

0.9987 

(0.0004) 

Note: standard errors are shown in brackets 

 

Results show that the R
2
 values for the conventionally calculated sorptivity of all test samples 

ranged from 0.9847 to 0.9994, and the R
2
 values of the 105°C and 50°C oven-dried samples 

are significantly lower compared to that for the stepwise-dried samples, as shown in Fig. 5.6. 

The R
2
 values decreased when samples were subjected to more severe drying regime, 

indicating the anomalous water absorption behaviour of the oven-dried samples. However, if 

the data is divided into two stages and a sorptivity coefficient is defined for each stage, then 

the calculated R
2
 values for the sorptivity coefficients (S1 and S2) were always higher than 

0.99 regardless of drying regime, MSA, and sample thickness (Table 5.3 and 5.4).  
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                                    (a) t = 50 mm                                                         (b) t = 25 mm                                                           

Figure 5.6 Coefficient of regression R
2
 for the conventionally calculated sorptivity (S0) 

for samples with different MSA, sample thickness and drying regime 

Fig. 5.7 shows the conventionally calculated sorptivity (S0) for all samples. It can be 

observed that the sorptivities of 105°C and 50°C dried samples are much higher than that of 

stepwise-dried samples, and that there is no significant difference between the sorptivities of 

105°C and 50°C dried samples in most cases. This result is consistent with the observation in 

Fig. 5.3 and Fig. 5.4 that the water absorption profiles between 50°C and 105°C dried 

samples have no significant difference, but much higher than that of the stepwise-dried 

samples. 
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                                    (a) t = 50 mm                                                         (b) t = 25 mm                                                           

Figure 5.7 Conventionally measured sorptivity (S0) for samples with (a) t = 50 mm and 

(b) t = 25 mm subjected to different drying regimes 

It can be seen that the sorptivity S2 is always higher than sorptivity S1, and that the 

difference between them becomes larger when the severity of the drying regime increases, as 

shown in Fig. 5.8. For example, S2 increased as much as 2.02 to 2.40 times compared to S1 

for samples with thickness of 50 mm that were subjected to 105°C drying. The corresponding 

increase for the 50°C and stepwise-dried samples are 1.27 to 1.84 times and 1.10 to 1.47 

times respectively. Another observation is that the S2/S1 ratio was not noticeably influenced 

by the aggregate size or sample thickness in Fig. 5.8. 
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                                    (a) t = 50 mm                                                        (b) t = 25 mm                                                           

Figure 5.8 Ratios of sorptivity between Stage 2 and Stage 1 measured in (a) t = 50 mm 

and (b) t = 25 mm subjected to different drying regimes. Note that the dash line 

represents that sorptivity of S2 equals sorptivity of S1.  

To study the influence of size effects on water sorptivity, the normalised sorptivity 

conventionally calculated (S0) was plotted against sample thickness-to-maximum size of 

aggregate (t/MSA) ratio in Fig. 4.4 (Chapter 4). The figure is produced by grouping samples 

of the same thickness and conditioning regime, and normalising the sorptivity results to the 

average of each group. Results show that S0 is not significantly influenced by change in 

t/MSA ratio. This is also observed if the normalised S1 and S2 are plotted against t/MSA (Fig. 

5.9). The above observations seem to indicate that the anomalous behaviour of water 

absorption vs. time
1/2

 plot was not significantly influenced by the size of aggregates and 

sample thickness. As shown in Section 4.3.4, the degree of microcracking increased with the 

decrease in t/MSA ratio. However, this appears to have an insignificant effect on the 

calculated water sorptivity coefficients (S0, S1, and S2) or S2/S1 ratio.  
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                   (a) Normalised sorptivity S1                                 (b) Normalised sorptivity S2 

Figure 5.9 Normalised water sorptivity S1 and S2 are not significantly influenced by 

change in t/MSA ratio 

5.3.2 Image analysis 

Fig. 5.10 shows several examples of fluorescence images captured at several elapsed times to 

illustrate the water absorption process from initial water contact up to saturation. The sample 

shown in Fig. 5.10 is a cement paste with 0.5 w/c ratio, cured for 28 days and then dried at 

50°C until mass equilibrium. The images show that the initial water uptake is dominated by 

very rapid absorption into microcracks. The microcracks become saturated very quickly and 

subsequent uptake occurs through the non-cracked regions from the external surface as well 

as from internal surfaces of microcracks. The penetration front can be seen to spread in all 

direction from a crack until it meets and merges with the penetration front from adjacent 

cracks. As such, the absorbed water front is highly irregular and the presence of microcracks 

effectively increases the surface area of the sample in contact with water. In addition, Fig. 

5.10 (a) shows that the microcracks are approximately perpendicular to the exposed surface. 

This is consistent with the findings in Section 4.3.4 which shows that drying-induced 

microcracking occurred in all the mortar and concrete samples tested, and that a more severe 

drying regime generated a higher degree of microcracking in terms of width, length and 

density of microcracks. However, stepwise drying produced far fewer microcracks, and the 

widths and lengths of microcracks were smaller compared to oven-dried samples.  
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  (a) 9 secs                                                     (b) 2 mins, 18 secs 

     

 (c) 20 mins, 5 secs                                           (d) 65 mins, 29 secs 

    

              (e) 1hrs, 45 mins, 26 secs                                           (f) 2 hrs, 15 mins, 31 secs 

    

 (g) 2 hrs, 48 mins, 21 secs                                        (h) 3 hrs, 47 mins, 5 secs 

    

                 (i) 4 hrs, 46 mins, 8 secs                                          (j) 5 hrs, 42 mins, 20 secs 

Microcrack 1 Microcrack 2 

20 mm 
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                    (k) 6 hrs, 43 mins, 34 secs                                    (l) 23 hrs 

Figure 5.10 Fluorescence images showing the water absorption process in a cement 

paste sample at (a) 9 secs, (b) 2 mins, 18 secs, (c) 20 mins, 5 secs, (d) 65 mins, 29 secs, (e) 

1 hrs, 45 mins, 26 secs, (f) 2 hrs, 15 mins, 31 secs, (g) 2 hrs, 48 mins, 21 secs, (h) 3 hrs, 47 

mins, 5 secs, (i) 4 hrs, 46 mins, 8 secs, (j) 5 hrs, 42 mins, 20 secs, (k) 6 hrs, 43 mins, 34 

secs, and (l) 23 hrs 

To quantify the penetration of water into the sample, image analysis was carried out on the 

fluorescence images to measure the area of the wetted region with elapsed time. The 

boundary of penetration front was firstly manually traced and then the wetted area was 

segmented and measured. The result is plotted against time
1/2

 in Fig. 5.11 (a). It can be seen 

that the cumulative water absorbed area displays a sigmoidal relationship with time
1/2

. This is 

similar to the relationship between water uptake and time
1/2 

that is obtained gravimetrically 

on a replicate sample (Fig. 5.11 b).  

 

                              (a) Image analysis                                          (b) Gravimetric measurement 

Figure 5.11 (a) Cumulative water absorbed area by image analysis and (b) water uptake 

by gravimetric measurement on the sample shown in Fig. 5.10 
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Two microcracks in the sample shown in Fig. 5.10 (a) were selected for further analysis to 

examine the process of water absorption through microcracks. The length and width of the 

water penetration front was measured for both cracks. Length was measured along the 

microcrack up to the farthest point of the water penetration front, while the width was 

obtained by dividing the intrusion area by its length. The measurements were carried out until 

the water penetration front meets with that from adjacent cracks. The results are plotted in 

Fig. 5.12 which shows that water front length increases much faster than the water front 

width initially, and this is consistent to the observation that water is rapidly absorbed into the 

microcrack. When the microcrack is filled, subsequent increase in water front length occurs 

more gradually via the non-cracked regions. However, the water front width increases 

approximately at a constant rate and scales to time
1/2

.  

                                  
(a) Microcrack 1                                                        (b) Microcrack 2 

Figure 5.12 Length and width of the water penetration front for (a) microcrack 1, and 

(b) microcrack 2 from the sample shown in Fig. 5.10 

5.4 Discussion 

Results in Fig. 5.3 and Fig. 5.4 show that drying at 105°C and 50°C produced much higher 

water uptake rates than stepwise drying. This is expected because water absorption is 

significantly affected by the initial water content or degree of water saturation [Hall, 1989]. 

Samples with lower water content have more empty capillary pores and so are able to provide 

higher capillary suction to drive water absorption. For example, experimental results from 

Nokken and Hooton [2002] showed that water sorptivity decreased linearly with increase in 

degree of saturation, and Castro et al. [2011] showed that samples conditioned at 23°C 
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/50%RH had a total absorption six times greater than that conditioned at 23°C/80%RH. These 

findings are consistent to the results that water absorption occur much faster in samples dried 

in 50°C and 105°C compared to those dried in a gentle stepwise manner. Interestingly, there 

was an insignificant difference between the water absorption profiles for samples dried at 

50°C compared to that at 105°C. This is due to the fact that most of the water in the capillary 

pores has evaporated at 50°C, and further drying at 105°C only caused a further 0.8% to 1.3% 

reduction in mass. In one exception, the mortar sample with MSA of 2.5 mm dried at 50°C 

showed a faster rate of water absorption compared to that dried at 105°C (Fig. 5.3 d) and this 

might be an experimental error.  

In the conventional water sorptivity test [Hall, 1977; Neville, 2011], water uptake is usually 

proportional to the square root of elapsed time. It should be emphasized that this linear 

relationship is derived based on a parallel tube model [Martys and Ferraris, 1997] and that the 

porous media is assumed to be homogeneous. It is also assumed that gravitational effects are 

negligible [Hall, 2007; Hall and Hoff, 2012]. However, the results (Fig. 5.5) suggest that 

some of these assumptions may become invalid in severely dried samples that contain 

microcracks. In such instances, the sorptivity might not be a meaningful parameter if it is 

calculated in the conventional manner. For oven dried mortar and concrete, results show that 

the water absorption has a sigmoidal relationship with the square root of elapsed time, instead 

of a bi-linear relationship (Fig. 5.5). To the best of the authors’ knowledge, only one study 

from Wong et al. [2007] showed a similar sigmoidal trend between water absorption and 

time
1/2

 in paste samples containing ground granulated blastfurnace slag with extensive 

microcracks with width up to 100 µm. 

Another type of anomalous water absorption has been observed and reported. Hall et al. 

[1995] showed that the capillary uptake of water in Portland cement-based materials is 

anomalously low when compared to the absorption of other organic liquids (e.g. n-decane, n-

heptane, ethanol, propan-2-ol), and this was attributed to the rehydration and swelling that 

occur in the hardened cement paste. The chemo-mechanical changes restrict the pore throats 

and affect the connectivity of pores, and thus the capillarity-driven water absorption was 

reduced. Taylor et al. [1999] provided further evidence of anomalies in the water absorption 

of CEM I mortar or blended cement (35% CEM I and 65% slag) mortar. Results showed that 

water uptake vs. time
1/2 

plot clearly deviated from the linearity after 48 hrs and 75 hrs in 

mortar samples with 100% CEM I and blended cement, respectively. The data from Taylor et 

al. [1999] was further analysed by Lockington and Parlange [2003], and they defined a 
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generalized sorptivity by considering that the moisture diffusivity varied explicitly with time 

in response to changes in the pore structure caused by the chemo-mechanical interaction 

between the cementitious materials and infiltrating water. However, in this study, the 

anomalous behaviour was observed at very early stages of absorption (within the first hour) 

so the effect of rehydration and swelling is negligible and could not have caused the anomaly. 

Furthermore, the stepwise dried samples (Fig.5.5) did not show deviation from linear 

absorption vs. time
1/2

 behaviour.   

Since the observed anomalous behaviour in this chapter occurred at very early stages of 

absorption (within the first hour), it is necessary to record the sufficient readings during the 

water absorption testing. Otherwise, this anomalous behaviour may be overlooked. Yang et 

al. [2006] showed that the rate and total amount of water absorption increased linearly with 

an increase in freezing and thawing damage, which produced well distributed cracks of 

widths up to 100 µm. Water uptake data from these investigations was then used to be fitted 

in the classic unsaturated linear flow model (linear time
1/2 

behaviour); however, this may not 

be the case since capillary pores and microcracks coexist in the cracked samples, which 

results in a heterogeneous medium for capillary absorption. Since the absorbed water uptake 

and elapsed time were not frequently measured in the early stage (only four readings within 

the first 6 hours), the effect of microcracking on the water absorption in the early stage might 

be overlooked.   

Anomalous absorption behaviour may also be caused by gravitational effect [Hall and Hoff, 

2012]. For example, results from Hall and Yau [1987] showed that departures from strict 

linearity occurred in relatively poorly compacted concrete samples. Relatively large pores 

existed in these samples, and they had relatively weak capillary forces, and thus, the gravity 

may retard the vertical capillary rise. Similar effects were observed in autoclaved aerated 

concrete with large pores [Ioannou et al., 2008]. Drying-induced microcracks are within 1-10 

µm in width (as shown in Section 4.3.4), which is much larger than the capillary pores. Thus, 

microcracks exert weaker suction than capillary pores. According to Sahmaran and Li [2009], 

this might produce the deviations from the linear relationship between water uptake and 

time
1/2

. However, it is noted that the anomaly observed by Sahmaran and Li [2009] is 

different to that observed in this study.  

To find out whether gravitational effect is significant or not, an estimation of the capillary rise 

height in microcracks can be made. At static equilibrium, the height of capillary rise can be 

obtained from the balance between capillary force and gravitational force [Gardner, 2012]. 
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According to the Young-Laplace equation, capillary pressure pc can be expressed as 

                                                                
2 cos( )

cp
r

 
                                      Eq. 5.2 

Where  


 = surface tension (N/m) 

δ = liquid/solid contact angle (°) 

r = radius of the capillary (m) 

 

At static equilibrium, the capillary pressure is balanced by the hydrostatic pressure: 

                                                                 )sin(ghph                                       Eq. 5.3 

Where  

  = inclination angle of the capillary pore or crack to the inflow surface (°) 

h  = capillary rise height (m) 

 

Hence, the equilibrium capillary rise height heq (m) is 

                                                         
2 cos( )

sin( ) sin( )

c
eq

p
h

g gr

 

   
                                 Eq. 5.4 

For simplicity, a static contact angle of zero (fully wetting material) was assumed, and the 

surface tension of water is 0.0728 N/m at 20°C. Since drying-induced microcracks are 

approximately perpendicular to the drying surface/inflow surface (Fig.5.10a), the inclination 

angle of microcracks to the inflow surface is assumed to be 90°. As mentioned earlier, the 

width of drying-induced microcrack is normally less than 10 µm. 

Hence, the equilibrium capillary rise height can be shown 

                                                          97.2eqh                                        Eq. 5.5 

The equilibrium capillary rise height (more than 2.97 m) is far bigger than the maximum 

microcrack length or even the sample thickness (50 mm).Therefore, gravitational effects can 

be considered negligible compared to the capillary force exerted by the microcracks. 

Image analysis shows that initial water uptake is dominated by rapid absorption into 

microcracks because the microcracks provide a continuous flow channel of low tortuosity 

compared to the capillary pores in non-cracked regions. When the microcracks become filled 

with water, they act as water reservoirs and effectively increase the surface area of the sample 
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accessible to capillary absorption. As a result, the presence of microcracks accelerates the 

water migration and causes the penetration front to spread horizontally and vertically from 

the cracks. This result in a transition from slow to rapid sorption rates (S1 to S2 in Fig.5.5). 

The deviation in the water absorption -time
½
 plot from linearity is hence most probably 

linked to the effect of drying-induced microcracks. This nonlinearity was described by S2/S1 

ratio which increased with the severity of drying regime as shown in Fig. 5.8. It is noted that 

the degree of microcracking increased with the severity of drying regime (Section 4.3.4). 

The observation that water mainly penetrated into cracks and then transported into adjacent 

regions has also been made by several studies that have used different imaging techniques 

such as neutron radiography [Kanematsu et al., 2009; Zhang et al., 2010; Snoeck et al., 2012; 

Tsuchiya et al., 2013]. However, none of these studies has measured the effect of cracks on 

the water absorption-time
1/2

 relationship.  

5.5 Conclusions 

Samples with different thicknesses and aggregate sizes were prepared and conditioned in 

several drying regimes to induce microcracking. As expected, drying at higher temperatures 

of 50°C and 105°C produced samples with more microcracks and less water content than 

stepwise drying at 21°C. Since water content significantly affects the water absorption, 

samples subjected to 50°C and 105°C drying showed much higher rate of water absorption 

than those subjected to stepwise drying, regardless of sample thickness and aggregate size. 

However, drying at 105°C did not produce a significantly different water absorption profile 

compared to drying at 50°C. This can be attributed to the observation that drying at 105°C 

did not produce a significant increase in empty capillary pores compared to drying at 50°C. 

The study observed a nonlinear (sigmoidal) relationship between water uptake and time
1/2 

in 

the oven-dried samples. It was further observed that the absorption data can be approximately 

divided into two linear stages (Stage 1 and Stage 2) with good correlation coefficient (R
2
 > 

0.99). The sorptivity coefficient obtained from Stage 2 was always greater than that from 

Stage 1, and the ratio S2/S1 increased when the sample was subjected to more severe drying 

regime. This anomalous absorption behaviour was caused by the presence of microcracks.  

Image analysis showed that the initial water uptake was dominated by very rapid absorption 

into microcracks. Subsequent uptake then occurred through the non-cracked regions. This is 

believed to have caused the deviation in the water absorption -time
½
 plot from linearity.  
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Chapter 6-Effect of low confining pressure on mass transport 

properties  

This chapter presents another approach to investigate the effect of drying-induced 

microcracks on the transport properties of cementitious materials by varying the confining 

pressure during transport testing. In addition, the effect of low confining pressure on the 

transport properties of cementitious materials has received little attention. Paste and concrete 

samples were dried in different ways (stepwise drying at 21°C or oven drying at 105°C) to 

induce microcracking prior to transport testing. Transport properties of each sample were 

measured at increasing confining pressures up to 1.9 MPa (4-8% of 3 day compressive 

strength), and results were normalized and compared. The characteristics of the microcracks 

were quantified using fluorescence microscopy and image analysis. Oxygen permeability 

decreased significantly when the confining pressure was increased and the effect was more 

significant for samples with a greater degree of microcracking. Image analysis showed that 

the microcracks are nearly perpendicular to the exposed surface and undergo partial closure 

when the sample is confined, and that this subsequently influenced transport properties. It 

was also observed that the closure of pores was insignificant within the range of confining 

pressure investigated. The confining pressure used in transport testing is an important 

parameter that could influence transport results and should be taken into consideration when 

interpreting results.  

6.1 Background 

Many transport tests, such as gas diffusion, gas permeation and water permeation, require the 

sample to be confined and sealed to prevent leakage through the sides of the sample during 

testing. The sample can be sealed using a variety of methods. These include sealing with 

epoxy and silicone [Kermani, 1991; CRD-C 48-92, 1992; Wang et al., 1997]; or by 

mechanically loading a rubber ring that expands laterally to seal the sample [RILEM TC 116 

(CEMBUREAU method); Hearn and Mills, 1991]; or by air/oil pressure through a rubber 

sleeve or membrane (Hassler cell) [Whiting, 1988; CRD-C 163-92, 1992; Chen et al., 2009].  

However, it is not common to specify, measure, or report the specific confining pressure 

applied on the sample in research publications. Where this information is available, a large 

variation in confining pressure ranging from 0.7 MPa up to 5.4 MPa has been used in 

previous studies [RILEM TC 116; Chen et al., 2009; Perlot et al., 2013]. This is surprising 
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because concerns may be raised regarding possible fluid leakage through the sides of test 

samples when a low confining pressure is used. Similarly, damage to the microstructure may 

occur if samples are subjected to a high confining pressure [Hooton, 1988; Banthia and 

Bhargava, 2007]. Furthermore, concrete inevitably suffers from microcracking due to tensile 

stresses from drying shrinkage and thermal effect. These microcracks may close up when the 

sample is confined, which may subsequently influence the measured transport properties. 

However, the effect of confining pressure and microcracks on the transport properties of 

concrete is not well understood. Consequently, the correct procedure for measuring the 

transport properties of micro-cracked concrete is uncertain. 

Numerous studies have been carried to understand the effect of mechanical load induced 

macro-cracks on the transport properties of cementitious materials. In many studies the test 

samples were subjected to stresses to induce cracking, unloaded and then transport tested 

[Kermani, 1991; Samaha and Hover, 1992; Wang et al., 1997; Aldea et al., 1999a,b; Hearn, 

1999; Picandet et al., 2001; Akhavan et al., 2012; Djerbi Tegguer et al., 2013]. In some 

studies, transport measurements were carried out while the sample was simultaneously 

subjected to a load [Hearn and Lok, 1998; Banthia and Bhargava, 2007; Desmettre and 

Charron, 2012; Chen et al., 2013; Rastiello et al., 2014]. However, very few studies have 

been carried out on the relationship between cracks and transport properties of concrete, 

where the crack characteristics and transport properties were simultaneously measured under 

load [Desmettre and Charron, 2012; Rastiello et al., 2014].   

Most of the literature reviewed above concerns the transport properties of concretes 

containing mechanically-induced damage produced by loading the sample at 30% up to 100% 

of ultimate strength or by controlling the crack opening displacement from 25 µm up to 0.55 

mm that produces relatively large cracks. There is generally a lack of studies on the influence 

of drying-induced microcracks and this is surprising considering that most concrete structures 

are subjected to drying shrinkage. This is partly due to the fact that drying-induced 

microcracks are small (<10 μm) and heterogeneous, and partly due to difficulties in studying 

microcracks in controlled experiments. There are also difficulties in isolating the influence of 

microcracks from other factors such as moisture content and accessible porosity that 

inevitably change when concrete is dried and have major influence on transport.  

This chapter presents an investigation on the effect of confining pressure on the oxygen 

diffusivity and oxygen permeability of pastes and concretes that have been subjected to 

different drying regimes to induce varying levels of microcracking prior to transport tests. 
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The drying-induced microcracks were characterised using fluorescence microscopy and 

image analysis. The aim of the research in this chapter is two-fold: 1) to determine the 

influence of relatively low confining pressure on measured transport properties and 2) to 

establish whether measuring the transport property of a sample at increasing confining 

pressure can be used as a means to isolate and study the influence of microcracks on the mass 

transport properties of concrete.  

6.2 Experimental details 

6.2.1 Experimental program 

Fig. 6.1 shows the experimental program for studying the effect of confining pressure and 

microcracks on mass transport. After curing, samples were dried to mass equilibrium at 

105°C or at 21°C (stepwise: 93%RH to 86%RH, 76%RH, 66%RH, and 55%RH) to induce 

microcracking prior to O2 diffusion and O2 permeation tests. Transport properties of each 

sample were measured at several confining stresses from 0.3 MPa up to 1.9 MPa. To measure 

the confining pressure, a pressure sensitive film (Fujifilm) was placed between the sample 

and the silicone rubber ring. The film develops a purplish-red colour when pressure is applied 

and its colour intensity is proportional to the contact pressure; hence, the confining pressure 

can be determined. Image analysis was then applied to quantify the penetration of fluorescent 

epoxy into microcracks and non-cracked regions.  
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Figure 6.1 Experimental program 

 

6.2.2 Materials, mix proportions and samples 

Table 6.1 presents the proportions of the two paste and two concrete mixes with w/c ratio of 

0.35 and 0.5 prepared for this chapter. The details of the cement, aggregates, and grading of 

aggregates can be found in Section 3.1.1. 

Table 6.1 Mix proportions  

Sample ID 
Cement: 

kg/m3 

Total water: 

kg/m3 
Free w/c  

MSA: 

mm 
Sand: kg/m3 

Limestone: 

kg/m3 

Aggregate vol 

fraction: % 

P 0.35-50-3d 1462.8 512.0 0.35 ---- ---- ---- ---- 

P 0.5-50-3d 1197.4 598.7 0.50 ---- ---- ---- ---- 

C 0.35-10:68:50-3d 458.0 160.3 0.35 10 718.2 1077.3 68 

C 0.5-10:68:50-3d 374.9 194.2 0.50 10 718.2 1077.3 68 

Sample 

preparation 

105°C drying 

O2 diffusion & O2 permeation tests at 

different confining pressures from 0.3 up 

to 1.9 MPa 

Stepwise drying at 21°C from 93%RH to 86% 

RH, 76% RH, 66% RH, and 55% RH 

Dried Samples 

Imaging and 

image analysis 

Analysis of data 
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Three replicate cylindrical samples with thickness (t) of 50 mm and diameter of 100 mm 

were cast. Three replicate cube samples (100 mm × 100 mm × 100 mm) were cast for 

compressive strength tests and density tests. The samples were sealed cured for 3 days. The 

details of casting and curing procedures are available in Section 3.1.3. 

6.2.3 Conditioning 

Two conditioning regimes were used to dry the samples to mass equilibrium prior to transport 

testing: oven drying at 105°C, and step-wise drying at room temperature (21°C) from 

93%RH to 86%, 76%, 66% and 55%RH in a CO2 free environment.  

6.2.4 Transport tests 

Two transport properties (oxygen diffusivity and oxygen permeability) were measured since 

the influence of confining pressure and microcracks are expected to vary for different 

transport mechanisms. Tests were carried out following the sequence of oxygen diffusion, 

followed by oxygen permeation in three replicates for each applied confining stress and the 

results were averaged. A range of confining stress was achieved by loading the top steel plate 

cover and the silicone rubber ring with a hydraulic jack (Fig. 6.2). The compressive force 

ranged from of 10 to 35 kN. A pressure sensitive film (Fujifilm) was placed between the 

sample and the silicone rubber ring. The film develops a purplish-red colour when pressure is 

applied and its colour intensity increases with increase in contact pressure. Because the 

colour intensity is proportional to the applied pressure, the confining pressure acting on the 

sample can be determined from a pressure-colour reference chart. The error in the measured 

pressure is less than ± 10% according to the manufacturer (Fujifilm). The test set up is shown 

in Fig. 6.2(a), and an illustration of gas flow through the specimen subjected to confining 

pressure is shown in Fig. 6.2. To ensure that the compression force at 10 kN is sufficient to 

seal the sample during the transport test without gas leakage, blank tests on a steel disc with 

similar dimensions to the test sample were performed at loads of 7, 8, 9 and 10 kN. Oxygen 

gas at 0.25 MPa pressure was applied to the inlet face and the amount of gas leakage was 

measured at the outlet face to verify the effectiveness of the seal. The detailed procedures for 

the oxygen diffusion and oxygen permeation testing are available in Section 3.3.1 and 3.3.2. 
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Figure 6.2 Test setup for measuring the influence of confining pressure on permeation 

and diffusion of gas through concrete 

6.2.5 Compressive strength and density  

Concerns may arise that the applied confining pressure causes damage to the sample. Hence, 

it is necessary to compare the maximum confining pressure applied to the test specimen with 

its compressive strength. The compressive strength [BS EN 12390-3:2009] and relative 

density tests were performed on 100 mm cubes for all pastes and concretes and the replicate 

test results were averaged. The relative density was measured by weighing the cubes first in 

air and then fully immersed in water. Relative density was obtained: 

                                                     
waterair

air

ww

w
dr


..                             Eq.6.1 

Where  

 wair  = weight of sample in air (g) 

 wwater = weight of sample immersed in water (g) 

 

 

6.2.6 Image analysis 

Fluorescence microscopy and image analysis were carried out to study the effect of 

conditioning regime and confining pressure on drying-induced microcracks. Cement paste 

samples with w/c ratio of 0.5 were impregnated with fluorescence-dyed epoxy while being 

subjected to a confining stress of 0.6 MPa and 1.9 MPa. The methodology for impregnating 

the sample with epoxy is described in Section 3.4.1. The impregnated sample was then taken 

out of the test cell and kept for another 2 days until the epoxy sufficiently hardened. 
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Hydraulic jack 

Steel plate cover 
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Pressure sensitive film 

Steel plate cover 
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Gas outlet 
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Hydraulic jack 

Confining 

pressure 
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Subsequently, the sample was sectioned with a diamond saw to produce four 8-mm thick 

slices to examine the epoxy intruded area. Image analysis was carried out to measure the 

epoxy intruded area fraction and average epoxy intruded depth. The fraction of epoxy 

intruded area was obtained by dividing the impregnated area by the sample cross sectional 

area, and the average epoxy intruded depth into the sample was obtained by dividing the 

intruded area by the sample width. Detectable microcracks were manually traced for counting 

and measuring their length. Then the density of microcracks was obtained by dividing the 

total length of microcracks by the intrusion area. 

6.3 Results 

6.3.1 Confining pressure 

Fig.6.3 shows the obtained colour intensities obtained on the pressure-sensitive film when the 

sample was confined at different applied compressive loads. The images show that the colour 

intensity increased with the increase in applied load. The corresponding confining pressures 

were obtained by referring to a pressure-colour reference chart. The results are 0.33, 0.57, 

1.15 and 1.93 MPa for compressive load of 10, 15, 25 and 35 kN respectively. As expected, 

the measured confining pressure varies linearly with applied load. The best-fit line across the 

measured data has a regression coefficient of greater than 0.99.  

     

(a) 10 kN (0.33 MPa)        (b) 15 kN (0.57 MPa)     (c) 25 kN (1.15 MPa)       (d) 35 kN (1.93 MPa) 

Figure 6.3 Change in colour intensity of the pressure-sensitive film corresponding to 

applied compressive load and confining pressure 

Table 6.2 shows the results from the blank tests on a steel disc confined at loads of 7, 8, 9 and 

10 kN. The results show that a compressive force of 9 kN and above is insufficient to prevent 

gas leakage through the curved face of the test sample. Note that in the actual testing of 

cement paste and concrete samples, compressive loads of greater than 10 kN will be used. 

Therefore, I am confident that the test results on the cement paste and concrete samples were 

not affected by leakage through the curved face. 
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Table 6.2 Measured gas flow rate at increasing compressive load  

Gas pressure (MPa) Compressive load (kN) Average gas leakage (cm
3
/s) Standard 

error 

0.25 

 

7 7.37 0.0346 

8 0.01 0.0001 

9 0 0 

10 0 0 

 

6.3.2 Compressive strength and relative density 

The 3-day compressive strength and relative density of the test samples are shown in Table 

6.3. As expected, samples with lower w/c ratio had higher compressive strength and relative 

density. The compressive strength ranged from 23.5 to 49.0 MPa. Therefore, the maximum 

applied confining pressure of 1.9 MPa is only 4-8% of the sample compressive strength. This 

is small relative to the sample strength and is not expected to cause additional damage to the 

sample, which would otherwise influence the measured transport properties.  

Table 6.3 Measured compressive strength and relative density of paste and concrete samples.  

Sample Free w/c 
Relative 

density  
Compressive strength (MPa) 

P 0.35-50-3d 0.35 2.06 (0.003) 49.0 (0.58) 

P 0.5-50-3d 0.50 1.95 (0.002) 23.5 (0.26) 

C 0.35-10-10:68:50-3d 0.35 2.45 (0.002) 46.2 (0.88) 

C 0.50-10:68:50-3d 0.50 2.43 (0.003) 29.3 (0.28) 

Note: Standard errors are shown in brackets 

 

 

6.3.3 Transport properties 

Table 6.4 shows the measured transport coefficients and precision expressed as standard error 

(= /n
½
). The measured diffusivity ranged from 3.710

-8
 to 63.610

-8
 m

2
/s, while 

permeability ranged from 2.210
-17

 to 71.910
-17

 m
2
. Concrete samples tend to produce lower 

transport coefficients relative to paste samples. This is almost certainly due to the reduction in 

volume and increase in tortuosity of pores as a result of aggregate particles. For example, the 

diffusivity of concretes after 105°C drying is about 70% lower than the corresponding cement 

paste. This magnitude of decrease is within the range predicted using a three-dimensional 

model of diffusivity of concretes containing ellipsoidal aggregate, which accounts for the 

effect of aggregate dilution, tortuosity and presence of porous aggregate-paste ITZ 
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[Dehghanpoor et al., 2013]. As expected, the transport coefficients of pastes or concretes 

increase with increase in w/c ratio, and with increase in severity of the drying regime. This 

trend is observed regardless of the applied confining pressure during transport testing. For 

example, the measurements carried out at 0.3 MPa are plotted in Fig. 6.4 to show the effect of 

w/c ratio and drying regime on transport. One exception however, is P 0.5-50-3d (stepwise) 

which showed a slightly lower permeability compared to P 0.35-50-3d (stepwise). This is 

probably an experimental error.  

Table 6.4 Mass transport results.  

a) Oxygen diffusivity (× 10
-8

 m
2
/s) 

Sample Conditioning regime 
Confining pressure (MPa) 

0.3 0.6 1.2 1.9 

P 0.35-50-3d 
21°C (stepwise) 5.8 (0.35) 5.8 (0.35) 5.7 (0.33) 5.7 (0.31) 

105°C 42.3 (0.20) 41.8 (0.32) 40.8 (0.45) 40.6 (0.50) 

P 0.5-50-3d 
21°C (stepwise) 8.2 (1.72) 8.1 (1.73) 8.1 (1.71) 8.3 (1.72) 

105°C 63.6 (0.74) 63.5 (0.71) 62.8 (0.90) 62.0 (0.73) 

C 0.35-10:68:50-3d 
21°C (stepwise) 3.8 (0.44) 3.8 (0.43) 3.7 (0.41) 3.7 (0.41) 

105°C 12.5 (0.16) 12.4 (0.12) 12.2 (0.13) 12.2 (0.16) 

C 0.5-10-68:50-3d 
21°C (stepwise) 5.5 (0.11) 5.5 (0.08) 5.6 (0.09) 5.6 (0.04) 

105°C 19.0 (0.04) 18.8(0.12) 18.7 (0.13) 18.6 (0.10) 

b) Oxygen permeability (× 10
-17

 m
2
) 

Sample Conditioning 
Confining pressure (MPa) 

0.3 0.6 1.2 1.9 

P 0.35-50-3d 
21°C (stepwise) 3.4 (0.34) 3.3 (0.35) 3.2 (0.30) 2.9 (0.15) 

105°C 53.4 (3.41) 41.9 (2.65) 32.4 (0.76) 29.1 (0.63) 

P 0.5-50-3d 
21°C (stepwise) 2.8 (0.66) 2.5 (0.53) 2.4 (0.51) 2.2 (0.55) 

105°C 71.9 (2.08) 55.9 (3.60) 48.3 (3.88) 44.4 (2.79) 

C 0.35-10:68:50-3d 
21°C (stepwise) 2.5 (0.11) 2.5 (0.10) 2.4 (0.10) 2.3 (0.07) 

105°C 7.5 (0.38) 6.8 (0.08) 6.5 (0.11) 6.3 (0.08) 

C 0.5-10:68-50-3d 
21°C (stepwise) 10.2 (0.09) 10.0 (0.26) 9.9 (0.53) 9.6 (0.36) 

105°C 30.6 (0.77) 28.2 (0.27) 27.5 (0.65) 26.4 (0.34) 

Note: Standard errors are shown in brackets 
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(a) 

 
(b) 

Figure 6.4 Effect of w/c ratio and drying regime on a) oxygen diffusivity, and b) oxygen 

permeability of 3-day cured pastes and concretes measured at confining pressure of 0.3 

MPa 

The results clearly show that increasing the severity of drying (stepwise  105°C) produces 

a far greater impact on the measured transport compared to that obtained by increasing w/c 

ratio (0.35  0.50). Comparing data obtained at the same w/c ratio, curing age, and confining 

pressure, the measured diffusivity after 105°C drying is a factor 2 to 7.8 (2 to 25.7 for 

permeability) as high as that obtained after stepwise drying. In contrast, increasing the w/c 

ratio from 0.35 to 0.5 increases measured diffusivity by only 40% to 50% (30% to 320% for 

permeability). It would be tempting to attribute these changes in transport properties to 

drying-induced microcracks, thereby enabling one to quantify the influence of microcracks 

on transport. However, this is not as straightforward as it seems because the stepwise dried 

samples also contain microcracks (Section 4.3.4). Furthermore, changes in moisture content 

during drying would also make a significant contribution to increase in transport. Removing 

more moisture increases the accessible porosity and this effect is compounded by 

microcracks that develop with drying.  

6.3.4 Influence of confining pressure on transport properties 

Fig. 6.5 shows the normalised oxygen diffusivity and oxygen permeability plotted against 

confining pressure. The transport coefficients are obtained by dividing the measured values 

by the value obtained at the lowest confining pressure (0.3 MPa) for each series. Results for 

0.E+00

1.E-07

2.E-07

3.E-07

4.E-07

5.E-07

6.E-07

7.E-07

Paste Concrete

O
xy

ge
n

 d
if

fu
si

vi
ty

 (m
2 /

s)

w/c=0.35, stepwise

w/c=0.5, stepwise

w/c=0.35, 105°C

w/c=0.5, 105°C

0

10

20

30

40

50

60

70

80

Paste Concrete

O
xy

ge
n

 p
e

rm
e

ab
il

it
y 

(×
1

0 
-1

7 
m

2
)

w/c=0.35, stepwise

w/c=0.5, stepwise

w/c=0.35, 105°C

w/c=0.5, 105°C



130 

 

oxygen diffusivity and oxygen permeability are plotted in separate graphs, but using the same 

scale on the y-axis to aid comparison.  

  

                     (a) Diffusivity of pastes                                      (b) Permeability of pastes                                  

  

                    (c) Diffusivity of concretes                                  (d) Permeability of concretes                                 

Figure 6.5 Effect of confining pressure on the O2 diffusivity and O2 permeability of 

pastes and concretes (w/c 0.5 and 0.35)  

The results in Fig. 6.5 (a and c) clearly show that regardless of the w/c ratio, oxygen 

diffusivity of pastes and concretes subjected to stepwise drying stayed relatively constant 

when the test was carried out at increasing confining pressure. For samples subjected to 

105°C drying, a minor decrease in diffusivity (up to 4%) was observed when confining 

pressure was increased to1.9 MPa.  
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However, it is interesting to observe that oxygen permeability decreased significantly with 

increase in confining pressure for all samples (Fig. 6.5 b and d). Regardless of w/c ratio, this 

effect was more significant for pastes compared to concretes, and for samples conditioned at 

105°C compared to samples conditioned by the ‘gentle’ stepwise drying. For example, the 

magnitude of decrease in permeability ranged from 14% to 46% for 105°C dried samples 

compared to 6% to 15% for stepwise dried samples when confining pressure was increased to 

1.9 MPa.  

6.3.5 Image analysis 

The image analysis results are tabulated in Table 6.5. Fig.6.6 (a-d) show typical examples of 

the epoxy intrusion through the cross-sections of the same sample, but subjected to different 

confining pressures. Fig. 6.6 (e) shows an image of a microcrack that can be seen in the 

boxed area in Fig. 6.6 (a) that was captured at a much higher resolution (pixel size = 0.89 

µm) by fluorescence microscopy.  

Table 6.5 Results from image analysis showing the effect of confining pressure on the epoxy 

intrusion area, epoxy intrusion depth and the total length and density of detectable microcracks.  

Confining 

pressure (MPa) 

 

Average 

intrusion area 

(%) 

 

Average intrusion 

depth (mm) 

Total length of 

microcracks (mm) 

Density of 

microcracks (mm
-1

) 

0.6 2.9 (0.1) 1.4 (0.03) 179.7 0.49 

1.9 3.2 (0.3) 1.5 (0.16) 108.8 0.27 

Note: sample: P 0.5-50-3d 
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(a) 0.6 MPa, section 1 

 

(b) 1.9 MPa, section 1 

 

(c) 0.6 MPa, section 2 

 

(d) 1.9 MPa, section 2 

 

(e) Microcrack in the boxed area of Fig. 6.6(a)  

Figure 6.6 Typical epoxy intrusion patterns observed at confining pressures of (a) 0.6 

MPa, section 1, (b) 1.9 MPa, section 1, (c) 0.6 MPa, section 2, and (d) 1.9 MPa, section 2 

imaged using a DSLR camera. Fig. 6.6 (e) is a montage of the boxed area in (a) obtained 

by stitching images captured using fluorescence microscopy 

10 mm 

200 µm 

Exposed surface 
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The results show that confining pressure has a significant influence on the pattern of epoxy 

intrusion. Two different epoxy intrusion patterns are clearly identifiable in Fig.6.6 when the 

impregnation is carried out at different confining pressures. Since the drying-induced 

microcracks are perpendicular to the exposed surface (Fig.6.6e and Section 5.3.4), the applied 

confinement would cause the closure of the microcracks. It appears that at a relatively low 

confining pressure of 0.6 MPa, the microcracks remain open and provide continuous flow 

channels for the epoxy. Hence, the epoxy predominantly intruded through microcracks (Fig. 

6.6a and c). In contrast, as shown in Table 6.5, the length and density of the detectable 

microcracks decreased when a higher confining pressure of 1.9 MPa was used. This proves 

that a significant closure of microcracks has occurred. Subsequently, a larger fraction of the 

epoxy intruded the sample via the pore structure. However, it is interesting to note that the 

total epoxy intruded area and the average epoxy intruded depth were similar for the two 

scenarios (Table 6.5). This suggests that the applied confining pressure did not cause a 

significant decrease in total accessible porosity or cause closure of the accessible pore 

structure.  

6.4 Discussion 

The results show that the transport properties of paste or concrete samples decreased with 

increase in confining pressure, and the decrease was more significant in samples that had a 

greater degree of microcracking. It is important to note that the observed trend is not due to 

leakage since blank tests have been carried out at the lowest confining pressure and found 

that the seal was indeed effective (Table 6.2). The results from microscopy and image 

analysis show that the decrease in transport properties was due to closure of microcracks 

when the sample was compressed. Since most of the microcracks are nearly perpendicular to 

the exposed surface and propagate into the sample, their closure is expected to have a 

substantial impact on transport properties. 

However, the effect of confining pressure was more significant for permeability than 

diffusivity. This strongly indicates that permeability is more sensitive to microcracks 

compared to diffusivity. Theoretically, flow through a cracked media driven by pressure 

gradient scales to the cube of crack width, whereas diffusion is proportional to the total 

accessible porosity [Gérard and Marchand, 2000]. This finding is consistent with those from 

other studies [e.g. Wong et al., 2007 and 2009] that examined the relative influence of 
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microcracks on O
2
 diffusivity and O

2 
permeability.  

The observation that O
2 

diffusivity was not significantly affected is also important because it 

shows that applied confinement and the closure of microcracks did not produce a significant 

decrease in the total accessible porosity. This is supported by the finding that the total epoxy 

intrusion remained approximately the same at different confining pressures (Table 6.5). Thus, 

the observed decrease in O
2 

permeability is mainly caused by the closure of microcracks 

rather than a reduction in accessible porosity.  

The data in Fig. 6.5 and Table 6.5 suggest that crack closure and decrease in O
2 

permeability 

will continue if confinement was increased beyond 2 MPa, in particular for samples 

containing high levels of microcracking. The data in Table 6.4 show that when compressed, 

the permeability of highly micro-cracked samples (105°C dried) approaches that of samples 

with low levels of microcracking (stepwise dried). However, it would be unreasonable to 

expect the values to become equivalent at higher confining pressures because the measured 

mass transport properties are also hugely influenced by the degree of water saturation, which 

is evident in the results presented in Section 7.3.2. Clearly, the stepwise dried samples would 

have a higher degree of water saturation compared to those dried at 105°C, which in turn 

determines the amount of accessible porosity. In addition, microcracks may not be able to 

close completely if there are blockages (caused by loose aggregate or debris, for example), or 

if there are relative movements causing misalignment between the two sides of the crack 

wall. 

Very few studies have systematically investigated the effect of confining pressure on 

microcracks and transport properties of concrete. Most of the available studies have been 

carried out at confining pressures that are much higher than the values used in the present 

study. However, their findings seem to be consistent with my study. For example, Mills 

[1987] showed that both water and gas permeability of concrete (w/c ratios: 0.42, 0.56, 0.64 

and 0.77, 35 days sealed curing) decreased by 0 to 77% for water permeability and 19 to 50% 

for gas permeability as the lateral confining pressure increased from 5 MPa to 25 MPa. 

However, no explanation for this effect was provided. Lion et al. [2005] found that apparent 

gas permeability of mortars (0.5 w/c ratio, 58% vol. sand, 2-year water cured) that were dried 

at 60°C, 105°C and 205°C decreased by 27%, 46% and 41% respectively when confining 

pressure was increased from 4 MPa to 28 MPa. The authors attributed this to closure of 

microcracks, but no direct evidence of this was presented.  
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Chen et al. [2013] tested the gas permeability of heat-treated mortars (0.5 w/c ratio, 58% vol. 

sand, 6 months water cured) at several confining stresses ranging from 5 to 25 MPa. 

Interestingly, they observed that the permeability of mortars dried at 60°C and 105°C was 

relatively insensitive to confinement pressure, which seems to be at odds with the findings of 

Lion et al. [2005] who tested a similar mortar using a similar test set up. However, Chen et al. 

[2013] showed that for mortars heat-treated at 200°C to 400°C, gas permeability decreased 

by up to 23% when the confining stress increased from 5 to 25 MPa. They deduced that this 

was caused by closure of the heat induced microcracks rather than the closure of porosity. In 

another study, Banthia and Bhargava [2007] showed that the water permeability of plain 

concrete and fibre reinforced concrete with 0.1%, 0.3%, 0.5% fibre volume fraction (0.6 w/c 

ratio, 7 days lime-saturated water cured) decreased by up to 38% (plain concrete), 43% (0.1% 

fibre), 47% (0.3% fibre) and 67% (0.5% fibre) when confining stress was increased to 30% of 

the ultimate compressive strength. They hypothesised that the decrease in water permeability 

was due to pore compression, but did not carry out measurements to verify this. 

The closure of microcracks at low confinement stress levels has been investigated 

experimentally and numerically in rock materials [e.g. Batzle et al., 1980; Li and Nordlund, 

1993; Liu et al., 2001]. For example, Batzle et al. [1980] made direct observations of 

microcrack closure in Westerly granite and Frederick diabase samples under uniaxial 

compressive stress via a scanning electron microscope. The microcracks had widths less than 

10 μm and were either inherent in the sample or thermally induced (at 500°C or 700°C). The 

authors observed that some microcracks may undergo complete closure at low confining 

stress of 1 MPa, while others remain open even at stresses above 10 MPa. They explained 

that the mechanics of microcrack closure is complicated and depends on factors such as shape 

and surface roughness of the cracks, how well the crack walls match, and crack orientation 

with respect to applied stress. Some cracks may be propped open until the material lodged 

inside was crushed. Furthermore, local stress concentrations may produce new fracturing and 

shearing motion of the crack walls, which is another source of complication. 

6.4 Conclusions 

Gaseous transport properties of paste and concrete were measured at several confining 

pressures. The aim of the research was to determine if a relatively low confining pressure 

would influence results, and to establish if measuring transport at increasing confining 

pressure can be used as a means to isolate and study the influence of microcracks on transport 
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properties. Sample variables included w/c ratio (0.35 and 0.50) and conditioning regime. 

Samples were subjected to a ‘gentle’ stepwise drying at decreasing humidity from 93%RH to 

55%RH at 21°C or severe oven drying at 105°C until mass equilibrium to produce different 

degrees of microcracking. Oxygen diffusivity and permeability were measured at several 

confining pressures ranging from 0.3 MPa up to 1.9 MPa. The largest applied confining 

pressure was only 4-8% of the sample 3-day compressive strength. Results show that 

permeability decreased significantly (by up to 46%) with increase in confining pressure, and 

this effect is more pronounced for samples with a higher degree of microcracking (105°C 

dried). However, O
2 

diffusivity was relatively insensitive to change in confining pressure. 

Fluorescence microscopy and image analysis show that the applied confining pressure causes 

the microcracks to undergo partial closure, but this did not produce a significant change in 

total accessible porosity. The study concludes that the confining pressure used in transport 

testing is an important parameter that could influence results. A low confining pressure 

increases the risk of leakage, while higher confining pressure may cause changes to the 

microstructure and subsequent damage at extreme values. However, testing transport 

properties of concrete in an unstressed state does not reflect the actual behaviour of structures 

in service. Therefore, the confining pressure used must be taken into consideration in 

interpreting transport results. Measuring transport property repeatedly on the same sample at 

increasing confining pressure is a promising approach to isolate the influence of microcracks 

from other factors such as porosity and moisture content. The results show that drying-

induced microcracks have a significant effect on gas permeability, but much less impact on 

gas diffusivity. 
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Chapter 7-Influence of rewetting on the transport properties of 

micro-cracked concrete 

This chapter presents the first study to isolate the effect of drying-induced microcracking 

from the degree of water saturation on the transport properties of cementitious materials and 

to assess the influence of rewetting on the transport properties of micro-cracked cementitious 

materials. This was achieved by reconditioning the samples (that were initially dried at 

105°C, 50°C/7%RH or 21°C/33%RH) to gradually increasing humidity up to 86%RH so that 

they reach similar degree of saturation as those subjected to stepwise drying 

(93%RH→3%RH). The idea is that the measured residual difference in transport properties 

can then be attributed to the effect of microcracking. At the end of rewetting, samples were 

vacuum-saturated for electrical conductivity testing. Image analysis was then applied to 

quantify the characteristics of drying-induced microcracks of selected samples. Results of a 

large set of experiments revealed that the rewetting and degree of saturation strongly 

influences the transport properties of micro-cracked cementitious materials, and that moisture 

hysteresis occurred during the desorption-adsorption process. The effect of microcracking on 

transport properties is less significant compared to the effect of degree of saturation. This is 

probably because of blockage of the microcracks due to moisture condensation and further 

cement hydration causing self-healing of the microcracks. In addition, SCMs (silica fume and 

GGBS) were found to reduce transport properties of concretes significantly, but this benefit 

decreased with increase in microcracking. Results also show that microcracks have a stronger 

effect on O2 permeability than O2 diffusivity or electrical conductivity. The effect of 

microcracks on permeability is more significant in denser systems with lower w/c or with 

SCMs. The influence of drying-induced microcracks on the durability of real structures is 

discussed.   

7.1 Introduction 

Results in Chapters 4, 5 and 6 show that more severe drying regimes produced higher degree 

of microcracking and higher transport properties. The moisture content or degree of water 

saturation decreased when samples were subjected to drying. It is evident that this provides 

more accessible pore space for transport and hence, the degree of saturation has a significant 

effect on the transport properties of cementitious materials [Bentz et al., 1999; Gallé and 

Daian, 2000; Nokken and Hooton, 2002; Sercombe et al., 2007; Wong et al., 2007; Boher et 
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al., 2013; Weiss et al., 2013; Yang et al., 2013]. The fact that samples achieve variable 

degrees of saturation when subjected to different severity of drying regime makes it difficult 

to truly assess the influence of microcracks. Therefore, to study the effect of drying-induced 

microcracks on the transport properties of concrete, it is necessary to isolate the effect of 

degree of saturation that has a major influence on transport. However, this has never been 

attempted before. 

Furthermore, the work presented in Chapters 4, 5 and 6 have so far been carried out on dried 

samples only. This is not very representative because most structures in service are subjected 

to drying and wetting cycles. 

An approach was therefore developed and trialled in this chapter. It consists of applying 

different drying regimes to produce different degrees of microcracks, and then reconditioning 

the micro-cracked samples at gradually increasing humidity so that they reach a similar 

degree of saturation to the control specimens (stepwise dried). Afterwards, samples were 

vacuum-saturated for electrical conductivity testing. Image analysis was then performed on 

selected samples to characterise microcracks. 

7.2 Experimental details 

7.2.1 Experimental program 

Fig. 7.1 summarises the experimental program for this chapter. Concrete, mortar and paste 

samples were dried until mass equilibrium at 105°C or 50°C/7%RH, or 21°C/33%RH, or 

21°C (stepwise: 93%RH→ 55%RH) prior to O2 diffusion and O2 permeation tests. 

Subsequently, samples that were initially dried at 105°C, 50°C/7%RH and 21°C/33%RH 

were reconditioned at gradually increasing humidity up to 86%RH. Samples that were 

stepwise dried at 21°C/55%RH were further dried gradually down to 3%RH. O2 diffusivity 

and O2 permeability were measured when mass equilibrium was obtained at each RH step. 

Finally, concretes and mortars were vacuum-saturated for electrical conductivity testing. The 

whole process was very arduous and involved over 1440 transport measurements over a 

period of 2.5 years. 

Selected samples from each drying regime were impregnated, sectioned, and flat ground for 

fluorescence imaging and image analysis to characterise microcracks on the dried surface and 

on the cross section of sample. The characteristics of detectible microcracks were then 

correlated to the measured transport properties. 
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Figure 7.1 Experimental program 

 

7.2.2 Materials, mix proportions and samples 

Four concrete, two mortar and two paste mixes with w/c 0.35 and 0.5 were prepared 

according to the proportions shown in Table 7.1. The concrete mixes containing 10% silica 

fume and 70% GGBS are designated as C-SF and C-SG, respectively. The total aggregate 

volume fraction for all concretes was set at 68% to allow meaningful comparison between 

mixes. An aggregate fraction of 50% and 60% was chosen for mortars at w/c 0.35 and 0.5 

respectively. This was because of the difficulty in compacting the mix with sand content 

higher than 50% for w/c 0.35 and to avoid substantial bleeding for w/c 0.5 with sand volume 

fraction less than 60%. The details of the ingredients are shown in Section 3.1.1.  

 

 

 

Sample 

preparation 

105°C drying 
Stepwise drying at 21°C from 93% 

RH to 86%RH, 76%RH, 66%RH 

and 55% RH 

Samples were reconditioned at gradually 

increasing RH up to 86%RH 

Electrical conductivity 

test 

50°C drying 21°C/33% RH drying 

O2 diffusion & O2 permeation tests when 

mass equilibrates at each RH until 86% or 

3%RH 

O2 diffusion & O2 permeation tests 

Analysis of data Vacuum saturation & total 

porosity measurement 
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Table 7.1 Mix proportions 

Mix 
Free 

w/b 

Agg. vol 

fraction: % 
MSA: mm 

Limestone: 

kg/m3 

Sand: 

kg/m3 

Cement: 

kg/m3 

Water: 

kg/m3 

SF: 

kg/m3 

C 0.5-10:68 0.5 68 10 1077.3 718.2 374.9 194.2 ---- 

C 0.35-10:68 0.35 68 10 1077.3 718.2 458.0 160.3 ---- 

C-SF 0.35-10:68 0.35 68 10 1077.3 718.2 396.4 166.0 44.0 

C-SG 0.35-10:68  0.35 68 10 1077.3 718.2 431.2 166.0 ---- 

M 0.5-5:60 0.5 60 5 ---- 1524.0 471.7 240.6 ---- 

M 0.35-5:50 0.35 50 5 ---- 1270.0 724.0 257.3 ---- 

P 0.5 0.5 ---- ---- ---- ---- 1197.4 598.7 ---- 

P 0.35 0.35 ---- ---- ---- ---- 1462.8 512.0 ---- 

Note: P = paste, M = mortar, C = concrete, SF = silica fume, SG = GGBS, MSA = maximum size of 

aggregates. 

 

Three replicate cylindrical samples with thickness (t) of 50 mm and diameter () of 100 mm 

were cast for each mix. After demoulding, samples were sealed cured for 3 and 90 days. The 

details of casting and curing procedures are available in Section 3.1.3. 

7.2.3 Conditioning and rewetting 

Four conditioning regimes were used to dry samples to mass equilibrium prior to transport 

testing: 105°C or 50°C/7%RH or 21°C/33%RH, or 21°C (stepwise: 93%RH to 86%RH, 

76%RH, 66%RH and 55%RH) in a CO2 free environment. The details of drying procedures 

are presented in Section 3.2. Different conditioning regimes were used to enable us to 

examine different extent of drying-induced microcracks and their effect on transport 

properties. Subsequently, samples subjected to 105°C or 50°C/7%RH or 21°C/33%RH were 

reconditioned at gradually increasing humidity up to 86%RH, and the stepwise dried samples 

were further dried at 35%RH and 3%RH. The samples were frequently weighed during 

drying and were moved to next RH step only when they reached mass equilibrium. The 

degree of saturation at each RH step was calculated as the volume of pores filled with water 

relative to the total volume of pores in Eq.3.2 (Chapter 3).  

 

7.2.4 Transport properties and image analysis 

Transport tests were conducted following the sequence of O2 diffusion and O2 permeation 

after mass equilibrium at each RH step until 86%RH or 3%RH. A particular concern is that 

moisture gradient may still exist even though the samples have reached mass equilibrium at 

each RH step for several months, and that this gradient may influence the measured transport 

properties. A test was therefore conducted to look at the effect of residual moisture gradient 
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on the gaseous transport properties. Three replicate concrete (100 mm  50 mm, w/c: 0.5, 

curing age: 3 days) were conditioned at 105C until mass equilibrium, and cooled overnight 

to room temperature in a vacuum desiccator containing silica gel. Samples were then 

rewetted in a humidity chamber at 21C/33%RH for 12 weeks until they reached mass 

equilibrium, followed by O2 diffusion and O2 permeation tests. Subsequently, the samples 

were sealed by wrapping with cling film and placed in sealed plastic bags. After 2 weeks, O2 

diffusion and O2 permeation testing were carried out again. Results show that O2 diffusivity 

and O2 permeability decreased only by 0.6% and 0.4% respectively. This variation is 

insignificant and indicates that the residual moisture gradient (if exists) does not have a major 

influence on transport properties.  

Afterwards, all concretes and mortars were vacuum-saturated to reach saturated-surface dry 

condition for electrical conductivity testing. Fluorescence microscopy and image analysis 

were then used to characterise the detectable microcracks in selected samples. Details of 

transport tests and image analysis are presented in Section 3.3 and 3.4.  

7.3 Results and discussion 

7.3.1 O2 diffusivity and O2 permeability 

Table 7.2 and Table 7.3 present the measured O2 diffusivity and O2 permeability of concretes, 

mortars and pastes subjected to different drying regimes. Each value is an average of three 

replicates and precision is expressed as the standard error (= /n
½
). The O2 diffusivity ranged 

from 1.3×10
-8

 to 6.41×10
-7

 m
2
/s, while O2 permeability ranged from 0.6×10

-17
 to 6.68×10

-16
 

m
2
.  

Table 7.2 O2 diffusivity and O2 permeability of 3-day cured samples.  

Sample 
O2 diffusivity (× 10-7 m2/s) O2 permeability (× 10-17 m2) 

105°C 50°C 35%RH 55%RH 105°C 50°C 35%RH 55%RH 

C 0.5-10:68-3d 
1.88 

(0.01) 

1.55 

(0.04) 

1.05 

(0.07) 

0.55 

(0.03) 

33.1 

(1.04) 

20.8 

(0.93) 

13.5 

(0.96) 

7.9 

(0.46) 

C 0.35-10:68-

3d 

1.41 

(0.01) 

1.17 

(0.01) 

0.63 

(0.08) 

0.28 

(0.03) 

11.5 

(0.82) 
8.1 (0.39) 3.7 (0.57) 

1.8 

(0.23) 

M 0.5-5:60-3d 
2.65 

(0.03) 

2.04 

(0.05) 

1.48 

(0.01) 

0.53 

(0.01) 

13.0 

(0.95) 
9.1 (0.81) 6.0 (0.55) 

4.2 

(0.49) 

M 0.35-5:50-3d 
2.10 

(0.05) 

1.69 

(0.03) 

1.24 

(0.05) 

0.35 

(0.03) 

14.3 

(1.66) 
5.6 (0.59) 3.6 (0.33) 

1.4 

(0.31) 

P 0.5-3d 
6.41 

(0.02) 

4.65 

(0.03) 

2.90 

(0.04) 

0.37 

(0.03) 

36.8 

(6.83) 

15.5 

(1.03) 
9.3 (0.66) 

1.5 

(0.30) 

P 0.35-3d 
4.76 

(0.05) 

3.88 

(0.08) 

2.88 

(0.16) 

0.26 

(0.03) 

24.5 

(0.58) 

20.1 

(1.59) 
9.3 (0.87) 

1.6 

(0.11) 

Note: Standard errors are shown in brackets 
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Table 7.3 O2 diffusivity and O2 permeability of 90-day cured samples.  

Sample 
O2 diffusivity (× 10-7 m2/s) O2 permeability (× 10-17 m2) 

105°C 50°C 35%RH 55%RH 105°C 50°C 35%RH 55%RH 

C 0.5-10:68-90d 1.76 (0.16) 
1.61 

(0.12) 

1.38 

(0.09) 

0.78 

(0.06) 

66.8 

(0.05) 

44.3 

(1.28) 

30.4 

(6.80) 

20.1 

(4.80) 

C 0.35-10:68-90d 1.38 (0.01) 
1.19 

(0.04) 
0.94 

(0.04) 
0.59 

(0.04) 
12.7 

(1.18) 
6.2 (0.59) 4.4 (0.42) 3.0 (0.24) 

C-SF 0.35-10:68-90d 0.51 (0.01) 
0.37 

(0.01) 

0.19 

(0.01) 

0.14 

(0.01) 
4.9  (0.92) 2.3 (0.56) 1.0 (0.16) 0.6 (0.03) 

C-SG 0.35-10:68-90d 0.60 (0.02) 
0.60 

(0.02) 

0.27 

(0.01) 

0.13 

(0.01) 
8.4 (1.14) 3.5 (0.22) 1.6 (0.13) 0.7 (0.09) 

M 0.5-5:60-90d 2.37 (0.02) 
1.98 

(0.02) 

1.63 

(0.02) 

0.86 

(0.04) 

14.0 

(0.77) 
9.0 (0.45) 5.9 (0.68) 4.9 (0.36) 

M 0.35-5:50-90d 2.11 (0.08) 
1.82 

(0.03) 
0.94 

(0.07) 
0.62 

(0.03) 
10.1 

(1.27) 
5.3 (0.22) 2.9 (0.37) 2.2 (0.16) 

P 0.5-90d 3.21 (0.10) 
2.78 

(0.01) 

1.41 

(0.06) 

0.64 

(0.13) 

24.0 

(1.19) 

13.0 

(1.53) 
5.5 (0.82) 4.6 (3.88) 

P 0.35-90d 3.28 (0.09) 
2.69 

(0.04) 
1.39 

(0.02) 
0.58 

(0.07) 
22.5 

(2.65) 
10.4 

(1.20) 
4.7 (0.52) 2.0 (0.03) 

Note: Standard errors are shown in brackets 

 

The results show that the transport coefficients of w/c 0.5 samples are higher than those of 

w/c 0.35 samples in most cases and that increasing the severity of drying regime increases the 

measured O2 diffusivity and O2 permeability significantly, consistent to the findings in 

Section 4.3.1, 5.3.1 and 6.3.3.  

Another observation is that gaseous transport properties were more influenced by drying 

regimes in samples with: a) lower w/c ratio of 0.35 or b) 3 days curing or c) with SCMs 

(silica fume and GGBS) although there is a slight scatter in the data. In addition, gas 

permeability increased more with increase in severity of drying. For example, O2 diffusivity 

and O2 permeability coefficients of 105°C dried CEM I concretes with w/c: 0.35 and curing 

age: 3 days (or 90 days) increased by as much as 4.1 (1.4) and 5.2 (3.3) times than stepwise 

drying samples, while O2 diffusivity and O2 permeability coefficients of 105°C dried CEM I 

concretes with w/c: 0.5 and curing age: 3 days (90 days) increased by as much as 2.4 (1.3) 

and 3.2 (2.3) times. For concretes containing SCMs (10% silica fume and 70% GGBS), O2 

permeability (or O2 diffusivity) increased by 7.4 (2.5) times and 10.4 (3.6) times respectively, 

while concrete without SCMs increased by 3.3 (1.4) times when comparing stepwise drying 

at 21C/55%RH to oven drying at 105°C.  
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The results also consistently show that concrete samples (w/c: 0.35) with 10% silica fume or 

70% GGBS produced much lower O2 diffusivity by 100% to 390% or O2 permeability by 

50% to 410% than those without SCMs.  

7.3.2 Effect of rewetting and moisture hysteresis on transport properties  

Microcracks contribute to the increase in transport properties since higher degree of 

microcracking was induced by more severe drying regime as shown in Section 4.3.4 and 

Section 7.3.4. However, the exact relationship is not straightforward since different drying 

regimes would produce different amount of degree of saturation as shown in Fig. 7.2. For 

example, the degree of saturation of the 3-day concrete at 0.35 w/c ratio was 54.3% and 0% 

for stepwise drying and 105°C drying respectively. Changes in the degree of saturation would 

also make a significant contribution to transport.  

   
               

                            (a) Concrete                                                               (b) Mortar 

Figure 7.2 Effect of drying regime on the degree of saturation of concretes and mortars 

(w/c: 0.5 and 0.35; curing age: 3 and 90 days) 

Fig. 7.3 shows an example of the effect of rewetting on the degree of saturation of w/c 0.35, 

3-day concrete samples that were initially dried at 50°C (Fig. 7.3a) and 105°C (Fig. 7.3b). 

The stepwise rewetting process is extremely time-consuming. For example, Fig. 7.3 shows 

that around 2 to 9 months is required per RH step to reach equilibrium.  
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                                  (a) 50°C                                                                    (b) 105°C 

Figure 7.3 Effect of rewetting on the degree of saturation of concrete samples (w/c: 0.35, 

curing age: 3 days) that were initially oven dried at (a) 50°C and (b) 105°C 

Fig.7.4 shows the degree of saturation of 3-day concrete and mortar samples plotted against 

RH levels during the process of drying and rewetting. Note that the corresponding plots for 

90-day samples have similar trends with 3-day samples. Results show that the degree of 

saturation gradually decreased with decrease in RH in the desorption process, and increased 

with increase in RH in the adsorption process, as indicated by arrows. However, a significant 

moisture hysteresis was observed and this occurred for all samples regardless of sample type 

(concrete, mortar, or paste), SCMs (silica fume or GGBS), and curing ages (3 or 90 days). 

The data show that the degree of saturation depends not only on the conditioning RH, but is 

strongly dependent on the conditioning history, as observed by others [Anderberg and Wadso, 

2004; Baroghel-Bouny, 2007; De Belie et al., 2010; Zhang et al., 2014].  

Moisture hysteresis refers to the phenomenon that, at the same relative humidity, the material 

experiences different degree of moisture saturation or moisture content depending on its 

drying/wetting history. Moisture hysteresis makes that the degree of saturation is not a one-

to-one relationship with the conditioning RH, and thus makes it difficult to isolate the effect 

of water content since it is difficult to set a RH for samples with different degree of saturation 

and different amount of microcracking to reach the same degree of saturation. Therefore it is 

worth conditioning samples at many RH levels to obtain the equal degree of saturation. 

However, it is impractical to test routine samples with tens of mm scale size at many RH 

levels because of the extremely long time required to recondition samples to mass 

Drying 

Rewetting 

Drying 

Rewetting 
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equilibrium at each RH level.  

 

 

                            (a) Concrete                                                            (b) Mortar 

Figure 7.4 Influence of drying and rewetting on the degree of saturation of 3-day 

concretes and mortar (w/c: 0.5). Note that the arrows in red, yellow, green, and blue 

indicate the process of stepwise drying, rewetting for 21°C/33%RH dried samples, 

rewetting for 50°C/7%RH dried samples, and rewetting for 105°C dried samples, 

respectively. 

 

 

 

 

 

 

 

 

 



146 

 

 

                  (a) O2 diffusivity of concrete                               (b) O2 permeability of concrete 

 

 

                  (c) O2 diffusivity of mortar                               (d) O2 permeability of mortar 

Figure 7.5 Transport results of 3-day concretes and mortar (w/c: 0.5) at different RH 

levels Note that the arrow in red, yellow, green, and blue indicate the process of stepwise 

drying, rewetting for 21°C/33%RH dried samples, rewetting for 50°C/7%RH dried 

samples, and rewetting for 105°C dried samples, respectively. 

Results reveal that samples that have been dried with different drying regimes had significant 

different degree of saturation when these samples were rewetted at the same RH until 

equilibrium, and this produced significant different transport properties. For example, Fig. 7.5 

shows that there is a substantial difference in O2 diffusivity or O2 permeability when samples 

were conditioned at the same RH, indicating that moisture hysteresis hugely affects the 
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measured transport properties of cementitious materials. 

Transport results measured at each RH level are then plotted against different degrees of 

saturation in Figs. 7.6 to 7.7. Twelve plots are produced by grouping samples of the same size 

of aggregate, aggregate volume fraction and transport property since transport properties of 

cementitious material are influenced by aggregate size [Chapter 4] and aggregate volume 

fraction [Wong et al., 2009].  

 
 

                       (a) C 0.5-10:68-3d&90d                                        (b) C 0.35-10:68-3d&90d                                                      

 
 

                        (c) M 0.5-5:60-3d&90d                                        (d) M 0.35-5:50-3d&90d                     
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                             (e) P 0.5-3d&90d                                                        (f) P 0.35-3d&90d                                                     

Figure 7.6 Effect of degree of saturation on O2 diffusivity of 3 and 90-day samples (w/c: 

0.5 and 0.35)  
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                  (a) C 0.5-10:68-3d&90d                                            (b) C 0.35-10:68-3d&90d                                                      

 

                  (c) M 0.5-5:60-3d&90d                                            (d) M 0.35-5:50-3d&90d                                                      
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                    (e) P 0.5-3d&90d                                                          (f) P 0.35-3d&90d                                                     

Figure 7.7 Effect of degree of saturation on O2 permeability of 3 and 90-day samples 

(w/c: 0.5 and 0.35) 

Results in Fig.7.6 and Fig. 7.7 consistently show that the degree of scatter in the transport 

properties decreased significantly when plotted against degree of saturation. Transport 

properties decrease with increase in the degree of saturation regardless of aggregate size, 

aggregate volume fraction, curing age, cement type and w/c ratio. More interestingly, for 

samples with the same w/c ratio, aggregate fraction and size, their transport properties 

became very similar once they were reconditioned to similar degrees of saturation, despite the 

fact that they were subjected to different drying regimes and had different degrees of 

microcracking prior to the rewetting. This strongly suggests that gaseous transport properties 

are closely related to the residual degree of saturation and that degree of saturation is a 

critical parameter in interpreting and predicting the transport data. Since degree of saturation 

depended on conditioning regime and conditioning history as a result of moisture hysteresis, 

it is therefore necessary to know the whole process of conditioning regime in interpreting the 

measured transport data for understanding the effect of conditioning on transport in 

cementitious materials. 

The residual difference in transport properties of samples with different degree of 

microcracking is small when the samples were rewetted to reach similar degrees of 

saturation. However, the correlation between the transport properties and the degree of 

saturation varies among the mixes with different cementitious materials or w/c ratios. For 
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example, if we compare the CEM I concrete and concrete with 10% silica fume at constant 

w/c ratio of 0.35 in Fig. 7.6 (b) or Fig. 7.7 (b), the transport properties of CEM I concrete 

have a higher increase rate with the decrease of degree of saturation. It was also generally 

observed that samples with a higher w/c of 0.5 had a higher increase rate with the reduction 

of degree of saturation than that with w/c of 0.35. This suggests that the relationship between 

the transport properties and the degree of saturation is essentially dependent on the 

microstructure and pore/crack network characteristics. It is well known that samples with 

lower porosity or finer pores have less degree of pore connectivity and higher degree of 

tortuosity [Promentilla et al., 2008; Provis et al., 2012]; hence, moisture desorption and 

adsorption through the refined pore structure is difficult. Consequently, the degree of 

saturation will be less sensitive to the variation of external RH, and thus the transport 

properties will be less influenced. 

An abnormity was observed in the O2 permeability of mortar M 0.35-5:50-3d that was 

initially dried at 105C (marked with a dash circle in Fig. 7.7d), where some of the measured 

permeability coefficients appear to increase with increase in degree of saturation. 

Furthermore, very large standard errors were recorded for this set of data. The reason for this 

is not clear and it is probably due to experimental errors. The collected data also showed that 

transport coefficients decreased slightly with increase in curing age in most cases for samples 

with equal w/c and aggregate fraction. However, one exception was observed in C 0.5-10:68 

(Fig. 7.7a) which showed higher O2 permeability at 90-day compared to the 3-day samples. 

 

7.3.3 Electrical conductivity and total porosity 

Fig. 7.8 shows that the measured electrical conductivity remained relatively constant with 

different drying regimes. This indicates that the influence of microcracks on the electrical 

conductivity of mortar and concrete samples is insignificant when the micro-cracked samples 

were re-saturated. 

Another observation is that the measured electrical conductivity was strongly influenced by 

w/c ratio and presence of SCMs, but relatively independent of curing age. For example, the 

electrical conductivity of w/c 0.35 concretes were 30% to 70% and 30% to 60% lower 

compared to that of the 0.5 w/c concretes at 3-day and 90-day curing age, respectively. 

Concretes containing silica fume or GGBS had 2.5 to 4.6 times lower conductivity than the 

CEM I concrete samples. 



152 

 

 

                              (a) Concrete                                                            (b) Mortar 

Fig. 7.8 Electrical conductivity of water saturated (a) concretes and (b) mortars 

subjected to different drying regimes 

The measured total porosities of 3- and 90-day concretes and mortars are shown in Fig.7.9. 

As expected, the total porosity of samples at w/c 0.5 is higher than those at w/c 0.35. At equal 

w/c, mortars had higher porosity than concretes because of the lower aggregate volume 

fraction in mortars. For samples with equal w/c and aggregate fraction, the total porosity was 

relatively insensitive to curing age.  

Results also show that the total porosities of mortars or concretes at the same w/c ratio and 

curing age were not sensitive to the drying regimes. In addition, the total porosities of 

concretes containing SCMs were not significantly reduced compared to CEM I concretes at 

equal w/b, curing age and aggregate volume fraction. 
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Figure 7.9 Total porosity as measured via vacuum saturation 

As expected, the use of SCMs (silica fume and GGBS) produced samples with significantly 

lower O2 diffusivity, O2 permeability and electrical conductivity. Although the results showed 

that total porosity was not significantly affected by SCMs (Fig.7.9), there is probably an 

increased volume of fine pores and decreased volume of large capillary pores.  For example, 

Sellevold and Nilsen [1987] and Thomas [1989] showed that there was an insignificant 

change in total porosity, but a significant refinement in the pore structure when comparing 

CEM I pastes to pastes containing 4-12% silica fume or 30% fly ash. This contributes to the 

reduction in the transport properties and is consistent with available studies on the effect of 

SCMs on the transport properties of cementitious materials. For example, Hooton [1986] 

measured the water permeability of cement containing fly ash, slag, and silica fume. Results 

consistently showed that SCMs reduced permeability coefficients. Based on a set of multi-

scale computer models, Bentz [2000] showed that a 10% addition of silica fume in a w/c 0.3 

ratio cement paste could result in a factor of 15 decrease in chloride diffusivity. Basheer et al. 

[2002] experimentally showed that concrete with SCMs (i.e. PFA, microsilica, metakaolin, 

GGBS) consistently had lower chloride diffusion coefficients and higher electrical resistance 

values. Gesoğlu and Özbay [2007] showed that electrical resistivity of concretes with SF and 

slag was much higher than those without SCMs.  

On the other hand, the results in Section 7.3.1 show that the transport properties of concretes 
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containing SCMs were more sensitive to the increase in the severity of drying regime 

compared to those of CEM I concretes, and this effect was more significant for O2 

permeability than for O2 diffusivity. This suggests that drying regimes have more influence 

on the permeability of denser systems, in agreement with the observation of the transport 

properties samples with different w/c ratios.  

 

7.3.4 Drying-induced microcracks 

Epoxy intrusion depth 

Fig. 7.10 shows that the average depth of fluorescent epoxy intrusion ranged from 0.1 mm up 

to 6 mm for all samples. The penetration depth increased with increase in the severity of 

drying regime regardless of w/c ratios, curing ages, cement type and aggregate volume 

fraction. It is noted that Section 4.3.4 has shown that most of the drying-induced microcracks 

occurred near the surface exposed to drying.  
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                                 (a) Concrete                                                               (b) Mortar 

 

                                                                    (c) Paste 

Figure 7.10 Intrusion depth of fluorescent epoxy for (a) concrete, (b) mortar, and (c) 

paste samples subjected to different drying regimes 

 

Microcrack density 

Fig. 7.11 presents the pattern of microcracks observed on the exposed surface of pastes (w/c: 

0.5 and 0.35, curing age: 3 days) after several drying regimes. The density of microcracks is 

tabulated in Table 7.4. The detectable microcracks have density ranging from 0.002 to 0.494 

mm
-1

, and total length ranging from 6.1 to 1500.9 mm on the exposed surface. Results clearly 

indicate that more microcracks were generated when the sample was subjected to more 
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severe drying regime. Samples that were stepwise dried at 21°C also showed microcracking, 

but significantly less extensive compared to samples dried by 105°C or 50°C, 7%RH, or 

21°C, 33%RH, consistent with the findings in Section 4.3.4. Moreover, the microcrack 

densities in the 0.5 w/c ratio pastes were 50% to 490% higher than that of the 0.35 w/c ratio 

pastes. Note that, the measurements were carried out on a number of images per sample and 

averaged to obtain representative results. Figure 7.12 shows that around 10 images at 50× 

magnification (2048 ×1536 pixels, pixel size = 0.89 µm) were required to obtain a 

representative crack density value.  

 

     
     

(a) w/c 0.5, 55%         (b) w/c 0.5, 33%RH           (c) w/c 0.5, 50°C              (d) w/c 0.5, 105°C 

   

 

(e) w/c 0.35, 55%RH      (f) w/c 0.35, 33%RH          (g) w/c 0.35, 50°C           (h) w/c 0.35, 105°C 

Figure 7.11 Segmented microcracks on the exposed surface of pastes (w/c: 0.5 and 0.35, 

curing age: 3 days) at different drying regimes 

 

Table 7.4 Total length and average density of microcracks measured on surface of 3-day pastes 

and concretes.  

Sample 

105°C 50°C 21°C, 35%RH 21°C, stepwise 

Length: 

mm 

Density: 

mm
-1

 

Length: 

mm 

Density: 

mm
-1

 

Length: 

mm 

Density: 

mm
-1

 

Length: 

mm 

Density: 

mm
-1

 

P 0.5-3d 1500.9 0.395 686.1 0.181 626.2 0.165 12.5 0.003 

P 0.35-3d 563.3 0.148 203.7 0.057 105.1 0.028 6.1 0.002 

C 0.5-10-

:68-3d 
--- 

0.494 

(0.035) 
---- 

0.222 

(0.028) 
---- 

0.103 

(0.014)  
---- 

0.088 

(0.011) 

Note: Standard errors are shown in brackets 

 

30mm 
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Figure 7.12 Moving average plot showing the effect of number of images on the 

measured microcrack density 

Consistent with the observations in Section 4.3.4, microcracking occurred in all samples, 

even those that were subjected to very gentle drying conditions. The degree of microcracking 

increased with increase in severity of drying regime, but this did not cause a significant 

increase in total porosity as shown in Section 4.3.3. The electrical conductivity is 

proportional to the total porosity, thus explaining the insignificant variation of electrical 

conductivity of mortars and concretes with different degrees of microcracking in Section 

7.3.3. It was also observed that pastes with lower w/c had fewer microcracks regardless of the 

drying regime. This may be due to the higher strength of the w/c 0.35 pastes (Table 6.4) and 

hence the greater resistance to cracking. In addition, the w/c 0.35 pastes had lower initial 

water content (16.7%) compared to the w/c 0.5 pastes (25.2%) prior to drying. Therefore, 

pastes with lower w/c ratio have lower moisture gradient near the exposed surface, lower 

drying rate (because of the denser microstructure) and thus less shrinkage when subjected to 

drying.  
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7.3.5 Influence of microcracking on transport properties 

Consistent with the observations in Section 4.3.4, the degree of microcracking became 

greater with more severe drying regimes, and O2 permeability is more sensitive to 

microcracks, compared to O2 diffusivity or electrical conductivity. If this is the case, the 

residual O2 permeability obtained from the samples with the similar degree of saturation but 

with different degree of microcracking should be of great difference and thus can be 

attributed to the effect of microcracks. But this is not the case in the data which shows the 

insignificant difference in transport properties between samples when they had similar degree 

of saturation.  

However, some caution must be exercised in interpreting the data because when samples are 

rewetted, condensation may also occur in the microcracks, and further hydration may densify 

the pore structure or encourage crack healing.  

Since moisture vapour is a condensable gas, condensation and evaporation of moisture would 

occur when moisture exchanges between moisture in the pore and moisture on the pore 

surface. In the present study, dried samples were rewetted gradually at an increasing RH until 

86%, and thus, depending on the pressure conditions, moisture may physically accumulate on 

the surface of microcracks, and capillary condensation may occur in vapour-liquid interfaces. 

Consequently, the rough surface of microcracks may be blocked by the liquid, and thus the 

O2 transport rate through these microcracks may be decreased due to the reduced available 

flow space. The effects of capillary condensation on the transport through porous media have 

been investigated experimentally as well as theoretically. For example, Lee and Hwang 

[1986] developed six different flow modes of condensable vapours through porous materials 

by considering the blocking effect of the adsorbed phase on the basis of a cylindrical capillary 

structure. These models considered different pressure distribution and the film thickness of 

adsorbed layer. Experimental study on the membrane material by Uhlhorn et al. [1992] 

showed that permeability started to decrease with the increasing RH from 67% when 

blocking of the pore by capillary condensation occurred. It should be noted that 

microstructure of cementitious materials would be different and may be more complicated 

compared to membrane materials. But the effect of moisture condensation on transport 

properties of cementitious materials has not been reported in the available literature to date.   

Apart from the physically absorbing of moisture on the surface of microcracks, chemical 

hydration may occur due to the contact of unreacted cement grains and moisture. Fig.7.13 
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shows typical patterns of matrix microcracks in a concrete sample (w/c: 0.5, curing age: 3 

days) after 105C drying. It is observed that microcrack propagates through the unreacted 

cement grains (Fig.7.13a) or travels around the unreacted cement particles (Fig.7.13b). This 

observation reveals that unreacted cement can exist on the microcrack surface. As moisture 

condensation may form in the pores or microcracks, the available unreacted cement particles 

around the microcracks can be in contact with condensates and rehydration occurs, causing 

the formation and growth of hydration products and thus self-healing of microcracks. As a 

result, the transport properties would be reduced due to the blocking of microcracks or the 

decrease of width of microcracks. This is expected to cause the decrease of water 

permeability of cementitious materials during the testing. The self-healing of microcracks and 

its effect on transport properties of cementitious materials has been studied experimentally 

and numerically [Li and Li, 2011; Tittelboom et al., 2012; Huang and Ye, 2012; Sahmaran et 

al., 2013; Huang et al., 2013, 2014].  

 

  

   (a) Microcracks go through unreacted cement      (b) Microcracks form around the unreacted cement 

Figure7.13 BSE images showing propagation of microcracks through and around 

unreacted cement particles in concrete (w/c: 0.5, curing age: 3 days) dried at 105°C 

Since most structures experience cyclic drying and wetting, it is more representative to study 

the influence of drying-induced microcracks when samples are rewetted to different degrees 

of saturation. Results in Chapters 4, 5 and 6 have showed that drying-induced microcracks 

have a significant influence on gas permeability when the testing was carried out on the dried 

samples. However, this effect diminishes when the micro-cracked samples were rewetted 

probably due to the blockage of microcracks due to moisture condensation and the self-

25 µm 50 µm 

Unreacted cement 

Microcrack Microcrack 

Unreacted cement 
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healing of microcracks due to further cement hydration. Hence, one may conclude that gas 

permeation may have an insignificant influence on degradation mechanisms and durability of 

most real concrete structures.  

7.4 Conclusions 

This chapter presents an attempt to isolate the effect of drying-induced microcracking on the 

transport properties of cementitious materials from the effect of degree of saturation and to 

understand the influence of rewetting on the transport properties of micro-cracked samples. 

Samples with different aggregate size, aggregate volume fraction, curing age, cement type 

and w/c ratio were prepared and subjected to different drying regimes (105°C or 

50°C/7%RH, or 21°C/33%RH, or stepwise: 21°C/93%RH→ 3%RH) prior to transport 

testing, and the dried samples (dried at 105°C, 50°C/7%RH and 21°C/33%RH) were 

gradually rewetted at increasing RH up to 86%RH. Consistent with results in Chapters 4, 5 

and 6, this chapter showed that the degree of microcracking increased with increase in the 

severity of the drying regime, and that O2 permeability was more sensitive to microcracks 

than O2 diffusivity or electrical conductivity. In addition, this effect was more significant in 

denser systems with lower w/c or with SCMs.   

A significant moisture hysteresis was observed and the transport properties of micro-cracked 

samples decreased significantly upon rewetting. However, their transport properties became 

very similar once they were reconditioned to similar degrees of saturation, despite the fact 

that they had different degrees of microcracking prior to the rewetting. Therefore, the effect 

of microcracking on transport properties is less significant compared to the effect of degree of 

saturation. This is probably because of blockage of the microcracks due to moisture 

condensation and further cement hydration causing self-healing of the microcracks.  
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Chapter 8- Conclusions, implications, and recommendations 

8.1 Conclusions 

This thesis has highlighted that drying-induced microcracks have a far greater influence on 

oxygen permeability compared to the oxygen diffusivity, water sorptivity or electrical 

conductivity of cementitious materials. However, it should be noted that gas permeation has 

little relevance to degradation and durability of most concrete structures, unlike water 

absorption and gas diffusion which are more relevant for durability, but which are found not 

to be significantly influenced by drying-induced microcracks. Furthermore, the effect of 

microcracks on gas permeability diminished when micro-cracked samples were rewetted up 

to 86%RH probably as a result of moisture condensation and self-healing of the microcracks. 

Moreover, the samples tested in this thesis are likely to be more micro-cracked than real 

concrete elements in practice due to their size and severity of drying. Thus, drying-induced 

microcracks probably have little impact on the durability of most real concrete structures. 

The main conclusions arising from this thesis are as follows: 

 Drying-induced microcracks form a cell-like pattern (map-cracking) on the exposed 

surface of samples, and the microcracks are approximately perpendicular to the drying 

surface with a penetration depth of less than 10 mm; 

 The degree of microcracking in all samples increased with the increase in the severity 

of drying. All samples exhibited microcracking, and more than 80% of detectable 

microcracks had widths < 10 μm and lengths < 100 μm; 

 The measured transport properties increased with increase in severity of drying, and 

this effect was more significant in denser samples with SCMs (silica fume and 

GGBS) or lower w/c ratio at 0.35 or lower curing age at 3 days. O2 permeability 

increased more with increase in severity of drying compared to O2 diffusivity.  

 Regardless of drying regime, concretes with SCMs consistently had lower transport 

properties compared to concretes with CEM I.  

 Microcracks have a far greater influence on the gas permeability than gas diffusivity 

or conventional sorptivity, or electrical conductivity. 
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 Mortar and concrete samples with smaller t/MSA ratio showed larger microcrack 

density, widths and lengths and areas, and consequently recorded higher oxygen 

permeability values irrespective of drying regime.  

 The presence of microcracks is believed to have caused the deviation in the water 

absorption - time
½
 plot from linearity.  

 The confining pressure applied to the circumference of samples significantly 

decreased gas permeability, but the effect on gas diffusivity was insignificant. Image 

analysis showed that partial closure of microcracks occurs when the sample is 

confined, and that this subsequently influences gas permeability. 

 A significant moisture hysteresis occurred when micro-cracked samples were 

rewetted, and transport properties significantly decreased with increase in degree of 

water saturation. The degree of saturation was closely related to the conditioning 

history due to moisture hysteresis. 

 Microcracks had much less influence on transport properties compared to the degree 

of saturation. This is probably due to the blockage of the microcracks as a result of 

moisture condensation and self-healing of the microcracks due to further cement 

hydration when the dried samples were rewetted by increasing RH up to 86%. 

8. 2 Implications 

This thesis shows that even the ‘gentle’ stepwise drying at 21°C did not prevent microcracks 

from forming in the investigated samples. This strongly suggests that most concrete 

structures are generally micro-cracked if we consider that real structures experience more 

severe drying than the stepwise drying used in this thesis. In addition, real structures 

experience a greater amount of internal restraint from the bulk concrete, as well as external 

restraint. Hence, more severe drying-induced microcracking may occur. However, the 

concrete cover in real structures experiences less complete and severe drying compared to lab 

samples subjected to 105°C, 50°C/7%RH, or 21°C/33%RH. It should be noted that some of 

the drying conditions imposed in this study are more severe than natural drying of most real 

structures, but they are similar to those employed in other studies [Chen et al., 2013; Lion et 

al., 2005] and the conditioning regimes recommended by codes of practice [RILEM TC 116]. 

Care should be taken when transferring findings based on relatively small samples to real 

structures because the behaviour of real structures may not be sufficiently captured in 
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laboratory testing of small samples.  

In practice, gas permeability of concrete is not considered to be a major transport property 

influencing degradation mechanisms and durability of most concrete structures. Water 

permeation is more relevant, but this is limited to structures that are subjected to high water 

head and long-term wetting, such as basements and water-retaining structures. However, 

water permeability is expected to decrease over time because the microcracks will self-heal 

when exposed to moisture. Water absorption and gas diffusion in partially saturated 

conditions are far more relevant and important for durability, but my results show that these 

transport mechanisms are less sensitive to microcracks. Furthermore, the samples tested in 

this study are likely to be more micro-cracked than concretes in practical situations due to the 

sample size and severity of drying. Thus, one may conclude on this basis that drying-induced 

microcracks would have little impact on the durability of most real concrete structures. 

However, gas permeability is a commonly measured transport property in the lab and so the 

size effect has other  important implications. Permeability is often tested at t/MSA of around 3 

and used as a ‘performance indicator’, thus the influence of sample thickness, aggregate size, 

and drying-induced microcracks must be considered when collecting, interpreting and 

comparing results. The size effect on permeability also has implications that one has to 

exercise care when using permeability data to calibrate or to validate numerical models that 

aim to predict transport properties from microstructure. This is because all currently available 

models do not simulate the permeability of a representative volume of concrete at sufficient 

resolution to capture the influence of microcracks. However, this may not be a critical issue 

when modelling diffusion or capillary absorption since these processes apparently do not 

show any size effect at t/MSA above 2.5. In addition, considering that electrical conductivity 

of the micro-cracked mortar and concrete samples is not sensitive to drying-induced 

microcracks, electrical conduction through micro-cracked concretes may also be modelled 

without incurring large errors when the influence of drying-induced microcracks is not 

considered explicitly.  

The findings in this thesis suggest that a t/MSA ratio of at least 10 is needed to obtain 

consistent gas permeability results. This means that for a concrete with 20 mm coarse 

aggregate, permeability should be measured across a 200 mm thick sample. However, testing 

such a thick sample is difficult and challenging in terms of the instrumentation required. It is 

also impractical because of the extremely long time required to condition the sample. The test 

may be accelerated by increasing the applied pressure gradient, but this increases the risk of 
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sample damage during testing and distortion of the transport process being measured.        

Significant moisture hysteresis occurs when dried samples are subsequently exposed to 

higher relative humidity. The residual water content or degree of water saturation 

substantially depends on the conditioning history. Therefore, the way in which samples are 

cured and conditioned is important since transport properties are significantly influenced by 

the degree of saturation.  

SCMs (e.g. silica fume, fly ash, and GGBS) have been widely used to produce low 

water/binder ratio high-performance concretes (HPCs). This thesis confirms that concretes 

containing SCMs or concretes with low w/c ratio have much lower transport properties 

compared to normal CEM I concretes, irrespective of drying regime. However, this difference 

diminishes with the increase in severity of microcracking because microcracks have a more 

significant effect on the transport properties of denser samples. It is therefore important to 

control and reduce microcracking in high-performance concretes.  

The confining pressure used in transport testing is an important parameter that could 

influence measured results. Therefore, this parameter must be specified and measured. 

Because microcracks can close when samples are confined, testing the transport properties of 

concrete that inherently contain cracks is not a straightforward procedure. Testing at low 

confinement pressure increases the risk of leakage around the sample. It is also not 

representative of the behaviour of concrete in real structures subjected to much higher levels 

of compressive stress. However, transport testing in a highly stressed state is experimentally 

challenging and could also cause additional damage.  

It should be noted that most concrete structures in service are subjected to compressive 

stresses that are much higher than the largest confining pressure tested in this work. My 

results suggest that the drying-induced microcracks tend to partially close and thus would not 

play a major role in the transport of aggressive species in concrete structures that are 

subjected to compressive stresses. These structures are for example typical columns and walls 

which are under the action of axial compression loads. In concrete structures subjected to 

tensile stresses however, microcracks are likely to widen and propagate, and potentially 

accelerate the transport of aggressive species. Concrete structures such as typical beams and 

slabs are normally subjected to bending resulting in compressive and tensile stresses in 

different parts of the structure. For the bottom of a beam or slab which is under tension, 

drying-induced or crazing microcracks are likely to widen and propagate; while for the top of 
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a beam or slab which is under compression, microcracks are likely to close.  

  

8.3 Recommendations for further research 

The samples tested in this thesis cover a range of mix variables and conditioning regimes, but 

they were by no means exhaustive. Future work could investigate a wider range of 

cementitious materials (e.g. different cement types, samples cured for longer than  28 days, 

different aggregate volume fractions) for a more comprehensive understanding of the 

characteristics of microcracks and their influence on transport properties. This thesis has 

highlighted the experimental difficulty of isolating the effect of microcracks on transport 

properties from the effect of degree of water saturation. Future work could focus on 

developing numerical models to facilitate this and to gain a better understanding of how the 

influence of microcracks changes when the samples are subjected to rewetting.  

To provide experimental data for modelling transport processes in micro-cracked concrete, 

characteristics of microcracks in 3D at a representative volume of concrete and at sufficiently 

high resolution are required. This will also help us understand how microcracks form and 

propagate in concrete. Apart from the characteristics that were measured in this thesis (width, 

length, area, orientation, density), other parameters such as connectivity and tortuosity of 

microcracks are important. However, none of the existing imaging techniques that I have 

assessed to date satisfy the criteria necessary for 3D characterisation of microcracks. FIB-nt 

is capable of nano-scale resolution, but is practically limited to reconstruction of only a few 

microns thick sample. -CT can image a large volume of concrete, but it only detects cracks 

wider than 10 μm. LSCM has a better resolution and can image a large area, but its imaging 

depth is limited to tens of microns. BSE and FM have very good resolution and are well-

suited for large area imaging, but only in 2D. Perhaps the only way to fully characterise 

microcracks is to integrate information from several techniques. For example, by serial-

sectioning and reconstructing the 3D stacks, the imaging depth of LSCM may be extended 

substantially. 

Real concrete structures experience both internal restraint (aggregates and bulk concrete 

members) and external restraint (surrounding members). It is expected that a greater degree 

of microcracking will be produced in concretes with additional external restraints compared 

to that without external restraints at the same amount of drying shrinkage. Further research is 
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necessary to examine the extent of microcracking in concrete structures in-service and to 

understand its influence on long-term durability.  

SCMs have a slower hydration rate than Portland cements [Lothenbach et at., 2011], so a 

large fraction of SCMs remain unreacted in samples that have undergone short curing 

periods.  Few studies in the literature have investigated the self-healing of drying-induced 

microcracks in samples with SCMs and its influence on transport properties. Drying-induced 

microcracks propagate through or around unreacted cement and SCM particles. This exposes 

fresh cementitious materials and increases the potential for self-healing of microcracks. 

Since drying-induced microcracks inevitably occur in most concrete structures, and these 

structures experience various structural loading or cyclic drying and wetting, microcracks in 

concrete structures may grow and propagate to accelerate deterioration or partially close to 

reduce the potential damage. Results in this thesis have shown the effect of confining 

pressure on the closure of cracks, but more work is needed to investigate the possibility of the 

microcracks widening or closing due to imposed tensile loading, and cyclic wetting and 

drying. There are numerous studies on the effect of macrocracks on the transport properties of 

concrete. However, these cracks are normally produced by mechanically loading samples 

after curing in the laboratory, which does not capture the effect of drying-induced 

microcracks propagating in response to mechanical loading.   
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