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Chapter 1 
 

1 Introduction 
 
1.1 Durability of concrete 
 
Concrete is the most manmade material worldwide. In 2011, about 3.8 billion tons of 
cement was produced worldwide [1], which can be translated to about 38 billion tons of 
cement-based products (from which concrete is the majority), assuming that cement 
constitutes 10% of their mass. Such a common application of concrete and other cement-
based materials is caused by a number of factors, including their worldwide availability, 
relatively low price, good mechanical properties and durability. The good durability of 
concrete in normal exposure conditions has been long recognized. However, in certain 
environments, concrete can be attacked and deteriorated. Although the modern 
production technology of cement and concrete is much better compared to the past, the 
high cost of construction of new buildings and structures and disruption associated with 
replacement and removal cause that more attention is paid to ensure durable buildings or 
structures [2]. 
There are many deleterious substances and deterioration mechanisms that impair the 
service-ability of concrete. Some of these mechanisms concern the chemical attack on 
concrete, while some others are related to physical interactions and mechanical damage. 
The chemical deterioration of concrete can be caused e.g. by sulphate attack, 
decalcification of the cement hydration products, alkali-silica reaction or corrosion of 
steel rebars in concrete resulting from the depassivation of steel. The physical 
deterioration of concrete is most often related to the freeze-thaw induced damage, 
differences between the thermal expansion of aggregates and cement paste and to the 
exposure of concrete to elevated temperatures. The mechanical damage can be caused by 
abrasion or impact. Nevertheless, in practice, the most often occurring mechanisms of 
deterioration of concrete are closely related to the ease of penetration of deleterious 
substances into the concrete and subsequent corrosion of steel [3]. 
The reason why fluids can penetrate into concrete is due to the porous microstructure of 
the hardened cement paste, i.e. predominantly the capillary pores, which are the pores in 
the size of micrometers forming a connected network. The transport processes of 
deleterious gases (CO2 and O2) and water (pure or containing aggressive ions such as 
Cl-, SO4

2- or Mg2+) into concrete is based on a number of mechanisms, as shown in Table 
1.1. The ease of the penetration of fluids and ions into concrete can be termed the 
penetrability of concrete, although in this Thesis the term permeability is more often used. 
Hence, the definition of the permeability used in this Thesis does not refer only to the 
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flow of fluids in concrete due to the gradient of pressure as can be found in Table 1.1, but 
considers all the transport mechanisms of fluids into concrete, including the diffusion of 
ions and gases and capillary absorption of liquids. Under normal conditions, diffusion 
and capillary suction are the main transport mechanisms. However, capillary suction is an 
important mechanism for the uptake of liquids only in the outer layers of concrete. 
Deeper in concrete and also in concrete which is liquid-saturated (e.g. concrete 
permanently submerged in seawater) diffusion of ions is the dominating transport 
mechanism. 
 
Table 1.1: Transport mechanism of fluids in concrete in natural conditions [4] 

Transport mechanism in concrete 
Type Driving force Pores 

Diffusion 
(gases and ions) 

 
 

concentration gradient, 
partial pressure difference 

filled with air 
or liquid 

Capillary suction 
(liquids) 

 
 

surface tension, 
contact angle 

filled with air 

Permeation 
(gases and liquids) 

 
 

absolute pressure difference 

filled with air 
or liquid 

 
As the transport of deleterious substances takes place only through the pore system in 
concrete, a direct relationship between permeable porosity (volume of accessible pores) 
and durability can be established. Therefore, the research on durability of concrete and its 
improvement involves the determination of the transport properties of concrete. 
 
1.2 Chloride migration coefficient used for service life design of 

concrete 
 
1.2.1 Durability of Reinforced Concrete 
 
The unique effects of combining steel rebars with concrete have made Reinforced 
Concrete (RC) one of the most popular construction materials [5]. Hence, the durability 
of RC is also of great interest. Normally, steel reinforcement is passivated in concrete due 
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to the high alkalinity (pH > 12.5) of the concrete pore solution. However, when the pH of 
concrete at the steel reinforcement level drops due to carbonation (reaction of CO2 with 
Ca(OH)2 to produce CaCO3) or when chlorides reach a certain concentration (so-called 
critical chloride concentration), corrosion of steel initiates, leading ultimately to the 
deterioration of concrete. Hence, the two main factors responsible for the majority of 
durability issues of RC are carbonation and chloride ingress. Although the transport of 
both CO2 and Cl- is diffusion-controlled, the significant difference between both is that 
the diffusion of chloride is only possible through the liquid in the pores of concrete; while 
the CO2 needs air in the pores (its solubility in water is low). Nevertheless, the transport 
of both substances has one common point - it occurs in the pores of concrete and 
therefore the permeable porosity and the pore structure play a crucial role in the 
durability. 
 
1.2.2 Service life design of Reinforced Concrete 
 
As explained earlier, deterioration of Reinforced Concrete in most cases is initiated by 
carbonation or chloride ingress. Thus, the design approach of the service life of 
reinforced concrete usually focuses on these two deterioration mechanisms and is 
empirical to a large extent. In practice one of the two design approaches is followed: most 
often the so-called deemed-to-satisfy rule and sometimes a performance-based design [6]. 
In the deemed-to-satisfy approach, the minimum concrete cover depth and the maximum 
water/cement ratio are specified, which is assumed to result in a concrete structure with 
an acceptably long, but not precisely specified service lifetime. In the case of a 
performance-based service life design, it is advantageous that it potentially allows for a 
more reliable estimation of the service life, by applying in the design model the 
parameters related to the quality of concrete (e.g. chloride diffusion coefficient), exposure 
conditions, cover thickness and many others. The DuraCrete approach [7] is one of the 
most renowned probabilistic performance-based methodology for the quantitative design 
of service life of reinforced concrete. The DuraCrete approach includes a model for the 
prediction of the initiation of corrosion of steel reinforcement, when the critical chloride 
concentration or the carbonation front reaches the level of the rebars, as well as models 
for propagation of corrosion, cracking and spalling of concrete [8]. The DuraCrete model 
for the service life design of concrete in chloride environment reads (assuming zero 
initial chloride concentration in concrete): 
 

0
,0

( , ) 1

2
a

s n

c e RCM

xC x t C erf
tk k D t
t

  
  
  = −  

   
      

          (1.1) 
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where: C – total chloride concentration at depth x and time t, Cs – surface chloride 
concentration, kc – curing factor, ke – environmental factor, DRCM,0 – chloride migration 
coefficient as determined in the Rapid Chloride Migration (RCM) test at the age of 
concrete t0 and na – ageing factor related to the time-dependent apparent diffusion 
coefficient for different cement types. 
It can be noticed that the model expressed by Eq. (1.1) considers the influence of the 
concrete processing (curing factor) and the exposure conditions (environmental factor) on 
the chloride transport into concrete, as well as the time-dependent diffusion (migration) 
coefficient. The use of the chloride migration coefficient DRCM in order to represent the 
chloride ingress rate is thus proposed in the DuraCrete model. The migration coefficient 
is determined via an accelerated test, the so-called Rapid Chloride Migration (RCM) test, 
described in a Nordic guideline NT Build 492 [9]. The main chloride transport 
mechanism during the RCM test is the electrically forced migration of chlorides in 
concrete, which is different from natural diffusion. Nevertheless, in the European 
research project Chlortest [10], the RCM test results were found to be in good agreement 
with the natural diffusion test results. Owing to the fact that the RCM test is much shorter 
and less laborious than the natural diffusion test, the DRCM was implemented in the model 
as shown by Eq. (1.1). Examples of the service life design of concrete based using the 
DuraCrete model can be found e.g. in [8, 11-13]. 
 
1.3 Research objective and strategy 
 
As concrete is the most man-made material and large quantities of concrete are produced 
worldwide, its durability is of the highest importance. A complete analysis of the 
durability of concrete involves multi-disciplinary fields of science such as chemistry, 
materials science, structural engineering, statistics and others. Therefore, the 
investigations presented in this Thesis cover a wide range of topics, all of which are 
related to each other and concern the durability of concrete, and approach the subject 
from different perspectives. The durability of concrete, in most cases, is closely related to 
the ease with which aggressive substances can enter the concrete and cause its 
deterioration. One of the most commonly occurring durability issues in concrete is 
chloride attack on steel reinforcement. In order to properly design or predict the service 
life of concrete exposed to chlorides (seawater or de-icing salts), information on the 
chloride ingress rate into concrete is needed. Considering the common application of 
accelerated tests to quantify this chloride ingress rate, one of the focuses of this Thesis is 
the analysis of the most commonly used accelerated chloride transport test, the Rapid 
Chloride Migration (RCM) test. Although the results of the RCM test have been included 
in the service life model for the design of concrete structure exposed to chlorides (see 
Section 1.2.2), there are some uncertainties regarding the theoretical background of the 
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test. Therefore, this Thesis tries to critically evaluate and improve the interpretation of the 
RCM test. To achieve that, both theoretical and experimental analyses are performed. 
Chlorides and many other deleterious substances are responsible for the durability issues 
in concrete, and durability is closely related to their transport. The transport phenomenon 
of fluids in normal concrete is already quite well understood and investigated. However, 
in the case of lightweight concrete there is yet not enough research data available on its 
durability, as lightweight concrete is often expected to be very permeable and, in turn, 
might be not durable. Hence, this Thesis also tries to deliver a design methodology for 
the development of durable lightweight concrete. The theoretical and experimental 
analyses are carried out to validate the proposed design methodology as well as to 
analyze the transport process in the developed materials. 
The improvement of the durability of concrete in the most cases is related to the 
refinement of the pore structure of concrete. The use of the supplementary cementitious 
materials (SCM) for this purpose is well established. However, there are new 
developments and possibilities related to the incorporations of nano-technology in 
concrete. In this context, the application of nano-silica (amorphous SiO2 with particles in 
the nano-size range) as a durability-enhancing agent is analyzed. An extensive 
experimental study is carried out to analyze this enhancing potential. 
 
1.4 Outline of the Thesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.1: Framework of this Thesis 

Chapter 2: Analysis of the RCM test 
Chapter 3: Extended RCM test model 
Chapter 4: Empirical application of the model   
                  to the RCM test data 
Chapter 5: Parameters study of the RCM test 

Chapter 7: Application of nano-silica Chapter 6: Design and analysis of 
durable  lightweight concrete 
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This research focuses on many aspects of the durability of concrete. Theoretical and 
experimental investigations as well as modelling work are carried out in order to analyze 
the chloride migration in concrete, to develop durable lightweight materials and to 
improve the durability of concrete using nano-silica. The research framework of this 
Thesis is shown in Figure 1.1. The content of each chapter is explained in the following 
sections. 
 
1.4.1 Indication of concrete quality in terms of the chloride ingress rate 
 
Chapters 2-5 focus on the Rapid Chloride Migration (RCM) test, which is an accelerated 
test, commonly used to quantify the chloride ingress rate into concrete. In Chapter 2 the 
“traditional” theoretical model of the RCM test is presented. The derivation of the 
formulas to compute the chloride migration coefficient (DRCM) is presented, explaining in 
detail the assumptions, processes and computational steps. Additionally, different 
available RCM test guidelines are summarized and the statistical data on the DRCM errors 
and test precision is given and compared to other commonly used test methods. Finally, 
the criticisms of the RCM test are summarized. After a brief introduction of alternative 
chloride migration models in Chapter 3, the development of an extended model is 
presented. This model considers the binding of chloride in concrete in a more proper way 
than the other models, i.e. non-linear chloride binding in concentration non-equilibrium. 
The numerical solution of the extended model is presented and validated against the 
analytical solution, valid in a special case of a linear binding in non-equilibrium. The 
empirical application of the numerical model to the experimental data is shown in 
Chapter 4. The chloride concentration profiles, measured in concrete after performing the 
RCM test, are used to optimize the chloride transport properties and binding parameters, 
empirically applying the extended model. Afterwards, the obtained chloride migration 
coefficients are compared to the migration coefficients obtained from the basic RCM 
model, presented in Chapter 2. The relationship between these two coefficients is 
analyzed, and conclusions are drawn. Chapter 5 focuses on the parameters study of the 
RCM test. This study includes the influence of the applied voltage on the chloride 
migration coefficient and also many practical aspects of the RCM test, such as the 
influence of the electrical field on the properties of concrete (mass, resistivity, pH, pore 
structure), the test set-up (pH of the electrolytes, current development during the test, 
polarization of the electrodes) and the efficiency of the vacuum-saturation of concrete 
with liquid prior to the RCM test. 
 
1.4.2 Design, liquid transport and durability of lightweight concrete 
 
The durability, including the transport process of deleterious substances into concrete, 
has been investigated for decades for normal density concrete. Nevertheless, in the case 
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of lightweight concrete its durability is seldom analyzed, as it is expected to be poor due 
to the large porosity of this type of material. Lightweight aggregates (LWA) concrete is a 
lightweight type, in which aggregates with a low density (high porosity) are used. The 
poor durability is related to the high permeability of lightweight concrete, caused mainly 
by the high permeability of the used aggregates. Therefore, the available design 
guidelines for LWA concrete focus mainly on the mechanical properties, density and 
thermal conductivity of the product, but not on its durability (permeability), which is 
believed to be poor. This Thesis tries to tackle the issue of a poor durability of LWA 
concrete already in the design stage (Chapter 6). A particle packing model is used to 
densify the packing of concrete ingredients (minimize the void content), which helps to 
improve the mechanical properties of the concrete and to reduce its permeability. The low 
density and thermal conductivity are secured by the use of LWA in different size 
fractions. A special type of a commercially available LWA is used here, with a low 
amount of open pores and low water absorption. Hence, the LWA should not contribute 
to the permeability of the developed material. In order to analyze the durability of the 
produced LWA mortars, a number of tests are performed besides the RCM test, including 
the permeability test, freeze-thaw resistance and the alkali-silica reaction presence. 
Additionally, the transport of liquids in LWA mortars is analyzed in depth to verify 
whether the LWA pores facilitate the transport of deleterious substances through the 
material. Finally, the proposed design methodology is also applied to design LWA 
concrete of excellent properties. 
 
1.4.3 Improvement of the durability of concrete 
 
The improvement of the durability of concrete with conventional supplementary 
cementitious materials (SCMs) such as granulated blastfurnace slag, fly ash or silica 
fume has been well established. Chapter 7 summarizes the influence of these SCMs on 
the durability of concrete, focusing the most on resistance against the ingress of chloride. 
Durability can be additionally enhanced using properly balanced multi-component blends 
or incorporating nano-sized materials. The main focus of Chapter 7 is the application of 
new nano-materials, viz. nano-silica, in order to improve the durability of concrete. On 
the one hand, it is known that the pozzolanic reactivity of nano-silica contributes to a 
higher strength of concrete, but on the other hand, there is no systematic study available 
on its effects on durability of concrete. Chapter 7 analyzes the influence of the additions 
of small amounts of nano-silica (3.8% by weight of cement) on the properties of concrete, 
applying two different commercially available types of nano-silica. The influence of 
nano-silica on the properties of concrete is analyzed from many aspects, including the 
fresh state behaviour, mechanical properties, microstructure analysis and durability. 
Durability is addressed in detail, focusing on the porosity and pore structure analysis, 
permeability to water and chlorides, resistivity and freeze-thaw resistance. The effects of 
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the incorporation of nano-silica in concrete are finally summarized and the 
recommendations for its use in concrete are presented. 
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1Parts of this chapter were published elsewhere [I, III, vi-ix, xviii] 

Chapter 2 
 

2 Rapid Chloride Migration test (NT Build 492 [9])1 
 
2.1 Introduction 
 
In view of problems with chloride-induced corrosion of reinforcing steel, there is a need 
for quantified information on chloride transport properties of concrete. Thus, a reliable 
prediction model for chloride ingress into the concrete cover is considered as the key 
point for an assessment of the long-term behaviour of concrete exposed to sea water or 
de-icing salts. 
As discussed in the previous chapter, a number of laboratory testing methods (both long- 
and short-term) have been developed to quantify chloride transport properties of concrete. 
The long-term methods, however, are usually not preferred from the practical point of 
view because they are laborious, time consuming and costly. 
To overcome these disadvantages, an accelerated test - the Rapid Chloride Migration test 
(RCM), also known as CTH or RMT, has been developed by Tang [14] and the test 
procedure has been published as a guideline NT Build 492 [9]. As explained in Section 
1.2.2, within the European DuraCrete report [7] the output value of the RCM test: DRCM – 
chloride migration coefficient in non-steady-state conditions (also termed chloride 
migration coefficient or Dnssm – non-steady-state chloride migration coefficient) – has 
been introduced into the service life model for concrete, which has lately resulted in even 
higher popularization of the test method. The application of the chloride migration 
coefficient for service life modelling of concrete puts strict requirements on the test such 
as reliability or repeatability of results. Nevertheless, 14 years after the release of the 
RCM test guideline, there are still some concerns regarding its theoretical background 
and reliability. Therefore, this chapter will present the RCM test procedure and its 
theoretical background. Then, the different versions of the RCM test guidelines, 
developed in several countries, will be summarized. The differences between these 
guidelines will be listed and the influence of these differences on the test results will be 
explained. Additionally, the estimation of measurement errors in the DRCM will be done 
based on the results of Round-Robin Tests. In the end, the criticism of the RCM test 
method in the literature will be summarized and conclusions will be drawn. 
 
2.2 Test procedure 
 
Cylindrical concrete samples with the dimensions of 50 mm in height and 100 mm in 
diameter are used in the test. The outer surface layer (about 10 – 20 mm) of the cast or 
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drilled cores should be cut off and the next 50 mm thick slice should be used as the test 
sample. This is done to avoid the surface effects in concrete, because in the surface layers 
of concrete the amount of the cement paste may be higher compared to deeper layers 
(wall effect). Subsequently, the samples extracted from the cores are surface-dried and 
placed in a vacuum container for vacuum-treatment. The under pressure in the range of 
10 – 50 mbar (1 – 5 kPa) is maintained for three hours to the samples in the container, 
and then, with the vacuum pump still running, the container is filled with a saturated 
Ca(OH)2 solution (limewater). The vacuum is maintained for an additional hour before 
allowing air to re-enter the container. Thereupon, the samples are stored in limewater 
(Ca(OH)2-saturated water solution) for 18 ± 2 h. The analysis of the efficiency of the 
vacuum-saturation process will be given later in Section 5.6. After this pre-treatment, the 
samples are placed in the RCM test set-up, as shown in Figure 2.1. 
 

  
          (a)                 (b) 

Figure 2.1: Schematic (a) and actual (b) RCM test set-up 
 
The test samples are placed in non-conductive rubber sleeves and tightly clamped, so that 
the ions contained in the electrolytes can penetrate only through the samples. The rubber 
sleeves are placed on an inclined support, so that the gas bubbles generated on the 
cathode (below the sample) can be freely evacuated. Two stainless-steel electrodes are 
installed on both exposed sides of the sample as shown in Figure 2.1. The lower electrode 
(the cathode) is immersed in the catholyte solution (10% NaCl) while the upper electrode 
(the anode) is in the anolyte solution (0.3 M NaOH). Subsequently, an initial DC voltage 
of 30 V is applied between both electrodes and the resulting initial current is measured. 
Based on the value of this current, the duration of the RCM test and the level of the 
voltage applied during the test are determined, following the specification given in the 
guideline [9]. The voltage applied during the RCM test holds within the range of 10 – 60 
V while the test duration ranges from 6 to 96 h, however in most cases it amounts to 24 h. 
In the final stage of the RCM test, the samples are removed from the rubber sleeves and 
split open by applying force. The fracture surface of such a sample is then sprayed with a 
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colourimetric indicator for chlorides (0.1 M AgNO3 solution), so that the chloride 
penetration depth in the sample can be measured, as shown in Figure 2.2. Using the value 
of the average measured chloride penetration depth, the chloride migration coefficient 
DRCM is computed, following the formulas explained in the next section. 
 

                 

Figure 2.2: Illustration of measurement of chloride penetration depth 
 
2.3 Adopted chloride transport model 
 
The general continuity equation for chloride transport in concrete presents as follows [15]: 
 

tc u c J r
t

∂
+ ∇ +∇⋅ =

∂
              (2.1) 

 
where: ct – total chloride concentration in concrete, t – time, u – velocity of the chloride 
ion, c – concentration of free chlorides in the pore solution of concrete, J – total flux of 
chlorides and r – reaction term. 
The transport of the chloride ions in migration tests is accelerated by the applied 
electrical field, so they penetrate into the concrete sample with a much higher rate 
compared to diffusion induced by a concentration gradient. The diffusion flux is still 
present during the migration test, but it is much smaller than the migration flux. 
Therefore, the total flux of chlorides through a unit area of pore solution in concrete is 
related to a combined process of diffusion and migration of ions through saturated 
concrete and is governed by the Nernst-Planck equation [14, 16, 17]: 
 

0 0 0x xD xM
c zFU c zFUJ J J D D c D c
x RTL x RTL
∂ ∂ = + = − + = − − ∂ ∂ 

         (2.2) 
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where: Jx – total flux of chlorides in the x-direction, JxD – flux of chlorides due to 
diffusion in the x direction, JxM – flux of chlorides due to migration in the x direction, D0 
– intrinsic diffusion coefficient of the porous medium, representing the diffusion rate of 
chloride in the pore solution of concrete, z – ion valence, F – Faraday constant, U – 
electrical voltage applied in the x-direction, R – gas constant, T – temperature and L – 
thickness of the sample. 
Simplifying the Nernst-Planck equation (Eq. 2.2) with the assumption of a constant 
electrical field distribution across the concrete sample, the following equation for the 
total flux of chlorides in concrete was derived [14]: 
 

0
c zFEJ D cx x RT
∂ = − − ∂ 

               (2.3) 

 
where: E – electrical field (E = U/L). 
Inserting Eq. (2.3) into the continuity equation (Eq. 2.1) and assuming: i) the convective 
term is equal to zero (no pressure gradients during the process); ii) zero reaction term (no 
change in mass due to reaction considering the whole system) and iii) the total chloride 
concentration ct defined as ct = c + cb (where cb is the bound chloride concentration), the 
following equation was derived for the chloride transport in fully water-saturated 
concrete in non-steady state conditions [14]: 
 

2 2
0

2 2
1

x
RCM

b

J Dc c zFE c c zFE cDct x x RT x x RT x
c

   ∂∂ ∂ ∂ ∂ ∂
= − = − = −   ∂∂ ∂ ∂ ∂ ∂ ∂   +

∂

        (2.4) 

 
In Eq. (2.4) the chloride migration coefficient DRCM is introduced (originally called the 
Dnssm – non-steady-state chloride migration coefficient). It is worth to emphasize that in 
the last term of Eq. (2.4) a constant value of the ∂cb/∂c term was assumed, yielding a 
constant value of the DRCM. A constant ∂cb/∂c term implies that no binding or an 
instantaneous linear chloride binding (equilibrium conditions) is involved in the 
migration process. This assumption is questionable, and will be further analyzed in 
Section 3.3. The DRCM coefficient, implicitly taking the binding into account, represents 
the apparent (non-steady-state) migration coefficient. More information about different 
diffusion/migration coefficients will be given in Section 4.4.1. A constant value of the 
DRCM in Eq. (2.4) also implicitly assumes that the binding of chloride does not change the 
microstructure of concrete, i.e. the binding products do not influence on the porosity of 
concrete. Such an assumption reduces the complexity of the model; however, it is also 
possible to include the non-constant porosity effects during reactive flows as shown e.g. 
by van Duijn et al. [18] or Kumar et al. [19, 20] 
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The solution of this partial differential equation (Eq. 2.4) was obtained using the 
boundary condition c(x = 0, t > 0) = c0, initial condition c(x > 0, t = 0) = 0 and the infinite 
point condition c(x = ∞, t >> 0) = 0, and reads [14]: 
 

0

2 2 2
ax RCM RCM

RCM RCM

c x aD t x aD tc e erfc erfc
D t D t

    + −
= +            

          (2.5) 

 
where: c0 – free chloride concentration in the bulk liquid (catholyte solution), t – time, a 
= zFU/(RTL) and erfc – complement to the error function: erfc = (1 - erf). 
If the applied electrical field is large enough (as it is in the RCM test) and the obtained 
chloride penetration depth in concrete is sufficient (i.e. x > aDRCMt), the eaxerfc term on 
the right side tends to zero, thus Eq. (2.5) can be simplified to [14]: 
 

0

2 2

 −
=   

 

RCM

RCM

c x aD tc erfc
D t

             (2.6) 

 
or alternatively: 
 

1

0

21
2

RCM

RCM

x aD t cerf
cD t

−  −
= − 

 
             (2.7) 

 
It is worth to notice that for the analyzed system, the flux of chloride is dominated by the 
migration-induced convection rather than diffusion caused by the concentration gradient. 
Such a case is characterized by a high value of a non-dimensional Péclet number, 
representing the ratio between the convective strength and diffusion [19]. However, at 
high values of Péclet number (>> 1) the so-called Taylor dispersion occurs [18, 21]. In 
the Taylor dispersion regime, the net spreading of solutes (chloride in the case of 
migration test) is enhanced by the convective strength [19]. Although the RCM test 
conditions are in the Taylor regime (convection dominated regime), the approach 
presented in Eqs. (2.5) – (2.6) is valid because the scale separation (ratio between the 
sample thickness and the average concrete pore size and) is very clear and yields about 
5·104, assuming an average pore size of 1 μm [3] and sample thickness of 0.05 m. 
Therefore, the Taylor dispersion effects can be neglected.  
In Figure 2.3 the solution of Eq. (2.6) is plotted for different values of t, and it can be 
seen that the free chloride concentration decreases rapidly from the bulk concentration (c0) 
to 0 within a short depth interval of concrete. Later in this Thesis this type of profile will 
be termed “tsunami” profile. 
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Figure 2.3: Theoretical chloride concentration profile in concrete after the RCM test 

 
Solving Eq. (2.7) for DRCM and letting: 
 

1

0

21 cerf
c

ε −  
= − 

 
              (2.8) 

 
gives: 
 

2 21 2 2
RCMD x x

at a aa
ε ε ε 

= + − +  
 

            (2.9) 

 
Under normal test conditions (T = 295 K, U = 30 V, L = 0.05m) the value of the 
parameter a is much larger than the value of ε2. Hence, Eq. (2.9) can be simplified to: 
 

1 2
RCMD x x

at a
ε = − 

 
           (2.10) 

 
After performing the RCM test, the concrete sample is split and the free chloride 
penetration depth is determined using a colourimetric chloride indicator (0.1 mol/dm3 
AgNO3 solution). Otsuki et al. [22] reported a free chloride concentration of about 0.15 
gCl/gcement at the colour change boundary of the colourimetric indicator (about 0.14 
mol/dm3 assuming 0.3 ml of pore solution per one gram of cement), which was twice as 
much compared to the free chloride concentration in the external chloride solution. 
Owing this to a chloride condensation phenomenon, Tang [14, 23] translated this value 
into the concentration of 0.07 mol/dm3 for the free-chloride concentration at which the 
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applied colourimetric indicator changes the colour (cd). Hence, this value is used as the 
free chloride concentration at the determined chloride penetration depth and Eq. (2.10) 
can be modified to: 
 

1 2
RCM d dD x x

at a
ε = − 

 
           (2.11) 

 
or 
 

RCM
d dx xRTLD

zFU t
−

= ⋅
α

           (2.12) 

 
where α is a laboratory constant defined as: 
 

1

0

2
2 1 dcRTL erf

zFU c
−  

= ⋅ − 
 

α             (2.13) 

 
and: xd – chloride penetration depth indicated by the colourimetric indicator and cd – 
chloride concentration at which the colourimetric indicator changes the colour. 
The output of the test – DRCM – is a chloride ion transport parameter in concrete, 
expressed in m2/s. In the final equations for calculation of the DRCM given in the RCM 
test guideline (NT Build 492 [9]), the polarization of the electrodes is taken into account, 
so that the applied voltage U should be reduced by 2 V. 
 
2.4 DRCM error estimation 
 
The analysis of the precision of the RCM test and the resulting chloride migration 
coefficient (DRCM) was presented in [14]. The DRCM error, caused among others by the 
heterogeneity of concrete and the error introduced during the measurement were 
estimated. For the estimation of the DRCM error, a set of 12 OPC samples were prepared, 
and tested under identical test conditions. Then, the measured chloride penetration depths 
(xd) as well as the calculated DRCM were compared, and the mean values and their 
standard deviations were calculated. A mean value of 19.5 mm with a standard deviation 
of 2.1 mm was reported for the xd. In the case of the DRCM, a mean value of 8.50 ∙ 10-12 
m2/s with a standard deviation of 0.98 ∙ 10-12 m2/s was reported. Assuming a confidence 
interval of 95%, the obtained error in the DRCM is about 10%. Considering the 
heterogeneity of concrete, such deviation is acceptable. However, it is also recommended 
to test more than one sample in order to gain an acceptable accuracy of the test results 
(minimum three samples are required in the RCM test guideline NT Build 492 [9]). 
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The estimation of the error introduced by the measurement technique was performed in 
[14, 24], under the assumption that concrete is a homogenous material. The following test 
conditions were adopted in the theoretical calculations: voltage U = 30 V, thickness of 
the sample L = 0.05 m, temperature T = 298 K, duration of the test t = 24 h and bulk 
chloride concentration c0 = 2 mol/dm3. The assumed measurement errors were as follows: 
ΔT = ± 3 °C, ΔL = ± 0.2 mm, ΔU = ± 0.2 V, Δc0 = ± 0.1 mol/dm3 and Δxd = ± 0.5 mm. 
The coefficients of variation (COVs) of the DRCM for these parameters were calculated, 
and their obtained relation to the chloride penetration depth are shown in Figure 2.4. 
 

 

Figure 2.4: Influence of various measurement error sources on  
the total coefficient of variation (COV) of DRCM [14, 24] 

 
It can be seen in Figure 2.4 that the sum of all the analyzed measurement error sources, 
representing the maximum error of the measurement in a worst-case version, is only 
slightly higher than the individual error caused by the chloride penetration depth 
measurement xd. Therefore, to minimize the total measurement error, it is of vital 
importance to achieve the chloride penetration depth of more than approximately 10 mm 
[14, 24]. In such case, the measurement error can be minimized to less than 10%. Hence, 
in order to achieve a sufficient chloride penetration depth, the RCM test conditions are 
adjustable, depending on the quality of concrete [9]. However, in practice often chloride 
penetration depths are lower than 10 mm (especially for concrete of a good quality or for 
concretes based on cements of type CEM III). Therefore, further investigations of the 
influence of type of concrete and different test conditions on the RCM test results will be 
presented in Section 5.2. 
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2.5 Different versions of the RCM test guidelines 
 
The RCM test, originally developed by Tang and Nilsson at Chalmers University of 
Technology in Gothenburg (Sweden) in the 1990’s, can be performed following several 
different test guidelines. The most commonly recognized guideline is the Nordic standard 
NT Build 492 [9], released in 1999 by Nordtest, Finland. Nevertheless, some countries 
have released their own versions of the guideline [25-28]. The differences between these 
guidelines concern the test set-ups, preconditioning of the samples, duration of the test 
and values of the applied voltages; however, in some of them also the formulas for 
calculating the chloride migration coefficients (DRCM) are different [29]. The main 
differences between the NT Build 492 version of the RCM test and the other versions are 
listed below. 
 
 NT Build 492 [9] 
This is the most referenced version of the RCM test guideline, adopted widely in Europe 
and the USA. It was also fully adopted in China, as the national standard GB/T50476 
[28]. The test procedure is described in Section 2.2. This test procedure and test 
conditions can be briefly summarized as follows: 

- Samples of 100 mm in diameter and 50 mm in height are used 
- Vacuum-saturation of the samples with limewater performed prior to the test 
- 10% (wt.) NaCl solution used as the catholyte and 0.3 M NaOH solution used as 

the anolyte 
- Applied voltage in the range of 10 – 60 V, decided upon the value of the initial 

current, measured at a voltage of 30 V 
- Duration of the test of 6 – 96 h, decided upon the value of the initial current, 

measured at a voltage of 30 V 
- Correction factor of 2 V used in the equation for calculating the DRCM, accounting 

for the polarization of the electrodes 
- Temperature during the test between 20 and 25 °C 

 
 BAW-Merkblatt Chlorideindringwiederstand [25] 
This is a German guideline for the RCM test, released in 2004 by Bundesanstalt für 
Wasserbau. The differences from the NT Build 492 version are: 

- Samples with a diameter of 50 mm or 100 mm are used 
- No vacuum-saturation of the samples is applied. Instead, the samples are 

immersed in water and placed in an ultrasonic bath for 120 s prior to the test 
- 10% (wt.) NaCl + 0.2 M KOH solution used as the catholyte and 0.2 M KOH 

solution used as the anolyte 
- Applied fixed voltage of 30 V 
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- Duration of the test of 4 – 168 h, decided upon the value of the initial current, 
measured at a voltage of 30 V 

- The electrodes polarization correction factor of 2 V is not applied in the equation 
for calculating the DRCM 

- Temperature of 20 ± 2 °C during the test 
 
 AASHTO TP64-03 [27] 
This is a version released by the American Association of State Highway and 
Transportation. In principle, it is very similar to the NT Build 492 procedure, with the 
following modifications: 

- Deaerated water is used for the vacuum-saturation instead of limewater 
- Duration of the test of 18 h 
- Temperature of 23 ± 2 °C during the test 

 
 SIA 262/1-B [26] 
This is a Swiss version of the RCM test guideline. It differs from the NT Build 492 as 
follows: 

- No vacuum-saturation with liquid prior to the test. Instead, the samples are stored 
in water for 7 days 

- 3% (wt.) NaCl + 0.2 M KOH solution used as the catholyte and 0.2 M KOH 
solution used as the anolyte 

- Applied voltage of 20 or 30 V, decided upon the value of the initial current, 
measured at a voltage of 30 V 

- Duration of the test of 16 or 24 h, decided upon the value of the initial current, 
measured at a voltage of 30 V 

- The electrodes polarization correction factor of 2 V is not applied in the equation 
for the calculation of the DRCM 

- Temperature of 20 ± 2 °C during the test 
 
The abovementioned RCM test guidelines differ from each other mainly in the sample 
pre-conditioning phase, used electrolytes and applied voltages and test durations. Some 
of these differences may be the reason for the discrepancies between the migration 
coefficients obtained following different guidelines, as described below. 
 
2.5.1 Sample pre-conditioning prior to the RCM test 
 
The adopted chloride transport model for the RCM test assumes a complete saturation of 
the concrete sample with liquid, i.e. all the accessible pores are saturated with the 
concrete pore solution and limewater, which intruded into the sample during the vacuum-
saturation treatment. This implies that during the migration test the only means of 
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chloride transport through the concrete is the diffusion/migration flux and there is no 
capillary suction. Additionally, the complete saturation in the entire volume of the sample 
results in a uniform decay of the applied voltage over the thickness of the sample (linear 
electrical field distribution), so that the penetrating chlorides are accelerated by the 
electrical field evenly, regardless of their location in the sample. In the case of the BAW-
Merkblatt and SIA 262/1-B guidelines, the test samples are not saturated under vacuum 
but just stored in water prior to the test and conditioned in an ultrasonic bath for 120 s. In 
turn, only the surface layers of a concrete sample treated in this way can be effectively 
saturated with liquids. Non-fully saturated concrete has a higher electrical resistivity than 
saturated concrete and therefore, at the same voltage, the current flowing through the 
concrete will be lower, following Ohm’s law. Additionally, the voltage drop over the 
saturated layers (surface layers) will be lower compared to the non-saturated layers, 
which will cause the chlorides to be accelerated by the electrical field with different rates 
within the depth of the sample, depending on the liquid-saturation level. Thus, it is 
expected that for the same applied voltages and test durations, the chloride penetrations 
obtained following the BAW-Merkblatt and SIA 262/1-B guidelines will be lower than 
the ones obtained from the NT Build 492 one. In turn, as follows from Eq. (2.12), these 
lower chloride penetrations will result in lower, underestimated chloride migration 
coefficients. This will be demonstrated later, in Section 2.6. 
Following the AASHTO TP64-03 guideline, concrete samples are saturated under 
vacuum conditions prior to the RCM test. However, the liquid used for the saturation is 
deaerated water instead of limewater. During the saturation process the air is first 
evacuated from the sample by the vacuum pump, and later replaced with water. However, 
water can disturb the dissolution/crystallization equilibrium of the cement hydration 
products, especially the crystallized Ca(OH)2, by decreasing the pH level in the pore 
solution. Therefore, such vacuum saturation process can alter the microstructure of 
concrete by increasing its porosity, which would in the end be reflected in an increased 
value of the DRCM. 
It can be concluded that the vacuum-saturation with limewater, as described in the NT 
Build 492 guideline, is theoretically the most sound and correct among the different 
sample pre-treatments described above. Assuming that the vacuum-saturation of concrete 
described in NT Build 492 is complete, the chloride transport process should be uniform 
in the entire volume of the sample. The other guidelines provide questionable procedures, 
which bring uncertainties to the obtained test results. 
 
2.5.2 Employed electrolytes 
 
The NT Build 492 and AASHTO TP64-03 guidelines prescribe the application of 10% 
NaCl solution in tap water as the catholyte and a 0.3 M NaOH solution in distilled or de-
ionised water as the anolyte. The electrolytes recommended in BAW-Merkblatt and SIA 
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262/1-B are different: 0.2 M KOH solution used as the anolyte and 10% NaCl (3% in the 
case of SIA 262/1-B) + 0.2 M KOH solution used as the catholyte. These differences in 
the used electrolytes may cause differences in the obtained test results. A schematic 
representation of the ions migrating in concrete and in the electrolytes and the reactions 
occurring on the surface of the electrodes is shown in Figure 2.5 [17, 30]. 
 

 

Figure 2.5: Ionic movements and electrodes reactions  
during the RCM test (NT Build 492 electrolytes) following Andrade [17, 30] 

 
The electrolytes in Figure 2.5 correspond to the electrolytes given in the NT Build 492 
guideline. The most significant difference between the NT Build 492 and the German and 
Swiss versions of the guideline is the catholyte solution. The solution used in the NT 
Build 492 is a 10% NaCl water solution (with a pH of about 7) while in the German and 
Swiss guidelines, a strongly alkaline catholyte is prescribed. The initial lack/presence of 
the hydroxyl ions OH- in the catholyte can potentially influence the chloride penetration 
depth obtained in the test. The OH- will migrate together with the Cl- when the electrical 
field is applied. As presented in Andrade [17], the mobility of the hydroxyl is about three 
times larger than that of chlorides, which also means that a proportionally larger electrical 
charge will be transferred by these ions. In the case of the NT Build 492 and AASHTO 
TP64-03 catholytes, their pH at the initial stage of the test is about 7, so the OH- 
concentration is very low. However, due to the cathodic reactions, as shown in Figure 2.5, 
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the OH- concentration in the catholyte solution will gradually increase. This will be 
demonstrated experimentally in Section 5.5.2. 
The increasing pH means that in the beginning of the RCM test a larger fraction of the 
DC current is carried by the chlorides, compared to the later stages. In turn, the chloride 
penetration into the concrete will be faster at the early stage of the RCM test compared to 
the later stages, when the OH- concentration increases. In the case of the alkaline 
catholyte solution, used in BAW-Merkblatt and SIA 262/1-B guidelines, the OH- ions are 
present in high concentrations (high pH levels) from the beginning of the migration test. 
Thus, the ratio of the current transferred by the OH- and Cl- ions should be relatively 
constant during the whole test, assuming that this ratio in the bulk solution is constant. 
This assumption is reasonable as the volume of the used catholyte usually is much larger 
(about 12 dm3), compared to the voids volume of the sample. As the result of the 
different pH levels of the used catholyte solutions, it is expected that the chloride 
penetrations and the DRCM obtained from the NT Build 492 and AASHTO TP64-03 
guidelines should be larger than those obtained following the BAW-Merkblatt and SIA 
262/1-B guidelines. This will be analyzed in Section 2.6. Besides the differences between 
the catholytes prescribed in various RCM test guidelines, there are also some differences 
in the anolyte solutions. However, these differences should not cause any significant 
differences in the test results, as all the prescribed anolytes are highly alkaline solutions. 
 

 
(a)           (b) 

Figure 2.6: Chloride migration coefficient as a function of the free chloride concentration c 
(a) Steady-state migration coefficient (Dssm) at different c [31] and (b) DRCM obtained at different c [32] 
 
All the above mentioned RCM test guidelines recommend using 10% NaCl solution as 
the catholyte (about 1.83 mol/dm3), except for the Swiss guideline SIA 262/1-B, in which 
a 3% NaCl solution is suggested. The different chloride concentrations in the bulk 
solution may have an influence on the obtained chloride diffusion or migration 
coefficients. The diffusion and migration coefficients are functions of the concentration: 
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they are much higher at low concentrations compared to higher concentrations. Zhang 
[31] measured the chloride migration coefficient in steady-state migration tests at 
different free chloride concentrations, as presented in Figure 2.6a. The steady-state 
chloride migration coefficient (Dssm) for concretes with different w/c ratios is much 
higher at low chloride concentrations (< 0.3 mol/dm3) than at higher concentrations, 
where it becomes relatively constant. This shows that the chloride migration coefficients 
obtained with 3% and 10% NaCl solutions (0.55 and 1.83 mol/dm3 respectively) should 
be comparable, thus the differences between the RCM test guidelines in the used chloride 
concentrations in the bulk solutions should not cause significant differences in the 
migration coefficients. Yuan [32] performed the RCM test following the NT Build 492 
guideline, using two different chloride concentrations in the catholyte: 1.83 mol/dm3    
(10% wt.) and 1 mol/dm3 NaCl. The results are shown in Figure 2.6b. There is a good 
agreement between both migration coefficients, although the coefficients obtained at 
higher free chloride concentrations are slightly higher. 
In summary, it can be stated that the different electrolytes recommended in different 
RCM test guidelines may cause deviations between the test results obtained in these 
methods. The ionic composition of the catholyte solution should remain relatively 
constant during the test when using the electrolytes prescribed in the BAW-Merkblatt and 
SIA 262/1-B guidelines. In the case of other guidelines, the pH of the catholyte will 
increase during the test, changing the proportion of the current transferred by the chloride 
and hydroxide ions in time. Hence, it should be considered to modify the NT Build 492 
and AASHTO TP64-03 procedures accordingly, to resolve this issue. 
 
2.5.3 Applied voltage and duration of the test 
 
Different RCM test guidelines specify the application of different voltages and test 
durations, e.g. the NT Build 492 and AASHTO TP64-03 prescribe a voltage in the range 
10 – 60 V for 6 – 96 h and 18 h respectively, BAW-Merkblatt a fixed voltage of 30 V for 
4 – 168 h and SIA 262/1-B a voltage 20 or 30 V during 16 – 24 h. These voltages and test 
durations are decided at the beginning of the RCM test, based on the value of the initial 
current, measured at 30 V. This is performed in order to provide such test conditions, 
during which the penetration of chlorides will be sufficient (for too shallow chloride 
penetration depths the error of the DRCM is high, as was discussed in Section 2.4), yet not 
to high, to avoid the chloride breakthrough in the sample. 
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Figure 2.7: Chloride penetration depth xd as a function  
of the applied voltage and duration of the RCM test [33] 

 
Hooton et al. [33] analyzed the influence of the test duration and the applied voltage on 
the chloride penetration depths obtained in concrete during the RCM test. The results, 
illustrated in Figure 2.7, show that the chloride penetration depth xd can be linearly 
related to the product of the test duration and voltage. As explained above, different RCM 
guidelines prescribe different test conditions (applied voltage and duration of the test). 
However, with the xd being proportional to the values of the applied voltage and the test 
duration, these different test conditions should not cause significant deviations in the 
obtained chloride migration coefficients, assuming that the obtained chloride penetration 
depth is sufficient. To analyze this effect thoroughly, the influence of the applied voltage 
on the chloride migration coefficient will be investigated in Section 5.2. 
 
2.5.4 Correction for the polarization of the electrodes 
 
The NT Build 492 and AASHTO TP64-03 guidelines take into account the polarization 
of the electrodes and correct the value of the absolute voltage applied across the concrete 
by a polarization of 2 V. This value was confirmed by McGrath and Hooton [34], who 
reported that the total electrodes polarization in the range of 1.9 – 2.4 V for an applied 
external voltage of 6 – 30 V. However, the BAW-Merkblatt and SIA 262/1-B do not 
correct the absolute voltage for the polarization effect. Therefore, the value of the 
absolute voltage applied in these guidelines for the calculation of the chloride migration 
coefficient is overestimated, which in turn brings a systematic error to this coefficient. As 
can be seen in Eq. (2.12), the chloride migration coefficient not-compensated for the 
polarization effect will be smaller compared to the one taking this phenomenon into 
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account. This will be also demonstrated later in Section 2.6. As a conclusion, it is 
advisable to take the correction factor for the polarization effect into account, and modify 
the equations used for the calculation of the DRCM accordingly in BAW-Merkblatt and 
SIA 262/1-B RCM test guidelines. 
The polarization measurements of McGrath and Hooton [34] were performed for the 
RCPT migration test [35], using different electrodes and electrolytes than those 
prescribed in the RCM guidelines. Therefore, the measurements of the polarization of the 
electrodes used in the RCM test will be performed in this study (Section 5.5.1). 
 
2.6 Repeatability and reproducibility of test results 
 
The repeatability and reproducibility are important factors determining the precision and 
therefore the reliability of a test method. The precision of a test method, represented by 
the repeatability and reproducibility coefficients of variation (COV), can be evaluated 
according to ISO 5725:1994 [36, 37]. The repeatability of test results represents the 
results scatter in the case when these results were obtained on samples originating from 
the same batch, within the same test method, in the same laboratory, by the same operator 
and using the same test equipment. The reproducibility of the test results represents the 
results scatter when these results were obtained on samples from the same batch, using 
the same test method, in different laboratories, by different operators and using different 
equipment. The definitions and equations for the calculation of the repeatability and 
reproducibility COVs can be found in Appendix 1. 
The repeatability and reproducibility of the chloride migration coefficient were 
investigated independently over years in many inter-laboratory Round-Robin Tests 
(RRT). The following results of these RRTs can be found in the literature: 
 
 Tang and Sørensen [24] reported the RRT results on the NT Build 492 test, 
performed in the late 90’s in eight laboratories located in the Nordic European countries, 
on three concretes of different qualities (different water/binder ratios and types of cement 
were used). The reported repeatability and reproducibility COV together with the 
corresponding used cement types, water/binder ratios and the mean DRCM values are 
presented in Table 2.1. 
The reported repeatability COV for the NT Build 492 test is very good, between 5 and 
9%. The reproducibility COV amounts to 12 – 24%. Additionally, it can be seen in Table 
2.1 that a higher precision of the RCM test is obtained for more permeable concretes 
(higher w/b ratio). This will be further analyzed in Section 5.2. Nevertheless, as stated in 
[24], because of the insufficient number of laboratories involved in the Nordic RRT, 
there is some uncertainty in the presented data. 
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Table 2.1: Nordic RRT results on the repeatability and reproducibility COV  
for the RCM test (NT Build 492) [24] 

Mix Binder w/b mean DRCM 
[∙1012 m2/s] 

Repeatability 
COV [%] 

Reproducibility 
COV [%] 

Mix A CEM II/A-D 0.4 3.11 8.9 12.0 
Mix B CEM I 0.5 18.61 5.0 12.7 
Mix C CEM III/B 0.5 2.54 8.4 23.6 

 
The COVs of repeatability and reproducibility for other chloride diffusion/migration test 
methods are also given in [24], where the non-steady-state chloride diffusion coefficient 
(NT Build 433 [38]) and the steady-state chloride migration coefficients (NT Build 355 
[39]) were investigated. More details about the comparison of the precision of the RCM 
test vs. other chloride tests are presented in Appendix 2. The repeatability and 
reproducibility COVs, given in Appendix 2, show that the RCM test (NT Build 492) 
provides the best precision for the measurements of the chloride diffusion/migration 
coefficient among the three analyzed methods. 
 
 Within the Chlortest European project [10] a RRT on a number of test methods 
(including the NT Build 492) was performed. The data obtained in this RRT is more 
reliable than the data from the Nordic RRT [24], as a larger number of laboratories 
participated in the tests and more types of concretes were tested. Within the Chlortest 
RRT, six concrete mixes were tested by 13 laboratories located across Europe. The 
quality of the tested concrete was different, depending on the type of applied cement as 
well as the w/b ratio. The obtained repeatability and reproducibility COVs are shown in 
Table 2.2, in the ascending order of the migration coefficients, classifying the concrete 
based on its permeability from the lowest to the highest. In Table 2.2 a trend can be 
observed, showing that the precision of the RCM test, performed following the NT Build 
492 guideline, increases with a decreasing quality (increasing permeability, i.e. higher 
DRCM value) of the tested concrete. This will be explained in Section 5.2. 
The precision of the NT Build 492 test method obtained within the Chlortest project is 
slightly lower compared to results obtained in the Nordic RRT, and amounts to 9 – 22% 
COV of repeatability and 17 – 33% COV of reproducibility, with the remark that the 
precision is higher for concretes of poor qualities and lower for concretes of higher 
qualities. 
Within the Chlortest project also other tests such as resistivity and non-steady state 
chloride diffusion tests (NT Build 443) were analyzed from the point of view of their 
precision. The comparison of the repeatability and reproducibility COVs of the three 
mentioned tests is given in Appendix 2. 
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Table 2.2: Chlortest RRT [10] results on the repeatability and reproducibility COV  
for the RCM test (NT Build 492) 

Mix Binder w/b mean DRCM 
[∙1012 m2/s] 

Repeatability 
COV [%] 

Reproducibility 
COV [%] 

Mix D CEM III/B 0.42 1.7 22.3 33.4 
Mix E CEM II/A-V 0.42 2.3 22.2 31.2 
Mix F CEM I 0.35 5.9 12.4 16.6 
Mix G CEM I + SF* 0.42 7.4 12.1 21.6 
Mix H CEM I 0.42 14.7 13.4 21.9 
Mix I CEM I 0.50 15.4 8.7 16.7 

 * SF – silica fume 
 
 More recently, in 2009, another Round-Robin Test was performed in Europe, 
focusing only on the RCM test [40]. The main motivation for this RRT was the 
widespread use of the RCM test among both commercial and university laboratories in 
Europe. This RRT (termed in this work “EU RRT”) was coordinated by Gulikers [40], 
and involved a total number of 23 laboratories (commercial and university-based), 
located in Europe: nine laboratories in the Netherlands, four in Germany and the rest in 
other European countries. Two different concretes were tested (three samples for each 
type of concrete per one laboratory) at the age of 28 days. The specifications of these 
concretes as well as the obtained repeatability and reproducibility COVs of the DRCM are 
shown in Table 2.3, dividing the results into three groups: i) Dutch laboratories (NL), ii) 
Dutch + other laboratories excluding the German laboratories (NL + EU) and iii) German 
laboratories (DE). This division has been done based on the followed RCM test guideline: 
the German laboratories performed the RCM test according to the BAW-Merkblatt 
guideline (description given in Section 2.5), while all the other laboratories followed the 
NT Build 492 guideline [9]. Figure 2.8 shows the DRCM distribution obtained for concrete 
Mix J, by the laboratories which followed the NT Build 492 guideline (Lab 1 – 13), and 
the results obtained by the author’s laboratory (Lab TU Eindhoven). It can be seen that 
there is a considerable spread of the DRCM values measured by different laboratories, 
however most of the results hold in the range of 3.5 – 4.5 ∙ 10-12 m2/s, while the mean 
value is 4.02 ∙ 10-12 m2/s. Nevertheless, the data shown in Figure 2.8 still provides a good 
indication of the precision of the test, with the COV of repeatability of 12.7% and the 
COV of reproducibility of 21.1%. 
 



Chapter 2                                                                                                                           27 

 

 

Figure 2.8: Distribution of the DRCM for concrete Mix J,  
reported in EU RRT [40] for NL + EU laboratories 

 
Table 2.3: EU RRT [40] results on the repeatability and reproducibility COV  

for the RCM test (NT Build 492 for NL and NL + EU and BAW-Merkblatt for DE) 

Laboratories 
involved 

Mix Binder w/b mean DRCM 
[∙1012 m2/s] 

Repeatability 
COV [%] 

Reproducibility 
COV [%] 

NL Mix J CEM III/B 0.42 4.02 13.7 19.4 
Mix K CEM I 0.42 9.60 9.5 15.0 

NL + EU Mix J CEM III/B 0.42 4.02 12.7 21.1 
Mix K CEM I 0.42 9.12 8.7 18.5 

DE Mix J CEM III/B 0.42 2.68 5.4 22.7 
Mix K CEM I 0.42 6.94 11.0 15.2 

 
It can be seen in Table 2.3 that the RCM test precision in the case of NL and NL + EU 
laboratories is slightly improved compared to the data obtained within the Chlortest 
project in 2005 (see Table 2.2). The improved repeatability and reproducibility can be 
attributed to the fact that in recent years significant efforts have been made to perform the 
test in a more uniform manner in all laboratories (especially in the Netherlands). The 
results of the EU RRT also show the differences between the chloride migration 
coefficients obtained from NT Build 492 and BAW-Merkblatt guidelines. The mean 
DRCM values in Table 2.3 clearly show that for the BAW-Merkblatt RCM test, the 
obtained chloride migration coefficients are much lower than those obtained in the NT 
Build 492 RCM test – a difference of 25 – 35% between them can be found. When 
including the 2 V correction factor for the polarization of the electrodes in the BAW-
Merkblatt procedure, slightly higher DRCM values are obtained – 2.85 ∙ 10-12 instead of 
2.68 ∙ 10-12 m2/s for Mix J and 7.40 ∙ 10-12 instead of 6.94 ∙ 10-12 m2/s for Mix K. 
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Nevertheless, the differences between these values and the values obtained from the NT 
Build 492 RCM test (i.e. 4.02 ∙ 10-12 m2/s for Mix J and 9.12 ∙ 10-12 m2/s for Mix K) are 
still remarkably large. This gives evidence that the sample preconditioning (saturation 
with limewater under vacuum) and the different electrolytes are the main reasons for the 
differences in the chloride migration coefficients obtained from both methods. 
 
Based on the three above mentioned Round-Robin Tests on the RCM test, the general 
conclusion can be drawn that the test results are of a good precision. The repeatability 
and reproducibility COVs are satisfactory, and compared to the other analyzed chloride 
diffusion and migration tests, the RCM test results are more precise. The precision of the 
RCM test is also expected to further improve in time, as the experience of the laboratories 
performing the test increases and some efforts are being taken to perform the tests in 
many laboratories in a more uniform manner. Here it is also important to mention that the 
performed RRTs help to improve the consciousness of many RCM test operators among 
the participating laboratories. Additionally, the RRT results show that the precision of the 
RCM test decreases when the quality of the tested concrete increases. In such case, the 
permeability of the concrete to chlorides is reduced, which causes the obtained chloride 
penetration depths (xd) in concrete to be shallower, and not compensated enough by the 
applied higher voltage (this will be further explained and analyzed in Section 5.2). The 
shallow chloride penetration depths increase the relative xd measurement error, in turn 
reducing the precision of the results. To the author’s knowledge and practical experience, 
the shallow chloride penetration depths after the RCM test are often obtained for 
concretes in which pozzolanic and hydraulic by-products were applied (e.g. CEM III) but 
sometimes also for good quality OPC concretes. 
 
2.7 Criticisms of the method 
 
The chloride diffusion and migration tests were critically evaluated in the literature. 
Streicher and Alexander [41] considered the RCM test the most suitable test among all 
the reviewed accelerated chloride test methods. This opinion was given based on the 
practicality (simplicity), short duration, sound theoretical basis and versatility of the test. 
The conclusion that the RCM test is a suitable method for testing chloride ingress rate in 
concrete is supported in [33, 42]. Despite the positive opinions, the RCM test has also 
received some criticism. Stanish [43, 44] concluded that the basic chloride transport 
model for the RCM test, described in Section 2.3, predicts an abrupt shape of the chloride 
concentration profile in concrete, in which the chloride concentration changes rapidly, 
from the maximum value to zero within a short distance (see Figure 2.3). However, a 
chloride profile with this shape could not be observed in the measurements: gradually 
decreasing chloride concentration profiles instead of the abrupt one are measured. To 
illustrate the difference between the measured and theoretical chloride concentration 
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profiles, Figure 2.9 is given [43], with the theoretical chloride concentration profile 
computed applying Equation 2.6. 
 

 

Figure 2.9: Theoretical chloride concentration profile vs. measured chloride profile [43] 
 
According to Hooton and Stanish [33, 43], due to the significant difference in shape 
between the experimental and theoretical chloride concentration profiles, the equations 
developed for the calculation of the chloride migration coefficient should be treated with 
scepticism. The same authors in [43, 44] explain that the validity of the predicted chloride 
migration coefficient is questionable, and up to date, even the available alternative multi-
species transport models [45, 46] could not predict the experimental profile (this will be 
discussed in Section 3.2). Tang [14] also mentions that there is a difference between the 
shapes of the experimental and theoretical chloride profiles. The following hypotheses 
that could explain the gradual chloride profile are proposed [14]: i) different pore 
distributions in concrete, resulting in a different chloride penetration front, which in turn 
cause the measured gradual profile to be a combination of these penetrations; ii) the rate 
of chloride binding, which changes the shape of the abrupt profile, but does not alter the 
chloride penetration depth or iii) the interaction of different ions under the electrical field, 
which affects the chloride binding and in turn influences the shape of the chloride profile. 
An extended model including the reaction rate (non-equilibrium conditions) was 
proposed by Tang [14, 47], while other researchers proposed multi-ionic transport models. 
Nevertheless, all will be explained in Section 3.2, none of these models can explain the 
experimental chloride profile. 
Some criticism of the RCM test was also presented in Yuan [32], who stated that besides 
the contradiction between the theoretical and experimental chloride concentration profiles, 
there is also a problem with the accuracy of the measurements of the chloride penetration 

0.0

0.1

0.2

0.3

0.4

0.5

0 5 10 15 20

C
t [

g C
l/1

00
g c

on
cr

et
e] 

Depth [mm] 

Theoretical profile
Measured profile
Background



30                                                                                                                           Chapter 2 

 

depth in concrete after using the colourimetric chloride indicator. This measurement in 
the split concrete sample is very arbitrary, as the colour change boundary is very irregular 
and sometimes very difficult to observe. Additionally, the concentration of free chloride 
at the colour-change boundary of the used colourimetric indicator of 0.07 mol/dm3 (see 
Eq. 2.13) was questioned by Yuan [32]. Such value was proposed by Tang [14, 23], 
based on the experiments of Otsuki et al. [22] on an OPC concrete. However, this 
concentration may be different for other types of binders used (it depends on the OH-/Cl- 
ratio [14]) and therefore, may not be suitable for all types of concrete. This was later 
confirmed experimentally by Maes et al. [48], who found the concentration of chlorides 
at the colour-change boundary of 0.35 mol/dm3 for a slag cement concrete, and by Meck 
and Sirivivatnanon [49], who found the value of 0.49 mol/dm3 for an OPC concrete. 
Nevertheless, Tang [23] demonstrated that when the chloride concentration at the colour-
change boundary is about 2.5 higher than the used value of 0.07 mol/dm3, it still does not 
cause significant errors in the calculated DRCM. Yet, the values found by the other 
researchers, as presented above, are 5 – 7 times greater than 0.07 mol/dm3, and therefore 
their influence is not negligible anymore. Therefore, this effect needs to be further 
investigated. 
 
2.8 Conclusions 
 
In this chapter, the Rapid Chloride Migration (RCM) test was described and analyzed. 
The importance of the test was described first, and then its test procedure and the 
theoretical background were presented. Different versions of the RCM test guidelines 
developed in some countries were briefly summarized. The differences between these 
guidelines were listed and their influence on the output of the test (chloride migration 
coefficient DRCM) was explained. Subsequently, the estimation of measurement errors in 
the migration coefficients was presented and a review of the reports investigating the 
precision of the technique was shown, based on the results of three independent Round-
Robin Tests. Finally, the criticism of the RCM test method in the literature was 
summarized. The following conclusions are drawn: 

- The RCM test has been popularized in both commercial and scientific laboratories, 
mainly because of its practicality (short duration, simple test procedure, widely 
accepted theoretical background) compared to other diffusion or migration tests 
for chloride ingress rate in concrete; 

- There are a few different guidelines for the RCM test, all of which deviate from 
the original, most widely used version (NT Build 492). Some of the differences 
may lead to significant differences in the calculated chloride migration 
coefficients. The German (BAW-Merkblatt) and Swiss (SIA 262/1-B) guidelines 
for the RCM test provide significantly lower DRCM compared to the NT Build 492, 
mainly due to the differences in the sample preconditioning and electrolytes used; 
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- It is advisable to change the catholyte solution prescribed in NT Build 492 to a 
chloride solution containing also NaOH or KOH, in order to maintain a constant 
pH in the catholyte during the test; 

- The measurement of the chloride penetration depth in concrete after performing 
the RCM test introduces the largest error to the DRCM. In order to minimize that 
error, the obtained chloride penetration depths should be higher than about 10 mm; 

- Various Round-Robin Tests (RRT) show that the precision of the RCM test, 
represented by the repeatability and reproducibility coefficients of variations 
(COV), is sufficient. However, a trend can be observed that the precision 
decreases when the quality of concrete increases. This can be due to the fact that 
in such concretes, the obtained chloride penetration depths are shallower, and 
therefore the relative error in the measurements of the chloride penetration depth 
increases. As explained in this chapter, shallow chloride penetration depths 
obtained in the test increase the errors in the DRCM. The results of the RRT also 
show that the precision of the RCM test is better compared to other analyzed 
chloride ingress tests; 

- Despite the wide application of the RCM test, there is also some criticism of the 
test method in the literature. The main argument against the RCM test focuses on 
the employed chloride transport model, which cannot predict well the 
experimentally measured chloride concentration profile in concrete after the test. 
The critics of the RCM test conclude that the DRCM obtained from the basic model 
should be treated with scepticism as its theoretical model is inaccurate. Up to date, 
some extensions of this model have been proposed (e.g. by taking into account the 
influence of other ions on the chloride migration), however, none of the models 
can predict the experimental chloride profile. The other chloride transport models 
will be presented in the next chapter; 

- The DRCM is calculated based on the chloride penetration depth, which is 
measured by using a colourimetric chloride indicator (AgNO3 solution). The 
accuracy of this technique for the detection of very low free chloride 
concentrations in concrete prepared with different types of cements should be 
investigated, as the chloride detection limit used in the DRCM formula is based 
only on the experience with Portland cement. 
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1Parts of this chapter were published elsewhere [I, III, vi-ix] 

Chapter 3 
 

3 An extended chloride transport model for the Rapid Chloride 
Migration test1 
 
3.1 Introduction 
 
As mentioned in the previous chapter, an abrupt and steep free chloride concentration 
profile (see Figure 2.3) represents the solution of the chloride transport model developed 
in [14]. However, in practice it is very difficult to measure the free chloride concentration 
profile in concrete, so usually only the total chloride concentration is measured. Although 
the theoretical free and total chloride concentration profiles are not the same when bound 
chlorides are present in concrete, they should have the same shape. This is due to the 
linear chloride binding isotherm and instantaneous concentration equilibrium, implicitly 
assumed in the basic RCM model (see Eq. 2.4). 
 

 

Figure 3.1: Typical total chloride concentration profiles  
measured after chloride migration and diffusion tests [32] 

 
Many researchers have presented the experimental total chloride concentration profiles 
measured in concrete after the migration tests [14, 32, 33, 43, 44, 48, 50-57]. One of 
these RCM profiles is shown in Figure 3.1 [32], together with an additional natural 
diffusion test profile (42 days exposure to chlorides), where both were measured for the 
same concrete mixture. Clearly, the reported gradual experimental profiles after the RCM 
test have a significantly different shape compared to the theoretical “tsunami” shape 
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profile presented in Figure 2.3, and very similar in fact to chloride profiles measured in 
concrete after natural diffusion exposure to chlorides. This difference between the theory 
and the experimental measurements gives evidence that the basic chloride transport 
model for the migration test unsatisfactorily describes the real processes. Therefore, the 
DRCM calculated using Eq. (2.12) should be treated carefully. 
 
3.2 Other developed chloride transport models for the RCM test 
 
Several researchers proposed alternative chloride transport models for the migration test. 
Tang [14] explains that the difference between the theoretical and experimental chloride 
profiles may be caused by: i) different pore distribution resulting in different penetration 
fronts; ii) chloride binding kinetics which changes the shape of the profile without 
changing the chloride penetration depth during the test or iii) the influence of other ions 
on the chloride binding. An extended chloride transport model, taking the reaction 
kinetics into account was presented by Tang [47]. A first-order chemical reaction (linear 
isotherm) was applied to describe the binding rate, as follows, expressing the free and 
bound chloride concentrations in the same unit (e.g. gCl/dm3

solution): 
 

bc Kc
t

∂
=

∂
               (3.1) 

 
where: K – binding rate. 
Thus, Eq. (3.1) can be re-written as follows: 
 

2

0 2

c c zFU cKc D
t x RTL x

 ∂ ∂ ∂ + = −  ∂ ∂ ∂   
            (3.2) 

 
Xu and Chandra [58] presented an analytical solution to Eq. (3.2). The chloride 
concentration profiles computed using this approach are shown in Figure 3.2, for 
different binding rates K, using the following input values: t = 32400 s, U = -60 V, T = 
293 K, L = 0.05 m and D0 = 2 ∙ 10-12 m2/s. 
As can be seen in Figure 3.2, the shape of the profiles computed from the model 
presented by Tang [14] depends strongly on the binding rate K. When the binding rate 
increases, the profile deviates more from the “tsunami” shape profile, obtained at K = 0 
(i.e. no binding or binding in equilibrium). Although the binding rate, responsible for the 
non-equilibrium, has a significant influence on the chloride profile determined after the 
migration test, the profiles obtained from this extended model still are not satisfactory 
compared to the measured one (see Figures 3.1 and 3.2). Therefore, it can be concluded 
that this model, which is an extended version of the basic RCM test model, does not 
reflect precisely enough the real process occurring during the test. 
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Figure 3.2: Free chloride concentration profiles computed from the extended Tang’s model [47], 

cs – chloride concentration at the exposed surface 
 
Samson et al. [59] developed an alternative model for chloride migration during the RCM 
test. In contrast to Tang’s model for the RCM test [14], the model of Samson et al. [59] 
takes into account the ionic interactions (multi-species model), non-constant electrical 
field distribution across the sample and ionic activities. The chemical reactions (binding) 
were neglected in the analysis. The model is based on the Nernst-Planck equation for 
each investigated ion (Cl-, OH-, K+, Ca2+, SO4

2-, Na+), coupled with the Poisson’s 
equation (electro-neutrality preservation rule) and Davies equation (chemical activity 
coefficients). The set of these three equations (termed later the extended Nernst-Planck 
equation) was solved numerically, yielding among others the free chloride concentration 
profile in concrete. This profile is given in Figure 3.3. 
 

 
Figure 3.3: Free chloride concentration profiles computed from the model of Samson et al. [59] 
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As can be seen in Figure 3.3, for the same test conditions, the chloride profile computed 
from the extended Nernst-Planck model differs significantly from the profile obtained 
from the Nernst-Planck equation-based model, used for the RCM test. As according to 
the Nernst-Planck equation, chlorides penetrate concrete with a sharp front, while the 
profile predicted from the extended Nernst-Planck model is somewhat closer to the 
gradually decreasing shape of the experimental chloride profiles (see Figures 3.1 and 3.3). 
Nevertheless, the agreement between this theoretical profile and the experimental profile 
is still unsatisfactory.  
Another extended multi-ionic transport model was developed by Krabbenhøft et al. [60]. 
This model considers the monovalent ions present in the upstream and downstream 
solutions (Cl-, OH- and Na+). Similarly to the model developed by Samson et al. [59], the 
model given in [60] consists of the Nernst-Planck equation for each considered ion 
coupled with Poisson’s equation, and also neglects chloride binding. The model shows 
that the shape and evolution of the computed chloride concentration profile in concrete 
depends on the proportion between the NaCl and NaOH concentrations in both used 
electrolyte solutions (upstream and downstream). It is also demonstrated that the 
“tsunami” shape profile, as obtained from a single-species Nernst-Planck equation by 
Tang [14], can be obtained when the NaCl concentration in the catholyte solution is 
lower compared to the NaOH concentration in the downstream solution. However, when 
the NaCl concentration in the electrolyte is higher (the NaCl/NaOH ratio increases), the 
profile is similar to the one obtained by Samson et al. [59]. This effect is shown in 
Figures 3.4 and 3.5. 
 

 

Figure 3.4: Chloride concentration profiles computed from the model of Krabbenhøft et al. [60] 
for the NaCl concentration of 0.1 mol/dm3 and NaOH of 1 mol/dm3 
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Figure 3.5: Chloride concentration profiles computed from the model of Krabbenhøft et al. [60]  
for the NaCl concentration of 0.8 mol/dm3 and NaOH of 0.3 mol/dm3 

 
In each of the chloride profiles given in Figures 3.4 and 3.5, a step function-like profile 
with three regions can be distinguished: an initial drop of the concentration, followed by 
a region of constant concentration and then again by a region of decreasing concentration. 
The first drop in the concentration is much smaller in the case of more diluted external 
chloride concentration (Figure 3.4) than for higher chloride concentration (Figure 3.5). 
Krabbenhøft et al. [60] explain that the initially sharp drop in the profile, followed later 
with a gradually decreasing profile is a consequence of the cations being in a limited 
supply, which in turn reduces the mobility of the anions (Cl- and OH-) to a value 
characteristic for natural diffusion. The profile shown in Figure 3.5 was simulated for 
NaCl and NaOH concentrations comparable to the ones used in the RCM test, however, 
yet it has a different shape compared to the profile determined experimentally. Therefore, 
also the model presented by Krabbenhøft et al. [60] is not accurate enough to describe the 
chloride transport during the RCM test. 
Truc et al. [46] proposed a chloride transport model during the migration test, termed 
“MsDiff”. Similarly to the previously described models, the MsDiff model is a multi-ionic 
transport model, based on the Nernst-Planck equation coupled with the Poisson’s 
equation (electro-neutrality). However, opposite to the models of Krabbenhøft et al. [60] 
and Samson et al. [59], in the model of Truc et al. [46] chloride binding was included, 
and represented by a Langmuir isotherm in instantaneous equilibrium between the free 
and bound chlorides. For the non-steady chloride migration test, the chloride 
concentrations profiles were simulated in two cases: with and without chloride binding, 
as shown in Figure 3.6. 
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Figure 3.6: Chloride concentration profiles computed from the MsDiff model [46] 
 
The MsDiff code demonstrates that chloride binding has an influence on the chloride 
concentration profile, especially on the chloride penetration front position, as shown in 
Figure 3.6. As expected, the binding slows down the penetrating chlorides and therefore, 
it should be considered in the chloride transport models. Similarly to the previously 
described multi-ionic transport models, a step function represents the solution of the 
model, and this shape of the profile does not match with the experimentally measured 
profiles. Therefore, the validity of the MsDiff model is also questionable. 
Stanish [43, 44, 61] proposed another type of chloride transport model, not focusing on 
conventional electrochemical transport equations, but on a special phenomenon, observed 
in other porous media (e.g. wood). This phenomenon is related to an effective transport 
resistance that increases for each diffusing/migrating ion with increasing travelled 
distance (length scale consideration). Such non-standard representation of the chloride 
migration was proposed by Stanish (based on [62, 63]), as he could not find any other 
suitable explanation for the shape of the experimental chloride concentration profiles. 
However, as explained in [60], more attention should be given to development of models 
that do not require non-standard consideration of length scales (although the phenomenon 
described by Stanish may well be true). Therefore, this Thesis tries to improve the 
existing chloride transport model during electrically-forced chloride migration. As 
previously stated, the “tsunami” shape chloride concentration profile, shown in Figure 2.3, 
results from Eq. (2.6), in which the implicit assumptions of linear and instantaneous 
binding are introduced. However, as will be explained in the next section, chloride 
binding in concrete is a non-linear process and the equilibrium between free and bound 
chlorides cannot be achieved within such a short period of time as the duration of the 
RCM test. Hence, the extended model presented in this chapter accounts for the non-
linear binding isotherm and non-equilibrium conditions between free and bound chlorides. 
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3.3 Concepts of chloride binding and non-equilibrium 
 
When chloride ions penetrate concrete, part of them will be captured and immobilized by 
the hydration products of cement. This process of interaction between the chloride ions 
and cement hydrates, so-called chloride binding, can take place in two ways: by chemical 
reaction (e.g. with calcium aluminate hydrates) or physical adsorption (on the surface of 
the C-S-H gel) [3, 14, 64]. Nevertheless, it is very difficult in practice to distinguish 
between the chlorides physically or chemically bound in concrete, and thus, the total 
amount of bound chlorides is usually investigated (e.g. using a so-called equilibrium 
method [14]). It is important to emphasize that only the free chlorides are able to 
penetrate the concrete, which in time may lead to the depassivation of steel rebars, while 
the bound chlorides are considered immobilized and harmless to the reinforcement. Many 
extensive reviews regarding the binding of chlorides in concrete can be found e.g. in [64-
66]. 
During the migration test not only the chlorides but also other ions, such as OH-, are 
migrating. This can lead to changes of the pH of the pore solution in concrete and some 
studies [14, 66, 67] proved that indeed, binding of chlorides in concrete depends on the 
pH of the pore solution. However, for the sake of simplicity, the amount of bound 
chlorides in models for the transport of chloride in concrete is always assumed as 
independent from any changes of pH. This assumption is reasonable, as the pH measured 
in concrete samples, which had been previously subjected to the RCM test, is still highly 
alkaline, as will be shown in Section 5.4.3. 
 
3.3.1 Non-linear binding of chlorides in concrete 
 
The amount of bound chlorides increases non-linearly with an increase of the free 
chlorides concentration and this relationship is most often described using equilibrium 
chloride binding isotherms. Among the binding isotherms the most commonly used are 
the isotherms of Langmuir, Freundlich and BET. The linear chloride binding isotherm 
does not predict in a proper way the relation between the bound and free chlorides: it can 
be applicable only within a very limited range of the free chlorides concentration [14]. 
Tang [14] showed that the experimental data for the chloride binding in concrete better 
follows the Freundlich isotherm for the free chloride concentrations in the range of 0.01 – 
1 mol/dm3 (0.35 – 35.45 g/dm3), while the binding better follows the Langmuir isotherm 
at low Cl- concentrations (< 0.05 mol/dm3). The chloride binding data presented in [66] 
shows that even at higher chloride concentrations (up to 3 mol/dm3), the Freundlich 
equation (Eq. 3.3) represents the binding better. During the RCM test, the concentration 
of chlorides in the catholyte normally yields about 1.83 mol/dm3, thus the Freundlich 
isotherm is assumed to adequately represent the chloride binding. The Freundlich 
isotherm is expressed by the following equation [68]: 
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b b
nC K c=                (3.3) 

 
where: Cb – concentration of bound chlorides [gCl/gsolid], Kb – chloride binding capacity 
constant for concrete [dm3n/gn] and n – binding intensity parameter. The term “solid” 
given in the unit of Cb represents the mass of the oven-dried sample, thus includes the 
hydrated cement paste, un-reacted cement, fine fillers and fine and coarse aggregates (if 
were used). Kb and n in Eq. (3.3) are empirical coefficients from a linear logarithmic 
regression analysis of the chloride binding isotherms. The values of Kb and n for various 
cement pastes and mortar, retrieved from [14] and [66] and recalculated to the units of 
concentrations used in this Thesis, are summarized in Table 3.1. 
 
Table 3.1: Chloride binding data fitted to Freundlich isotherm 

Reference Material Age w/c Kb n 
  [days]  [∙103 dm3n/gn]  
 CEM I paste 42 0.4 2.14 0.41 

[14] CEM I paste 42 0.6 2.29 0.42 
 CEM I paste 42 0.8 2.24 0.43 
 CEM I mortar (C:S:W = 1:2:0.4) 42 0.4 0.53 0.52 
 CEM T20 paste 60 0.3 2.58 0.31 
 CEM T20 paste 60 0.5 2.40 0.34 
 CEM T20 paste 270 0.5 2.13 0.37 
 CEM T10 paste 60 0.5 2.97 0.37 
 92% CEM T20 + 8% Silica fume 60 0.3 1.22 0.36 

[66] 92% CEM T20 + 8% Silica fume 60 0.5 1.59 0.37 
 92% CEM T20 + 8% Silica fume 270 0.5 1.52 0.42 
 75% CEM T20 + 25% Fly ash 60 0.3 1.63 0.39 
 75% CEM T20 + 25% Fly ash 60 0.5 2.63 0.40 
 75% CEM T20 + 25% Fly ash 270 0.5 2.00 0.45 
 75% CEM T20 + 25% GGBS 60 0.3 2.68 0.30 
 75% CEM T20 + 25% GGBS 270 0.5 2.65 0.38 

 
It can be noticed that the presented values of Kb are much smaller for the mortar than for 
cement pastes. This can be directly related to the volume of cement hydration products, 
which are capable of binding chlorides. This volume is much larger for cement pastes 
than for mortars, due to a large fraction of their volume (about 3/4) occupied by inert 
aggregates in the latter. Indeed, as can be seen in Table 3.1, the Kb is about four times 
larger for pastes than for mortar. In concrete the paste constitutes about 1/5 of its volume, 
therefore, the value of Kb is expected to be five times lower compared to the paste 
samples because only the cement paste is able to bind chlorides. When analyzing the 
values of the binding capacity Kb in Table 3.1, one can notice that it holds within the 
range of 2.13 – 2.58 dm3n/gn for CEM I (EN-197) and CEM T20 (nomenclature 
according to the Canadian standard: CSA A3000-98 [69]) pastes. For the paste of CEM 
T10 (CSA A3000-98), the binding capacity is higher. This is due to an increased C3A 
content in CEM T10 [69], which hydration products can bind more chlorides. When 
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replacing 25% of the cement paste with blast furnace slag (GGBS) the binding capacity is 
increased to 2.65 – 2.68 dm3n/gn which shows that slag-blended cements and their 
hydration products can bind more chlorides compared to the pure CEM I and CEM T20 
pastes. On the other hand, when cement is replaced by fly ash or silica fume, the binding 
capacity is reduced. Similar conclusions were reported in [70]. It can also be noticed that 
Kb for the same paste diminishes in time, which can be explained by the densification of 
the microstructure due to the progressing hydration. The value of the binding intensity n 
for the pastes holds within the range of 0.31 – 0.45. From the data shown in Table 3.1 
there are no clear trends regarding the influence of the age of the paste or the cement 
replacement by pozzolans on the value of n. However, it can be noticed that n is larger 
for the mortar than for pastes. 
 
3.3.2 Presence of chloride binding during migration tests 
 
Some researchers state that the interaction between chloride ions and the concrete matrix 
can be ignored in the case of migration tests, since the application of an electrical field 
generates an ionic transport rate which is much faster than the kinetics of chemical 
reactions in concrete or the exposure time to chloride solution during the RCM test is too 
short [59, 71, 72]. In order to verify this, the presence of chloride binding during the 
RCM experiments is investigated by analyzing the total chloride concentration profiles in 
concrete after the RCM test. 
The measurements of chloride concentration profiles are conducted by dissolving 
concrete dust from dry-ground layers of the material in nitric acid, in order to extract both 
free and bound chlorides. Then the concentration of the acid-soluble chlorides can be 
measured using a chloride-selective electrode or titration method. The measured value 
represents the total chloride concentration in the concrete sample (Ct), thus consists of 
both free (c) and bound chlorides (Cb): 
 

(1 ) s b
t

c

c CC ϕ ϕ ρ
ρ

+ −
=               (3.4) 

 
where: φ – water-permeable porosity of concrete (0 < φ < 1), ρs – specific density of 
concrete (not taking into account the porosity) and ρc – apparent density of water-
saturated concrete. 
If there would be no chloride binding in concrete, Eq. (3.4) can be simplified to: 
 

t
c

cC ϕ
ρ

=                (3.5) 
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In this work, the total chloride concentration profiles measured by Stanish [43] after 6, 9 
and 18 h of the RCM test were used for the analyses of the presence of binding during the 
migration tests. The properties of the analyzed concrete as well as the test conditions are 
given in Table 3.2. 
 

Table 3.2: Concrete properties and RCM test conditions [43] 

age [months] 
tRCM [h] 

12 - 18 
6, 9 and 18 

ρc [kg/m3] 2553 
ρs [kg/m3] 2606 

U [V] 60 
c0 [g/dm3] 64.95 

L [m] 0.05 
φ [-] 0.143 

 

 

Figure 3.7: Measured total chloride concentration profiles [43] vs. theoretical maximum values 
 
Assuming the absence of chloride binding in concrete during the migration test, the total 
chloride concentration in concrete can be computed applying Eq. (3.5). During the 
migration process, the concentration of chlorides in the pore solution of concrete tends in 
time to the concentration in the bulk solution (c → c0 = 64.95 g/dm3). Thus, applying the 
values of c0 as well as the density and porosity given in Table 3.2, the computed 
maximum total chloride concentration amounts to 0.36% gCl/gconcrete or 0.36 
gCl/100gconcrete. However, as shown in Figure 3.7, the measured maximum concentration 
at the surface of concrete, about 0.8 gCl/100gconcrete, exceeds this value substantially. This 
effect cannot be explained by a higher porosity than the one which was measured – for 
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the total chloride concentration equal to 0.8 gCl/100gconcrete, the water accessible porosity 
φ should exceed 0.26 (26%), which is an unrealistic value for a conventional concrete. 
Therefore, the only possible explanation for this increased chloride content in concrete is 
the presence of chloride binding also in the short-term chloride migration tests. 
 
3.3.3 Free and bound chloride concentrations non-equilibrium 
 
The liquid-solid system in concrete (pore solution and hydrated cement phases, capable 
to bind chlorides) can be described as being composed of three zones: bulk liquid in the 
pores, liquid at the interface between the bulk liquid and the solid and the solid state. 
When chloride ions are transferred from one phase (liquid) to another (solid) across an 
interface that separates the two, the resistance to mass transfer causes a concentration 
gradient in each phase [73]. Due to the limitations in the mass transfer through this 
interface, usually a certain time is required in order to achieve the equilibrium; therefore 
for a certain time there will be non-equilibrium conditions between the concentrations of 
chlorides in the pore solution and the concentration of chlorides at the interface. 
Additionally, one can consider that there will be instantaneous equilibrium between the 
concentration of chlorides bound in the solid (cement paste) and the chlorides in the 
liquid-solid interface. Thus, such conditions can be described as non-equilibrium between 
the concentrations of chlorides in the bulk solution and bound chlorides, due to the 
liquid-solid mass transfer resistance. 
It has been reported that chloride binding equilibrium is achieved even up to two months 
of exposure [14, 66, 74]. For the free diffusion tests, the assumption of equilibrium is 
acceptable since the chloride exposure period is sufficiently long (at least 5 weeks [38]). 
However, the duration of the RCM test usually amounts to 24 hours and rarely varies 
from 6 hours (for poor quality concrete) up to 4 days (for very good quality concrete) [9]. 
This fact is also pointed out in [54]. Therefore, during the migration process, equilibrium 
between free and bound chlorides concentrations cannot be achieved, which implies a 
necessity of the introduction of a Cl- mass transfer rate. The mass transfer rate of 
chlorides from the pore solution, through the liquid-solid interface and towards the solid, 
is considered to be induced by the concentration gradients in these phases. 
In order to analyze the absence of equilibrium between free and bound chlorides in 
concrete during the migration test in the case when the c0 concentration is reached in the 
pore solution (see Figure 3.7), the maximum bound chloride concentration (Cb) is 
calculated from Eq. (3.3) with a Kb = 0.6 ∙ 10-3 dm3n/gn and n = 0.51 (Kb and n 
extrapolated from Table 3.1 for concrete), and amounts to 0.005 gCl/gsolid. This maximum 
bound chloride concentration contributes 0.44 gCl/100gconcrete to the Ct, applying ρs = 2606 
g/dm3 (Table 3.2). Therefore, the maximum value of the total chloride concentration in 
concrete (Eq. 3.4) implying equilibrium according to the non-linear binding isotherm (Eq. 
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3.3), when c0 is reached in the pore solution, would yield 0.81 gCl/100gconcrete, as appears 
in Figure 3.7. 
In the “tsunami” shape chloride concentration profile obtained from the basic RCM 
model (see Figure 2.3), the maximum concentration of chlorides is reached in deeper 
layers of concrete too, whereas in the measured chloride profiles shown in Figure 3.7 the 
concentration of chlorides decreases gradually along the complete penetration depths. 
Also in many other experimental chloride profiles reported in [14, 32, 33, 43, 44, 48, 53-
57] the maximum Ct is reached only at the surface of concrete and then decreases 
gradually along the depth in concrete. A possible explanation of this phenomenon can be 
the absence of equilibrium between free and bound chlorides, because if the free 
chlorides are not bound instantaneously they have freedom to penetrate deeper into the 
concrete. Therefore, the non-equilibrium conditions should be taken into account in the 
chloride migration model for the RCM test. 
 
3.4 Extended chloride transport model for the RCM test 
 
The main idea of the modified model proposed in this Thesis is an introduction of the 
non-linear chloride binding isotherm and non-equilibrium between the free and bound 
chlorides concentrations in the system based on the Nernst-Planck equation. 
 
3.4.1 Governing equations 
 
As given in the previous chapter, the general continuity equation for chloride transport in 
concrete reads as follows [15, 75]: 
 

tc u c J r
t

∂
+ ∇ +∇⋅ =

∂
              (3.6) 

 
where: ct – total chloride concentration in concrete, u – velocity of chloride ion, c – 
concentration of free chlorides in pore solution of concrete, J – total flux of chlorides and 
r – binding reaction term. 
The simplified Nernst-Planck equation (Eq. 2.2) is commonly used to describe ionic 
transport in porous media due to the combined actions of migration and diffusion: 
 

0 0 0xM xD
zFE c c zFEJ J J D c D D c
RT x x RT

∂ ∂ = + = − = − − ∂ ∂ 
         (3.7) 

 
However, as shown by Andrade [76] and Narsilio et al. [72] (see Figure 3.8), when a 
sufficiently large voltage is applied across the concrete sample, the flux of ions due to 
electrical migration (JM) dominates over the diffusion flux due to concentration gradients 
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(JD). This is fulfilled during the RCM test, as the applied voltage holds in the range 10 – 
60 V, so for the sample with a thickness of 0.05 m, the resulting electrical field is 
between 200 and 1200 V/m. Therefore, the term JD in Eq. (3.7) in the present section is 
neglected, so that J = JM. However, in order to improve the accuracy of the model, the 
diffusion flux of chloride will also be considered in the next chapter. 
 

 

Figure 3.8: Estimated migration/diffusion flux ratio at U ≈ 10 V [72] 
 
When considering the total volume of concrete (solid state and pores completely 
saturated with liquid), the reaction term in the continuity equation (Eq. 3.6) is normally 
set to zero (i.e. r = 0). Nevertheless, when considering the liquid and solid phases 
separately, there is a non-zero reaction term, because the chlorides are transferred from 
one phase to another. It is assumed that the binding of chlorides takes place 
instantaneously at the surface of the hardened cement paste, i.e. the reaction kinetic is not 
limiting the chloride transport so there is equilibrium between chloride concentration in 
liquid at liquid-solid interface and the concentration of bound chlorides. The influence of 
the reaction kinetics on the transport of chlorides was already investigated by Tang [47], 
as described in Section 3.2, but the predicted profiles do not match with the experimental 
profile. Therefore, in this study, the non-equilibrium is assumed to be caused not by the 
chemical reaction kinetic, but by the mass transfer resistance through the liquid-solid 
interface. This is a common phenomenon occurring during the transport of substances in 
porous media when ions are transferred from one phase (liquid) to another (solid) across 
an interface that separates the two. In such case the resistance to mass transfer causes a 
concentration gradient in each phase [73]. This limitation in the mass transfer rate of 
chlorides is responsible for the non-equilibrium conditions in the system and is governed 
by the mass transfer coefficient – k. In other words, the mass transfer rate of chlorides is 
proportional to the deviation of the chlorides concentration in the bulk solution from the 
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equilibrium concentration at the liquid-solid interface, as given by the Freundlich 
equation (Eq. 3.3). Therefore, the mass transfer rate reads as follows [73, 77]: 
 

( )sr k c c= −                (3.8) 

 
where: cs – chloride concentration in liquid at liquid-solid interface.  
Calculating cs from Eq. (3.3) and inserting it into Eq. (3.8) gives [77]: 
 

1
n

b

b

Cr k c
K

   = −     
              (3.9) 

 
From Eqs. (3.8) and (3.9) it can be noticed that the reaction term depends on the external 
chloride concentration c0 (where c→c0). At a low c0, the initial difference between c0 and 
cs is small as well, so that the reaction rate is lower compared to the case when the initial 
difference between the c0 and cs is large. 
When assuming: i) no convection (liquid-saturated sample, meaning no capillary suction); 
ii) negligible diffusion rate compared to the migration rate; iii) migration of chlorides 
only in the pore solution of concrete; iv) one dimensional and constant electrical field 
distribution across the concrete sample; v) non-equilibrium between free and bound 
chloride concentrations caused by the pore liquid – solid mass transfer resistance, which 
is assumed to be the limiting step for the chloride transport; vi) the binding parameters 
(Kb and n) constant during the migration test and vii) negligible effect of ionic 
interactions during the migration, the continuity equation (Eq. 3.6) reads as follows for 
the liquid and solid phases respectively [77]: 
 

1
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b

b

Cc cu k c
t x K

ϕ
  ∂ ∂  + = − −  ∂ ∂    

          (3.10) 

 
1

(1 )
n

b b
s

b

C Ck c
t K

ϕ ρ
  ∂  − = −  ∂    

          (3.11) 

 
where: u – ionic migration velocity, u = DeffzFU/RTL. 
As can be seen in Eq. (3.10), the effective chloride migration coefficient in concrete is 
used in order to treat independently the binding term (in contrast to the basic RCM model 
in which the binding was included implicitly in the apparent migration coefficient, see Eq. 
2.4) and to express the diffusion coefficient in the terms of the flux per unit area of 
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concrete rather than only the pore solution. A more detailed explanation of the meaning 
of different chloride diffusion/migration coefficients will be presented in Section 4.4.1. 
The initial and boundary conditions pertaining to Eqs. (3.10) and (3.11) read as follows: 
 

0

( , 0)

( 0, )

b biC x t C

c x t c

= =

= =
            (3.12) 

 
where: Cbi – initial bound chloride concentration in the concrete prior to the migration 
test. 
 
3.4.2 Numerical solution 
 
In order to obtain the numerical solution of Eqs. (3.10) and (3.11), a forward 
discretization is performed according to the scheme presented in Figure 3.9, and reads as 
follows: 
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where: Δt – interval of time, i – position in time, i = 1.. t/∆t, Δx – interval of distance, j – 
distance in concrete and j = 1.. L /∆x. 
Solving Eqs. (3.13) and (3.14) for c(i+1,j+1) and Cb(i+1,j) respectively, gives as follows: 
 

( ) ( )
( ) ( ) (

1/
1, ,

1, 1 1, )
( , )

1,

n

b

i j i j
i j i j

b i j
i j

Cx c cc c k c
u t K

+
+ + + +

   ∆ −  = − + −     ∆    
ϕ      (3.15) 

 

(

1/

)
( , )

( 1, ) ( , ) 1,
(1 )

n

s b

b i j
b i j b i j i j

CtC C k c
K+ +

  ∆  = + −    −   
ρ ϕ

       (3.16) 

 
with the initial and boundary conditions: 
 



48                                                                                                                           Chapter 3 

 

0( )

( 1, )

, 1

bib i j

i j

C C

c c

=

=

=

=
             (3.17) 

 

 

Figure 3.9: Discretization scheme 
 
3.4.3 Analytical solution of a simplified model 
 
Due to the complexity of the system of Eqs. (3.10) and (3.11), caused by non-linearity 
coming from the reaction term, no analytical solution could be achieved in this study. 
However, simplifying this system with the assumption of a zero initial chloride content in 
concrete (Cbi = 0) and n = 1, i.e. a linear binding isotherm and non-equilibrium conditions, 
an analytical solution was obtained. In order to solve this system, a transformation of 
variables is introduced: 
 

xt
u

Γ = −
ϕ              (3.18) 

 
xχ =               (3.19) 

 
where: χ – transformed distance and Γ – transformed time. Γ = 0 corresponds to the time 
needed for the chloride penetration front to attain a given position x in the concrete.  
Transforming the derivatives of t and x and applying Eqs. (3.18) and (3.19) give: 
 

t
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x u
ϕ

χ
∂ ∂ ∂
= − +

∂ ∂Γ ∂
            (3.21) 

 
Inserting Eqs. (3.20) and (3.21) into Eqs. (3.10) and (3.11) gives for liquid and solid 
respectively: 
 

,b

b

Ccu k c
Kχ

 ∂
= − − ∂        
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( )1 ,b b

b
s

CC k c
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u
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where: the chloride penetration front Ψ = ut/φ and the pertaining initial and boundary 
conditions (invoking Cbi = 0) read as follows: 
 

( ) 0
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c c
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            (3.24) 

 
Introducing the following dimensionless variables: 
 

,
0c

cX = where c0 is the maximum free chloride concentration, 10 ≤≤ X      (3.25) 

 

,
0cK

CY
b

b=  where Kbc0 is the maximum bound chloride concentration, 10 ≤≤ Y      (3.26) 
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u
χξ =              (3.27) 
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into Eqs. (3.22) and (3.23) gives: 
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( )Y X Y
τ
∂

= −
∂

            (3.30) 

 
with the following initial and boundary conditions: 
 

( )0, 1
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X
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ξ τ

ξ τ
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            (3.31) 

 
The analytical solution of Eqs. (3.29) and (3.30), applying the boundary conditions (Eq. 
3.31), reads as follows [15]: 
 

( ) ( )00
1 4X e J I d

ξ τ ξ τξ ξ− += − ∫           (3.32) 

 
( ) ( )00

4Y e J I d
τ τ ξ τξ τ− += ∫            (3.33) 

 

where: ( )0 4τξJ I – zero-order Bessel function of the first kind. 

 

 

Figure 3.10: Values of the zero-order Bessel function for the investigated test conditions 
 
Figure 3.10 shows the Bessel function values in at different positions. The value of the 
Bessel function for the experimental conditions described above is close to unity; 
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concrete sample. Assuming that the Bessel function equals unity, Eqs. (3.32) and (3.33) 
can be integrated, yielding c and Cb: 
 

0 (1 )c c e eτ τ ξ− − −= − +             (3.34) 
 

0 ( )b bC c K e eξ τ ξ− − −= −            (3.35) 
 
3.4.4 Comparison of the numerical and simplified analytical solution 
 
In order to verify the numerical solution presented previously, chloride concentration 
profiles generated applying both the simplified analytical solution (i.e. linear chloride 
binding, n = 1) given in Eqs. (3.34) and (3.35) and the numerical solution (Eqs. 3.15 and 
3.16) are compared. The input parameters used for this computation are presented in 
Table 3.2. The remaining parameters needed for the computation were selected as follows 
(applying values in the expected order of magnitude): Deff = 2 ∙ 10-12 m2/s, Kb = 0.5 ∙ 10-3 
dm3n/gn, k = 5 ∙ 10-6 s-1, ∆x = 0.0001 m, ∆t = 1000 s and Cbi = 0. The free, bound and total 
chloride concentration profiles computed using Eqs. (3.4), (3.15), (3.16), (3.34) and (3.35) 
are presented in Figures 3.11 and 3.12. 
 

 

Figure 3.11: Computed free (left) and bound chloride (right) concentration profiles 
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Figure 3.12: Computed total chloride concentration profiles 
 
The slight differences between the analytical and numerical chloride concentration 
profiles in Figures 3.11 and 3.12 can be explained by the value of the Bessel function (see 
Eqs. 3.32 and 3.33), which is assumed to be equal to unity, but in fact for the parameters 
and test conditions specified above this value varies between 1.0 and 1.2 (see Figure 
3.10). Nevertheless, the agreement is satisfactory, confirming the accuracy of the 
numerical computation procedure. Therefore, for further computations presented in this 
Thesis the numerical solution given in Eqs. (3.15) and (3.16) will be applied to 
experimental data. 
 
3.4.5 Non-zero chloride diffusion term in the transport model 
 
The model given in Eqs. (3.10) and (3.11) is simplified, assuming a negligible transport 
of chlorides by the diffusion compared to the electrically accelerated migration. A 
numerical solution of such simplified system is relatively simple and can be performed 
using a commonly available software such as e.g. Solver function in MS Excel. On the 
other hand, incorporating the chloride transport due to the diffusion in the system may 
improve its accuracy. In such case, however, more advanced computational software has 
to be used to solve the system, as a second-order derivative is introduced. The chloride 
transport model which incorporates the diffusion flux reads as follows: 
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          (3.37) 

 
with the following initial and boundary conditions: 
 

0

( , 0)

( 0, )

b biC x t C

c x t c

= =

= =
            (3.38) 

 
The system of Eqs. (3.36) and (3.37) is a system of partial non-linear differential 
equations with the non-linearity coming from the reaction term. This system consists of a 
second-order partial differential equation coupled with an ordinary differential equation. 
Due to the non-linearities, for the coupled system, an explicit solution is difficult to 
obtain. Nevertheless, the problem can be solved numerically using more advanced 
computational software (e.g. Matlab). This will be presented in Section 4.3. 
 
3.5 Conclusions 
 
In this chapter the alternative chloride transport models for chloride migration test were 
briefly summarized. It was shown, that the basic RCM test model, presented in detail in 
the previous chapter, based on the simplified Nernst-Planck equation for a single-ion 
transport, cannot ecplain the experimentally measured gradual-shape chloride 
concentration profile. Instead, it predicts a very abrupt (“tsunami” shape) chloride profile. 
Other proposed extended models taking into account also ionic interactions, cannot 
predict the experimental profiles either. Additionally, these extended models are 
significantly more complex and require additional information, which usually is 
unavailable or difficult to obtain. When applying a chloride transport model which cannot 
predict the experimental chloride concentration profile, the validity of the obtained 
chloride diffusion/migration coefficient is doubtful. Therefore, an extended RCM test 
model was presented in this chapter. In the following chapter the numerical solution of 
this model will be empirically applied to the RCM test data to estimate the chloride 
migration coefficient. The following conclusions are drawn: 

- The basic chloride transport model adopted in the RCM test guidelines is based 
on the simplified Nernst-Planck equation. This model cannot explain the actual 
chloride concentration profile in concrete, and thus, the correctness of the chloride 
migration coefficient obtained from that model is questionable; 

- Other chloride transport models developed later, including the extended model of 
Tang [47] with linear binding in non-equilibrium, multi-ionic transport models 
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with non-constant electrical field distribution with/without considering the 
binding, cannot explain the experimental chloride concentration profile in 
concrete either; 

- Chloride binding in the basic RCM test model is not considered properly, as it is 
implicitly assumed that the binding is instantaneous and follows a linear binding 
isotherm; 

- An extended single-species model for the RCM test is presented in this chapter. 
The binding of chlorides in this model is considered to be in non-equilibrium, and 
obeying a non-linear Freundlich isotherm; 

- A numerical solution was obtained for the extended model, and checked against 
an analytical solution valid for a special case (linear binding in non-equilibrium). 
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1Parts of this chapter were published elsewhere [I-III, ix] 

Chapter 4 
 

4 Application of the extended chloride transport model1 
 
4.1 Introduction 
 
As explained in Section 2.7, the chloride migration coefficient DRCM, obtained from the 
Rapid Chloride Migration test, should be treated with scepticism, especially when 
compared to the chloride diffusion coefficients obtained in the long-term diffusion test or 
used for the service life design of concrete structures. One reason for this scepticism is 
the discrepancy between the theoretical chloride concentration profile and the 
experimental profile, presented by many researchers [14, 32, 33, 43, 44, 48, 53-57], 
which indicates that the adopted theory is not correct. As presented in Section 3.2, some 
researchers proposed alternative chloride transport models; however, none of these 
models could correctly predict the shape of the experimental chloride concentration 
profile. Therefore, an extended chloride transport model for the RCM test was presented 
in the previous chapter. This model uses the simplified Nernst-Planck coupled with a 
reaction term. The reaction term describes chloride binding in concrete in a more proper 
way than the basic RCM model, considering non-equilibrium conditions between the free 
and bound chloride concentrations and a non-linear binding isotherm. The extended 
model can be empirically applied to experimental data of the RCM test and this will be 
shown in this chapter. Based on the experimental data, which includes the measured 
chloride concentration profile in concrete, properties of the tested concrete (porosity, 
density), and the test conditions (voltage, test duration, etc.), the effective chloride 
migration coefficient and chloride binding parameters can be obtained following a fitting 
procedure. In this procedure the deviation between the total chloride concentration profile 
obtained from the extended model and the measured profile is minimized. After 
performing the optimization, all the obtained parameters are summarized and compared. 
Additionally, the significance of the diffusion-induced chloride flux in the total flux of 
chloride during the migration is analyzed. Subsequently, the DRCM, obtained from the 
basic RCM test model, is compared to the chloride migration coefficient obtained from 
the extended model (Deff). The differences between the apparent and the effective 
chloride diffusion and migration coefficients are explained. Finally, the relationship 
between the traditional DRCM and the Deff obtained from the extended chloride transport 
model for the RCM test is given. 
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4.2 Optimization of the parameters 
 
In this chapter, the extended chloride transport model for the RCM test, presented in the 
previous chapter, is validated against own experimental data [78] as well as some data 
taken from the literature [32, 43]. In order to apply the model accurately, it is necessary 
to know beforehand the properties of concrete such as its density and water-permeable 
porosity, the RCM test conditions (duration of the test, applied voltage, temperature, 
external chloride concentration) and the total chloride concentration profile in concrete 
after the test. All the parameters needed for the model, including a wide database of the 
total chloride concentration profiles measured in concrete after the RCM test, are 
presented in [32, 43]. Therefore, for the further investigations presented in this study, 
besides the author’s data [78], also the experimental data from the above mentioned 
references is used. The compositions and properties of the analyzed concretes are 
summarized in Table 4.1. The RCM test conditions are given in Table 4.2. The measured 
total chloride concentration profiles will be presented later, together with the profiles 
computed from the extended model. 
 
Table 4.1: Mix proportions and properties of the analyzed concretes 

Mix number C1 [43] C2 [43] C3 [78] C4 [32] C5 [32] C6 [32] 

 Composition [kg/m3] 
Cement 418  363 786 400 380 363 
Water 146 163 207 140 182 218 

Coarse aggregates 1025 1025 - 1281 1217 1162 
Sand 695 698 1382 660 627 599 
w/c 0.35 0.45 0.26 0.35 0.48 0.60 

age [months] 12 - 18 12 - 18 1 2 2 2 
σc*[N/mm2] 52 33 97.8 81.7 46.7 37.9 
ρc [kg/m3] 2577 2553 2450 2637 2608 2584 
ρs [kg/m3] 2601 2606 2710 2665 2661 2643 

φ [%] 11.3 14.3 15.0 10.2 14.1 15.0 
Cement type  T10  T10 CEM I 52.5 N CEM I 52.5 N CEM I 52.5 N CEM I 52.5 N 

* 28 days for C3, 56 days otherwise 
 
The data given in Table 4.1 (φ, ρa, ρs) and Table 4.2 (U, c0, t) was used along with the 
total chloride concentration profiles, measured in the samples after the test, in the 
optimization process of the unknown model parameters (Deff, k, Kb and n, see Eqs. 3.10 
and 3.11). The following interval constraints were used in the optimization of the 
parameters: Deff ∈ (0.1 ∙ 10-12, 3.0 ∙ 10-12) m2/s, k ∈ (0.5 ∙ 10-6, 3.0 ∙ 10-5) 1/s, n ∈(0.4,  
0.6) and Kb ∈ (1 ∙ 10-4, 1 ∙ 10-3) dm3n/gn. The initial chloride concentration Cbi (see Eq. 
3.12) was set equal to the background concentration measured for each analyzed chloride 
profile. In the optimization process, the total mean square error of the difference between 



Chapter 4                                                                                                                           57 

 

the measured and simulated total chloride concentration profiles was minimized by 
adjusting the values of k, Kb, n and Deff. The error was calculated applying the following 
formula: 
 

( )2

1

j

t _ mod t _ mea
i

C C
error

j
=

−
=
∑

            (4.1) 

 
where: j – total number of measured data points, Ct_mod – total chloride concentration 
obtained from the model at a defined depth and Ct_mea – total chloride concentration 
measured at a defined depth. 
 
Table 4.2: RCM test conditions for the analyzed experiments 

Mix number tRCM [h] U [V] c0 [g/dm3] 
C1 a [43] 6 60 64.95 
C1 b [43] 9 60 64.95 
C1 c [43] 18 60 64.95 
C2 a [43] 6 60 64.95 
C2 b [43] 9 60 64.95 
C2 c [43] 18 60 64.95 
C3 a [78] 24 35 64.95 
C3 b [78] 24 47.5 64.95 
C3 c [78] 24 60 64.95 
C4 [32] 35 35 64.95 
C5 [32] 25 25 64.95 
C6 [32] 20 20 64.95 

 
In the optimization process, the minimum value of the error between the simulated and 
the measured chloride concentration profiles was obtained for a certain combination of all 
the parameters. The values of the parameters corresponding to that minimum error were 
used as the output values of the fitting procedure. The total chloride concentration profile 
is composed of the free and bound chlorides, whereas the relationship between them is 
given in Eq. (3.4). Therefore, in the optimization procedure, the total chloride 
concentration profile is obtained as a sum of both, the free and bound chloride profiles, 
taking into account their proper units, volumes and densities and assuming fully 
limewater-saturated concrete. An example of the free, bound and total chloride 
concentration profiles obtained for concrete C1 a-c (see Tables 4.1 and 4.2) is given in 
Figure 4.1a-c. In this figure the unit of the bound chloride concentration was recalculated 
to gCl/dm3

liquid. For the other RCM experiments investigated in this study (C2-C6 in 
Tables 4.1 and 4.2), for reasons of clarity, only the measured and optimized total chloride 
concentration profiles are presented in Figures 4.2 – 4.4.  
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Figure 4.1: Free, bound and total chloride concentration profiles in concrete computed from the 
extended model. (a) C1a; (b) C1b and (c) C1c 
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Figure 4.2: Measured and computed total chloride concentration profiles in concrete 
(a) C2a; (b) C2b and (c) C2c 
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Figure 4.3: Measured and computed total chloride concentration profiles in mortars 
(a) C3a; (b) C3b and (c) C3c 
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Figure 4.4: Measured and computed total chloride concentration profiles in concrete 
(a) C4; (b) C5 and (c) C6 
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The values of the parameters (quantified empirically through fitting) corresponding to the 
profiles drawn in Figures 4.1 – 4.4 are listed in Table 4.3. 
 
Table 4.3: Parameters optimized in the fitting procedure 

 Deff 
[∙1012 m2/s] 

k 
[∙106 1/s] 

Kb 
[∙104 dm3n/gn] 

n 
- 

Error 
(Eq. 4.1) 

C1a 0.81 14.36 6.70 0.54 0.004 
C1b 1.05 9.92 6.05 0.50 0.015 
C1c 0.97 5.16 5.50 0.57 0.039 
C2a 1.94 6.92 6.50 0.53 0.021 
C2b 1.91 6.11 9.05 0.55 0.041 
C2c 1.80 2.09 8.00 0.55 0.033 
C3a 0.75 6.50 5.25 0.50 0.062 
C3b 0.67 7.00 5.10 0.51 0.064 
C3c 0.79 7.00 4.80 0.53 0.058 
C4 0.65 3.10 5.00 0.49 0.035 
C5 1.21 1.40 5.55 0.46 0.015 
C6 2.22 0.74 8.05 0.53 0.033 

 
When analyzing the obtained binding coefficients Kb and n given in Table 4.3, it can be 
noticed that the values obtained from the model are in a good agreement with the values 
presented in Table 3.1, measured in binding experiment. As expected from the binding 
data given in Table 3.1, the binding capacity Kb, which determines the maximum amount 
of bound chlorides, is found to be larger for concrete based on CEM T10 (C1, C2) than 
for concrete with CEM I (C4, C5), except for the concrete of a high porosity (C6). This is 
due to an increased C3A content in CEM T10; the hydration products of this cement 
phase are more capable of binding chlorides. When comparing the values of the 
optimized Kb to the experimental data presented in Table 3.1, it can be seen that the 
values optimized for concrete are about five times lower than obtained on the pastes of 
similar cements. These values were expected because the paste constitutes about 1/5 of 
the total volume of concrete, and only the paste is able to bind chlorides. In the case of 
the binding coefficients for the analyzed mortar (C3), it can be seen that the optimized 
values are almost identical with the experimental values determined by Tang [14] for an 
OPC based mortar, as given in Table 3.1. 
The optimized value of n, describing the intensity of binding and the maximum amount 
of bound chlorides, is found to be in the range of 0.46 – 0.57, which is also in agreement 
with sorption data presented in Table 3.1. This significant deviation from unity again 
underlines the non-linear characteristics of the binding. 
As can be seen in the theoretical chloride concentration profile following from the basic 
RCM model (“tsunami” shape profile in Figure 2.3), the maximum chloride 
concentration is present not only at the surface of concrete but also in deeper layers (flat 
region with the maximum concentration). However, it can be observed in Figures 4.1 – 



Chapter 4                                                                                                                           63 

 

4.4 that in none of the analyzed measured profiles the maximum total chloride 
concentration was reached, except for the surface layer of concrete. This confirms that 
the assumption of non-equilibrium in the chloride transport model presented in this paper 
is correct, as the maximum chloride concentration can be reached only when binding is 
completed (equilibrium conditions). In order to account for the non-equilibrium, the mass 
transfer coefficient (k) is introduced (see Section 3.4.1). One can find in Figures 4.1 – 4.4 
that the k plays a decisive role on the shape of each profile. When the chloride mass 
transfer coefficient is larger, chlorides are bound faster and they do not have much 
freedom to penetrate farther into the concrete, which results in a more abrupt chloride 
profile (e.g. see Figures 4.1a and 4.3). However, when k-value becomes smaller, the mass 
transfer rate of chlorides becomes the limiting factor and the profile is characterized by a 
more gradual shape, as shown in Figures 4.1c, 4.2c and 4.4. Some of the data presented in 
Table 4.3 (especially for concretes C1 and C2) shows that the k diminishes during the 
RCM test. As explained in [79], in the case of non-steady state diffusion, the average 
mass transfer coefficient decreases in time ( k =�D0/πt ).  However, the values of k 
computed from this formula do not match well with the values obtained in this study. 
Hence, the diminishing mass transfer rate for the case of the non-stationary chloride 
migration process needs further investigation and analysis. 
The effective chloride migration coefficient, shown in Table 4.3, is obtained indirectly 
from the numerical simulations, while in the basic RCM test, the DRCM is computed 
through Eq. (2.12), using the measured value of the chloride penetration depth. One can 
notice that there is a clear trend between the quality of concrete expressed in terms of the 
compressive strength (see Table 4.1) and the Deff. There is also a clear relationship 
between the values of the Deff and the w/c ratio: as expected, the concrete with a low w/c 
ratio (C1, C3, C4) has the lowest values of the Deff and when the w/c is increased (C2, C5 
and C6) the Deff increases as well. Moreover, these optimized Deff correspond well with 
the values of the effective chloride migration coefficients presented in [14] for concretes 
with similar w/c ratios, which were measured in steady-state migration experiments. 
 
4.3 Diffusion and migration fluxes of chlorides during the RCM test 
 
In order to further improve the extended chloride transport model presented in this study, 
the model presented in Section 3.4.1 was modified by incorporating also the diffusion 
flux of chlorides (this term was neglected in the equations given in Section 3.4.1). The 
diffusion-induced flux of chlorides is included in the Nernst-Planck equation, and thus 
the following system of equations was developed, based on Eqs. (3.10) and (3.11): 
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with the following initial and boundary conditions: 
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The diffusion flux in Eq. (4.2) is represented by the term Deff ∙ ∂2c/∂x2. The system of Eqs. 
(4.2 – 4.4) is a system of partial non-linear differential equations with the non-linearity 
coming from the reaction term. This system consists of a second order partial differential 
equation coupled with an ordinary differential equation. Due to the non-linearities, for the 
coupled system, an explicit solution is difficult to obtain. Thus, the problem was solved 
numerically in Matlab [80]. For time-discretization the following were chosen: N∈N, the 
time step ζ = t/N and ti = i ∙ ζ, i = {1,…,N}, so that the time discretization was uniform. 
The solution pair (ci, Cb,i) is a numerical approximation of the solution pair (c, Cb) at time 
ti. Starting with the initial conditions (cI, Cb,I) and for given (cn-1, Cb,n-1), the semi-implicit 
time discretization leads to the following equations for the free and bound chlorides 
respectively: 
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The above problems are de-coupled when ci is solved using Eq. (4.5), and then, due to an 
explicit discretization in Eq. (4.6), Cb,i can be computed directly. For the transport 
equation (Eq. 4.5) a finite difference method on 3-point stencil was employed to 
discretize in space. For the time discretization, as can be seen from Eq. (4.5), the Euler 
explicit method for the reaction term and the implicit method for the convective and 
diffusive terms were used. For the ordinary differential equation, the free chloride 
concentration ci computed above was used and Euler explicit time stepping was used to 
compute the bound chloride concentration, as shown in Eq. (4.6). The total chloride 
concentration was computed by the expression given in Eq. (3.4). 
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The system of equations describing the chloride transport during the migration test (Eqs. 
4.2 and 4.3) was solved with the second order term (Deff ∙ ∂2c/∂x2) set equal and unequal 
to zero, to investigate the influence of the diffusion flux on the total chloride transport 
during the migration test. The used intervals of values for the optimization of parameters 
were the same as presented in a Section 4.2. Figure 4.5 shows the optimized total chloride 
concentration profiles for concrete C1 at different experimental conditions (C1a-c, see 
Table 4.2). The values of the optimized parameters corresponding to the profiles shown 
in Figure 4.5 are given in Table 4.4. 
 

 

Figure 4.5: Measured and computed total chloride concentration profiles for concrete C1a-c, with 
and without considering the diffusion-induced flux of chloride during the RCM test 

 
Table 4.4: Parameters optimized from the model for concrete C1a-c, with and without considering 
the diffusion-induced flux of chloride during the RCM test. The corresponding profiles are given in 
Figure 4.5. 

 no diffusion flux 
Deff 

[∙1012 m2/s] 
k 

[∙106 1/s] 
Kb 

[∙104 dm3n/gn] 
n 
- 

Error 
(Eq. 4.1) 

C1a 0.81 14.36 6.70 0.53 0.004 
C1b 1.05 9.95 5.83 0.51 0.015 
C1c 0.97 5.16 5.50 0.57 0.039 

 with diffusion flux 
Deff 

[∙1012 m2/s] 
k 

[∙106 1/s] 
Kb 

[∙104 dm3n/gn] 
n 
- 

Error 
(Eq. 4.1) 

C1a 0.81 14.36 6.70 0.54 0.004 
C1b 1.05 9.92 6.05 0.50 0.015 
C1c 0.97 5.16 5.50 0.57 0.039 
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One can notice from Figure 4.5 and Table 4.4 that the optimized chloride concentration 
profiles and the corresponding parameters are almost identical for both investigated cases: 
neglected and a non-zero chloride diffusion flux. This gives evidence that during the 
RCM test, the diffusion flux of chlorides due to the concentration gradient is insignificant 
compared to the electrically-induced flux, and confirms the assumption of neglected 
diffusion flux adopted in the extended chloride transport model developed in Section 
3.4.1, and also often adopted in other chloride migration transport models (e.g. [14, 60, 
72]). 
 
4.4 Apparent and effective chloride migration coefficients 
 
4.4.1 Definitions of the apparent and effective chloride diffusion and migration  
 
The Nernst-Planck equation is used in this Thesis to represent the chloride diffusion and 
migration fluxes during the RCM test. In transient conditions, it can be formulated as 
follows [14]: 
 

2

0 2

c c zFE cD
t x RT x

 ∂ ∂ ∂
= − ∂ ∂ ∂ 

             (4.7) 

 
where: D0 – intrinsic chloride diffusion coefficient in the pore solution of concrete. 
The Nernst-Planck equation shown in the present form in Eq. (4.7) can be termed 
simplified, as it assumes a linear decay of the applied potential in the sample, a constant 
value of the chloride diffusion/migration coefficient, a negligible effect of ionic activities 
and no convection. Because the coefficient D0 in Eq. (4.7) is obtained from accelerated 
chloride migration tests, it is often called “migration coefficient” to differentiate it from 
the diffusion coefficient obtained in free diffusion tests [81]. Tang [81, 82] explains that 
these two coefficients are not the same because of different counter-electrical potentials 
(caused by differences in drift velocities of cations and anions in pore solution) and ionic 
frictions during diffusion and migration processes. 
The intrinsic migration coefficient D0 in Eq. (4.7) represents the diffusion/migration rate 
of chlorides in the pore solution of concrete, i.e. it does not refer to the overall volume of 
concrete but just to its liquid phase, and therefore is related to the diffusivity of chlorides 
in free liquid constrained by the pore structure of the porous medium (its tortuosity and 
constrictivity). In order to quantify the diffusion/migration of chloride referring not only 
to the volume of pores, but to the total volume of concrete, the effective and apparent 
diffusion/migration coefficients are used. The effective chloride diffusion/migration 
coefficient refers to the diffusivity of chlorides in the pore solution by taking into account 
the volume fraction of the pores in the entire volume of concrete (i.e. porosity) [83]: 
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             (4.8) 

 
where: Deff – effective chloride diffusion/migration coefficient, φ – porosity, δ – 
constrictivity of the pore structure, τ – tortuosity of the pore structure and Df – chloride 
diffusion coefficient in free liquid (at infinite dilution). 
The effective diffusion/migration coefficients are determined in steady-state 
diffusion/migration tests, i.e. with a constant chloride flux (c is independent of distance 
and time). Nevertheless, steady-state chloride diffusion/migration tests are often not 
preferred from the practical point of view as they are time consuming and laborious (the 
upstream chloride solution must be periodically replaced and the concentration of 
chlorides in the downstream solution must be regularly measured). To overcome these 
drawbacks, non-steady-state chloride diffusion and migration tests were developed. The 
apparent diffusion/migration coefficients obtained in the non-steady-state tests represent 
the diffusion of chlorides in the pore solution of concrete, taking into account the reaction 
between the chlorides and the porous medium (chloride binding). Following Atkinson 
and Nickerson [83], assuming that the effective diffusion coefficient is independent of the 
free chloride concentration, the apparent chloride diffusion/migration coefficient can be 
defined as follows: 
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where: Dapp – apparent chloride diffusion/migration coefficient and λc – distribution 
coefficient of chlorides between the solid and liquid. The distribution coefficient can be 
further defined as [83, 84]: 
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where: cb – bound chloride concentration [gCl/dm3

liquid] and c – free chloride 
concentration [gCl/dm3

liquid]. 
When combining Eqs. (4.9) and (4.10), the following relationship can be derived [14, 83, 
84]: 
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The apparent chloride diffusion/migration coefficient, as shown in Eq. (4.11), depends on 
the chloride binding capacity defined as ∂cb/∂c, i.e. the ability of concrete to bind further 
chlorides when the free chloride concentration increases [14, 84]. As can be seen in Eq. 
(4.11), the Dapp can be equal to the D0 or Deff/φ in two cases: i) if there is no chloride 
binding (as e.g. for inert porous media) and ii) if chloride binding is completed (as e.g. 
during steady-state chloride diffusion/migration tests). 
Tang [81, 82] shows that the relationship between the Dapp and Deff, given in Eq. (4.11), 
should also include the concentration dependency of the chloride migration coefficient, as 
follows: 
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          (4.12) 

 
It is known that the effective chloride migration coefficient is a function of concentration 
[31, 81, 82, 85, 86] (see Figure 2.6a); nevertheless, for the sake of simplicity, in chloride 
transport models the migration coefficients are assumed to be independent of the free 
chloride concentration. In such a case Eq. (4.12) can be simplified to Eq. (4.11), as for 
example adopted in Tang’s chloride migration transport model for the RCM test [14]. 
 
4.4.2 DRCM as the apparent chloride migration coefficient 
 
The DRCM obtained in the RCM test is intended to be the apparent migration coefficient, 
and was defined by Tang [14] as follows:  
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As already explained in Sections 3.2 and 3.4, the assumption of a constant binding 
capacity ∂cb/∂c in the basic RCM model (Eqs. 2.4 and 4.14) is very questionable as it 
represents the case when chloride binding follows a linear isotherm (i.e. Eq. 3.3 with n = 
1) and is in instantaneous equilibrium. The binding of chlorides is a very complex 
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process because different hydrated cement phases are able to bind different amounts of 
chloride, in different ways (chemically or physically) and at different rates [66, 87]. In 
fact, chloride binding generally follows the non-linear Freundlich isotherm (Eq. 3.3) very 
well in a wide concentration range of c, as demonstrated in [14]. Figure 4.6a shows the 
chloride binding curve determined experimentally by Zibara [66] (for an OPC paste with 
w/c ratio of 0.3), fitted to both Freundlich and linear isotherms, in which the units of 
concentrations were recalculated to the units used in this study. These measurements 
represent the equilibrium conditions between the free and bound chloride concentrations, 
reached within about two weeks of exposure to chlorides. Figure 4.6b shows the ∂cb/∂c 
term, derived for the isotherms given in Figure 4.6a. 
 

 

Figure 4.6: (a) Chloride binding data fitted to Freundlich and linear isotherms;  
(b) chloride binding capacity based on (a) 

 
It can be seen that for the linear binding isotherm the binding capacity is constant, which 
obeys the assumption adopted in Eqs. (2.4) and (4.14). In the case of the Freundlich 
isotherm, the binding capacity is concentration-dependent and is much larger for lower c 
than for larger c. In the case of short-term chloride migration tests, the duration of which 
most often amounts to just 24 h [9], the term ∂cb/∂c in Eqs. (2.4) and (4.11) becomes 
even more complicated as the concentrations are obviously in non-equilibrium. The 
equilibrium concentration for chloride binding has been reported to be reached between 
seven days up to two months of exposure [14, 66, 74]. These facts give evidence that the 
chloride migration coefficient DRCM, as defined in Eqs. (2.4), (2.12) and (4.14), will not 
be constant, but instead, will depend on the local free and bound chloride concentrations 
in the concrete sample. 
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4.4.3 Determination of the apparent chloride migration coefficient 
 
In order to determine the apparent chloride migration coefficient, Eq. (4.11) is used. The 
Deff and free and bound chloride concentration profiles (c and Cb, respectively) were 
obtained by applying the model (Eqs. 3.10 and 3.11) to the experimental data, as 
described in Section 4.2. Since the unit of Cb obtained in this optimization is gCl/gsolid and 
in the term ∂cb/∂c, needed for the calculation of the Dapp (Eq. 4.11), both concentrations 
should have consistent units (i.e. gCl/dm3

liquid), the following equation was used to unify 
the units: 
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ρ
ϕ

             (4.15) 

 
With known cb and c profiles in concrete, the binding isotherm during the RCM test can 
be derived. In Figure 4.7 the chloride binding curves obtained from the model for 
concrete C1a-c are shown. 
 

 

Figure 4.7: Chloride binding computed from the model and measured in [54] 
 
As expected, the binding curves in Figure 4.7 are very different from the experimental 
Freundlich isotherm (see Figure 4.6a), which was obtained in concentration-equilibrium 
conditions (i.e. when a sufficient time is given to complete binding). However, given a 
sufficient time, the curves shown in Figure 4.7 should reach the Freundlich isotherm. It 
can be noticed, comparing the Freundlich isotherm to the modelled curves, that the 
binding of chlorides during migration tests is much lower at low free chloride 
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concentrations. This phenomenon has been also confirmed in [54, 88]. The reduced 
binding at low c can be explained through the reaction model given in Eqs. (3.8) and (3.9) 
(more details were given in Section 3.4.1). In this model, the reaction (binding) rate is 
proportional to the deviation of the chloride concentration in the bulk solution from the 
equilibrium concentration at the liquid-solid interface. Therefore, the deviation of cb from 
the equilibrium concentration will be low for low values of c and it will increase 
proportionally with the increase of c. In turn, the increase in the amount of bound 
chlorides will be low at low c and respectively higher for higher c. 
 

 

 
Figure 4.8: (a) Chloride binding capacity vs. free chloride concentration; 
(b) chloride binding capacity profile in concrete during the migration test 

 
In Castellote et al. [54] the binding curve determined during the non-steady-state 
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unit used in this work assuming ρa = 2400 g/dm3 and φ = 0.14) for a comparison with the 
isotherms obtained from the model. It can be noticed that the modelled isotherms for 
concrete C1a-c and the one measured in [54] are similar, except for the region of low free 
chloride concentrations. This difference can be explained by the fact that in the isotherms 
computed from the model the initial bound chloride concentration is non-zero, but instead 
it corresponds to the measured total chloride background concentration, while for the 
isotherm measured in [54] the initial cb is zero. Beside the region of low c, both presented 
isotherms are in a very good agreement, which confirms the employed non-equilibrium 
binding model. Castellote et al. [54] explained that the isotherm determined after the 
migration tests differs from a Freundlich isotherm because of the non-equilibrium 
conditions during the short-term migration tests. Additionally, the lower bound chloride 
concentration is attributed to the faster transport rate of chlorides during migration 
compared to the diffusion transport rate, which in turn might cause binding to occur less. 
 

 
 

 

Figure 4.9: The apparent chloride migration profiles during the chloride migration tests; 
(a) C1a-c, (b) C2a-c, (c) C3a-c and (d) C4, C5 and C6 
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The term ∂cb/∂c, needed for the estimation of Dapp or DRCM (Eqs. 4.11 and 4.14, 
respectively), was derived from the computed free and bound chloride concentration 
profiles, and is shown in Figure 4.8a for concrete C1a-c. The binding capacity profiles for 
concrete C1a-c are given in Figure 4.8b. Again, one can see that the binding capacity, 
defined as ∂cb/∂c, is much greater at higher free chloride concentrations than at lower 
concentrations. 
With the known porosities (from measurements) and free and bound chloride 
concentration profiles and effective migration coefficients obtained from the model, it is 
possible to estimate the apparent migration coefficient profiles in concrete, applying Eq. 
(4.11). Figure 4.9a-b shows the computed Dapp profiles, obtained for concretes C1 and C2, 
respectively, for which the test conditions were the same, except for the duration (i.e. 6h, 
9h and 18h of the RCM test at 60 V). Figure 4.9c shows the Dapp profiles obtained for 
mortars C3a-c, for which the duration of the test was the same for all the tested samples 
(24h), but the applied voltages were different (35 V, 47.5 V and 60 V). Figure 4.9d shows 
the Dapp profiles obtained for three concretes with different w/c ratios (0.35, 0.48 and 0.6). 
The Dapp profiles given in Figure 4.9a-d are computed until the maximum free chloride 
penetration depth (the so-called chloride penetration front). All the derived Dapp profiles 
have a similar characteristic: lower values of the Dapp in the layers of concrete closer to 
the exposed surface (higher chloride concentrations), followed by a region of a rapid 
increase and finally a flat region with relatively constant Dapp in the layers close to the 
chloride penetration front (very low chloride concentrations). As can be observed in 
Figures 4.1 – 4.4, the chloride concentrations in concrete samples after the RCM test 
decrease gradually from high values at the exposed surfaces to zero in deeper layers. Due 
to these increased concentrations in the surface layers, the term ∂cb/∂c is also larger in 
these layers (see Figure 4.8a-b), which in turn reduces the value of the Dapp, following Eq. 
(4.11). The regions of a rapid increase of the Dapp in Figure 4.9a-d correspond to the 
value of the binding capacity ∂cb/∂c, which changes significantly at low free chloride 
concentrations (about 1 – 10 gCl/dm3

liquid), as can also be seen in Figure 4.8a-b. Therefore, 
in concrete layers with free chloride concentrations in this range, the binding capacity 
varies greatly, which, according to Eq. (4.11), also greatly influences the Dapp. For very 
low chloride concentrations the binding capacity is also low and it does not significantly 
influence the value of the Dapp, which explains the plateau of the profiles in the vicinity 
of the chloride penetration front (see Figure 4.9a-d). One can notice in Figure 4.9a-d that 
in each profile the Dapp is not constant as assumed in the basic RCM test model [14], but 
instead varies greatly: the difference between the minimum values (in the regions of 
concrete with high c) and the maximum values (vicinity of the chloride penetration front, 
very low c) is of about a factor of four. 
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4.4.4 The relationship between the DRCM and Deff 
 
The values of the DRCM computed from the basic RCM model (Eq. 2.12) are shown in 
Table 4.5, together with the free chloride penetration depths (xd) which were used for 
their calculation. The values of xd were obtained from the computed free chloride profiles, 
assuming that the colourimetric indicator for chlorides (0.1 mol/dm3 AgNO3 solution 
sprayed on the split concrete samples after performing the RCM test) indicates a free 
chloride concentration equal to 0.07 mol/dm3 (2.48 g/dm3) for an OPC concrete [14, 22]. 
The maximum values of the apparent chloride migration coefficient (Dapp_max) obtained 
from the model for each derived profile shown in Figure 4.9a-d are also given in Table 
4.5. These values represent the migration coefficient at very low free chloride 
concentrations, right behind the progressing chloride penetration front in concrete, where 
the binding capacity is very low. It can be seen in the presented profiles that the Dapp_max 
for the same concrete remains relatively constant at different durations of the test (Figure 
4.9a-b) and at different applied voltages (Figure 4.9c). Following Eq. (4.11) it can be 
stated with a good approximation that the Dapp_max equals the Deff/φ or D0, as the values of 
the term ∂cb/∂c are negligible for the migrating chloride penetration front (obtained 
minimum values of ∂cb/∂c are in the range of 0.02 – 0.09 for the analyzed profiles). 
 
Table 4.5: Chloride migration coefficients from the RCM test (DRCM) and the maximum apparent 
chloride migration coefficients (Dapp_max) computed for concretes C1-C6 

 xd 
[mm] 

DRCM 
[∙1012 m2/s] 

Dapp_max 
[∙1012 m2/s] 

C1a 7.85 6.85 6.94 
C1b 14.70 8.91 8.92 
C1c 26.85 8.24 8.38 
C2a 15.99 14.60 13.28 
C2b 22.61 13.99 13.03 
C2c 42.19 13.35 12.40 
C3a 11.05 4.16 4.73 
C3b 13.52 3.84 4.25 
C3c 19.10 4.40 5.01 
C4 15.70 6.08 6.12 
C5 16.88 9.16 8.40 
C6 23.54 16.45 21.53 

 
As shown in Table 4.5, the values of the DRCM obtained from the basic RCM model are 
very similar to the values of the Dapp_max retrieved from the Dapp profiles. This means that 
the DRCM represents the apparent chloride migration coefficient in concrete only in the 
vicinity of the chloride penetration front (low values of c), where the binding of chlorides 
is very limited. As can be concluded from the binding isotherms shown in Figures 4.7 
and 4.8, the chloride penetration front in concrete is only slightly retarded by chloride 
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binding. This influence becomes more significant when the chloride concentration 
increases, in which case, the value of the Dapp behind the chloride penetration front 
decreases towards the exposed surface, where the Dapp is the lowest (see Figure 4.9a-d).  
Based on the explanations given above, Eq. (4.14), which represents the DRCM in the 
basic RCM model [9, 14], can be modified by neglecting the chloride binding capacity 
for the migrating chloride penetration front: 
 

0
eff

RCM app _ max

D
D D D constant

ϕ
= ≈ ≈ =          (4.16) 

 
It can be stated that the assumption of a constant DRCM adopted in the basic RCM model 
and given in Eqs. (2.4) and (4.14) is correct; however, not because of the constant 
binding capacity term assumed in this model, but due to the lack of chloride binding at 
very low chloride concentrations. One can notice that the DRCM represents only one case 
of the Dapp, i.e. when there is no chloride binding, and then it equals the Deff/φ or D0. 
Therefore, the constant DRCM, as defined in Eqs. (2.4) and (4.16), is not valid in the entire 
volume of the tested concrete sample, but only in the vicinity of the chloride penetration 
front, where the binding is negligible. Hence, as the basic DRCM is determined based only 
on the position of the chloride penetration front, it should not be affected by the binding. 
 

 

Figure 4.10: The effective chloride migration coefficient obtained from the extended model vs. the 
chloride migration coefficient obtained from the basic RCM model 

 
The correlation between the DRCM and Deff given in Eq. (4.16) is very straightforward – 
only the porosity is the proportionality factor between these two coefficients. This 
relationship is presented in Figure 4.10 for the data analyzed in this study. The linear 
correlation between the DRCM and Deff shown in Figure 4.10 is clear and the 
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proportionality factor of 0.133 obtained in the regression can also be accurately predicted 
from the term φ∙(1+∂cb/∂c) in Eq. (4.14), applying the weighted average porosities of all 
the analyzed concrete samples and the binding capacity term of 0.08. 
The DRCM is quantified by using a colourimetric indicator (AgNO3 solution) for the 
detection of the chloride penetration depth. The analyses of the RCM test presented in 
this chapter focus only on concretes based on Portland cement (OPC). Therefore, it is 
demonstrated that for OPC concretes the DRCM equals the Deff/φ or D0 because the free 
chloride concentration indicate by the AgNO3 solution is very low and, in turn, the 
binding capacity ∂cb/∂c at the chloride penetration depth indicated by AgNO3 is low. 
Nevertheless, there is evidence that the minimum free chloride concentrations detected by 
the same AgNO3 solution are much higher for concretes with cements other than OPC 
[32, 48-50]. Therefore, the application of the colourimetric indicators in such concretes 
for the determination of the DRCM should be carefully validated. 
Because the chloride penetration front during migration tests progresses at much higher 
rates compared to diffusion tests, Eq. (4.16) is not valid for long-term diffusion tests. As 
shown in Yuan [32] and Loser et al. [70], for the same concrete, the DRCM is about 30% 
larger than the Dapp obtained in the non-steady-state diffusion test [38]. This can be 
explained by the ∂cb/∂c term, which will increase for the slowly diffusing chloride 
penetration front, and following Eq. (4.11) will reduce the Dapp_max. 
 
4.5 Conclusions 
 
This chapter concerns the empirical application of the extended model to the 
experimental data. The extended chloride transport model proposed in this Thesis can 
explain the experimental chloride concentration profile much better than the basic RCM 
test model. Based on this extended model, an explanation of the measured gradual profile 
can be given: due to the mass transfer resistance of chlorides (concentration non-
equilibrium) and non-linear chloride binding, the local binding capacity, and in turn, the 
local apparent chloride migration coefficient Dapp, depend upon the local free and bound 
chloride concentrations. For the chloride penetration front, the binding capacity is very 
low, so the front progresses through the concrete without being retarded by the binding. 
On the other hand, the concentrations behind the front increase, which cause an increase 
of the binding capacity. Therefore, in the locations in concrete behind the chloride 
penetration front there is a larger deviation of bound chloride concentration from the 
equilibrium concentration, so that the binding takes place faster and reduces the Dapp. 
Hence, at higher free chloride concentrations more chlorides are bound, which causes an 
accumulation of the chlorides faster in the layers of concrete closer to the exposed 
concrete surface (bulk chloride solution) than in the deeper layers, closer to the chloride 
penetration front. However, this process does not significantly influence the chloride 
penetration front because at very low free chloride concentrations the binding capacity is 
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minimal. Therefore, the DRCM determined in the migration tests is not influenced by the 
chloride binding and as shown in the present chapter for OPC mortars/concretes, equals 
the intrinsic chloride migration coefficient (D0) and the effective chloride migration 
coefficient obtained from the model divided by the porosity of concrete Deff/φ. The 
following conclusions are drawn: 

- The extended chloride transport model presented in this study can explain the 
experimental chloride concentration profile measured in concrete after the RCM 
test; 

- The migration coefficient employed in the extended RCM test model is the 
effective migration coefficient, thus it is independent from the binding term; 

- The diffusion flux of chloride during the migration test can be neglected as the 
chloride transport is dominated by the electrically forced migration; 

- The binding parameters from the Freundlich isotherm obtained from the extended 
model are in good agreement with the values obtained experimentally; 

- The chloride mass transfer coefficient k determines the reaction rate (binding of 
chlorides by the cement hydration products), which in turn determines the shape 
of the chloride concentration profile in concrete. When the reaction rate is higher, 
the profile is more abrupt and when the reaction rate decreases, the profile 
becomes more gradual. A decrease of the mass transfer coefficients during the 
progressing RCM test was observed in some cases; 

- The chloride binding capacity, defined as ∂cb/∂c, is not constant in the whole 
volume of concrete as assumed in the basic RCM model. Due to the non-linear 
chloride binding and non-equilibrium conditions between c and cb, the binding 
capacity changes locally with the chloride concentrations; 

- The binding capacity during migration tests is very low at low free chloride 
concentrations. Thus, the progress of the free chloride penetration front through 
the concrete sample during migration tests is not retarded by chloride binding; 

- The Dapp changes during the RCM test within the concrete sample, because it is a 
function of the local binding capacity. The computed Dapp profiles show that the 
apparent migration coefficients are much higher at the chloride penetration front 
location (for very low c) and decrease towards the exposed surface (higher c); 

- The chloride migration coefficient in the basic RCM model is defined as a 
constant apparent migration coefficient. In fact, it represents only the maximum 
apparent diffusion coefficient which prevails at low c (in vicinity of the chloride 
penetration front). Therefore, the constant DRCM is valid only at the location of the 
chloride penetration front and not in the regions of concrete in which the chloride 
concentrations are increased; 

- The maximum values of the Dapp estimated from the extended chloride transport 
model are very similar to the DRCM obtained from the basic RCM model. 
Additionally, it is explained that the DRCM is identical with the intrinsic chloride 
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migration coefficient in the pore solution (D0) and with the effective chloride 
migration coefficient divided by the porosity (Deff/φ). A linear correlation between 
the obtained DRCM and Deff  is found; 

- It is shown in this study that for concretes based on Portland cement the DRCM 
(calculated from the basic model by using AgNO3 solution as a colourimetric 
chloride indicator) is not affected by chloride binding. Nevertheless, there is 
evidence that the minimum free chloride concentrations detected by the same 
AgNO3 solution are much higher for concretes with cements other than OPC. 
Hence, the application of the colourimetric indicators in such concretes for the 
determination of the DRCM should be carefully validated in future studies; 

- The discrepancy between the theoretical abrupt chloride concentration profile and 
the experimental gradual profiles can be attributed to the fact that at higher 
chloride concentrations the chloride binding capacity is increased. This in turn 
reduces the apparent chloride migration coefficient in the layers of concrete with 
increased chloride concentrations, and causes a higher accumulation of chlorides 
in these layers compared to the layers with lower c (closer to the chloride 
penetration front). 
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Chapter 5 
 

5 Parameter evaluation of the RCM test1 
 
5.1 Introduction 
 
In the chloride diffusion/migration chloride transport models it is assumed that the 
chloride transport properties of the tested concrete remain constant during the test, i.e. the 
test conditions do not alter the physical properties of the concrete. A similar assumption 
was considered in the development of the extended chloride transport model presented in 
Section 3.4. On the one hand, the usual duration of the RCM test is just 24 hours, so the 
differences in microstructure of the concrete before and after the RCM test can be 
neglected, assuming no influence of the applied electrical field on the hydration of 
cement (i.e. no acceleration effect). On the other hand, the influence of the electrical field 
on the properties of hardened concrete is still unknown, and, to the author’s knowledge, 
no systematic study on this topic has been reported yet. Without knowing this influence it 
will not be possible to overcome the scepticism that often exists regarding the reliability 
and application of the accelerated chloride migration tests in practice. Hence, this chapter 
will try to answer the questions concerning the influence of the applied electrical field on 
the properties of the tested concrete. Additionally, a study on the effectiveness of the 
saturation of the concrete sample with liquids prior to the RCM test will be performed. 
 
5.2 Influence of the applied voltage on the RCM test results 
 
5.2.1 Introduction 
 
According to NT Build 492 [9], the value of the voltage applied during the RCM test is 
adjustable, and depends upon the value of the initial current, which is measured at a DC 
voltage of 30 V. Based on the value of this current, which in fact reflects the permeability 
of concrete (its permeability is related with its conductivity and therefore with the 
measured current), the value of the voltage applied during the RCM test and the duration 
of the test are adjusted, following Table 5.1 [9]. This action is performed in order to 
obtain a sufficient chloride penetration depth for concretes with low permeability, for 
which the initial voltage of 30 V would result in too shallow chloride penetration depths, 
and to prevent the chloride breakthrough for concretes with high permeability, i.e. the 
chloride penetration depth obtained after the test should be within certain limits 
regardless of the permeability of concrete. 
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Table 5.1: Applied voltage (U) and duration (t) of the RCM test, based on the initial current (I30) 
measured at 30 V [9] 

I30  
[mA] 

U 
 [V] 

t 
[h] 

< 5 60 96 
5≤  I30 ≤ 10 60 48 
10≤  I30 ≤ 15 60 24 
15≤  I30 ≤ 20 50 24 
20≤  I30 ≤ 30 40 24 
30≤  I30 ≤ 40 35 24 
40≤  I30 ≤ 60 30 24 
60≤  I30 ≤ 90 25 24 

90≤  I30 ≤ 120 20 24 
120≤  I30 ≤ 180 15 24 
180≤  I30 ≤ 360 10 24 

≥  360 10 6 

 
As already demonstrated in Section 2.4, a minimum chloride penetration depth of about 
10 mm in the sample is required in order to minimize the error introduced to the DRCM. 
As also shown in [89], the resolution of the migration coefficient highly depends on the 
penetration depth of chlorides and increases when the penetration depth increases. The 
RCM test conditions (applied external voltage, test duration) are not always the same. 
Hooton and Stanish [33, 43] demonstrated that the chloride penetration depth (defined as 
the depth where the colour changes) is a linear function of the applied voltage and the 
duration of the RCM test. However, the migration coefficient was not investigated in that 
research, as Hooton and Stanish believed that the basic RCM model developed by Tang 
[14] and the migration coefficients computed based on that model are doubtful. Therefore, 
the main aim of the investigation presented in this section is to evaluate whether changing 
the value of the voltage applied during the RCM test influences the value of the chloride 
migration coefficient calculated based on two models: the basic RCM model [14] and the 
extended model presented in Section 3.4. 
 
5.2.2 Materials and mixture design 
 
Mortar was used in this study to investigate the influence of the applied voltage on the 
RCM test, because mortars do not contain coarse aggregates which are impermeable to 
chlorides and therefore often disturb the chloride penetration front. Figure 5.1 shows the 
differences between chloride penetration fronts in concrete and mortar samples that can 
usually be observed after the RCM test. A more uniform chloride penetration front 
(Figure 5.1b) will help to reduce discrepancies in measurements of the chloride 
penetration depths and the total chloride concentration profiles. 
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Figure 5.1: Typical chloride penetration fronts after the RCM test observed on: 
(a) concrete and (b) mortar 

 
As mentioned earlier, NT Build 492 recommends applying a voltage in the range 10 – 60 
V, depending on the value of the initial current, recorded when a voltage of 30 V is 
applied. Therefore, in order to compare the chloride migration coefficients obtained for 
different voltages, the mortar used in this study is intended to have an “average” 
permeability according to NT Build 492. Here, the mortar of an “average” permeability 
represents a mortar, for which according to Table 5.1 the initial current at a voltage of 30 
V should be in the middle range of the given initial currents (20 – 60 mA), so that the 
same mortar recipes tested at U = 30 – 40 V could also be tested later using higher and 
lower voltages, without a risk of either chloride breakthrough or very shallow chloride 
penetration depth. 
 
Table 5.2: Composition of the developed mortar mixture 

Material Volume [dm3] Mass [kg/m3] 
CEM I 52.5 N 249.4 785.6 
Sand 0 – 2 mm 521.5 1382.1 

Superplasticizer (SP) 7.1 7.86 
Water (including water in SP) 206.9 206.9 

Air 20 - 
Total 1000 2377.4 

 
In order to find a mortar with “average” permeability, in preliminary experiments, a few 
mortars with different qualities, obtained by varying the content of cement and the water-
cement ratio, were cast in 150 mm cubes. The mortars consisted of Portland cement CEM 
I 52.5 N, sand 0 – 2 mm, water and polycarboxylate-based superplasticizer. One day after 
casting, the cubes were de-moulded and then cured in water until the age of 27 days, 
when the RCM test samples were extracted from the cubes and saturated with limewater 
under vacuum conditions. At the age of 28 days the samples were placed in the migration 
test set-up and the initial current at the external voltage of 30 V was measured, so that the 
RCM test conditions for these mortars could be specified following Table 5.1. Based on 
these trials, a mortar mixture shown in Table 5.2 was selected for further testing and 

10 mm 

a) b) 
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subsequently a new set of nine mortar cubes (150 mm size) were cast, de-moulded after 
one day and cured in water. Three of these cubes were tested for their compressive 
strength at the age of 28 days and a mean value of 97.8 N/mm2 was recorded. This high 
strength value can be explained by a high cement content and low w/c ratio in the mix. 
 
5.2.3 RCM test and the total chloride concentration profiles in mortars 
 
Six cylindrical cores (Φ = 100 mm) were extracted from the mortar cubes at the age of 27 
days. From these cores, 12 samples of 50 mm in height were sliced (two samples from 
each core, 10 – 20 mm of the outermost surfaces of each core were cut off, see Figure 
5.17) and stored in water. One day prior to the RCM test, each series of the test samples 
was saturated with limewater under vacuum conditions. The vacuum-saturation was 
performed following the procedure described in Section 2.2. The RCM test was 
performed on the saturated samples, at the age of 28, 29 and 30 days. Power sources with 
a constant voltage output (adjustable in the range of 0 – 80 V, accuracy of 0.05 V) were 
used. The scheme of the RCM test set-up is shown in Figure 2.1. Four mortar samples 
were tested at the same time. The used volume of the catholyte (10% NaCl aq. solution) 
was about 14 dm3 while the volume of the anolyte (0.3 M NaOH solution) was 
approximately 0.3 dm3 per test sample. The electrolytes were completely refreshed after 
each series of experiments. After the migration test, three mortar samples were split and 
sprayed with a 0.1 M AgNO3 solution in order to determine the penetration depth of 
chlorides, while the total chloride concentration profile was measured on the fourth 
sample. 
In order to investigate the influence of the applied voltage on the chloride migration 
coefficient, three series of mortar samples were tested at three different voltages. 
According to the initial plan of the experiment, a mortar of “average” permeability 
according to Table 5.1 (20 < I30 < 60 mA; hence U in the range of 30 – 40 V) was 
prepared. Besides testing the mortar at the voltage of U = 30 – 40 V, also tests at the 
voltages U + 20 V and U – 20 V were planned. However, as will be explained later in this 
chapter, the initial experimental plan had to be modified due to the very shallow chloride 
penetration depths obtained in the first experiments. 
In order to measure the total chloride concentration profiles in mortars, immediately after 
finishing the RCM test the mortar samples were ground in layers. A surface layer of 0.5 
mm was ground at first and then 1 mm layers were ground consecutively, until a depth 
approximately 5 mm larger than the chloride penetration depth measured previously on 
split samples (by the AgNO3 colourimetric method) was achieved. The grinding process 
was conducted within 2-3 hours after finishing the RCM test. About 4 g of mortar powder 
(< 0.25 mm size fraction) was collected from the surface layer and about 8 g from each of 
the deeper layers. Subsequently, the collected powder was dried in a ventilated oven at 
105 °C, until a constant mass was reached. In order to extract the chlorides, 2 g of dried 
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powder from each analyzed layer together with 35 ml of distilled water and 2 ml of 1 M 
HNO3 were poured into a beaker, shaken manually for one minute and heated up to reach 
the boiling point. Next, the solution was cooled down, filtered, and its volume was 
adjusted to 100 ml by adding distilled water. 10 ml samples were analyzed for the 
chloride concentration by using an automatic potentiometric titration unit and a 0.01 M 
AgNO3 solution as the titrant. The measured concentration was expressed as the mass of 
chlorides in 100 g of dry mortar. The minimum chloride concentration (Cbi - the 
background concentration, see Eq. 3.12) which could be measured by the titration unit 
was 0.03 gCl/100gmortar. 
 
Chloride penetration depth 
 
The application of the electrical field lasted 24 hours in all the experiments. After testing 
each series of four mortar samples using the RCM test set-up, three samples were split 
and sprayed with AgNO3 – a colourimetric indicator for chlorides. AgCl, being the 
product of the reaction of AgNO3 with chlorides, is white, while AgOH (which is later 
transformed to Ag2O), formed in the chloride-free regions of the sample, is brownish. 
Therefore, the boundary between the regions with and without chlorides becomes clearly 
visible and the chloride penetration depth can be measured. 
 

 

Figure 5.2: Chloride penetration depths in mortars: (a) 35 V; (b) 47.5 V and (c) 60 V 
 
As expected, in all the investigated samples the chloride penetration fronts were straight 
and not distorted because no large aggregates were present in the mortars (see Figure 
5.2a-c). As explained earlier in Section 2.4, ideally the chloride penetration depths after 
the RCM test should be greater than 10 mm, therefore the voltage and the duration of the 

10 mm 
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RCM test are adjusted based on the initial value of the current at the voltage of 30 V. As 
planned, the initial currents measured at 30 V on mortar samples were in the target range 
of 20 – 60 mA (I0 of about 31 mA). Hence, for the first series of samples, the voltage U 
of 35 V (according to Table 5.1 for the measured I0) was applied and a chloride 
penetration depth greater than 10 mm was expected. However, as can be seen in Figure 
5.2a, the measured depths were lower, about 8.5 mm in average. In order to obtain more 
significant chloride penetration depths, the experimental plan was modified and for the 
two other series of experiments larger voltages were applied (47.5 V and 60 V 
respectively). Apparently, Table 5.1, which was developed based on the experience with 
OPC concrete, could not provide such test conditions that would result in the desired 
chloride penetration depths for the tested mortar (from the practical experience of the 
author, a similar problem often occurs also in concrete based on CEM III). Moreover, as 
mentioned in NT Build 492, if samples with a high content of cement are tested, the 
current measured at U = 30 V should be multiplied by a factor equal to the ratio of 
normal binder content to actual binder content, in order to be able to use Table 5.1. This 
means in practice that much lower voltages should be used to test samples with a high 
content of cement. Following this recommendation, the penetration depth obtained on the 
mortars tested in this study would even be lower, reducing the resolution of the DRCM (see 
Figure 2.4). 
As can be seen in Figure 5.3, the measured penetration depths of chlorides can be linearly 
correlated to the applied voltage. In the investigated range of voltages this correlation is 
very good (R2 = 0.95). This conclusion is in line with the results presented by Hooton and 
Stanish [33, 43]. 
 

 

Figure 5.3: Chloride penetration depth (xd) vs. applied voltage (U) 
 
One additional phenomenon that occurred in the experiments needs to be addressed here. 
In all analyzed mortar samples a darker region was observed from the side exposed to 
chlorides after splitting and prior to spraying with AgNO3 (Figure 5.4a). The depth of this 
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region was comparable to the chloride penetration depth indicated by AgNO3 (Figure 
5.4b). To the author’s knowledge, this phenomenon has not been reported in the literature 
for the RCM test yet. Although the test sample should be liquid-saturated in its entire 
volume, as assumed after performing the vacuum-saturation, the most likely reason of the 
dark region is the liquid-saturation only in that region, but not due to the vacuum-
saturation but due to the RCM test and the applied electrical field (electro-osmosis). The 
dark colouration vanishes in a few minutes after splitting the sample, and therefore is 
attributed to the evaporation of water. The microstructure of the mortar analyzed in the 
present study is rather dense (low w/c ratio and high content of cement) and therefore the 
sample could remain not fully saturated with liquid after performing the vacuum-
saturation. However, from the experience of the author, the dark colouration region can 
be observed on the split RCM samples regardless of the quality (permeability) of the 
tested material. To demonstrate that, a split OPC-based concrete sample of an “average” 
quality (age of 28 days, w/c = 0.5, U = 30 V, 28 days compressive strength of 54.5 
N/mm2), is shown in Figure 5.4c-d, prior to and after applying AgNO3. As can be seen, a 
similar dark colouration can be found. Therefore, an investigation of the efficiency of the 
vacuum-saturation with liquids, applied prior to the migration test is also performed and 
included in this Thesis (Section 5.6). 
 

 

 

Figure 5.4: Mortar sample (a) before and (b) after spraying with AgNO3; 
Concrete sample (c) before and (d) after spraying with AgNO3 
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Total chloride concentration profiles 
 
The total chloride concentration profiles measured in the samples after the RCM test are 
shown in Figure 5.5. In all of these profiles the concentration of chlorides decreases 
gradually from the maximum at the surface to zero. This contradicts the abrupt “tsunami” 
shape of the theoretical chloride concentration profile following the basic RCM model 
(Figure 2.3), and is compatible with the shape of experimental chloride concentration 
profiles reported by many other researchers [14, 32, 33, 43, 44, 48, 53-57]. The average 
values of the chloride penetration fronts (xd), measured by the colourimetric method on 
sister samples, are also depicted in Figure 5.5. It can be seen that, in all the measured 
profiles, the xd was indicated at a total chloride concentration of approximately 0.1 
gCl/100gmortar, which is in line with the values given by Stanish [43] for OPC concrete and 
also corresponds well to the value of 0.07 mol/dm3 reported by Otsuki et al. [22]. Figure 
5.5 shows that the developed profiles progress farther into concrete rather symmetrically 
with an increase of the applied voltage. However, the profile obtained at the highest 
voltage (60 V) is slightly more advanced in the depth of concrete, compared to the depth 
expected from the comparison to the other two profiles. This gives evidence that the 
obtained DRCM should also be higher than for the other applied voltages. 
 

 

Figure 5.5: Total chloride concentration profiles (Ct) measured after the RCM test 
 
 

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

C
t [

g C
l/1

00
g m

or
ta

r] 

x [mm] 

U = 35V
U = 47.5V
U = 60V

average xd indicated 
by AgNO3 



Chapter 5                                                                                                                         87 

 

DRCM and Deff 
 
The DRCM values were calculated following the basic RCM model [14], given in Eq. 
(2.12). The results are shown in Table 5.3. 
 
Table 5.3: DRCM calculated following NT Build 492 [9] 

Sample 
number 

U 
[V] 

xd 
[mm] 

DRCM 

[∙1012 m2/s] 
DRCM - average 

[∙1012 m2/s] 
1a 35.0 8.9 3.31  
1b 35.0 8.6 3.15 3.11 
1c 35.0 8.0 2.87  
2a 47.5 10.8 3.04  
2b 47.5 11.5 3.25 3.09 
2c 47.5 10.5 2.97  
3a 60.0 15.1 3.47  
3b 60.0 15.3 3.51 3.41 
3c 60.0 14.3 3.26  

 
It can be noticed that for the applied voltages of 35 V and 47.5 V the values of the DRCM 
are almost identical and for the voltage of 60 V they are slightly increased, about 10% 
higher compared to the others. This trend was already predicted from the measured 
chloride concentration profiles, shown in Figure 5.5. Nevertheless, the differences 
between the obtained DRCM are arbitrarily within acceptable limits, thus, it can be 
concluded that the chloride migration coefficients are rather independent from the values 
of the applied voltages, in the investigated range. 
The Deff were computed by applying the extended chloride transport model to the 
experimental data, following the scheme described in Section 4.2. The applied 
experimental data for the fitting process was shown previously (mix C3 in Tables 4.1 and 
4.2, measured total chloride concentration profiles shown in Figure 5.5). 
 

Table 5.4: Parameters obtained from the extended chloride transport model given in Section 3.4 

Sample 
number 

U 
[V] 

Deff 

[∙1012 m2/s] 
k 

[∙106 1/s] 
Kb 

[∙104 dm3n/gn] 
n 
 

1d 35.0 0.75 6.50 5.25 0.50 
2d 47.5 0.67 7.00 5.10 0.51 
3d 60.0 0.79 7.00 4.80 0.53 

 
The total chloride concentration profiles generated from the extended model were shown 
already in Figure 4.3. It can be seen in Table 5.4 that the obtained values of the Deff are 
within the range of 0.67 – 0.79 ∙ 10-12 m2/s and there is no clear trend regarding the value 
of the applied voltage. However, similarly to the trend observed for the computed DRCM, 
the value of the Deff obtained at the highest applied voltage (i.e. 60 V) was slightly larger 
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than the Deff values obtained for lower voltages. The derived parameters of the Freundlich 
isotherm (Kb and n) are in line with experimental binding measurements on the OPC 
mortar shown in Table 3.1. 
 
5.3 Ageing the concrete with electrical field 
 
One common assumption for the chloride migration tests is that the applied electrical 
field does not alter the microstructure of concrete, so the chloride transport properties in 
concrete remain constant during the tests. However, as presented in Figure 2.5, during the 
RCM test not only the chloride ions migrate but also all other ions which are present in 
the external electrolytes and in the pore solution of concrete. The migration rates of all 
these ions depend among other factors on their mobility, which in the case of chlorides is 
much lower than for instance the mobility of the hydroxyl ions [17]. This can potentially 
lead to a reduction of the pH of the pore solution (migrating OH- ions) and therefore, to 
the dissolution of portlandite or to the reduction of the chloride binding capacity of the 
hardened cement phases. As presented in [67], when the pH of the pore solution of 
concrete drops from the initial investigated value of 12.5 to 11.5, the binding capacity of 
the cement hydration products significantly decreases and about 98% of chemically 
bound chlorides are released back into the pore solution. The reduced binding capacity 
means that more chlorides are free to penetrate deeper into concrete, so their transport is 
facilitated. Additionally, as shown in [90-92], both the leaching of calcium and the 
porosity, which is the most important factor determining the permeability of concrete, are 
found to increase when the pH level drops, facilitating the ingress of fluids. 
Therefore, this section presents investigations on the influence of the applied electrical 
field on the chloride transport properties in concrete. The ageing of concrete by the 
electrical field was performed on concrete samples, without using chloride bearing 
electrolytes, for 24 hours. Afterwards, the standard RCM test with the chloride solution 
was performed on the same samples. Then, on the reference sample only the RCM test 
was performed. The chloride transport properties (chloride penetration depths, chloride 
migration coefficients and total chloride concentration profiles) of both the aged and 
reference samples were compared. 
 
5.3.1 Materials, concrete mix design 
 
Conventional concrete, consisting of water, CEM I 42.5 N, limestone powder, sand 0 – 2 
mm, gravel 2 – 8 mm, gravel 2 – 12 mm and polycarboxylate-based superplasticizer was 
mixed, cast in 150 mm cubes and compacted on a vibration table. The mix composition 
of concrete is shown in Table 5.5. After 24 hours from casting, during which time the 
moulds were covered with plastic foil in order to prevent the evaporation of water, the de-
moulded cubes were stored in water until the age of 27 days. Subsequently, cores of the 
diameter of 100 mm were drilled out of the cubes and then two discs (50 mm in height) 
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were extracted from the central region of each core (see Figure 5.17). After that, the 
samples were stored in water until the vacuum-saturation was performed prior to the 
ageing/migration test. A total number of 12 concrete samples were used in the 
experiments. 
 
Table 5.5: Mixture proportions and properties of concrete 

Material Mass [kg/m3] 
CEM I 42.5 N 340.0 

Limestone powder 40.8 
Sand 0 - 2 718.2 

Gravel 2 - 8 659.3 
Gravel 2 - 12 408.5 

Water 170.0 
Superplasticizer (% bwoc) 0.2 

Total 2337.1 
Air content (estimated) 

Flowability class  
σc (28-days) [N/mm2] 

              3% 
              F3 
             54.5 

 
5.3.2 Ageing and the RCM test 
 
The ageing of concrete was performed prior to the RCM test, on two series of three 
samples. The samples were saturated with limewater under vacuum conditions, following 
the procedure described in Section 2.2. The test set-up and the experimental procedure 
used for the ageing were the same as described in NT Build 492 [9], only the 10% NaCl 
solution was replaced by tap water and the samples were not split after the test. The 
external voltage of 30 V was applied for a period of 24 hours. After the ageing, the same 
samples were used again in the RCM test. The followed procedure for the RCM test has 
already been described in Section 2.2 and the test lasted for another 24 hours. Besides 
performing the RCM test on six samples previously aged with the electrical field, six 
reference samples (non-aged) were also tested. Additionally, immediately after 
performing the RCM test, the total chloride concentration profiles were measured in one 
aged and one reference concrete sample, following the same procedure as described in 
Section 5.2.3. The altering of the microstructure of concrete by the ageing and a 
subsequent RCM test was quantified by measuring the pore size distribution (mercury 
intrusion porosimetry technique) prior to and after the treatment. Additionally to that, the 
pH changes in concrete were investigated. The results of these analyses will be shown in 
Sections 5.4.4 and 5.4.3, respectively. 
The chloride penetration depths (xd) were measured after the RCM test in both the 
reference and the pre-aged samples. Afterwards, the chloride migration coefficients 
(DRCM) were calculated applying Eq. (2.12). The results are presented in Table 5.6. As an 
example, Figure 5.6 shows the chloride penetration depths observed in split concrete 
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samples (RCM test on pre-aged sample and reference sample). From Figure 5.6 and the 
data shown in Table 5.6 it is clear that the ageing by the electrical field did not have any 
significant influence on the chloride penetration depth or on the migration coefficients, 
since the obtained values are very similar in both cases. The same conclusion can be 
drawn from the total chloride concentration profiles shown in Figure 5.7. The measured 
profiles are almost identical for the pre-aged sample and the RCM test reference sample. 
 
Table 5.6: Measured chloride penetration depths and calculated chloride migration coefficients 

sample 1a 2a 3a 4a 1b 2b 3b 4b 

treatment ageing & RCM test RCM test only 

average xd [mm] 30.8 31.8 29.7 32.2 32.0 30.5 31.9 32.2 

average DRCM [∙1012 m2/s] 14.81 15.34 14.11 15.55 15.13 14.38 15.01 15.22 

 

      
Figure 5.6: Chloride penetration depth indicated with AgNO3 solution, measured on (a) sample after 

ageing and the RCM test and (b) reference sample after the RCM test only 
 

 

Figure 5.7: Measured total chloride (Ct) concentration profiles in the sample after ageing and RCM 
test and in the reference sample after the RCM test only 
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The maximum chloride concentration measured at the surface of concrete exposure to the 
chloride solution during the RCM test (Figure 5.7) is similar in the two investigated cases. 
This gives evidence that also the binding capacity in both the pre-aged and reference 
samples are similar, as the total chloride concentration is composed of the free chloride 
and the bound chlorides. The gradual shape of the measured chloride concentration 
profile is in line with other experimental data, as discussed in Section 3.1. 
 
5.4 Influence of the RCM test on the properties of concrete 
 
As already explained in Chapters 3 and 4, from the point of view of the chloride 
migration models, it is important that the chloride transport properties of concrete remain 
constant during the migration test (i.e. constant DRCM during the test). This implies that 
the applied electrical field should not alter the microstructure and other properties of 
concrete. The investigations shown in Section 5.3 proved that the ageing of concrete 
using the electrical field (without chlorides present in the electrolyte) does not alter the 
chloride transport properties of the concrete, as no differences in the chloride penetration 
depths, chloride migration coefficients and chloride concentration profiles were observed 
between the reference and the aged samples. The main focus of investigation presented in 
this section is the influence of the RCM test and the penetrating chlorides on the 
properties of the concrete such as its resistivity, pH, mass and pore size distribution.  
 
5.4.1 Mass of the test samples during the migration test 
 
The change of the mass of the samples during the vacuum-saturation and during the RCM 
test was investigated on the mortar samples characterized in Tables 4.1 and 4.2 (mix C3). 
The tests were performed at different voltages, as described in Section 5.2.3. The masses 
of the surface-dry samples were recorded using a balance with an accuracy of 10 mg. The 
masses of the samples prior to and after the vacuum-saturation and after the RCM test are 
presented in Table 5.7. 
The mass increase due to the vacuum-saturation was very small, amounting only to 0.07 
– 0.12% (0.6 – 1 g). This gives evidence that the vacuum-saturation technique, applied to 
fully saturate concrete samples with liquids prior to the migration test, was not efficient. 
Hence, a more detailed analysis of the efficiency of the saturation of concrete with liquids 
under vacuum conditions will be addressed in Section 5.6. The mass change during the 
RCM test is more significant and amounts to 0.16 – 0.37% (1.5 – 3 g). Figure 5.8 shows a 
linear relationship between the mass increase of the sample during the RCM test and the 
average measured chloride penetration depth. 
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Table 5.7: Measured mass of the mortar samples 

Sample 
number 

U 
[V] 

mass [g] mass increase [%] 
before 

saturation 
after 

saturation 
after  

RCM test 
during  

saturation 
during  

RCM test 
1 35 901.72 902.46 904.22 0.08 0.20 
2 35 912.46 913.43 914.92 0.11 0.16 
3 35 906.90 907.78 909.49 0.10 0.19 
4 35 893.24 894.03 895.55 0.09 0.17 
5 47.5 907.07 907.70 910.70 0.07 0.33 
6 47.5 912.89 913.62 915.74 0.08 0.23 
7 47.5 906.76 907.49 909.93 0.08 0.27 
8 47.5 907.07 907.98 910.13 0.10 0.24 
9 60 910.18 911.27 914.48 0.12 0.35 

10 60 907.56 908.47 911.78 0.10 0.36 
11 60 907.95 908.77 912.11 0.09 0.37 
12 60 906.23 907.14 910.05 0.10 0.32 

 

 

Figure 5.8: Mass increase of samples vs. the chloride penetration depth (xd) 
 
The increase of the mass of the sample during the RCM test cannot be fully explained by 
the fact that the Cl-, which replace part of the OH- in the sample (there is Cl- and OH- 
inflow but only OH- outflow), have a larger molar mass than OH-. The amount of 
chlorides replacing the hydroxyl ions in the sample and the resulting increase of the mass 
can be estimated. Assuming that there are no other anions in the system (or their mobility 
is much lower compared to Cl- and OH-), the number of the OH- replaced in the sample 
by the Cl- is equal to the number of the Cl- which entered the sample from the external 
solution during the RCM test, following the charge conservation law. The total amount of 
the chlorides which entered into the sample can be calculated by averaging the chloride 
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contents from the measured total chloride concentration profiles (presented in Figure 5.5) 
over the chloride penetration depth. 
Table 5.8 shows the calculated amounts of chlorides which penetrated into the sample 
during the test, the equivalent OH- amounts which were replaced by the chlorides and the 
corresponding difference in the mass of the sample. As can be seen from Table 5.8, the 
calculated mass differences do not explain the differences measured between the mass of 
sample prior to and after the RCM test. Additionally, the increase of the mass of the 
sample by the OH- replacement with Cl- is probably diminished by the fact that the Ca2+ 
are replaced in the sample with the Na+ and/or H+, which are generated at the anode in 
the electrolysis of water (see in Figure 2.5). Therefore, it can be concluded that the 
increase in the mass of the samples during the RCM test is caused by more processes than 
a simple ionic exchange. This can be hypothetically explained by the non-fully saturated 
state of the sample prior to the test, during which there is an increasing amount of liquid 
in the pores of concrete, as presented in Section 5.2.3. 
 
Table 5.8: Estimated change of the mass of the test samples due to ionic exchange 

U [V] 35 47.5 60 
average xd [mm] 8.5 10.9 14.9 

ρd [kg/m3] 1955 1955 1955 
average Ct [gCl/100gmortar] 0.52 0.55 0.61 

mCl [g] 0.68 0.92 1.40 
nCl [mol], nOH [mol] 0.019 0.026 0.039 

mOH [g] 0.33 0.44 0.67 
computed ∆m (mCl - mOH) [g] 0.35 0.48 0.73 

measured average Δm [g] 1.62 2.43 3.19 
 
5.4.2 Electrical resistance of the test samples during the migration test 
 
The electrical resistance of concrete is directly related to its porosity, the pore structure 
(tortuosity, connectivity and conductivity) and to the pH of the pore solution. In general, 
higher porosity and higher connectivity of the pores are reflected by a lower resistance. In 
the case of the RCM test, the electrical resistance (or the related resistivity or 
conductivity) determines the value of the current (Ohm’s law). The changes of the pore 
structure and the chemistry of the pore solution due to the RCM test can be observed by 
measuring the resistance of the sample and the DC current flowing during the test. 
Therefore, such an analysis is presented in this section. 
The properties of the tested mortars and the experimental procedure of the RCM test were 
presented in Sections 5.2.2 and 5.2.3. The resistance of the samples was measured using a 
commercial multimeter (accuracy of 2%, frequency of the test AC signal: f = 1 kHz). The 
“two electrodes” method, shown in Figure 5.9, was used for measuring the resistance of 
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the mortar samples before/after the vacuum-saturation and after the migration test. A load 
of 2 kg was applied during the measurements in order to obtain stable results. 
The DC current, which also reflects the resistance of the sample, was measured 
continuously during the RCM test using a digital multimeter (accuracy of 0.01 mA) in a 
serial connection. The current was logged using a five-minute step during the migration 
experiments. 
 

 

Figure 5.9: Test set-up for measurements of the electrical resistance of the mortars 
 

 

Figure 5.10: DC currents registered during the RCM test 
 
Table 5.9 presents the values of DC currents measured at 30 V (I30) and the initial and the 
final currents measured during the RCM test (I0 and If respectively). For one sample of 
each test series the current was recorded continuously during the 24 hours RCM test and 
the data is shown in Figure 5.10. Table 5.10 shows the resistance of test samples 
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(measured before and after vacuum-saturation and after the RCM test) and the resistance 
of the system mortar-electrolyte-electrode calculated from Ohm’s law for the measured I0 
and If. One can notice from Table 5.10 that, after the vacuum-saturation, the resistance of 
the mortar samples decreases, which can be attributed to the pores that become filled with 
liquid. Interestingly, the opposite effect can be observed during the RCM test – the 
resistance of test samples increases by about 25% during the test. Analyzing the data 
shown in Table 5.10 and in Figure 5.9 it can be noticed that the DC current decreases 
during the migration test, which corresponds to the increase of resistance of the tested 
samples. This increase in resistance can be attributed to a densification of the pore system 
due to chloride binding - as suggested in [93, 94], to a partial replacement of OH- by free 
chlorides in the pore solution, which causes its lower conductivity (OH- has a higher 
mobility compared to Cl- [17]) and/or to the leaching of e.g. Ca2+ and K+ ions from the 
sample into the catholyte solution. A possibility of the densification of the pore structure 
during the RCM test will be investigated in Section 5.4.4. 
 
Table 5.9: DC currents measured during the RCM tests 

Sample 
number 

U 
 

[V] 

Current [mA] 
at 30 V,  

I30 
initial at U,  

I0 
final at U,  

If 
decrease  

[%] 
1 35.0 30.41 35.41 33.23 6.2 
2 35.0 31.57 37.40 35.55 4.9 
3 35.0 31.12 36.90 34.37 6.9 

 4* 35.0 30.17 35.72 33.43 6.4 
5 47.5 30.18 48.95 47.14 3.7 
6 47.5 30.34 49.25 47.53 3.5 
7 47.5 30.14 49.05 47.46 3.2 

 8* 47.5 29.75 47.87 44.37 7.3 
9 60.0 30.43 62.60 61.87 1.2 

10 60.0 31.21 64.26 63.76 0.8 
11 60.0 31.45 64.81 63.87 1.4 

  12* 60.0 29.07 62.20 60.47 2.8 
        * - current recorded continuously during 24 hours 

 
As can also be observed in Figure 5.10, the evolution of current during the RCM test is 
similar for U = 35 V and 47.5 V – it is characterized by an increase in the first minutes of 
the test and then by a continuous drop until the end of the test. However, this behaviour is 
different for U = 60 V, where the current increases for a longer time (until approximately 
7 hours), and then drops. This increased current can explain the higher chloride 
penetration and DRCM found in Section 5.2.3 at the applied voltage of 60 V. Here it is 
important to mention that there was no significant increase of the temperature observed in 
the migration cell at any applied voltage so the change of the current due to the change of 
the temperature can be ignored. 
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Table 5.10: Measured and calculated resistance of the samples 

Sample 
number 

Resistance [Ω] 

before 
saturation 

after 
saturation 

after  
RCM test 

calculated  
from I0 

calculated  
from If 

1 912 821 1039 988 1053 
2 907 825 1028 936 985 
3 898 815 1039 948 1018 
4 872 818 1020 980 1047 
5 905 802 948 970 1008 
6 936 803 953 965 999 
7 904 812 937 968 1001 
8 929 832 957 992 1071 
9 885 824 1097 959 970 

10 867 801 1029 934 941 
11 870 818 997 926 939 
12 878 815 998 965 992 

 
5.4.3 The pH of concrete 
 
As shown in Figure 2.5, the electrical field induces the migration of all the ions present in 
concrete and electrolytes. Prior to the migration test there are no chlorides in the pore 
solution of concrete. However, during the RCM test, the chlorides enter the sample and 
replace partially the hydroxyl ions (OH-). This can lead to a decrease of the pH of the 
pore solution in the layers of concrete from the side of the sample exposed to the 
chlorides. The reduced amount of the hydroxyl ions in these layers may disturb the local 
Ca(OH)2 dissolution/crystallization equilibrium so that the crystallized portlandite will 
dissolve, increasing the porosity of concrete. Another consequence of the reduced pH 
could be a reduced chloride binding capacity of the hardened cement phases. As shown in 
[67], when the pH of the pore solution of concrete drops from the initial investigated 
value of 12.5 to 11.5, the binding capacity of the cement hydration products decreases 
significantly. As this can influence the RCM test, the pH level in concrete after the RCM 
test is investigated in this section. The estimation of the pH in concrete samples was 
performed on the samples described in Section 5.3, including the samples pre-aged with 
the electrical field (no chlorides in the catholyte solution) and after the RCM test. 
Different colourimetric pH indicators were used to estimate the pH of concrete. After the 
pre-ageing and the RCM test, the indicators were sprayed onto the surface of the split 
concrete samples. The dyed colour of the concrete surface was then observed and 
compared to the colour of the respective indicator added to different reference pH 
solutions. The characteristics of the applied colourimetric pH indicators are listed in 
Table 5.11 and the scheme of their adopted colours at different pH is presented in Figure 
5.11. 
 



Chapter 5                                                                                                                         97 

 

Table 5.11: Characteristic of the applied pH colourimetric indicators 

Symbol Indicator Chemical  
name 

pH  
range 

Colour in more : 
 

acidic  
solution 

alkaline 
solution 

1 Phenolphthalein Phenolphthalein 8.3 – 10.0 colourless red –purple 
2 Alizarin yellow R p- Nitrobenzeneazos-

alicylic acid 
10.1 – 12.1 yellow orange – 

red 
3 Tropaeolin O p- Sulphobenzenazo-

resorcinol 
11.1 – 12.7 yellow orange 

 

 

Figure 5.11: Scheme of colours of the applied colourimetric indicators at different pH levels 
(the meaning of the symbols 1, 2 and 3 is explained in Table 5.11) 

 
Figure 5.12 shows the surface of split samples after spraying with the three indicators. 
 

 

Figure 5.12: pH colourimetric indicators sprayed onto the surface of concrete samples: (a) after 
ageing with electrical field; (b) after the RCM test (chloride penetrating from the bottom side) 

 
The indicator No. 1 (see Table 5.11) was sprayed on the left-hand side of the samples, 
indicator No. 2 on the right-hand side and indicator No. 3 on the central region of the 
samples. As can be observed comparing the pictures given in Figure 5.12 to the colour-
scheme for the different pH indicators given in Figure 5.11, the pH of concrete is greater 
than 12.7 because indicator No. 3 dyed the surface to orange. The two other indicators 
confirmed only that the pH is greater than 10 (purple colour of indicator No. 1) and 
greater than 12.1 (orange-red colour of indicator no. 2). Additionally, no differences 
between the sample pre-aged with the electrical field (Figure 5.12a) and the sample after 
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the RCM test (Figure 5.12b) can be observed. As the pH level indicated in Figure 5.12 is 
greater than 12.7 and the reference pH level in the pore solution of an OPC containing 
limestone powder is 13.7 [95], it can be concluded that for the applied test conditions, the 
duration of RCM test and the electrical field do not reduce the pH of concrete 
significantly. 
 
5.4.4 Influence of the RCM test on the pore size distribution of concrete 
 
As described in the previous section, there is a possibility of the dissolution of the 
portlandite, as the migrating OH- ions may disturb the local dissolution/crystallization 
equilibrium of Ca(OH)2. Additionally, there may be some other changes of the porosity 
of concrete during the migration caused by e.g. chloride binding products. Some studies 
show that the chloride binding can reduce the porosity of concrete [93, 94] due to the 
increased volume of the binding product, compared to the initial volume of the reaction 
substrates. Hence, in this section, the pore size distribution of concrete is investigated to 
investigate if/how it changes during the RCM test. 
The measurements were performed on the hardened paste samples collected from 
different layers of concrete previously tested for the RCM test, as described in Section 
5.3. The pore size distribution was measured using the mercury intrusion porosimetry 
(MIP) technique (Autopore IV, Micromeretics). The maximum applied pressure of 
mercury amounted to 228 MPa and the equilibrium time to 20 seconds. The pore size in 
the range of 0.005 – 900 μm was investigated. Samples of about 2 grams of the hardened 
paste extracted from concrete were tested. The pore size distribution was analyzed in the 
plain sample, in the sample aged with the electrical field (no chlorides used in the 
catholyte solution) and in the sample after the RCM test, extracted from regions 
containing penetrated chloride (cathodic side) and regions free of chlorides (anodic side). 
These results of the measurements are shown in Figure 5.13. 
It can be noticed that in the plain sample there is a peak at the pore diameter of about 4 
μm, but this peak is shifted to a finer diameter of about 0.40 μm (400 nm) for the aged 
samples and samples tested for the RCM on the anolyte (chloride free) side. The pore size 
distribution of the RCM sample containing chlorides has the largest fraction of very fine 
pores compared to the other samples, with the maximum peak at about 0.09 μm (90 nm). 
The densification of the microstructure of concrete has been already reported in the 
literature [93, 94, 96]. The refinement of the pore structure due to the ageing and the 
RCM test, presented in Figure 5.13, may explain the increasing resistance of the samples, 
presented in Section 5.4.2. 
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Figure 5.13: Pore size distribution measured by the MIP technique 
 
5.5 Polarization of the electrodes and pH of the electrolytes 
 
In the previous sections the influence of the applied voltages on the properties of concrete 
was presented. Nevertheless, because the electrical field has also an influence on the test 
set-up itself, this will be investigated in the present section. The investigation will focus 
on the polarization of the used electrodes and on the pH of both electrolytes (the anolyte 
and catholyte) used in the RCM test. 
 
5.5.1 Polarization of the electrodes 
 
The potential shift due to the polarization of the electrodes is included in the formulas for 
calculating the DRCM in the NT Build 492 [9] and amounts to 2 V. In [34] the measured 
values of the polarization of the stainless-steel electrodes used in the Rapid Chloride 
Permeability Test (RCPT) [35] are given. The cumulative values of the potential shift for 
both electrodes were reported to be in the range of 1.91 – 2.36 V for an applied external 
voltage of 6 – 30 V [34]. However, the test set-up for the RCPT test is different from the 
test set-up employed for the RCM test (e.g. electrolytes and their volumes or applied 
voltages), so the potential shift during the RCM test may vary from the values reported in 
[34]. 
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Figure 5.14: Test set-up for measurements of the polarization of the electrodes 
 
In order to measure the potential change of the electrodes during the RCM test, a circuit 
built as shown in Figure 5.14 was used [97]. The potentiodynamic measurements were 
performed on the same stainless-steel electrodes (SS) as used in the RCM test set-up 
(Figure 2.1) as well as on the mixed-metal-oxides coated titanium (MMO-Ti) electrodes. 
The MMO-Ti electrodes were tested because titanium is an ideal material for electrodes 
(high resistance against corrosion). A scan rate of ± 0.056 mV/s was used. A standard 
reference Ag|AgCl electrode and MMO-Ti as the counter electrode were employed. The 
polarization measurements were performed in the anolyte solution (0.3 M NaOH) for the 
anode and in the catholyte solution (10% NaCl) for the cathode. 
The absolute values of measured potentials are shown in Figure 5.15a for the SS 
electrodes and in Figure 5.15b for the MMO-Ti electrodes. The total potential change, 
which is equal to the sum of the polarizations of both electrodes, is also shown in Figure 
5.15a-b, but only in the range of 10 – 100 mA, as this is the usual range of the DC 
currents flowing during the RCM test (see Table 5.1). As can be seen, for the SS 
electrodes, the total change holds in the range of 1.8 – 2.2 V, which confirms the 
assumption of 2 V adopted in NT Build 492 [9] and is in line with the results presented in 
[34]. For the MMO-TiO2 electrodes this polarization is slightly lower and holds in the 
range of 1.5 – 1.8 V. Besides their excellent corrosion resistance, using the Ti-MMO 
electrodes in the RCM test set-up could help to reduce the error introduced to the DRCM in 
the guidelines for the RCM test, which do not take the polarization effect into account 
(e.g. [25], as discussed in Section 2.5.4). 
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Figure 5.15: Polarization of the electrodes: (a) SS and (b) MMO-Ti 
 
5.5.2 Development of the electrolytes pH during the RCM test 
 
The pH of the catholyte and anolyte solutions was measured periodically during the RCM 
test, described in Section 5.3. The used pH meter (accuracy of 0.01) was calibrated in the 
pH range of 4 – 14. 
Figure 5.16 shows the evolution of pH of the catholyte and anolyte solutions during the 
RCM test. The pH measured in the NaOH solution (anolyte) remains constant during the 
RCM test, which means that the consumption of the OH- ions at the anode is balanced by 
the inflow of these ions from the mortar samples into the solution. However, on the 
cathodic side, the pH level rises from about 7 to about 12 during the RCM test (i.e. the 
OH- concentration increases by five orders of magnitude during 24 hours). Therefore, the 
test conditions during the RCM test using the electrolytes prescribed in NT Build 492 [9] 
are not uniform in time. As discussed in Section 2.5.2, this means that at the end of the 
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test a larger fraction of the current is carried by the OH- than by the Cl-, compared to the 
initial conditions when the concentration of OH- was very low. 
 

 

Figure 5.16: pH evolution in electrolytes during the RCM test 
 
5.6 Efficiency of the vacuum-saturation of concrete with liquids 
 
5.6.1 Introduction 
 
In the case of the chloride diffusion and migration test such as [9, 35, 39], it is necessary 
to remove air from the pores and replace it with liquids prior to the actual RCM test. The 
presence of air in the pores hinders the chloride diffusion/migration-based transport and 
can additionally promote chloride transport by means of capillary suction. Despite the 
fact that in real conditions capillary suction of liquids usually occurs (especially in the 
surface layers of concrete), for the sake of simplicity, in chloride transport models 
developed for the diffusion and migration test, chloride transport is assumed to be only 
diffusion-based. Therefore, a complete liquid-saturation of the concrete pores is required. 
The saturation of concrete with liquid under vacuum conditions is commonly recognized 
as the most efficient saturation technique; therefore it is also adopted in the RCM test 
(see Section 2.2). As demonstrated by Safiuddin and Heran [98], the vacuum-saturation 
technique is more efficient than the other techniques described in the ASTM standards 
(i.e. immersion in water for a long period or immersion in boiling water). However, there 
is no available study showing the saturation efficiency of this technique and the only 
known fact is that this technique is more efficient than the others. Hence, the efficiency 
of vacuum-saturation was analyzed in this study by saturating concrete samples with a 
chloride solution, where the chlorides were used as tracers. After performing the vacuum-
saturation, the chloride penetration depth in several split samples was detected using a 
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colourimetric indicator for chlorides (AgNO3 solution), while in other samples the 
chloride concentration profile was measured. 
 
5.6.2 Materials and concrete mixture composition 
 
The three concrete mixtures prepared here represent different qualities (permeabilities), 
in order to investigate whether the vacuum-saturation efficiency depends on the quality of 
concrete. The mixture proportions of the prepared concretes and their hardened properties 
are shown in Table 5.12. Mix 1 represents concrete with a poor quality, consisting of a 
low cement content and high water/cement ratio (w/c = 0.55), no superplasticizer or fine 
fillers. A mixture with an average quality is represented by Mix 2, in which the cement 
content was increased and the w/c ratio reduced compared to Mix 1. Additionally, 
limestone powder is used as fine filler. Mix 3 represents concrete of a good quality (low 
permeability). This mixture is a self-compacting concrete with a high amount of fine 
particles (< 250 μm) and low water/powder ratio (w/p) as shown in Table 5.12. To further 
improve the quality of concrete in Mix 3, additionally a small amount (3.8% by weight of 
cement) of powder amorphous nano-SiO2 is used and an extended curing period is chosen. 
 
Table 5.12: Composition and properties of the designed concrete mixtures 

Materials 
Mix 1 Mix 2 Mix 3 

 [kg/m3]  
CEM I 42.5 N 300.0 400.0 340.1 

Nano-SiO2 (dry powder) 0.0 0.0 12.8 
Limestone powder 0.0 53.5 151.9 

Microsand (sandstone) 0.0 0.0 141.4 
Sand 0-4 mm 674.9 669.6 618.0 

River gravel 1-8 mm 703.6 652.5 0.0 
River gravel 4-16 mm 500.3 433.6 0.0 

Granite 2-8 mm 0.0 0.0 735.7 
Granite 8-16 mm 0.0 0.0 274.3 

Water 165.0 160.0 153.0 
Superplasticizer (% wt. of cement) 0.0 0.5 1.9 

w/c 0.55 0.40 0.45 
w/p (< 250 μm) 0.45 0.31 0.27 

Fresh density [kg/m3] 2307 2383 2392 
Air content [% vol.] 4.49 2.08 1.58 

σc (28-days) [N/mm2] 44.7 69.6 78.5 
σc (91-days) [N/mm2] - - 91.0 
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5.6.3 Experimental plan and test results 
 
A set of concrete cubes (150 mm side) were cast for each mixture presented in Table 5.12, 
de-moulded after 24 hours and subsequently stored in water under laboratory conditions. 
28 days after casting, the compressive strength test was performed on three cubes from 
each mixture (values given in Table 5.12) and, from the remaining cubes, cylindrical 
cores (with a diameter of 10 cm) were extracted by drilling. The compressive strength of 
Mix 3 was also determined at the age of 91 days on three cubes, as this concrete was 
cured longer prior to the saturation tests, in order to further decrease its permeability. The 
vacuum-saturation experiments on concrete samples of Mix 1 and Mix 2 were performed 
at the ages of 29-36 days and on samples of Mix 3 at the age of about one year. A scheme 
of the sampling is shown in Figure 5.17. The external layers (about 15 mm in height) of 
each core were cut off in order to prevent the surface effects from occurring in concrete. 
Samples of different thicknesses (15, 30 and 50 mm) were cut from the drilled cores. 
Discs of 50 mm in height are recommended for the RCM test [9] but also thinner discs 
were prepared to investigate the effect of sample thickness on the vacuum-saturation 
efficiency. 
 

 

Figure 5.17: Scheme of sampling for the vacuum-saturation experiments 
 
Vacuum-saturation procedure 
 
A modified test set-up based on the vacuum-saturation apparatus described in the RCM 
test guideline [9] was used in this study, as shown in Figure 5.18. A membrane vacuum 
pump was used in the experiments instead of an oil pump. For membrane pumps no water 
trap was needed (the water vapour is allowed to enter this type of pump), and therefore 
the test set-up is simpler. In such a case however, more attention had to be paid by the 
operator in order to prevent an entrainment of liquids into the pump. An additional 
desiccator (5 in Figure 5.18) was used to evacuate the gases from the liquid prior to 



Chapter 5                                                                                                                         105 

 

saturating the samples. All lids of the desiccators and hose connectors were sealed using 
a vacuum-grease. 
 

 

Figure 5.18: Vacuum-saturation set-up: 1, 2 and 3 – valves,  
4 and 5 – desiccators and 6 – vacuum gauge 

 
The concrete samples were placed vertically in the dessicator (4 in Figure 5.18) with both 
flat surfaces uncovered and exposed and the vacuum pump turned on for 3 h, with the 
valves (1) and (3) opened and valve (2) closed. The pressure indicated by the vacuum 
gauge (6) reached 40 mbar (4 kPa) within about 2 minutes. After 3 h, valve (3) was 
closed and valve (2) opened, in order to allow the deaerated liquid (10% NaCl water 
solution saturated with Ca(OH)2) to slowly flow from desiccator (5) to desiccator (4). 
When the level of liquid in desiccator (4) was about 1 cm more than the height of the 
samples, valve (2) was closed and the vacuum was maintained for an additional hour. 
After that, the pump was turned off and the air allowed to slowly re-enter the desiccator 
(4). The samples were stored in the liquid for 18 ± 2 hours. 
 
Chloride penetration depths 
 
The chloride penetration depths were analyzed on split concrete samples, previously 
saturated under vacuum with a chloride solution. Similarly to the vacuum-saturation 
procedure described in the guidelines [9, 35], the samples were not dried prior to the 
vacuum treatment and therefore the chloride solution entering the samples replaced only 
the air present in the pores. Here, the chlorides were used as tracers in order to determine 
how deep within the sample the external solution could penetrate (replace the air) during 
the vacuum-saturation. The chloride penetration depths were revealed by spraying the 
axially split samples with AgNO3 solution. AgCl, being the product of the reaction of 
AgNO3 with chlorides, has a white colour, while AgOH (which is later transformed to 
Ag2O), formed in the chloride-free regions of the sample, is brownish. Therefore, the 
boundary between the regions with and without chlorides becomes clearly visible and the 
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chloride penetration depth could be measured. As shown in Section 5.2.3, the 
concentration of free chlorides, detectable by this spraying method, was about 0.1% (0.1 
gCl/100gconcrete). The chloride concentration measurements were not performed on the 
samples as the pore liquids present in these samples prior to the saturation process diluted 
the entering chloride solution. 
 

 

Figure 5.19: Chloride penetration depths after saturating concrete with chloride solution;  
(a) Mix 1, (b) Mix 2 and (c) Mix 3 

 
The chloride penetration depths, shown in Figure 5.19, represent those regions in 
concrete in which the air from the concrete pores could be removed by vacuum and 
replaced with the chloride solution. It can be clearly noticed that the chloride solution 
could enter the concrete of a lower quality (Mix 1, Figure 5.19a) easier than the concrete 
of a higher quality (Mix 3, Fig 5.19c). This means that for concrete with a higher 
permeability the vacuum-saturation works more efficiently compared to denser concretes, 
in which the air entrapped in the finer pore structure resists the vacuum more strongly. 
Any quantitative analysis of the saturation degree cannot be performed based on the 
images shown in Figure 5.19 as they only indicate those spots within the samples, in 
which the chloride concentration exceeded the value of 0.1 gCl/100gconcrete. In none of the 
analyzed samples was the chloride solution present in their entire volumes. Additionally, 
in the presented pictures no clear trends between the efficiency of the vacuum-saturation 
and the thicknesses of the samples can be observed. 
 
Chloride concentration profiles 
 
In order to avoid the dilution of the chloride solution with pore liquids, another series of 
concrete samples were dried prior to the saturation. The drying was performed in an oven 
at 105 °C, until a constant mass of the samples was reached. The performed vacuum-
saturation procedure was similar to the one discussed above. Because the free water was 
removed from the samples prior to the saturation, the external chloride solution could 
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enter the entire volume of the samples. After finishing the vacuum-saturation, concrete 
samples were stored in the chloride solution for approximately 14 hours, during which 
the chlorides that already entered the samples could be bound by the hydrated cement 
phases. However, this should not influence the chloride concentration profile, as the total 
chloride concentration (free plus bound chlorides) was measured. For a complete 
saturation of a concrete sample with chloride solution under vacuum conditions, the total 
chloride concentration should be the same level in the entire volume of the sample. The 
procedure for the measurements of the chloride concentration profiles was already 
described in Section 5.2.3. 
The total chloride concentration profiles measured on concrete samples with different 
thicknesses are shown in Figure 5.20. When the concrete pores are saturated with a 
chloride solution, the measured concentration is proportional to the porosity of concrete. 
As expected, the measured chloride concentrations are larger for the more porous 
concrete (Mix 1 with w/c ratio of 0.55) than for the less porous concretes (Mix 2 and Mix 
3 with w/c ratios of 0.40 and 0.45, respectively). The effects of an extended curing period 
and the addition of nano-silica in Mix 3 are also reflected in the results, as the total 
chloride concentration measured for this concrete is slightly lower (thus the porosity is 
also lower) than measured for Mix 2, in which a lower w/c ratio was used. 
 

 

Figure 5.20: Total chloride concentration profiles measured in dry concrete samples saturated under 
vacuum with a chloride solution; samples with a thickness of (a) 15 mm; (b) 30 mm and (c) 50 mm 

a) 

 

b) 

 

c) 
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For all the measured total chloride concentrations shown in Figure 5.20, a general trend 
can be observed that the concentrations of chlorides gradually decrease from the 
maximum value at the surface to about half of the maximum value in the middle of the 
samples. The increased chloride concentrations measured in the vicinity of the external 
surface layers of concrete can be attributed to an increased porosity of these layers, 
generated during the preparation of the samples (cutting using a diamond saw and drying 
at 105 °C). Therefore, assuming a 100% degree of saturation in the surface layers of 
concrete (i.e. all the pores completely saturated with liquid), the saturation level in the 
middle of the samples is only 50%. Consequently, it can be stated that the vacuum-
saturation technique is not able to fully saturate concrete samples with liquids and the 
efficiency of the saturation depends on the quality (permeability) of the concrete. For the 
concrete with higher permeability, a higher saturation level is observed than for the less 
permeable concrete. 
 
5.7 Conclusions 
 
Many RCM test parameters are investigated in this chapter. Different voltages can be 
applied during the RCM test, which could influence the test results. Therefore, their 
influence on the test results (DRCM) is firstly examined. Later, the influence of the applied 
electrical field on the chloride transport properties of concrete is analyzed by altering the 
samples with the electrical field prior to the RCM test, by measuring the electrical 
resistance of the samples prior to and after the RCM test and by estimating the pH 
changes in concrete during the test. The change of the pore size distribution of concrete 
due to the RCM test is analyzed using the MIP technique. The influence of the applied 
voltage on the test conditions was analyzed by measuring the polarization of the 
electrodes as well as the pH of the electrolytes. Finally, also the efficiency of the 
vacuum-saturation technique is analyzed. The following conclusions are drawn: 

- The influence of the applied voltages on the values of the DRCM obtained from the 
basic RCM model as well as the Deff obtained from the extended chloride 
transport model is analyzed. It is shown that, for the performed tests, the values of 
both coefficients remained rather constant at all the applied voltages, with a 
remark that at the highest applied voltage (60 V) they were slightly increased; 

- The chloride penetration depths obtained in concrete are found to increase linearly 
with the applied voltage; 

- A dark colouration is observed on all split samples after the RCM test and prior to 
spraying with AgNO3. The thickness of this region is comparable to the measured 
chloride penetration depth. This effect may be caused by an incomplete liquid 
saturation of the samples during the vacuum-saturation, which was also confirmed 
in this chapter; 
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- The properties of the concrete and electrolytes change during the RCM test. The 
increasing electrical resistance of the samples was the reason causing the 
decreasing current. The densification of the pore structure during the RCM test, 
following from the MIP measurements, might be responsible for the increasing 
resistance. This means that the rate of the transport of chlorides decreases during 
the RCM test; 

- Changes of the mass and resistance before and after the application of the 
electrical field were observed on the test samples. The mass increase was found to 
be proportional to the chloride penetration depth and the resistance was found to 
be increased by about 25% after the test, regardless of the value of the applied 
voltage; 

- The pH of the catholyte solution increases significantly during the RCM test. This 
means that, with time, a larger fraction of the current flows in the system due to 
the OH- migration instead of the Cl- migration. The influence of these non-
constant properties of the samples and changing test conditions on the migration 
test needs to be further investigated; 

- The measured polarization of the stainless-steel electrodes confirmed the value of 
2 V assumed in the NT Build 492 [9]. Additionally, the polarization of titanium 
electrodes is proposed, as the titanium is a better suited material to be used as 
electrode. The polarization of the titanium-based electrodes is lower than that of 
the stainless-steel electrodes. 
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1Parts of this chapter were published elsewhere [V, VI, iv, xv, xix] 

Chapter 6 
 

6 Development and transport properties of lightweight mortars 
and concrete1 
 
6.1 Introduction 
 
As stated already by Neville [3], in the past there was a predominating trend of thinking 
that ‘strong concrete is durable concrete’. However, the strength and the durability of 
concrete in many cases have to be considered individually in the design stage. It is not so 
difficult to imagine how ‘strong’ concrete may fail in different environments due to an 
improper design of its durability. The durability of concrete in most cases is actually 
related to its permeability. The permeability is related to many factors such as the 
permeable porosity of the hardened cement paste and aggregates or the quality of 
aggregate/cement paste interface. On the one hand, when the permeability is high, 
aggressive substances can easily penetrate into the concrete, causing its deterioration. 
However, on the other hand, an increased porosity and permeability usually help to resist 
the damage caused by freeze-thaw or the expandable products of the alkali-silica reaction. 
According to Neville [3], there are three fluids relevant to durability, which can penetrate 
into concrete and cause its deterioration: water (pure or carrying deleterious ions), 
oxygen and carbon dioxide. Their transport from the surrounding environment into 
concrete takes place through the pores. In the case of normal density concrete, the 
transport of fluids is governed by the quality (porosity) of the hardened cement paste and 
the interfacial transition zone (ITZ) between the aggregates and the paste. Since normal 
density concrete constitutes the major part of the worldwide concrete production, it is 
also focus of the largest part of the carried-out research. Therefore, the durability and 
related transport properties of this type of concrete attract most of the attention and have 
already been intensively investigated [2, 5]. 
One type of concrete that lacks in the amount of research in the field of durability is 
lightweight concrete. The missing knowledge often causes a strong unwillingness to use 
lightweight concrete, as it is expected to be more permeable (and less durable as a result) 
compared to a conventional, normal density concrete. Thus, the main focus of the present 
chapter is design methodology for a durable LWA concrete and the analysis of its 
durability. 
Three main ways of producing lightweight concrete can be distinguished [99]. The first 
one is by adding lightweight aggregates (LWA) into concrete mixtures, replacing 
partially or completely conventional, normal density aggregates. Such LWA concrete 
may be used in structural applications or as a non-load bearing material with a low 
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thermal conductivity (thermal insulator). The properties of this type of concrete such as 
density, strength, thermal conductivity and permeability depend not only on the mixture 
design (cement amount, water/cement ratio and packing of the solids in the mixture) but 
also strongly on the type of the used LWA (their size, strength, open porosity). Hence, for 
the LWA concrete it is possible to obtain a large variety of the mentioned properties. The 
second common way of producing lightweight concrete is by adding a foaming agent or 
air-entraining agent into the mixture in order to introduce a large volume of air voids into 
the matrix of concrete. Therefore, this type of lightweight concrete is called foamed, gas, 
aerated or autoclave-aerated concrete, depending on the production route. Usually, the 
aerated concrete is characterized by relatively low mechanical properties, low density, 
good thermal insulation and high permeability to fluids, caused by the open structure of 
the air pores. Lightweight aggregates can also be applied in this type of concrete to 
further reduce its density. The third type of lightweight concrete is produced by obtaining 
on purpose a poor grading (poor packing density of the solid ingredients) of the mixture. 
This is done by omitting one size fraction of the aggregates, usually the sand fraction of 0 
– 2 or 0 – 4 mm. In turn, such concrete has low packing density of the solids, i.e. large 
porosity. This type of lightweight concrete is called gap-graded or no-fines concrete. 
LWA are also used in the gap-graded concrete together with normal density aggregates. 
Because of the poor grading of the mixture, the permeability of the gap-graded concrete 
is very high. However, its mechanical properties can be very good if the amount of the 
LWA is reduced. Because of its low density and good thermal insulation, lightweight 
concrete is an attractive material for certain fields of application such as walls of houses 
and offices, tall buildings or off-shore structures. However, for some applications the use 
of lightweight concrete is limited, not only because of its lower strength but also due to 
its increased permeability. 
By far, the available design methodologies for lightweight concrete are targeted only on a 
low density (thermal conductivity) or on a good strength. The permeability is not taken 
into account directly in these methodologies. Hence, the aim of the research presented in 
this chapter is to firstly propose a mix design methodology for the LWA concrete. The 
mix design methodology used in this study should provide a tool to design LWA concrete 
or mortars, targeted on a good balance between the mechanical properties (compressive 
and flexural strengths), density, thermal conductivity and permeability or focusing only at 
one property. The study presented here will focus first on the design of LWA mortars 
(maximum particle size of 4 mm). After performing the design, the properties of the 
developed mixtures will be investigated. Subsequently, the investigations presented in 
this study will focus on the durability of the LWA mortars. This will include sensitivity to 
the alkali-silica reaction as well as the transport properties of liquids in the lightweight 
material. Finally, the proposed mix design concept will be used to develop lightweight 
concrete. 
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6.2 Design of lightweight mortars 
 
6.2.1 Concept of the mix design 
 
The optimization of the particle size grading of a concrete mixture helps to increase the 
packing density of all the solid ingredients present in the mixture. This optimization is 
especially important from the point of view of the mechanical properties of the hardened 
material, as a minimized void fraction improves the strength. However, an increased void 
fraction is usually required in lightweight concretes or mortars to reduce the density. 
Hence, particle packing models are not usually needed for the mix design of lightweight 
concrete. Besides the increased porosity of the material, low mechanical properties of the 
used lightweight aggregates are also responsible for the poor mechanical properties of 
lightweight concrete or mortars. 
Contrary to the conventional LWA concrete design methods, in the design approach 
followed in this study, a particle packing model was used to maximize the packing 
density of the granular solid materials, which are porous. Already more than a century 
ago, it has been reported that the maximum strength can be obtained if the porosity of the 
granular structure is minimal [100]. Therefore, the methodologies to obtain densely 
packed granular materials have been of interest for a long time. Already in 1907, Fuller 
and Thompson [101] proposed the following semi-empirical equation, recommended for 
the design of concrete: 
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where: Dp – particle size and Dp,max – maximum particle size in the mixture.  
In 1930 Andreasen and Andersen [102] proposed a similar equation, but included also the 
distribution modulus q, which determines the proportion between the fine and coarse 
particles in the mixture and the porosity (void fraction). This equation reads as follows: 
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where: q – distribution modulus. 
It can be noticed that in Eqs. (6.1) and (6.2) only the maximum particle size is included. 
In order to improve the accuracy of the packing model of the granular ingredients, firstly 
Plum [103] and later Funk and Dinger [104] presented models that included also the 
minimum particle size present in the mixture. The model presented by Funk and Dinger 
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[104], termed here the modified Andersen & Andreasen (A&A) equation, reads as 
follows [104-106]: 
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where: Dp,min – minimum particle size in the mixture. 
The modified A&A packing model has already been successfully employed in 
optimization algorithms for the design of normal density concrete, including self-
compacting concrete (SCC) or zero-slump concrete [105-109]. Different types of 
concrete can be designed using Eq. (6.3) by applying a different value of the distribution 
modulus q, as it determines the proportion between the fine and coarse particles in the 
mixture. Higher values of the distribution modulus (e.g. q > 0.5) lead to coarse mixtures, 
while lower values (e.g. q < 0.25) result in concrete mixes which are rich in fine particles 
[106]. Hunger [108] recommended using q in the range 0.22 – 0.25 in the design of SCC. 
Hüsken [109] recommended applying a q of 0.35 – 0.40 in the design of zero-slump 
concrete. In the case of conventional concrete (i.e. vibrated concrete), a value of q of 
about 0.35 is recommended [110, 111]. For gypsum-based composites, Yu [112] 
recommends applying q = 0.25. 
In the optimization process of the composition of concrete, the error between the actual 
mixture grading curve and target mixture grading curve (determined from Eq. 6.3) is 
minimized, by changing the proportions between the individual solid ingredients. The 
better packing density of the solid ingredients improves the mechanical properties of such 
designed concrete (lower void fraction) and decreases the amount of water needed in the 
mixture to provide sufficient workability. Furthermore, the water content in the mixture 
can be reduced, to additionally improve the mechanical properties while maintaining 
constant workability. Denser packing of solid particles in lightweight concrete, besides 
the positive effect on the strength, can also result in an increase of the density and 
thermal conductivity. The two latter effects usually are undesirable for a lightweight 
concrete/mortar. The mix design approach used in this study is based on the application 
of a wide particle size range of the lightweight aggregates (LWA). By applying different 
size fractions of LWA, a higher packing density can be obtained, increasing the 
mechanical properties of concrete/mortar, as explained earlier. On the other hand, the 
densely packed LWA still could contribute to a low density and low thermal conductivity 
of the produced composite. 
Besides relatively poor mechanical properties, low density and good thermal insulation, 
lightweight concretes/mortars can usually be considered having high permeability to 
fluids. The permeability of the lightweight material is mainly determined by two factors: 
the capillary porosity of the hardened cement paste and the open (interconnected) 
porosity of the lightweight aggregates. A high porosity of the cement paste, occurring in 
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lightweight concrete/mortar due to the use of high w/c ratios and/or air-entraining agents, 
significantly contributes to the permeability of the material. Due to their large porosity, 
also the lightweight aggregates can potentially be very permeable, significantly 
increasing the overall permeability of the composite. This potential is reflected by the 
connectivity of the internal pores of the LWA as well as by the volume fraction between 
the closed and opened pores. Most of the LWA available on the market for mass 
production of concrete or mortars have a high open porosity [99]. However, there are also 
LWAs with closed (or mostly closed) pores, resulting from their special production 
process. One example of such LWA are expanded glass lightweight aggregates. Such 
aggregates are composed of a closed external shell and a number of internal air pores, 
encapsulated within that shell, as can be seen in Figure 6.1. 
 

 

Figure 6.1: SEM pictures of (a) external surface of LWA 0.1 - 0.3 mm, (b) LWA 1 - 2 mm  
and (c) internal fracture surface of LWA 1 - 2 mm 

 
Therefore, an increased porosity introduced by the LWA does not necessarily have to 
cause an increased permeability of the produced lightweight composite. This is 
demonstrated in Figure 6.2, where the possible interrelations between the porosity and the 
permeability are shown. 
 

 

Figure 6.2: Possible interrelations between porosity and permeability [113] 

c) b) a) 
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Hence, in this study, lightweight aggregate-based mortars are developed using the 
expanded glass LWA. The LWA in different size fractions are used and the modified 
A&A packing model is applied. The design is targeted on good mechanical properties, 
low density, low thermal conductivity and low permeability of the mortars. 
 
6.2.2 Materials 
 
The cement used in this study is Ordinary Portland Cement CEM I 52.5 N. A 
polycarboxylic ether-based superplasticizer is used to adjust the workability. The 
expanded glass LWA and conventional sand are used. Limestone powder is used as filler 
to adjust the amount of fines in the mixtures. The selection of materials is done to cover 
all the particle size ranges and to improve the sustainability, i.e. limestone powder is used 
to increase the content of fine fractions instead of increasing the amount of cement, and 
microsand (waste product from a commercial aggregate producer) is applied. The 
properties of the used materials are summarized in Table 6.1 and their particle size 
distributions are presented in Figure 6.3. The physical properties of the used LWA are 
shown in Table 6.2. 
 
Table 6.1: Properties of the used materials 

Material Type ρs 
[kg/m3] 

Cement CEM I 52.5 N 3180 
Filler Limestone powder 2710 

Fine sand Microsand 2720 
Fine sand Sand 0-1 mm 2650 

Coarse sand Sand 0-4 mm 2650 
Superplasticizer Polycarboxylic ether 1100 

 
Normally, the LWA have high water absorption. This is related to their large open 
porosity, which permits the uptake of liquids. Hence, when adding dry LWA into a 
concrete mixture, a certain amount of liquid is absorbed by the LWA. In turn, the 
workability is affected during the mixing of concrete [3, 99, 113]. There are two different 
mixing methods applied to avoid this issue: pre-soaking the LWA in water for a certain 
period, usually 30 minutes to 1 hour [99, 114], or adding extra water, calculated based on 
the 1-hour water absorption [115] of the LWA. As already explained, the LWA used in 
this study have a unique feature among the LWA used for the production of concrete, i.e. 
the closed external shell (see Figure 6.1), which causes that the internal LWA pores 
remain non-connected with the surrounding paste. This closed internal porosity of the 
used expanded glass LWA is confirmed by the low water absorption values shown in 
Table 6.2. 
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Figure 6.3: Particle size distribution of the used materials 
 
Table 6.2: Properties of the used lightweight aggregates [112] 

LWA type Particle size 
[mm] 

ρd 

[kg/m3] 
1 h water absorption 

[wt. %] 
24 h water 

absorption [wt. %] 
LWA 0.1-0.3 0.1 – 0.3 810 1.06 2.81 

LWA 0.25-0.5 0.25 – 0.5 540 0.88 3.90 
LWA 0.5-1.0 0.5 – 1 450 1.59 8.50 
LWA 1.0-2.0 1 – 2 350 1.71 7.63 
LWA 2.0-4.0 2 – 4 310 0.55 7.80 

 
A detailed analysis of the water absorption of the used LWA is presented in [112]. As can 
be seen in Table 6.2, the water absorption of the expanded glass LWA is very low, 
especially in the first hour after immersion in water, i.e. between 0.55% and 1.71%, 
depending on the size fraction. Hence, in the present study, the LWA were added to the 
concrete mixture in dry conditions, without pre-soaking or adding extra water. On the 
other hand, the 24 hours water absorption of the LWA is much more significant (between 
3 and 8.5%). This indicates that a small fraction of the internal LWA pores are 
interconnected with the surrounding capillary pores in the hardened cement paste; 
however, the transport of water within the LWA is restrained. 
 
6.2.3 Mix design of lightweight mortars 
 
As explained previously in Section 6.2.1, the lightweight mortars were designed using an 
algorithm based on the modified Andersen & Andreasen packing model of continuously 
graded solid particles (Eq. 6.3). In the mixture optimization process, the target mixture 
grading curve was determined using the modified A&A equation and then the proportions 
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between the individual solid materials in the mixture were adjusted to minimize the 
deviation of the designed mixture grading curve from the target curve. The optimization 
was performed applying the Least Squares Method (LSM) and more details on the 
procedure can be found in [106]. Two self-compacting lightweight mortars (SCLM) were 
developed in this study. The self-compaction feature makes the material very attractive 
for certain type of products, for instance self-leveling slabs, floors or pre-cast elements. 
To widen the scope of the design and potential application of the developed product, also 
a conventionally vibrated lightweight mortar (VLM) was developed. As can be seen in 
Table 6.2, the density of the LWA depends on their size fraction. Therefore, applying 
larger size fractions of the LWA would contribute more to the low density of the mortar. 
On the other hand, self-compacting concrete or mortar requires a high amount of finer 
fractions in the mixture, which secure sufficient workability. Hence, from this point of 
view, the application of smaller fractions of the LWA is promoted in the SCLM. Besides 
the finer LWA, also other fillers were used in the design, namely the limestone powder, 
microsand (rich in powder fraction) and sand 0-1 mm. These materials contribute to a 
better packing density and promote a higher strength of the designed mix; however, they 
are not favourable in terms of a low density of the final product. Therefore, to obtain a 
good balance between the low density and high strength of the mortars, all these 
materials were used together with fine fractions of the LWA in the self-compacting 
mortars. In the case of the conventional (vibrated) mortar, the high amount of powder 
was not needed. Hence, no limestone powder was used in that mixture and the ratio 
between the content of fine and coarse particles was shifted towards a coarser-graded 
mixture (larger value of q was applied compared to the self-compacting mixtures). 
Because a higher amount of coarse aggregates could be applied in the VLM, only coarse 
fractions of the LWA were used (> 1 mm). The coarse fractions of the LWA have lower 
densities compared to the fine fractions (see Table 6.2). Thus, their contribution towards 
a low density of the designed mortar should be already sufficient, without using the finer 
fractions. Therefore, using normal density sand instead of the LWA as filler in the fine 
aggregate size range could contribute more to better mechanical properties of the mortar. 
In this way, a good balance between low density and sufficient mechanical properties can 
be better preserved. According to the desired workability properties, the SCLM mixtures 
should have very good flowability, which can be ensured by using high w/c ratios, high 
dosages of powders and superplasticizers (SP). The VLM should be characterized by 
plastic properties, which implies that the w/c ratio, paste content and the SP dosages can 
be decreased compared to the SCLM mixtures. Therefore, in the design of the VLM, a 
lower w/c ratio was applied. In order to minimize the effect of cement dosage on the 
properties of the designed SCLM and VLM, a fixed, economically acceptable amount of 
cement was used (about 420 kg/m3). 
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Table 6.3: Mix proportions of the developed mortars 

Material SCLM1 
[kg/m3] 

SCLM2 
[kg/m3] 

VLM 
[kg/m3] 

CEM I 52.5 N 425.3 423.5 419.7 
Limestone powder 111.9 259.6 - 

Sand 0-1 - 95.6 - 
Sand 0-4 - - 407.0 

Microsand 381.5 424.6 306.0 
LWA 0.1-0.3 56.0 68.3 - 

LWA 0.25-0.5 44.8 - - 
LWA 0.5-1.0 56.0 54.9 - 
LWA 1.0-2.0 44.8 39.4 63.6 
LWA 2.0-4.0 - - 71.6 

Water 250.9 230.3 159.4 
Superplasticizer (% bwoc) 1.0% 1.0% 0.8% 

q 0.32 0.25 0.35 
w/c 0.59 0.54 0.38 

 w/p* 0.35 0.26 0.29 
LWA content [Vol. %] 40.4 31.9 41.3 

* - particles smaller than 125 μm 
 
As mentioned earlier, Hunger [108] recommended using the value of the distribution 
modulus q in the range of 0.22 – 0.25 for the design of SCC. Hence, one of the SCLM 
developed in this study was designed using q = 0.25. In order to increase the amount of 
coarse LWA fractions in the SCLM (they have lower densities compared to the fine 
fractions), a higher q was used in the design of the other SCLM (q = 0.32). In the design 
of the VLM a q of 0.35 was applied, based on the recommendations given in [110, 111]. 
The optimized and target grading curves of the designed mortars are shown in Figure 
6.4a-c. The mix proportions of the developed three mortars are given in Table 6.3. The 
water contents and SP dosages given in Table 6.3 were determined experimentally, to 
provide the required workability of the mixtures, as will be shown in Section 6.3.1. 
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Figure 6.4: Optimized grading curves for mixtures (a) SCLM1, (b) SCLM2 and (c) VLM 
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6.3 Properties of the developed lightweight mortars 
 
6.3.1 Fresh-state behaviour 
 
The two different types of mortars developed in this study, i.e. self-compacting and 
conventional (vibrated) mortars, require very different fresh-state behaviours. Sufficient 
workability, characterized by good self-flowing and deaerating properties, is crucial for 
the self-compacting mortar. The composition of the solid ingredients of the mortars was 
optimized using the modified A&A equation given in the previous sections. However, the 
optimization of the water content and the SP dosages for the developed mortars was 
performed experimentally, using the workability test methods. In the case of the self-
compacting mortars, the mini-slump flow test was performed in order to quantify their 
flowability. The test was performed using a Hägermann cone [116]. Following Chandra 
and Berntsson [99], the slump test use should be avoided in the case of lightweight 
concrete as it may underestimate the workability (lower density of the fresh mixture 
results in a lower force for the deformation) so it was not performed in this study. The 
relative viscosity and blocking behaviour of the self-compacting mortars was investigated 
using the V-funnel test, following the EFNARC procedure [117]. The V-funnel with 
geometry relevant to a maximum particle size of 4 mm was used. For normal-density 
self-compacting mortars, a flow value in the range of 240 – 330 mm is recommended for 
the mini-slump flow test using the Hägermann cone [108, 117]. Hence, the target value 
used in this study for the flow was 300 mm. In the case of the V-funnel time, 
recommended values in the range 4 – 11 seconds are reported [105, 108, 117]. The 
segregation of the mixture is facilitated when LWA are used because of the large 
differences between the densities of the LWA and other ingredients of mortars. To avoid 
segregation effects, more viscous mixtures are preferred and thus, the target V-funnel 
time in the range 9 – 11 seconds was chosen. In the case of the conventional (vibrated) 
mortar, the mini-slump flow test on a jolting table was performed, following the 
procedure described in DIN EN 1015-3:2007 [116] for mortars. The flowability test was 
carried out using a Hägermann cone and a jolting table (15 jolts) with a target flow value 
of 150 mm. 
As already explained before, normally the LWA used in concrete have large open 
porosity, allowing for the absorption of significant amounts of free water. Nevertheless, 
the LWA used in this study have low water-absorption abilities, as shown in Table 6.2, 
owing to their closed external structure, presented in Figure 6.1. The workability tests 
described above are usually performed within 5 – 10 minutes after the first contact of the 
LWA with water. Thus, the 6-minutes water absorption test on the LWA used in this 
study was performed in [112], and the results showed that, for such short period, the 
water absorption of the expanded glass LWA amounts only to 0.2% by mass. This 
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indicates that the influence of the water absorption of the LWA on the workability of the 
designed lightweight mortars can be ignored. 
The required flowabilities and V-funnel times of a fresh mixture were obtained in trial 
experiments, by modifying the SP content and if necessary, also the water content. A 
maximum effective SP dosage of 1.0% (by weight of cement) was found in this study. 
When exceeding this dosage, there was no further effect on the flowability increase. This 
is in agreement with Hunger [108], who reported that exceeding a certain dosage of the 
SP (1.5% in that case) did not cause an increase of the flowability anymore. The trial 
experiments showed that the spread flow increased from 250 mm to 300 mm and the V-
funnel time decreased from 11 s to 6 s when the w/c ratio was increased from 0.45 to 0.60 
(with a fixed SP dosage of 1.0%). Based on these experiments, a w/c ratio of 0.59 was 
chosen for the first self-compacting mortar mixture (SCLM1). For the second lightweight 
mortar (SCLM2), a w/c ratio of 0.54 was selected in similar preliminary tests. 
Hunger [108] reported a V-funnel time of about 4 – 6 s for a normal density self-
compacting mortar using normal weight aggregates. Additionally, a blockage of the V-
funnel was reported for a V-funnel time higher than 7.5 s. However, the values given by 
Hunger [108] are not in line with the values obtained in this study. The differences can be 
explained by the amount of the powders applied in the mortars, which in the present 
study was much greater than for normal density mortars tested in [108]. Such increased 
amount of powders in the SCLM was necessary to prevent segregation effects in the fresh 
mixture, facilitated by the low density of the LWA. Therefore, the increased amount of 
fines produced very viscous mixtures, which in turn increased the V-funnel time to about 
10 – 11 s. On the other hand, at such extended V-funnel time there was no blockage of 
the funnel observed. 
In the case of the vibrated lightweight mortar (VLM) the flow was determined on a 
jolting table (DIN EN 1015-3 [116]). The target density of the VLM was chosen to be 
similar to that of the SCLM2, to be able to directly compare their properties in hardened 
state. The flowability of the mixture was aimed at a spread flow of 150 mm. Hence, in 
trial experiments, an optimal w/c ratio of 0.38 was found, together with the SP addition of 
0.8% by weight of cement. Complete mixture compositions of the designed lightweight 
mortars can be found in Table 6.3. 
 
6.3.2 Mechanical properties 
 
The compressive and flexural strength tests were performed on 40 x 40 x 160 mm3 
mortar prisms, at the age of 1, 3, 7 and 28 days, following the casting and testing 
procedure described in NEN EN 196-1 [118]. Each test was performed on three prisms. 
The obtained average strengths are presented in Figure 6.5. 
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Figure 6.5: Strength of the developed LWA mortars: 
(a) compressive strength σc and (b) flexural strength σf 

 
It can be noticed in Figure 6.5 that the measured 28-days strength of the developed 
mortars is a function of the water/powder ratio adopted in the design stage. The 
volumetric content of the LWA was the lowest in SCLM2 (see Table 6.3) and this fact is 
also reflected in the highest compressive strength among all the three mortars. As can be 
observed in Figure 6.5a, the developed mortars are characterized by a fast strength 
development at early age. The 1-day compressive strengths were of about 60% of the 28-
days strength for the self-compacting mortars. In the case of the vibrated mortar, the 1-
day strength was of about 75% of the 28-days strength. An interesting observation can be 
made in Figure 6.5a, that the 7-days compressive strength is equal to the 28-days strength. 
This, however, was also reported by other researchers [99, 114, 115]. Figure 6.6 [112] 
shows the relationship between the 7-days and 28-days compressive strengths, reported 
for the lightweight concrete/mortars, containing different types of LWA. 
As can be seen in Figure 6.6, especially for the lightweight concretes of low strengths    
(< 30 N/mm2), the 7-days compressive strength is almost identical to the 28-days strength. 
This also holds true in the case of the mortars developed in this study. It seems that 
already at 7 days the progressing hydration of the cement does not contribute anymore to 
the compressive strength. As can be seen in Figure 6.5b, the hydration of cement 
continued after 7 days, so the flexural strength of the mortars increased. Hence, the 
completion of the development of the compressive strength already at 7 days can be 
attributed to the used LWA, i.e. the low strength of the used LWA dominates the strength 
of the entire composite. The obtained flexural strengths of the mortars were in the range 
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of 6 – 8 N/mm2, whereas the strength of the VLM was the highest, probably due to the 
larger size of the used LWA. It can be concluded that all the developed mortars possess 
good compressive and flexural strengths, which allow using them as load-bearing 
elements in structural applications instead of conventional concrete or mortars. 
 

 

Figure 6.6: Relationship between the 7-days and 28-days compressive strength of LWA concrete [112] 
 
6.3.3 Density and thermal conductivity 
 
The 28-days density of the developed mortars was estimated by measuring the mass and 
volume of the samples and the thermal conductivity was determined using a commercial 
heat transfer analyzer (ISOMET 2104, Applied Precision). In both measurements dry 
samples were used. Performing the measurements on dry samples is a common practice 
used for lightweight concretes and mortars, as presence of free water in the samples could 
significantly influence the test results. Table 6.4 shows the measured densities and 
thermal conductivities. Each value given in Table 6.4 represents an average of three 
measurements. 
 
Table 6.4: Compressive strength (σc), dry density (ρd) and thermal conductivity (λ) of LWA mortars 

Mix σc (28 days) 
[N/mm2] 

ρd 
[kg/m3] 

λ 
[W/(mK)] 

SCLM1 23.3 1280 0.485 
SCLM2 30.2 1460 0.738 

VLM 27.5 1490 0.847 
Reference* 55.0 2300 1.700 

* - standard reference mortar (NEN EN 196-1 [118]) based on CEM I 52.5 N, w/c = 0.5 
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There is a strong relationship between the density, strength, and thermal conductivity of 
lightweight concretes/mortars. Neville [3] reported a linear relationship between the 
thermal conductivity and the density of lightweight concrete produced with different 
types of LWA. Loudon [119] and Chandra and Berntsson [99] reported that the thermal 
conductivity of lightweight concrete decreases when its density decreases. A similar trend 
between the density and the thermal conductivity can be observed in Table 6.4. However, 
for two mixtures with comparable densities (SCLM2 and VLM), their thermal 
conductivities are different. This can be explained by the fact that the thermal 
conductivity depends not only on the density and porosity of the produced composite but 
also on the individual properties of the ingredients used for its production. In the 
particular case of mortar SCLM2, several size fractions of LWA were used, including 
fine (0.1 – 0.3 mm) and coarser fractions (1 – 2 mm). Therefore, the thermal conductivity 
of this mortar was decreased by the LWA at both paste and aggregates levels. In the case 
of the VLM, only coarse LWA size fractions were applied (>1 mm), hence the thermal 
conductivity of the hardened cement paste was not decreased. These results are in line 
with other researchers (e.g. [99, 119]), who reported that the obtained thermal 
conductivities of LWA concrete depend strongly on the type of used LWA. 
Some researchers have presented the relationship between the compressive strength and 
dry density of lightweight concretes [99, 120, 121]. This relationship, shown in Figure 
6.7, includes the properties of ultra-high performance (UHPC) foam lightweight concrete, 
porous concrete, foam concrete and different types of LWA concrete. 
 

 

Figure 6.7: Relationship between the compressive strength (σc) and the dry density (ρd) 
for different types of lightweight concretes [99, 120, 121] 
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As can be seen in Figure 6.7, the strength and density of the LWA mortars developed in 
this study are in the range of the UHPC foam concrete. The mortars, at the same densities, 
have higher strengths compared to foam and porous concretes. 
 

 
Figure 6.8: Relationship between the thermal conductivity (λ) 

and the dry density (ρd) for LWA concrete [3] 
 
Figure 6.8 [3] shows the relationship between the thermal conductivity and the dry 
density, obtained on both normal density concrete with LWA and lightweight LWA 
concretes, applying different types of LWA. As already mentioned, for LWA concretes 
of the same density, the thermal conductivity can be much different, e.g. as shown in 
Figure 6.8, at the density of about 1900 kg/m3 the reported thermal conductivity is in the 
range of 0.4 – 1.2 W/(mK). The thermal conductivities of the lightweight mortars 
developed in this study are slightly higher compared to the values shown in Figure 6.8. 
This can be attributed to the optimized packing density of the solid particles, as the void 
fraction between the particles is minimized. As explained before, a denser granular 
structure results in better mechanical properties (Figure 6.7) and a higher thermal 
conductivity (Figure 6.8). In order to further decrease the latter, the content of the coarse 
LWA particles should be increased, e.g. by increasing the distribution modulus q (see 
Section 6.3.2). However, this would also decrease the strength of the mortar due to the 
lower strength of larger LWA particles. In such a case, a higher dosage of cement could 
be used to further increase the strength of mortars. This shows that following the design 
approach used in this study, there is a possibility of the design targeted on the strength, 
density or thermal conductivity of the final product. This can be performed by adjusting 
the content of cement, w/c ratio and types and size fractions of LWA or normal density 
aggregates. 
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6.4 Durability 
 
Durability, besides strength and density, is a very important factor determining the 
quality of LWA concrete. One of the most important factors influencing the durability of 
concrete is its permeability to fluids. The permeability is a measure of the ease with 
which fluids can flow through a porous medium. In concrete of a high permeability, the 
transport of deleterious substances (e.g. Cl-, CO2, SO4

2− or Mg2+) is facilitated. This may 
lead to the deterioration of concrete. Permeability of concrete is determined by its 
porosity and the connectivity of the pores. In the case of LWA concrete, the porosity is 
very high and often coupled with an increased interconnectivity of the pores. In turn, the 
LWA concrete often has much higher permeability compared to normal density concretes. 
The design approach followed in this study is based on the high packing density of the 
granular solid ingredients. Hence, the developed LWA mortars are expected to have low 
permeabilities, especially if the internal LWA pores remain closed. In order to analyze 
the porosity and permeability of mortars, various tests were performed in this study. 
 
6.4.1 Porosity 
 
Normally, lightweight concrete/mortars are highly porous. Their high porosities are 
caused not only by the capillary pores of the hardened cement paste, microcracks or air 
bubbles introduced in the mixture during mixing, but mainly originate from the highly 
porous LWA or air bubbles generated artificially by adding air-entraining or foaming 
agents, as explained in Section 6.1. The latter two additives generate a great number of 
well interconnected air bubbles in the paste matrix of concrete/mortar. The composites 
produced in this way have very high porosities and are very permeable. In the case of the 
LWA used in this study, a large fraction of the internal LWA pores may remain 
encapsulated within the external shell of the LWA. In this way, the produced composite 
may be highly porous, but still retain low interconnectivity of the pores and in result a 
low permeability. Prior to estimating the permeabilities of the mortars, their theoretical 
porosities were calculated and compared to the measured water-permeable porosities. 
This could give an indication on the fraction of the internal LWA pores remaining closed. 
 
Total porosity of LWA mortars 
 
The total porosity of the developed mortars is composed of the internal LWA pores and 
the pores present in the hardened cement paste. Hence, the total porosity of mortars can 
be estimated as follows: 
 

, ,v v LWA LWA v paste paste= ⋅ + ⋅ϕ ϕ ϕ ϕ ϕ             (6.4) 
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where φv – total void fraction (total porosity) of the mortar in vol. %, φv,LWA – porosity of 
LWA, φLWA – volume of LWA in 1 m3 of mortar, φv,paste – porosity of hardened cement 
paste and φpaste – volume of hardened cement paste in 1 m3 of mortar. 
Chandra and Berntsson [99] reported that the exchange of air from the pores of the LWA 
and water from the hardening cement paste during setting produces a rim of air bubbles 
in the interfacial transition zone (ITZ). Therefore, this phenomenon was also investigated 
in this study, using scanning electron microscopy (SEM). One of the obtained pictures is 
shown in Figure 6.9. 
 

 

Figure 6.9: SEM picture of the transition zone in a VLM sample 
 
As can be observed in Figure 6.9, there are no air bubbles present in the LWA-cement 
paste ITZ. It confirms that the water absorption ability of the used LWA is very low. The 
ITZ appears very dense, so its porosity was neglected in the calculations of the total 
porosity of the mortars. As shown in Table 6.2, the density of the used LWA depends on 
their size fraction. Hence, the porosity of each LWA size fraction is different. Knowing 
the densities and the proportion of each individual LWA size fraction in the mixture of 
different LWA fractions used for the production of mortars (see Table 6.3), the total 
porosity of such a LWA mixture can be calculated as follows: 
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where: φv,LWA – porosity of a mixture of different size fractions of LWA, VLWA,i – volume 
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The porosity of the hardened cement paste can be calculated using the equations 
presented by Brouwers [122-124], which is based on the Powers and Brownyard model 
[125]. The paste porosity is composed of the capillary porosity and the chemical 
shrinkage porosity due to the cement hydration, and reads [122]: 
 

,     
 + 

i d d
h

i w h
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c i

w i

w w
c c

w
c

να
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−  

 = + =
           

(6.6) 

 
where: φv,paste – porosity of the hardened cement paste, φc – capillary porosity, φs – 
shrinkage porosity, wi/ci – initial water/cement ratio, ch – mass of hydrated cement, υd – 
specific volume of compressed water (gel water + non-evaporable water), υc – specific 
volume of the cement, υw – specific volume of water, wd – mass of water consumed for 
hydration and αh – overall hydration degree of cement. 
Following Brouwers [122, 124], the expression (wdυd)/(υwch) in Eq. (6.6) can be 
computed as follows, assuming a congruent and full hydration: 
 

3 2 3 4 00.284 0.301 1.141 0.387 (0.320 0.082)d d
C S C S C A C AF CS

w h

w x x x x x
c

= + + + + −
ν α

ν
      (6.7) 

 
where: x – mass fraction, subscripts C3S, C2S, C3A, C4AF, CS� correspond to alite, belite, 
aluminate, ferrite, and anhydrite phases, respectively and α0 – degree of carbonation of 
the monosulfate phase. The oxide composition of the cement as well as the phase 
composition computed using the Bogue method is given in Appendix 3. Due to a short 
curing period of the samples, the degree of carbonation of monosulfate phase (α0) can be 
neglected in Eq. (6.7). Thus, the term ( ) ( )d d w hw cν ν calculated from Eq. (6.7) yields 0.33. 
In the calculation of the total porosity of the mortars, the hydration degree of cement of 
0.7 was assumed in Eq. (6.6) for the curing age of 28 days [99]. Following from Eqs. (6.4) 
– (6.6), the individual porosities of the LWA and cement pastes as well as the theoretical 
total porosities of the developed mortars are summarized in Table 6.5. 
It can be seen in Table 6.5 that the porosity of the hardened cement paste in both self-
compacting lightweight mortars (SCLM1, SCLM2) is much higher compared to that of 
the vibrated mortar (VLM). This can be attributed to the used w/c ratio (see Table 6.3). 
The porosity introduced into the mortars by the LWA was the highest in the case of VLM, 
where firstly the highest volume fraction of the LWA was used and secondly, coarser and 
more porous size fractions of the LWA were used. Hence, the lower porosity of the paste 
in the case of mortar VLM is compensated by an increased porosity contributed by the 
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LWA. As can be seen in Table 6.5, all the developed mortars have total porosities in the 
range of 38 – 47%. 
 
Table 6.5: Computed porosities of the hardened cement paste (φv,paste), LWA (φv,LWA) and mortar (φv) 

Mix φv,paste  
[%] 

φpaste  
 [dm3/m3] 

φv,LWA  
 [%] 

φLWA  
 [dm3/m3] 

φv  
[%] 

SCLM1 39.71 384.6 79.73 404.2 47.50 
SCLM2 36.18 363.5 79.25 318.7 38.40 

VLM 21.47 291.4 86.67 412.6 42.01 
 
Water-permeable porosity of the LWA mortars 
 
As explained earlier, the LWA used in this study are composed of a large number of air 
voids encapsulated within an external shell. With such structure, the internal LWA pores 
may remain non-interconnected with the surrounding, thus remain closed pores. 
Therefore, the permeability of mortars developed with these LWA should be reduced as 
the LWA are not involved in the permeation process. However, as shown in Figure 6.10, 
the external shell of the used LWA is not perfectly closed, i.e. contains some openings. 
Additionally, the internal LWA pores seem to be interconnected with each others. 
 

  

Figure 6.10: SEM picture of the open pores in the LWA and the internal connectivity of the pores 
 
In order to estimate whether the internal LWA pores remain indeed closed, the total 
porosity of the developed mortars can be compared to their measured water-permeable 
porosity. The difference between these two porosities gives a good indication on the 
fraction of the closed LWA pores. 
The vacuum-saturation technique was applied in order to saturate the accessible pores 
with water. Mortar discs (height of 10 – 15 mm and diameter of 100 mm) were extracted 
from the inner layers of 150 mm cubes for each prepared LWA mortar, and used in the 

100 μm 300 μm 
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experiments. The procedure for the vacuum-saturation treatment was given in Section 2.2, 
with the difference that here tap water was used to saturate the samples. The tests were 
performed on three samples for each developed mortar, at the age of 28 days. After the 
saturation, samples were surface dried and weighed. Subsequently, the hydrostatic mass 
of the samples was measured in water. Then the samples were dried in an oven at 105 °C, 
until a constant mass was reached and weighed again. Finally, applying the measured 
masses, the water-permeable porosity of the mortars was calculated as follows [126]: 
 

, 100s d
v p

s w

m m
m m

−
= ⋅

−
ϕ

              
(6.8) 

 
where: φv,p – water-permeable porosity of mortar, ms – surface-dry mass of the water-
saturated sample in air, mw – mass of water-saturated sample in water and md – mass of 
the oven-dried sample. 
 

Table 6.6: Water-permeable porosity (φv,p) measured using vacuum-saturation method 

Mix Sample 
number 

ms 
[g] 

mw 
[g] 

md 
[g] 

φv,p 
[Vol. %] 

mean φv,p  
[Vol. %] 

 1 140.78 56.74 111.42 34.94  
SCLM1 2 140.90 53.45 109.84 35.52 34.31 

 3 137.00 49.97 108.74 32.47  
 1 180.28 81.72 145.37 35.42  

SCLM2 2 199.51 101.32 167.38 32.72 34.97 
 3 187.37 88.77 151.13 36.75  
 1 168.29 71.87 138.95 30.43  

VLM 2 168.61 72.72 138.94 30.94 30.65 
 3 172.67 74.86 142.75 30.59  

 
Despite the large differences in the total porosities of mortars (range of 38 – 47%), their 
water-permeable porosities are quite similar to each other (range of 30 – 35%), as Table 
6.6 shows. Assuming the capillary pores being completely saturated with water after 
performing the vacuum-saturation procedure, the difference between the measured 
permeable porosity (φv,p in Table 6.6) and the estimated total porosity (φv in Table 6.5) 
gives an indication of the amount of the closed porosity introduced to the composite by 
the LWA. All the measured values of the permeable porosities are lower than the 
calculated total porosities, as listed in Table 6.6. This indicates that some of the internal 
LWA pores in all the analyzed mortars remained closed and were not accessible to water. 
As can be seen in Table 6.5, the estimated total porosity of SCLM1 is much larger than 
that of SCLM2, but the water-permeable porosities measured for these two mortars are 
similar, about 35%. This shows that a significant fraction of internal pores of LWA in 



132                                                                                                                         Chapter 6 

 

mix SCLM1 remains closed, while in mix SCLM2 they are mostly interconnected (i.e. 
permeable). 
The water/cement ratios for the cement pastes of both self-compacting mortars were 
comparable, and therefore the estimated capillary porosities (φv,paste) in both materials 
were also similar (see Table 6.5). However, as can be concluded from the measurements, 
the internal pores of the LWA in SCLM2 are much better interconnected. This difference 
in the permeabilities can be linked to the amount of the finest size fraction of the LWA 
(0.1 – 0.3 mm), which was larger in SCLM2 compared to SCLM1. Apparently, the finest 
LWA fractions can be permeated by water easier than the coarser fractions, probably 
because the distance that the water has to travel within the LWA is shorter. This size 
effect means that the probability of reaching a dead-end pore that hinders any further 
transport of water is lower in smaller particles. The larger amount of the fine LWA 
applied in SCLM2 apparently increases the permeability of the paste, and in turn of the 
entire composite. In consequence, the pores in larger LWA particles become well 
interconnected through this permeable paste. As can be seen in Table 6.6, the φv,p 
measured for the vibrated lightweight mortar (VLM) is lower than for the self-
compacting mortars. Despite the lowest mass content of LWA in VLM mixture among 
the three developed composites, the volumetric content of LWA in VLM mixture is the 
largest (φLWA in Table 6.5), as the coarse size fractions of LWA applied in VLM are more 
porous compared to the finer fractions applied in SCLM1 and SCLM2. When comparing 
the permeable and the total porosities of VLM, one can notice that there is a significant 
fraction of the internal LWA pores that remain closed. This can be attributed to the good 
quality (low porosity) of the cement paste, and to the application of only coarse LWA 
size fractions (size effect). Hence, it can be concluded that the combined effects of low 
water/cement ratio and the absence of the finest fraction of the LWA in mix VLM 
reduced its permeable porosity significantly. On the other hand, the permeability of both 
developed self-compacting mortars was higher, and this can be attributed to the high 
porosity of the hardened cement paste and to the application of fine LWA size fractions. 
 
6.4.2 Penetration of water under pressure 
 
The permeability of the developed mortars to water under pressure was tested at the age 
of 28 days, following BS-EN 12390-8 [127]. The samples (three 150 mm cubes for each 
prepared mix) were exposed to water under pressure of 5 bar for 72 hours and 
subsequently split in order to measure the maximum depth of the obtained water 
penetration front. When a leakage of water was observed from the side wall of the tested 
cube (see an example in Figure 6.11), the test on that cube was terminated. This was the 
case for all SCLM1 and SCLM2 cubes during the first hours of test, and therefore these 
mortars are classified as highly permeable. 
 



Chapter 6                                                                                                                         133 

 

 

Figure 6.11: Leakage of water observed during the water pressure permeability test 
 
Significantly different results were obtained on VLM cubes, for which only very shallow 
water penetration fronts were observed, with an average penetration depth of 6.4 mm 
after 72-hours of test. This shallow penetration depth reflects on a very low permeability 
of VLM. Figure 6.12 shows examples of the water penetration fronts measured on split 
cubes after performing the water pressure penetration test. 
 

 

Figure 6.12: Split surfaces of cubes after the water pressure permeability test; water ingress from the 
side of the top surface. (a) SCLM2 and (b) VLM 

 
These results suggest that, despite the fact that the measured water-permeable porosities 
were comparable for all the prepared mortars (30% for VLM and about 35% for SCLM1 
and SCLM2), mixture VLM is non-permeable compared to very permeable mixtures 
SCLM1 and SCLM2. For the VLM, the water under pressure of 5 bar applied during the 

a) b) 

50 mm 

50 mm 
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water pressure penetration test could not permeate the mortar as efficiently as during the 
vacuum-saturation technique (applied under pressure of 40 mbar) used for the 
measurement of the permeable porosity. Because in VLM there were only coarse LWA 
particles embedded in a dense cement paste with non-permeable fillers (normal density 
sand and microsand), their internal pores were not permeable to water under the pressure 
of 5 bar. Apparently, at this pressure the water could not be pushed sufficiently hard 
inside to overcome the resistance of the fine pore structure. Therefore, a large fraction of 
LWA-pores in the VLM mix which were permeable to water under vacuum-conditions, 
are impermeable to water under the pressure of 5 bar. Analyzing the results obtained on 
mortars SCLM1 and SCLM2 samples it can be concluded that the pores of the paste and 
the internal pores in LWA were well interconnected and therefore, the overall water 
permeability of these composites was very high. 
 
6.4.3 Capillary water absorption 
 
The capillary water absorption test was performed following DIN-EN 480-5 [128]. Six 
prisms (40 x 40 x 160 mm3) for each mortar mix were tested. After the curing period, at 
the age of 28 days the prisms were positioned vertically in a container covered with a lid. 
About 3 mm of the bottom of the samples were immersed in water. The level of water 
was adjusted after every 72 hours. The capillary water absorption test was performed for 
52 days, during which the mass of the samples was periodically recorded. The 28-days 
capillary absorption was calculated as follows: 
 

28 0
2A

m mC
a
−

=               (6.9) 

 
where: CA – capillary absorption index, m28 – mass of sample after 28 days of exposure to 
water, m0 – initial mass of the sample after 28 days of curing and a2 – cross-section area 
of the sample. The obtained values of CA are shown in Table 6.7. 
 
Table 6.7: Results of the capillary water absorption test 

Mix CA [g/mm2]  
 1 2 3 4 5 6 average St. dev. 

SCLM1 0.0075 0.0084 0.0079 0.0073 0.0070 0.0068 0.0075 0.0005 
SCLM2 0.0126 0.0129 0.0140 0.0161 0.0145 0.0138 0.0140 0.0011 

VLM 0.0050 0.0050 0.0049 0.0044 0.0043 0.0053 0.0048 0.0004 
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Figure 6.13: Capillary water absorption of mortar prisms 

 
The evolution of the mass of the samples due to water absorption is shown in Figure 6.13. 
As can be seen in this figure and in Table 6.7, the water absorption was larger for the 
SCLM1 and SCLM2 samples, which confirms the previously discussed findings that in 
these composites the water-accessible porosity and the connectivity of the pores were 
higher compared to the VLM mix. From these results it becomes also clear that the 
connectivity of the internal LWA pores within the mortar SCLM2 is larger than in 
SCLM1, as it could absorb more water. This is in line with the findings presented in 
Section 6.4.1, showing that a larger fraction of the internal LWA pores remains closed in 
SCLM1 than in SCLM2. 
 
6.4.4 Freeze-thaw resistance 
 
The freeze-thaw resistance of the developed LWA mortars was determined following 
NEN-EN 12390-9 [129], using de-mineralized water. The test samples differed from the 
specifications given in the standard – for practical reasons cylindrical samples were used 
instead of slabs. The 150 mm cubes were cured after de-moulding at 100% RH until the 
age of 25 days, when the cores (100 mm in diameter) were extracted by drilling and 
sliced. Two cylinders of 50 mm in height were obtained from each core. Subsequently, 
the obtained cylinders were clamped in tight rubber sleeves, placed in polyurethane 
insulations of 10 mm thickness and surface-saturated with de-mineralized water for three 
days. Due to a limited volume of the climate chamber, only three samples were tested for 
each mix, resulting in a total exposed surface area of 0.024 m2 (the area recommended in 
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[129] is 0.080 m2). After saturation, the freeze-thaw cycles were started with a 3 mm 
layer of de-mineralized water poured on the top surface. The applied temperature profile 
followed the recommendations given in [129]. The level of water on the surface of 
concrete was adjusted regularly. 
In total, 56 freeze-thaw cycles were performed, during which the surface scaling was 
measured after 14, 28 and 56 cycles. Figure 6.14 shows a picture of the surfaces of the 
test samples after 56 freeze-thaw cycles. 
 

 

Figure 6.14: Surface of lightweight mortar samples after 56 freeze-thaw cycles. (a) SCLM1, 
(b) SCLM2, (c) VLM and (d) high performance self-compacting concrete as a reference 

 
A visual comparison of the surfaces of the mortars exposed to 56 freeze-thaw cycles 
reflect on their excellent freeze-thaw resistance. This resistance is much greater for the 
developed LWA mortars (a - c in Figure 6.14) than for a high performance SCC sample 
(d in Figure 6.14), shown as a reference. In Table 6.8 an average integral surface scaling 
(Sn) after 56 cycles is given. All the obtained results reflect an excellent resistance of the 
developed LWA mortars to freeze-thaw induced damage. The increased porosity of 
mortars helps to avoid the micro-damage caused by the crystallization of ice. Following 
the classification of resistance of concrete against freeze-thaw damage given in [130], all 
the developed mortars can be classified as having a very good freeze-thaw resistance, as 
the total amount of the surface-scaled material after 56 cycles is less than 100 g/m2. 
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Furthermore, the obtained values are by far lower than given for this strict classification. 
Additionally, comparing the Sn of each prepared composite, it can be seen that the 
samples with larger porosity and connectivity of the pores (SCLM1 and SCLM2) show 
better scaling resistance compared to the samples with a lower porosity and connectivity 
(VLM). 
 
Table 6.8: Integral surface scaling (Sn) after 56 freeze-thaw cycles 

Mix Sn (56 cycles)  
[g/m2] 

Standard deviation 
[g/m2] 

SCLM1 21.4 5.1 
SCLM2 23.9 2.9 

VLM 28.3 4.8 
Reference SCC 7100 - 

 
6.4.5 Alkali-silica reaction 
 
Application of glass in cementitious systems brings up a possibility of the alkali-silica 
reactions (ASR), which in time may lead to the deterioration of concrete. The lightweight 
aggregates used in this study were produced from expanded glass, and therefore can 
potentially react with the alkalis originating from the cement. The ASR in glass-LWA 
concrete was extensively investigated in the literature, but the outcome of the research is 
contradictory, stating that the ASR reaction in LWA concrete does not appear [131], 
appears without causing any damage, as the ASR reaction product is formed in the pores 
[132, 133], or appears and causes structural damage [134]. 
The presence of ASR was also explored in the present study by analyzing the 
LWA/cement paste interface zone. Mortar samples were analyzed using a high resolution 
scanning electron microscope (FEI Quanta 600 FEG-SEM) with a Schottky field emitter 
gun (at voltage of 2 – 10 keV) in high- and low-vacuum modes. In the case of ASR in 
LWA concrete, characteristic rings (reaction products) would be visible around the LWA. 
As can be seen in Figure 6.15, obtained using a SEM microscope in the backscattered 
electron mode, there are no reaction products at this interface. Therefore, it can be 
concluded that, until the time when the samples were inspected (up to 20 months after 
casting); there were no ASR products that could be spotted. Additionally, as Figure 6.15 
shows, the interface zone between the LWA and the cement paste is dense and 
homogenous (no air bubbles or other inclusions are present). 
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Figure 6.15: SEM pictures of the LWA/cement paste interface; (a) SCLC1 after 2 months of curing, 
(b) SCLC1 after 20 months of curing, (c) VCLC after 2 months of curing and (d) VCLC after 20 

months of curing 
 
6.4.6 Resistivity 
 
The electrical resistivity gives an indication on the porosity and connectivity of the pores 
in concrete. A lower resistivity means that the pores in concrete are well interconnected 
while higher resistivity reflects on low porosity and low connectivity of the pores. The 
electrical resistance of cylindrical mortar samples (diameter of 100 mm, height of 150 
mm), saturated under vacuum-conditions with limewater, was measured using the ‘two 
electrodes’ method [135] at the age of 28 days. The measurement procedure and the 
scheme of the test set-up are described in Section 5.4.2. The resistivity was calculated 
from the measured resistances of the mortar samples, by taking their thicknesses and 
cross-sectional areas into account. After measuring the resistance, the same samples were 
used further for the Rapid Chloride Migration test. 
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The results of the measurement of the resistivity of the samples are shown in Table 6.9, 
where the average values obtained on three samples for each type of mortar are presented. 
These results are in line with the findings from the previously discussed experiments, 
showing that the self-compacting mortars SCLM1 and SCLM2 have larger porosity and 
connectivity of pores compared to mortar VLM. Following the recommendations given in 
[136, 137] for the assessment of the risk of corrosion of steel-reinforced Ordinary 
Portland Cement (OPC) concrete, for the resistivity < 100 Ωm the risk of chloride-
induced corrosion of reinforcing steel is high (this is the case for mixes SCLM1 and 
SCLM2), while for the mix VLM it is moderate, in the range of 100 – 500 Ωm. 
 
Table 6.9: 28-days resistivity (R) of the developed LWA mortars 

Mix R (28 days) 
[Ωm] 

Standard deviation 
[Ωm] 

SCLM1 34.1 2.9 
SCLM2 32.2 3.6 

VLM 140.2 5.4 
 
6.4.7 Chloride diffusion and migration tests 
 
Rapid Chloride Migration (RCM) test 
 
Three cores (diameter of 100 mm, height of 150 mm) were drilled from three 150 mm 
cubes of each mix. Two samples for the RCM test were retrieved from each core, giving 
in total six test samples (cylinders, diameter of 100 mm and height of 50 mm) for each 
mix. Three of these samples were tested at the age of 28 days tests and the other three at 
91 days. One day prior to the RCM test, the samples were pre-conditioned (vacuum-
saturation with limewater), following the procedure described in Section 2.2. The 
duration of the RCM test for all the samples was 24 hours. After the test, the penetration 
depth of chlorides was measured in split samples by applying a colourimetric indicator 
for chlorides (0.1 mol/dm3 AgNO3 solution) and subsequently, the values of the chloride 
migration coefficients (DRCM) were calculated using Eq. (2.12). The results (average of 
three obtained values) of the RCM test performed at the ages of 28 and 91 days are 
shown in Table 6.10. 
 
Table 6.10: 28 and 91-days chloride migration coefficients (DRCM) 

Mix DRCM 28-days 
[∙1012 m2/s] 

Standard deviation 
[∙1012 m2/s] 

DRCM 91-days 
[∙1012 m2/s] 

Standard deviation 
[∙1012 m2/s] 

SCLM1 20.63 1.52 9.08 0.85 
SCLM2 > 29* - 15.38 1.31 

VLM 4.04 0.21 3.48 0.35 
* - this is a minimum value as the samples failed the test (chloride breakthrough observed) 
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The obtained chloride migration coefficients (DRCM) show the same trend as the one 
observed in the other experiments: larger values of the migration coefficients, reflecting 
larger porosity and connectivity of pores, were obtained on the SCLM1 and SCLM2 
samples while the lowest were obtained for VLM, regardless of the age of the samples at 
the testing time. 
A quantification of the resistance of concrete against the ingress of chlorides based on the 
28-days DRCM coefficients is given in CUR service life design guideline [138], which is 
based on the DuraCrete model for service life of concrete (see Section 1.1). In Table 6.11 
the maximum values of the DRCM coefficient are shown for 100 years of service life 
design, considering the exposure class (XS – exposure to chloride originating from 
seawater and XD – exposure to chlorides originating from sources other than seawater), 
type of used cement, type of reinforcing steel and depth of the concrete cover. 
 
Table 6.11: Maximum values of 28-days DRCM coefficients for 100 years of service life design of 
concrete [138] 

Minimum 
concrete cover 

depth [mm] 
Maximum value of DRCM [∙1012 m2/s] 

st
ee
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pr
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st
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ss
ed

 
st

ee
l CEM I 

CEM I + CEM III 
25 - 50% GGBS 

CEM III 
50 - 80% GGBS 

CEM II B/V  
+ CEM I 

20 - 30% fly ash 
XD1, XD2, 
XD3, XS1 

XS2, 
XS3 

XD1, XD2, 
XD3, XS1 

XS2, 
XS3 

XD1, XD2, 
XD3, XS1 

XS2, 
XS3 

XD1, XD2, 
XD3, XS1 

XS2, 
XS3 

35 45 3.0 1.5 2.0 1.0 2.0 1.0 6.5 5.5 
40 50 5.5 2.0 4.0 1.5 4.0 1.5 12 10 
45 55 8.5 3.5 6.0 2.5 6.0 2.5 18 15 
50 60 12 5.0 9.0 3.5 8.5 3.6 26 22 
55 65 17 7.0 12 5.0 12 5.0 36 30 
60 70 22 9.0 16 6.5 15 6.5 47 39 

 
Comparing the obtained 28-days DRCM coefficients given in Table 6.10 to the 
recommendations given in Table 6.11, it can be seen that mix SCLM1 can provide 100 
years of service life of concrete/mortar elements in the exposure classes XD1, XD2, XD3 
and XS1 with a cover depth of at least 60 mm (70 mm in the case of pre-stressed 
reinforcing steel). For other exposure classes, the permeability of this mortar is too large 
for the investigated cover depths. A significant improvement of the DRCM coefficient is 
observed in the case of mix VLM. This mix can be used with a cover layer of 40 mm for 
exposure classes XD1, XD2, XD3 and XS1 and 50 mm of cover for the exposure classes 
XS2 and XS3. In the case of composite SCLM2, the 28-days DRCM coefficient could not 
been determined accurately, because during the RCM test the chlorides penetrated the 
entire volumes of the samples. Therefore for the computation of the DRCM coefficients of 
SCLM2, the chloride penetration depth equal to the thickness of the sample was used 
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(0.05 m). The obtained values confirm again that this mortar has the largest permeability 
among all the mixtures developed in this study. The 91-days DRCM coefficients, shown in 
Table 6.10, are smaller than the 28-days values, which can be attributed to a densification 
of the matrix due to the progressing hydration of cement. Nevertheless, the same trend 
between the values can be observed: the 91-days DRCM coefficient for VLM is much 
smaller compared to the ones for SCLM1 and SCLM2. 
 
Chloride diffusion test 
 
As explained earlier in this study, the permeability of the composite or the connectivity of 
its pores can be considered as a function of the applied liquid intrusion technique. The 
RCM test is always performed on samples vacuum-saturated with limewater and 
therefore the permeable pores are saturated with liquid. On the other hand, in the case of 
a real exposure to external chlorides (seawater or de-icing salts), the material is never 
vacuum-saturated but only ‘naturally’ exposed to a chloride solution. Additionally, the 
chlorides do not penetrate the material by means of the electro-migration but only by the 
diffusion and/or capillary suction. This case is represented in the chloride diffusion tests 
such as the NT Build 443 [38] test. Therefore, the chloride diffusion test was performed 
here as a reference to the accelerated RCM test. 
For each prepared mix, three samples (cylinders with a diameter of 100 mm and height of 
50 mm) were extracted from different cubes. The diffusion test began 28 days after 
casting the cubes, following the procedure described in NT Build 443 [38]. Prior to the 
test, all external faces of the samples were coated with an epoxy resin except for one flat 
surface, left uncovered to allow the chlorides to penetrate the samples just from that side. 
Then, the samples were immersed in a sodium chloride solution (concentration of 165 
g/dm3) during 63 days, at room temperature, in a sealed and deaerated container, with the 
uncoated surface on top. After the exposure period, one sample from each test series was 
split in order to measure the penetration depth of chlorides, using a 0.1 M AgNO3 
solution as a colourimetric chloride indicator. The remaining samples were dry-ground in 
layers for the determination of the chloride concentration profiles. The grinding was 
performed on an area of 73 mm in diameter. The obtained powder was collected for the 
determination of the total chloride concentration profiles, following the procedure 
described in Section 5.2.3. An automatic potentiometric titration unit was used for the Cl- 
concentration measurements, employing a 0.01 M AgNO3 as the titrant. In order to 
estimate the apparent chloride diffusion coefficient (Dapp) and the surface total chloride 
concentration, the solution of Fick’s 2nd law was fitted to the measured total chloride 
concentration profile, following the description given in Appendix 4. More details about 
the equations and the fitting procedure followed to obtain the apparent chloride diffusion 
coefficient can be found in Appendix 4. In the optimization process, performed using the 
Solver function in MS Excel, the unknown parameters were found. The results of the 
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diffusion test are shown in Table 6.12 and in Figure 6.16. The obtained values of the 
chloride diffusion coefficients Dapp correspond well with the chloride migration 
coefficients obtained from the RCM test, classifying again the permeability of the 
developed composites in the descending order: SCLM2, SCLM1 and VLM, respectively. 
 

 

Figure 6.16: Measured chloride diffusion profiles and obtained chloride diffusion coefficients (Dapp) 

 
Table 6.12: Obtained chloride diffusion coefficients and surface chloride concentrations 

Mix Dapp 
[∙1012 m2/s] 

surface Ct 
[gCl/100gmortar] 

SCLM1 12.30 0.805 
SCLM2 18.00 0.783 

VLM 3.76 0.811 
 
6.5 Analysis of liquid transport in LWA mortars 
 
The permeable porosity of the developed lightweight mortars was measured and 
compared to the estimated total porosity, showing that a certain fraction of internal LWA 
pores remains closed, so it contributes to the total porosity of the composite but does not 
facilitate the transport process of water or aggressive substances. As supported by the 
experiments, the least permeable mortar was composed of a good quality cement paste 
(low w/c ratio and therefore a reduced porosity) together with normal density sand and 
only coarse fractions of LWA (1 – 4 mm). On the other hand, the two developed self-

0

0.2

0.4

0.6

0.8

1

0 0.005 0.01 0.015 0.02 0.025

C
t [

g C
l/1

00
g m

or
ta

r] 

x [m] 

SCLM1
SCLM2
VLM

VLM 
Dapp = 3.76 ∙ 10-12 m2/s 

SCLM2 
Dapp = 18.0 ∙ 10-12 m2/s 

SCLM1 
Dapp = 12.3 ∙ 10-12 m2/s 



Chapter 6                                                                                                                         143 

 

compacting lightweight mortars were found to be very permeable and this can be 
explained by the combination of a permeable cement paste used in these mixes (higher 
w/c ratio) and by the application of large volumes of fine LWA, which could be 
permeated much easier compared to larger LWA particles. Apparently, for smaller size 
LWA aggregates, it was much easier for the permeating liquid to find a patch through 
them than through larger lightweight aggregates. 
 

 

 

Figure 6.17: Relationship between the permeable porosity and (a) chloride diffusion and migration 
coefficients and (b) resistivity and capillary water absorption index 
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the vibrated lightweight mortar. Additionally, because the amount of the finest LWA size 
fraction (0.1 – 0.3 mm) was larger in SCLM2, the permeability of this composite was 
higher compared to SCLM1. 
In Figure 6.17a the obtained chloride diffusion (Dapp) and migration (DRCM) coefficients 
are plotted against the measured permeable porosities (φv,p) of the developed LWA 
mortars, showing fairly linear correlation. This indicates that the water-permeable 
porosity plays an important role in the chlorides ingress rate into cement-based 
lightweight composites. The capillary water absorption index (CA) can also be related to 
the permeable porosity, but as Figure 6.17b shows, the relation is not straightforward. It 
can be explained by the fact that the capillary water absorption of the developed mortars 
is not only a function of the volume of the accessible pores, but also of the pore structure 
(i.e. diameter of pores, tortuosity and constrictivity) and their connectivity. As can also be 
seen in Figure 6.17b, the resistivity of saturated mortars can be linearly correlated to their 
permeable porosities. This linear relationship means that, when the chemical composition 
of the pore solution is the same (this can be assumed as all the samples were tested at the 
same age and the same type of cement was used), the resistivity of the composite is 
controlled by its permeable porosity. 
 

Figure 6.18: Relationship between the chloride transport properties (Dapp and DRCM) of the LWA 
mortars and normal density concretes and their permeable porosities (φv.p).  
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this relationship is not obeyed anymore as Figure 6.18 shows, where the data retrieved 
from [32] is incorporated. This data includes the values obtained on concrete prepared 
with CEM I 52.5 N and silica fume, fly ash or granulated blast furnace slag (GGBS), in 
the permeable porosity range of 8 – 16%. As can be seen in Figure 6.18, for both Dapp 
and DRCM in the integral permeable porosity range of 8 – 36%, the obtained linear fit is 
obeyed rather poorly (R2 of 0.32 and 0.42 respectively). This gives evidence that the 
water-permeable porosity is not the main factor determining the chloride transport 
properties in the case of a broad spectrum of concrete/mortar porosities. 
Table 6.13 shows the mixture composition and some other properties of three normal 
density OPC concretes (M1, M2 and M3) retrieved from [32]. The type of cement as well 
as the technique for determining the permeable porosity was the same as the ones used in 
the present study. 
 
Table 6.13: Mixture proportions and properties of normal density concretes retrieved from [32] 

material 
M1 

[kg/m3] 
M2 

[kg/m3] 
M3 

[kg/m3] 
CEM I 52.5 N 363 380 400 

Gravel 1162 1217 1281 
Sand  599 627 660 
Water 218 182 140 

Superplasticizer 
[wt. % of cement] 

- - 1 

w/c 0.60 0.48 0.35 
ρd [kg/m3] 2247 2286 2393 

σc (56-days) [N/mm2] 37.9 46.7 81.7 
φv,p [%] 15.0 14.1 10.2 

 
Table 6.14 shows the porosities of the cement paste (φv,paste) of mixes M1, M2 and M3, 
calculated using Eq. (6.6), volume fractions of the cement paste in concrete (φpaste) and 
permeable porosities (φv,p). The porosities of concretes (M1, M2 and M3) and lightweight 
mortars (SCLM1, SCLM2 and VLM) contributed by their paste fractions to the total 
porosity are also given in Table 6.14 as φv,paste’. This porosity consists of the pores in the 
hardened cement paste porosity and also the pores originating from the finest size 
fraction of the LWA (i.e. LWA 0.1 – 0.3 mm used in SCLM1 and SCLM2), as it was 
shown that this fraction could also be permeable. 
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Table 6.14: Computed porosities and chloride transport properties of LWA mortars and normal 
density concretes 

Mix 
φv,paste 
[%] 

φpaste 
[dm3/m3] 

φv,paste 
[%] 

φv,p 
[%] 

DRCM (28-days) 
[∙1012 m2/s] 

Dapp 

[∙1012 m2/s] 
M1 40.37 333.23 13.41 15.0 18.15 13.24 
M2 31.36 302.63 11.40 14.1 9.55 5.97 
M3 17.92 266.98 5.22 10.2 5.65 6.35 

SCLM1 39.71 384.6 19.90 34.31 20.63 12.3 
SCLM2 36.18 363.5 18.81 34.97 >29 18 

VLM 21.47 291.4 6.26 30.65 4.04 3.76 
 

 

Figure 6.19: Relationship between the chloride transport properties (Dapp and DRCM) of lightweight 
mortars (this study) and normal density concretes [32] and their hardened cement paste porosities, 

including the porosity of the 0.1 – 0.3 mm fraction of LWA (φv,paste’) 
 
When plotting the Dapp and DRCM coefficients of the developed LWA mortars and normal 
density concretes against the porosities contributed by their pastes, a fairly linear trend 
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fractions. This means that in the case of the developed LWA mortars, the coarser size 
fractions of the applied lightweight aggregates do not participate in the transport process 
of liquids. Therefore, the absence of small LWA aggregates combined with a low 
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porosity of the hardened cement paste, explains the excellent permeability test results 
obtained on the developed vibrated lightweight mortar (VLM). 
 
6.6 Design of (ultra)lightweight concrete 
 
The previous sections of this chapter show that the mix design methodology, which 
employs the modified Andersen & Andreasen (A&A) packing model (Eq. 6.3), can be 
successfully applied for the design of lightweight mortars. This design can be targeted on 
an individual property of the final product (e.g. density, thermal conductivity, strength or 
durability) or on a combination of properties. In this section, the application of the 
modified A&A model will be extended to the design of lightweight aggregates concrete 
(LWAC). The majority of the performed research focuses only on the development of 
lightweight concrete for application in structural members of buildings, characterized by 
a good mechanical performance, or in non-structural members as a thermal insulator (i.e. 
low thermal conductivity). However, there is a limited amount of information available 
regarding the development of a lightweight concrete which combines low density (low 
thermal conductivity) with good mechanical performance and durability. A concrete with 
such properties could be used in monolithic structures, which would open a new field of 
product applications. The concept of a monolithic concrete building/structure has some 
very attractive advantages, especially the facilitation of construction design and process 
due to the exemption of insulation layers or a reduction of the cross-sectional area of 
structural members. Hence, the investigation shown in this section will focus on the 
development of lightweight concrete for applications in monolithic building/structures. 
Such concrete should possess certain properties which are beyond the currently available 
products, due to the combination of very low densities (very low thermal conductivities) 
with good mechanical properties and durability. 
 
6.6.1 Mix design and used materials 
 
The lightweight concrete was developed here using the same approach as explained in 
Section 6.2.1, i.e. by the application of the modified A&A model and the use of expanded 
glass lightweight aggregates. Following the results obtained for lightweight mortars, 
conventionally vibrated concrete was developed here, without the use of the finest size 
fraction of LWA (0.1–0.3 mm), as the latter was found to be permeable and significantly 
increase the permeability of the entire composite (see Section 6.4). In order to further 
reduce the density of concrete, a LWA fraction of 4–8 mm (density of 300 kg/m3) and an 
air-entraining agent (Cugla B.V) were used. The distribution modulus q of 0.32 was 
employed in Eq. (6.3), following the recommendations given in [110, 111]. In order to 
minimize the thermal conductivity of hardened concrete, the target fresh density was set 
to about 800 kg/m3, which would result in an oven-dry density of about 650 kg/m3. Such 
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a low dry density classifies the LWAC below the range of lightweight concrete given in 
DIN EN 206-1 [139], which states that lightweight concrete is a concrete with an oven-
dry density in the range of 800-2000 kg/m3. Hence, the concrete developed here could be 
termed ultra-lightweight. 
Out of the concrete mixtures developed in this study, the two mixtures with the best 
properties are presented in this section. The optimized and target curves for these 
mixtures are shown in Figure 6.20 and design parameters are presented in Table 6.15. 
 

 
 

 

Figure 6.20: Optimized grading curves for mixtures (a) LWAC1 and (b) LWAC2 
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Table 6.15: Design properties of the ultra-lightweight concretes 

Property LWAC1 
[kg/m3] 

LWAC2 
[kg/m3] 

Distribution modulus q 0.32 0.32 
Water/cement ratio 0.47 0.46 

Water/powder* ratio 0.47 0.46 
LWA content [Vol. %] 58.2 54.4 

* - particles smaller than 125 μm 
 
6.6.2 Fresh state properties 
 
The fresh state properties of the developed mixtures were tested following the same 
procedure as given in Section 6.3.1. The workability (slump and flow) was quantified 
following [140, 141]. The obtained results are presented in Table 6.16. 
 
Table 6.16: Fresh-state properties of ultra-lightweight concretes 

Mix  Fresh density 
[kg/m3] 

Flow 
[mm] 

Slump 
[mm] 

LWAC1 837.0 460 195 
LWAC2 778.0 390 83 

 
As shown in Table 6.16 both developed mixtures show good workability: following DIN 
EN 206-1 [139] the workability of mix LWAC1 could be classified to the slump class S4 
and flow class F3, while LWAC2 to the slump class S2 and flow class F2. Due to the 
higher cement paste content in mixture LWAC1, its workability was slightly better than 
that of LWAC2. Although the workability of both developed mixtures was satisfactory, 
there is still room for its improvement, e.g. by using superplasticizers. 
 
6.6.3 Hardened state properties and homogeneity 
 
Hardened state properties of the developed concretes (oven-dry density, compressive 
strength and thermal conductivity) were tested following the same procedures as 
described in Section 6.3. The obtained results are summarized in Table 6.17. 
 
Table 6.17: Hardened state properties of ultra-lightweight concretes: ρd – oven-dry density, σc – 
compressive strength and λ – thermal conductivity (average values obtained on three samples) 

Mix ρd 
[kg/m3] 

7-days σc 
[N/mm2] 

28-days σc 
[N/mm2] 

λ 
[W/(mK)] 

LWAC1 701.0 10.1 10.3 0.13 
LWAC2 659.0 9.2 10.1 0.12 
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As can be noticed in Table 6.17, the obtained combination of hardened state properties of 
the developed ultra-lightweight mixtures is unique, as the very low densities and thermal 
conductivities correspond to good compressive strengths. Such a combination of the 
properties is better than the one observed for other lightweight concretes at similarly low 
densities. In order to compare the results obtained in this study to other studies, Figures 
6.21 – 6.23 are presented below. 
 

 

Figure 6.21: Relationship between the thermal conductivity (λ) 
and dry density (ρd) of lightweight concrete [3] 

 

 

Figure 6.22: Relationship between the compressive strength (σc) 
and dry density (ρd) of lightweight concrete [99, 120, 121] 
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Figure 6.23: Relationship between the compressive strength (σc) 
and thermal conductivity (λ) of lightweight concrete [99, 121] 

 
As can be noticed by analyzing Figures 6.21 – 6.23, the LWACs developed in this study 
have better properties than ultra-lightweight concrete developed elsewhere, especially in 
terms of the obtained compressive strengths at very low densities and thermal 
conductivities. These results confirm that the design approach used in this study can be 
very successfully applied for the development of lightweight concrete. 
 
6.6.4 Penetration of water under pressure 
 

 

Figure 6.24: Penetration of water under pressure, 1 – mix LWAC1 and 2 – mix LWAC2 
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The depth of penetration of water under pressure (5 bar for 72 h) was tested following the 
same procedure as described in Section 6.4.2. An average water penetration depth of 35.0 
mm was measured in the samples of LWAC1 and of 11.7 mm in concrete LWAC2. The 
measured depths are shown in Figure 6.24 for both developed ultra-lightweight concrete 
mixtures. The observed water penetration fronts are very shallow, especially in the case 
of LWAC2. A good resistance of concrete against water intrusion confirms that although 
the concrete has a large porosity, the internal pores of LWA remain closed and do not 
participate in the transport of water. This was reached following the results and 
conclusions regarding the development of LWA mortars presented earlier in this chapter, 
i.e. optimization of packing density of solid particles, application of LWA with closed 
pores, exemption of the use of permeable 0.1-0.3 mm size fraction of LWA and use of 
low w/c ratio to reduce the capillary porosity of the cement paste. Hence, it is clear that 
following such a design approach allows the development of concrete with low 
permeability even at ultra-low density. 
 
6.7 Conclusions 
 
This chapter presents investigations on the LWA mortars and concretes, focusing on their 
design, mechanical and thermal properties as well as durability-related properties. 
Expanded glass lightweight aggregates (LWA) were used for the production of the 
mortars and concretes. Based on the obtained results, the following conclusions are 
drawn: 

- The design approach followed in this study for the LWA mortars and concretes 
allows for the design targeted on the strength, density, thermal conductivity or 
permeability, or their combination; 

- The developed mortars have a fast strength development, as their 7-days 
compressive strengths were almost equal to their 28-days strengths. The flexural 
strength test results show that the hydration of the cement continued after 7 days. 
This indicates, that the strength of the used LWA is the limiting factor in the 
terms of the ultimate compressive strength of the mortar; 

- All the developed mortars have excellent resistance to freeze-thaw damage; 
- Application of finer fractions of LWA, which can be densely distributed in the 

matrix, leads to a lower thermal conductivity of the mortar compared to the 
application of coarser LWA, which are distributed sparsely in the matrix; 

- Good adhesion of the paste to the LWA is observed in SEM images. In the case of 
LWA particles, this good adhesion can reduce their permeability; 

- No traces of alkali-silica reactions were found at the interface of the expanded 
glass LWA/cement paste; 

- The difference between the calculated total porosity and the measured water-
permeable porosity indicate that the used LWA have a certain amount of closed 
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internal pores, which contribute to a better thermal insulation of the developed 
composite, but not to the transport of liquids; 

- Even though the external shells of the used LWA are rather closed, liquids can 
still permeate through these LWA (especially in the vacuum-saturation treatment). 
For obtaining low permeability cement-based materials, it is of vital importance 
that the internal porosity of LWA remains closed, thus does not participate in the 
permeation process of the penetrating fluids. Hardened cement paste with a low 
capillary porosity significantly reduces the permeability of the composites as the 
number of the interconnections between the LWA particles is limited; 

- Application of fine size fractions of LWA (especially the 0.1 – 0.3 mm fraction) 
in a combination with high w/c ratios significantly increases the overall 
permeability of the developed composites. The capillary porosity of the hardened 
paste (hydrated cement and, if present, fine LWA size fraction < 0.3 mm) governs 
the chloride transport properties of the designed LWA mortars as well as normal 
density concretes; 

- The design approach used for the development of LWA mortars can also be 
applied for LWA concrete. The ultra-lightweight concrete was developed in this 
study with an aim to be applied in monolithic buildings/structures, i.e. it should 
possess very low density and thermal conductivity and at the same time decent 
mechanical properties and low transport properties of water. The obtained results 
show that the employed design methodology allows for the development of 
concrete with outstanding properties, which are better than most results available 
in literature. 
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1Parts of this chapter were published elsewhere [IV, x, xiii] 

Chapter 7 
 

7 Concrete durability improvement using nano-silica1 
 
7.1 Introduction 
 
The durability of concrete in different environments has been intensively investigated 
over decades. Depending on the exposure condition of concrete, both its durability and 
strength have to be considered or designed independently [3], as the design focused on 
only one of these properties is simply not enough for a proper functionality on the long 
term. As was already explained in the previous chapter, the majority of the durability 
issues of concrete are closely related to its porosity and permeability to fluids, as the 
transport of fluids into the concrete takes place through the interconnected pore system. 
The three fluids which are most often involved in the deterioration of the concrete are 
water (pure or with dissolved aggressive ions), oxygen and carbon dioxide. Hence, in 
order to improve the durability of concrete, it is of vital importance to reduce it. The 
permeability of concrete depends on a few factors including the capillary porosity, 
structure of the pores (tortuosity and constrictivity) and the quality of the interfacial 
transition zone (ITZ) between the hardened cement matrix and the aggregates. The 
easiest and most common way of reducing the permeability of concrete is by decreasing 
the water/cement ratio, which results in a lower amount of free water in the system and in 
turn reduces the porosity of the hardened cement paste. In the past, concrete was based 
only on Ordinary Portland Cement (OPC) binder. However, nowadays, with the 
development of water reducing agents (and new generations of superplasticizers) and 
supplementary cementitious materials (SCM), the durability of concrete can be further 
improved. Besides the additives such as water reducers and superplasticizers, which 
allow reducing the water/cement ratio, the application of three main types of the SCM, 
namely ground granulated blastfurnace slag (GGBS), fly ash (FA) and silica fume (SF) is 
well established in improving the durability of concrete. Hence, the effects of the 
application of GGBS, FA and SF and or their multi-component blends on the 
enhancement of the durability of concrete are summarized in the following section. 
Besides the application of conventional SCM materials, the use of nano-sized materials is 
also summarized (Section 7.1.2). The application of nano-materials can potentially 
enhance many properties of concrete. One nano-material on which nowadays focuses a 
great amount of research is amorphous nano-silica (nano-SiO2). The understanding of the 
influence of nano-silica on the hydration of cement as well as on the concrete fresh state 
behaviour and mechanical properties is quite clear; however, to the author’s knowledge, 
no comprehensive study has yet been done on the influence of nano-silica on the 
durability of concrete. Therefore, the main focus of this chapter is to investigate the 
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effects of the application of nano-silica in concrete, in order to demonstrate its 
performance on the improvement of durability of concrete. 
 
7.1.1 Supplementary cementitious materials (SCM) 
 
Ground Granulated Blastfurnace Slag (GGBS) 
 
GGBS is a by-product of the manufacturing of iron and typically about 220 to 370 kg of 
blastfurnace slag is produced per 1000 kg of pig iron [142]. The application of GGBS in 
concrete has been investigated already for more than a century [3] and became a common 
practice. A typical slag has latent-hydraulic properties, which means that it is reactive in 
the water environment, but the reaction is very slow [142]. When activated by clinker 
(OPC) or lime, the GGBS reaction is triggered at much higher rates. The pore size and 
structure of the hydrated paste of GGBS is more refined compared to the OPC hydrated 
paste. Additionally, due to the slower hydration of the slag, a lower amount of heat is 
released, which reduces the amount of the microcracks in the hardening material. 
Because of the effective reduction of the pore size and volume, application of GGBS 
leads to more durable and impermeable concrete [143]. 
 

 

Figure 7.1: Chloride diffusion coefficient in hardened blended OPC-GGBS pastes,  
w/c = 0.60, age of 28 days [144, 145] 

 
Figure 7.1 shows the chloride diffusion coefficient in hardened pastes consisting of an 
OPC blended with GGBS, with a w/c ratio of 0.60 [144, 145]. It is clear that with an 
increasing amount of the slag in the binder blend, the chloride penetration ability into the 
hardened paste is greatly reduced. This has been confirmed in [143, 146-149]. Besides 
the increased density of the GGBS hydration products (denser paste and lower amount of 
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thermally-induced microcracks), this increased resistance of the paste to the chloride 
penetration can be attributed to a high chloride binding capacity of the GGBS hydration 
products [14, 64-66, 87]. Hence, owing to the fact that the blastfurnace cements (CEM III) 
and Portland-slag cements (CEM II/A-S and CEM II/B-S) are commonly available in 
Europe, their application is often recommended for the production of concrete exposed to 
aggressive environments (marine, de-icing salts, aggressive chemicals, freeze-thaw etc.). 
 
Fly Ash 
 
Pulverized-fuel ash, often termed fly ash (FA), is produced in coal-burning power plants. 
Depending on the type of the coal from which the fly ash originates, two general classes 
of fly ashes can be defined: low- and high-calcium. Fly ash is the most commonly used 
artificial pozzolana, applied worldwide in blended cements [150], and its application in 
concrete has roots in the 1960’s [151]. The particles of fly ash are spherical and of the 
same fineness as cement. Due to the high specific surface area and high content of 
reactive glassy phase SiO2, fly ash is reactive in alkaline environments. In the presence of 
Ca(OH)2, generated upon the hydration of OPC, the reactive SiO2 produces C-S-H gel. 
This gel fills the capillary voids and hence, reduces the capillary porosity. Besides the 
pozzolanic activity, FA plays a role of a micro filler (micro-sized aggregate), water 
reducing agent (the "ball-bearing" effect of spherical FA particles creates a lubricating 
action in fresh concrete) and prevents the formation of micro-cracks at early ages (slow 
release of the hydration heat). 
 

 

Figure 7.2: Estimated time to the initiation of corrosion of steel rebars in fly ash concrete  
(concrete cover depth of 40 mm) [152] 
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Owing to the slow reaction, fly ash concrete at early ages has an increased permeability 
compared to an OPC concrete with similar w/c ratio [3]. However, in time, the 
permeability of fly ash concrete becomes much lower than that of the OPC concrete. 
Hence, FA is often applied in concrete to improve its strength and durability. Figure 7.2 
shows the improvement of the service lifetime of concrete prepared with OPC-fly ash 
blends of different proportions [152]. It is clear that both the fly ash content in the total 
amount of the binder and the water/binder ratio have a strong influence on the quality of 
concrete in terms of the resistance against the intrusion of chlorides. Following the results 
presented in [146, 149-151, 153-155], the use of fly ash can considerably increase the 
service lifetime of concrete structures exposed to chlorides. Also many other durability 
aspects, such as the water sorptivity [151, 155], freeze-thaw resistance [3, 149, 154], 
resistance against alkali-silica reaction [3, 155] and sulfate attack [3, 149] can be 
significantly improved when fly ash is applied. 
 
Silica Fume 
 
Silica fume (SF), known also as micro-silica, is a by-product of the smelting process in 
the silicon and ferrosilicon industries [156, 157]. A typical silica fume is composed of 
mainly amorphous SiO2 (> 90%) and is very fine, with the median diameter of its 
particles in the range 0.1 – 0.3 μm [3, 158]. Due to its large fineness and high amorphous 
SiO2 content, SF is a highly reactive pozzolanic additive. The reaction of SF with 
Ca(OH)2, generated upon the hydration of OPC, leads to a significant densification of the 
paste matrix and the paste-aggregates ITZ [157]. Such refined pore structure has a much 
lower permeability and hence the durability of concrete with SF is considerably enhanced. 
 

 

Figure 7.3: Chloride diffusion coefficient in hardened blended OPC-SF concrete,  
w/b = 0.45 [159] 
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Figure 7.3 shows the improvement in the resistance of concrete against the ingress of 
chlorides when silica fume is partly replacing OPC. The obtained chloride diffusion 
coefficient is lowered by about one order of magnitude when 10% of OPC is replaced by 
SF [159]. Many other researchers demonstrated a significant improvement of the 
durability of concrete in terms of chloride penetration by using SF [3, 148, 154, 157, 160-
162]. Numerous studies presented also a positive influence of SF addition on other 
durability properties such as freeze-thaw resistance [147, 157, 162], water sorptivity [160, 
163], oxygen permeability [160, 163], sulfate attack resistance [157] and alkali-silica 
reaction [157]. 
 
Ternary and quaternary blends of binders 
 
Using fly ash, GGBS or silica fume together with OPC can bring considerable 
improvement of the durability of concrete. Benefits of their application in binary blends 
with OPC are well established [160, 164]. Nevertheless, the research on their application 
in concrete still continues, as it was found that a number of synergistic effects appear if 
two or more of these admixtures are blended with OPC (ternary and quaternary blends). 
Hence, the use of well-balanced binder blends can compensate for the shortcomings of 
individual admixtures [147]. These synergistic effects include e.g. silica fume 
compensating for low early strength of concrete with fly ash [160], GGBS with a low 
water demand compensating for the high water demand of silica fume [148] or silica 
fume reducing the bleeding problems occurring often in GGBS-OPC blends [147]. 
Additionally to the improvement of fresh state and early age properties of 
ternary/quaternary blended binders in concrete, also their durability can be further 
improved. McGrath and Hooton [165] showed that the ternary systems with SF, FA and 
OPC, or SF, GGBS and OPC, result in less permeable concrete compared to a system 
with SF and OPC only. Bleszynski et al. [147] showed that much better durability 
properties (chloride diffusion, freeze-thaw resistance and ASR damage) are obtained 
when SF and GGBS are used together rather than only in binary blends with OPC. 
Makhloufi et al. [166] studied quaternary binder blends (OPC, limestone powder, GGBS 
and a natural pozzolana) in terms of resistance of mortars against sulfuric acid attack, and 
showed that such a blend of binders results in improved properties of the material. Figure 
7.4a shows the total electrical charge passed, measured following the ASTM C 1202 [35] 
Rapid Chloride Penetrability test. It becomes clear that the ternary blended binder system 
with GGBS and FA shows a higher resistance to chloride penetration than a binary 
system with FA and OPC only. However, the chloride resistance of concrete can be 
improved even more, applying quaternary blended binders with FA, GGBS and SF or 
RHA (rice husk ash). Similar results can be found in Figure 7.4b, showing the chloride 
concentration profiles after a 5-years period of exposure of mortars to a chloride solution. 
A ternary blended binder system (OPC with FA and SF) shows better results compared to 
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an OPC mortar and to binary blended mortars with SF or FA. Hence, it can be concluded 
that a well balanced multi-binder blend can be a very promising solution to improve the 
durability of concrete. 
 

  

Figure 7.4: Chloride transport properties in binary, ternary and quaternary blended concrete, 
 (a) [149] and (b) [164] 

 
7.1.2 Nanotechnology in concrete 
 
The application of nanotechnology already provided breakthroughs in many areas such as 
medicine and healthcare, energy, biotechnology, information technology, electronics, 
materials and manufacturing and many others [167, 168]. This was predicted already in 
1959 by R. Feynman, in his lecture “There’s Plenty of Room at the Bottom” [169]. This 
sentence describes well also the field of building materials (including concrete) and it is 
expected that this field can greatly profit from the development of nanotechnology. As 
Figure 7.5 shows, concrete is a multi-scale material which can be considered starting 
from the nano-scale (10-9 m) up to the macro-scale (10-2 m). This holds true for both 
concrete ingredients (from fine nano-powders to coarse aggregates) and concrete 
microstructure (nano-size of C-S-H gel and nano-pores to macro-pores and coarse 
aggregates). Nevertheless, concrete has been slow to catch the revolution in the 
nanotechnology that is ongoing on many other materials [170]. There are several possible 
reasons for that delay, including the lack in the understanding of the physical and 
chemical mechanisms and structure at nanometer scale, lack of proper instrumentation 
and also a relatively low price of concrete, which often is the limiting factor for the 
implementation of nanotechnology. Yet, the application of few nano-materials and the 
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investigations of concrete at the nano-scale are considered as hot topics in recent years 
and have become a focus for many researchers. 
 

 

Figure 7.5: Particle size range and specific surface area of concrete ingredients [168, 171] 

 
The processes that happen at the nano-scale in concrete define its properties at the macro-
scale. The main cement hydration product, the C-S-H gel, is a nano-structured phase. 
This phase is mainly responsible for the strength of concrete as well as its durability. It is 
known that the use of supplementary cementitious materials described in Section 7.1.1 
promotes the creation of refined and denser C-S-H and ITZ structures, which in turn 
improve the mechanical properties and durability of concrete. Nevertheless, the SCM 
defined in Section 7.1.1 are micro-materials, with their total particle size in the range of 
0.1 – 50 μm, as can be seen in Figure 7.5. Here, following the “Plenty of Room at the 
Bottom” approach [169], the nano-materials can be introduced. By increasing the range 
of the particle sizes of the ingredients of concrete, its properties can be improved. As 
Figure 7.5 shows, there are seven decades of the particle sizes present in concrete with 
nano-materials, compared to five decades in a conventional concrete. 
Only a few nano-materials have been investigated as concrete additives or admixtures, 
including nano-titanium dioxide (nano-TiO2), nano-alumina (nano-Al2O3), nano-clay, 
nano-iron oxide (nano-Fe2O3), nano-CaCO3 and nano-silica (nano-SiO2). In general, 
nano-particles influence concrete in many different ways, as they behave as nano-sized 
fillers (densifying the structure of the hydration products and the ITZ), nucleation sites 
for the cement hydration products and also active reactants in the hydration process [168]. 
Nano-TiO2 has been applied into concrete [108, 109, 172, 173] and gypsum [112] to 
promote the self-cleaning and air-purifying properties, as the TiO2 can be activated by 
UV light and act as a catalyst in the photocatalytic oxidation of various air pollutants. 
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There are also some studies showing that the nano-TiO2 accelerates the early-age strength 
of cement [174] and improves the flexural and compressive strength of concrete [175, 
176]. Additions of nano-Al2O3 in concrete were demonstrated to improve its modulus of 
elasticity, and also bring a slight improvement of the strength [177, 178]. Nano-Fe2O3 
was found to improve the strength of concrete [179, 180] and additionally, to provide 
concrete with a self-sensing ability [179]. This ability is related to the change of the 
electrical resistivity of concrete with nano-Fe2O3 at different applied loads (different 
stress levels). The application of natural or calcined nano-clays (e.g. metakaolin) in 
concrete has also shown positive effects, such as the improvement of the strength [181-
184] and reduction of the permeability [181, 183, 184]. Nano-CaCO3 is proven to 
increase the hydration rate of cement at early age, behaving as nucleation sites for 
hydration products [185], but also to have a small reactivity. Additionally, the nano-
particles of calcium carbonate behave as fine filler, increasing the density of concrete at 
nano-scale. 
Although the nano-materials listed above show various positive effects on the properties 
of concrete, the most often investigated and used nano-material in concrete is nano-silica 
(nano-SiO2) [168]. Nano-silica is a pozzolanic material, composed mainly of amorphous 
SiO2 (> 95%), produced in different ways such as precipitation, pyrolisis, sol-gel and 
others [186]. As reported in [187], the primary particle size of nano-silicas available on 
the market is in the range of 5 – 190 nm, with the specific surface area (SSA) of 50 – 500 
m2/g [158]. It has been reported that the nano-silica addition improves the mechanical 
performance and reduces the overall permeability of hardened concrete due to its 
pozzolanic properties, which result in a finer C-S-H gel and densified microstructure [185, 
188, 189]. Despite the fact that many researchers reported contradictory data regarding 
the influence of nano-silica on the development of the strength of concrete [190], there is 
a common agreement that the addition of nano-silica significantly increases the water 
demand of the mixtures. The difference in the effect of the application of nano- and 
micro-silica (silica fume) was also investigated by many researchers. The microstructure 
of concrete with nano-silica revealed denser and more compact hydration products, with 
less Ca(OH)2 crystals compared to concrete with SF [189]. Jalal et al. [191] have shown 
that the 91-days strength of an OPC concrete with 2% replacement of OPC with nano-
silica is about 40 – 50% greater than the strength of concrete in which 10% of OPC was 
replaced with micro-silica. Nili et al. [192] reported that concrete with 1.5% of OPC 
replaced with nano-silica shows similar 91-days compressive strength to that of concrete 
with 7.5% of micro-silica replacing the OPC. Additionally, many researchers recommend 
using nano-silica in a ternary blend with micro-silica and OPC. It has been demonstrated 
that when both nano- and micro-silica are combined, the strength of concrete is 
additionally improved [191-194]. 
Nano-silicas currently available on the market have one very clear drawback – the high 
price. Hence, despite its very positive influence on the properties of concrete, the 
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economic factor strongly limits its use in concrete mass products. Nevertheless, with the 
ongoing research on the cheap production route of precipitated olivine nano-silica 
(dissolution of the olivine in waste sulfuric acid from the mining industry) [195-197] as 
well as with the new sources of waste nano-silica from other processes [198], in the 
future nano-silica should be available at a much lower price so that its application in 
concrete will become more attractive. 
The majority of research regarding the use of nano-materials in concrete focuses on their 
influence on the hydration, strength or functional values such as the photocatalytic 
oxidation. According to the available knowledge, concrete with nano-silica additions has 
a low permeability to water under pressure [193] and to chlorides [191, 193, 199], lower 
capillary-water absorption [191, 192, 194, 199-201] and higher resistivity [199]. 
However, to the author’s knowledge, there is no systematic study on the influence of 
nano-materials on the durability of concrete. Also in the case of the application of nano-
silica in concrete, most of available literature only superficially investigates its durability. 
Additionally, yet there is no available study on the difference in the reactivity and effects 
in concrete of nano-silica produced through different production routes. The durability 
and sustainability of concrete are continuously becoming of increasing importance for the 
construction industry; nevertheless, only a limited amount of information can be found 
regarding the durability of concrete with nano-silica. 
Considering nano-silica as a potentially very effective additive for the improvement of 
the durability of concrete, its application and effects are investigated and analyzed in this 
chapter. The influence of nano-silica on the properties of self-compacting concrete (SCC) 
will be analyzed, focusing on the fresh-state behaviour, mechanical properties, 
microstructural analyses and durability. Two different commercially-available types of 
nano-silica will be considered here, originating from two different production processes: 
fumed powder silica and precipitated silica in colloidal suspension. 
 
7.2 Concrete mixture design 
 
7.2.1 Used materials 
 
The cement used in this study is Ordinary Portland Cement (OPC) CEM I 42.5 N. A 
polycarboxylic ether-based superplasticizer is used to adjust the workability. A ground 
limestone powder is applied as filler. Two different types of sand are dosed: dredged 
river sand (0-4 mm) and a microsand (waste product from a quarry), composed of fine 
sandstone particles (0-1 mm), collected during the crushing process of coarser fractions. 
Two size fractions of broken granite are used as coarse aggregates (2-8 mm and 8-16 
mm). Two types of commercially available nano-silica additives are applied in this study. 
The first type is a fumed nano-silica in the form of dry powder, produced in a flame-
pyrolysis process at a high temperature. The second type is a colloidal nano-silica in 
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water suspension (50% solid content), produced by precipitating from water glass. Both 
used nano-silicas have similar particle size distributions (PSDs) and specific surface areas. 
The properties of the used materials are summarized in Table 7.1 and their particle size 
distributions are presented in Figure 7.6. The specific surface area (SSA) shown in Table 
7.1 was measured using the BET method (nitrogen adsorption), following ISO 9277-2005 
[202]. 
 
Table 7.1: Properties of the used materials (ρs – specific density and SSA – specific surface area) 

Materials Type 
ρs 

[g/cm3] 
SSA 

[m2/g] 
Filler Limestone powder 2.71 - 

Fine sand Microsand 0-1 mm 2.64 - 
Coarse sand Sand 0-4 mm 2.64 - 

Coarse aggregate Granite 2-8 mm 2.65 - 
Coarse aggregate Granite 8-16 mm 2.65 - 
Superplasticizer Polycarboxylic ether 1.10 - 

Cement CEM I 42.5 N 3.14 1 
Nano-silica Powder nano-silica 2.15 56 

Nano-silica 
Colloidal nano-silica 

in 50% water suspension 
1.40 50 

 

 

Figure 7.6: Particle size distribution of the used materials 

 
Figure 7.6 shows that both colloidal and powder nano-silicas consist of particles in the 
size range of about 0.1 – 1 μm, with 50% of the size lower than about 200 nm, as 
measured with a laser diffraction analyzer (Malvern Mastersizer 2000). However, in the 
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microscopy images presented by Quercia et al. [158], both colloidal and powder nano-
silicas appear to have their primary particles in the range lower than 100 nm. Hence, it 
can be concluded that the primary-size particles of nano-silica are agglomerated and form 
larger clusters. 
 
7.2.2 Concrete mix design 
 
Three self-compacting concrete (SCC) mixtures are designed in this study. The first 
mixture is the Reference SCC without nano-silica, while the two other SCC mixtures are 
prepared with colloidal nano-silica and powder non-silica, respectively. The additions of 
nano-silica here are fixed to 3.8% by weight of cement (bwoc), based on [203, 204] and 
on the study of Quercia et al. [187], who found that the addition of 0.5 – 4.0% of a 
colloidal nano-silica to OPC does not result in an increased water demand but only in a 
higher viscosity of the fresh paste. 
 
Table 7.2: Mixture proportions and properties of the designed self-compacting concrete mixtures 

Material 
Reference 

 
[kg/m3] 

Colloidal 
nano-silica 

[kg/m3] 

Powder 
nano-silica 

[kg/m3] 
CEM I 42.5 N 340.0 340.0 340.1 

Nano-silica 0.0 12.8 12.8 
Limestone powder 179.4 151.8 151.9 

Microsand  125.0 141.3 141.4 
Sand 0-4 624.3 617.9 618.0 

Granite 2-8 733.8 735.6 735.7 
Granite 8-16 274.7 274.2 274.3 

Water 153.0 153.0 153.0 
Superplasticizer 3.4 6.5 6.5 

Air content [% Vol.] - assumed 1.0 1.0 1.0 
Designed density [kg/m3] 2427 2427 2430 

w/c 0.45 0.45 0.45 
w/p* 0.267 0.270 0.270 

q 0.25 0.25 0.25 
Powder content [dm3/m3] 194.2 192.7 192.6 

Superplasticizer 
(% bwoc) 

1.0 1.9 1.9 

* - particles smaller than 125 μm 
 
The design of the SCC mixtures is based on the modified Andersen & Andreasen particle 
packing model (Eq. 6.3), using the same design algorithm as described in Section 6.2.3. 
Following the recommendations of Hunger [108] for SCC, the distribution modulus q 
(see Eq. 6.3) of 0.25 is applied for the determination of the mixture target grading curve. 
The concrete mixtures are designed to serve in a severe marine environment (seawater 



166                                                                                                                         Chapter 7 

 

tidal, splash and spray zones), with a risk of concrete deterioration due to chloride-
induced corrosion of steel reinforcement. These exposure conditions are defined in NEN 
EN 206-1 [205] as the XS3 exposure class, for which the following concrete composition 
constraints are defined: minimum cement content of 340 kg/m3, maximum water/cement 
ratio of 0.45 and a minimum strength class of C35/45. Therefore, in the mix design, a 
cement content of 340 kg/m3 was adopted together with w/c ratio of 0.45. As a self-
compacting concrete requires high amount of powders to secure a good workability, 
limestone powder is used besides the cement and nano-silica. The amounts of the dosed 
superplasticizer for each mixture were determined experimentally, aiming at a flow class 
F7 (630-800 mm spread flow), taking into consideration the Dutch recommendation BRL 
1801 [206] for SCC. Table 7.2 shows the determined mixture proportions of the three 
developed SCCs. Figure 7.7 shows the obtained mixture grading curve together with the 
target curve and the PSD of the individual concrete ingredients for the Reference SCC 
mixture. 
 

 

Figure 7.7: Composed Reference SCC mixture grading curve and the target curve 
 
7.3 Fresh state behaviour 
 
About 130 dm3 (2 batches of 65 dm3) of each SCC mixture described in Table 7.2 were 
prepared in a pan-type mixer, with the total mixing time of about 5 minutes. Immediately 
after mixing, the fresh state properties of concrete were determined, including the V-
funnel time, flowability and density. The V-funnel and the flowability tests were 
performed following the procedure recommended by the EFNARC committee [117] for 
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SCC. The density of fresh concrete was determined using a calibrated vessel, with a 
volume of 8 dm3. The content of air in the fresh mixture was also estimated based on the 
measured density. The determined fresh state properties of SCC are presented in Table 
7.3. 
 
Table 7.3: Fresh state properties of SCC 

Property Reference 
Colloidal 

nano-silica 
Powder 

nano-silica 
Slump flow [mm] 690 - 720 664 - 701 685 - 720 
V-funnel time [s] 35.0 20.5 24.5 
Stability time [s] 69.0 12.0 7.5 

Fresh density [kg/dm3] 2.399 2.384 2.392 
Air content [% vol.] 1.15 1.79 1.58 

 
As can be seen in Table 7.3, the flowability of all prepared SCC mixtures is within the 
limits of the target flow class F7 (630 – 800 mm) [206]. Nevertheless, to obtain the same 
flowability as the Reference mixture, almost a double dosage of SP had to be used in the 
mixtures containing nano-silica. This shows that both colloidal and powder nano-silica 
significantly increase the water demand of the mixture due to their large specific surface 
areas (see Table 7.1). As stated in Sobolev et al. [167], about 0.21% of additional SP per 
each 1% of added nano-silica is needed to provide the same workability of concrete. The 
additional SP needed to be added in this study is in line with that finding. The V-funnel 
time measured for the Reference concrete was higher than that of both SCCs with nano-
silica. Also the stability time for all the designed SCCs did not fulfil the recommended 
value (less than 3 s), given in [117]. However, a long V-funnel time and stability time 
were already reported by Hunger [108] for SCC with a high content of powders. 
Apparently, the higher dosage of the SP in both mixtures with nano-silica helped to 
decrease the V-funnel time compared to the Reference SCC. Although the V-funnel time 
is related to the viscosity of fresh concrete, there are also other factors influencing its 
value, such as e.g. the SP type and amount, water content and grading of the particles in 
the mixtures. Both SCC with nano-silica fulfil the requirements of the VF2 viscosity class 
(V-funnel time in the range 9 – 25 s), specified in [117]. No segregation and bleeding 
were observed in any of the mixtures during the flowability test, neither blocking of the 
V-funnel occurred. Although from the V-funnel test it seems that the viscosity of both 
SCC with nano-silica is lower than that of the Reference mixture, the air content in the 
fresh Reference mixture is also lower. This means that the Reference mixture had a better 
self-compacting ability compared to the mixtures with nano-silica, which can be 
attributed to the high specific surface area of nano-silica. The high specific surface area 
increased the viscosity of the fresh paste, and in turn also increased the volume of the 
entrapped air. 
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7.4 Mechanical properties 
 
After performing the fresh-state behaviour tests, a set of about 35 cubes (150 mm size) 
was cast for each SCC mixture and cured for one day in sealed moulds. After that, the 
cubes were de-moulded and transferred to a water basin for water curing (~21°C). The 
compressive strength tests were performed following BS-EN 12390-3 [207] at the age of 
1, 3, 7, 28 and 91 days, each time on a set of three cubes. In addition, the splitting tensile 
strength was determined at the age of 28 days on three cubes, following the procedure 
given in BS-EN 12390-6 [208]. The compressive strength development of the prepared 
SCC is shown in Figure 7.8. 
 

 

Figure 7.8: Compressive strength (σc) of the developed SCC mixtures 

 
All the developed SCCs can be classified as high strength concrete, as their 28-days 
compressive strength is higher than 50 N/mm2, following the definition given in [209]. 
As Figure 7.8 shows, the Reference SCC reached more than 50% of the 28-days 
compressive strength during the initial 7-days, which is typical for concretes based on 
OPC. The powder silica, added to the Reference concrete mixture with the amount of   
3.8% by weight of cement (bwoc) slightly reduced the early age compressive strength of 
the SCC, probably due to its lower reactivity and a higher air content present in the fresh 
concrete. Nevertheless, the 7- and 28-days compressive strengths of both the Reference 
SCC and the SCC with the powder nano-silica were equal. After 28 days of water curing, 
the powder nano-silica significantly contributed to the OPC hydration and the 91-days 
strength of the SCC with powder nano-silica was about 10% higher than that of the 
Reference concrete. In the case of the SCC with 3.8% (bwoc) addition of colloidal nano-
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silica, the 1-day compressive strength was slightly lower than that of the Reference SCC. 
This can be attributed to the increased air content, caused by the increased viscosity of 
concrete due to the presence of nano-silica (see Table 7.3). Nevertheless, from the third 
day of curing on, the strength of SCC with the colloidal nano-silica was higher than that 
of the Reference SCC, which means that the colloidal nano-silica was more reactive in 
the early age of concrete compared to the powder nano-silica. 
The 28- and 91-days compressive strength of concrete with the colloidal nano-silica was 
about 11% higher than that of the Reference SCC. It can be seen in Figure 7.8 that the 
colloidal nano-silica reacted faster than the powder nano-silica. This behaviour can be 
attributed to the difference in the reactivities of both used nano-silicas. The colloidal 
nano-silica is precipitated at low temperatures from water glass, and because of that, it 
has a higher concentration of silanol groups (Si-OH) on its surface (about 5.3 SiOH/nm2) 
[210, 211]. On the other hand, the powder nano-silica is produced at high temperatures, 
in a flame-pyrolysis process. The silanol groups surface concentration of this type of 
nano-silica is lower, about 1.2 – 2.5 SiOH/nm2 [210]. As shown in [212], besides the 
specific surface area, the amount of surface silanol groups also determines the reactivity 
of nano-silica. Hence, despite the similar specific surface areas of both types of used 
nano-silica, the reactivity of the colloidal nano-silica is higher, as indicated by Figure 7.8. 
Ultimately, at the age of 91-days the compressive strength of SCC with both types of 
nano-silica was at the same level, about 10% more than the Reference SCC without the 
nano-silica additions. The improvement of the strength of concrete with the additions of 
nano-silica can be related to the increase of the amount of the C-S-H gel, which is the 
reaction product of nano-silica with portlandite Ca(OH)2, generated upon the hydration of 
Portland cement [3, 213]. The generated C-S-H gel is dense and fills the capillary pores; 
hence, the hardened paste and the aggregate-paste ITZ become denser [3, 213]. 
Comparing the cement efficiency, i.e. the amount of N/mm2 per each used kg of cement 
(binder) in 1 m3 of concrete, it can be seen that nano-silica has positive effects, as Table 
7.4 shows. 
 
Table 7.4: Cement efficiencies of the developed SCC mixtures (here cement includes CEM I + nano-
silica) 

Structural efficiency 
[(N/mm2)/(kg/m3)] 

Reference 
Colloidal 

nano-silica 
Powder 

nano-silica 
28 days  0.23 0.25 0.22 
91 days  0.25 0.26 0.26 

 
The values of the cement efficiency obtained in this study (Table 7.4), including the 
Reference SCC, are better than the results presented in [108]. In that study, for different 
SCCs with the total content of the binder in the range 360 – 650 kg/m3, a cement 
efficiency between 0.12 and 0.22 is reported. The 28-days cement efficiency of the SCC 
with nano-silica is higher than that of the Reference SCC which means that, at this age, 
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the colloidal nano-silica addition contributed to the strength more than the equivalent 
amount of cement. On the other hand, the 28-days cement efficiency of the powder nano-
silica SCC was slightly lower than that of the reference SCC. However, at the age of 91 
days, the cement efficiency of both SCCs with nano-silica was higher compared to the 
Reference SCC, which confirms the positive influence that nano-silica has on the strength 
of concrete. 
The 28- and 91-days tensile splitting strength test results, presented in Figure 7.9, show 
that the additions of nano-silica have a positive influence on both 28- and 91-days 
strengths. Due to the densification of the aggregate-paste ITZ and presence of denser and 
refined C-S-H gel, the tensile splitting strength of concrete increased. To support the 
findings shown in Figures 7.8 and 7.9, the analysis of the microstructure of concrete will 
be presented in Section 7.6. 
 

 

Figure 7.9: Tensile splitting strength of the developed SCC mixtures 

 
7.5 Durability 
 
In order to thoroughly analyze the influence of the nano-silica additions on the durability 
of the SCC, a number of tests were performed, including the total water-permeable 
porosity, porosity of the hardened paste and its pore size distribution, penetration of water 
under pressure, chloride transport properties (RCM test and diffusion test), resistivity and 
freeze-thaw resistance. 
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7.5.1 Water-permeable porosity 
 
The water-permeable porosity was measured for each SCC mixture on six samples (discs 
with a height of 15 mm and diameter of 100 mm), extracted from 150 mm cubes at the 
age of 28 days. The vacuum-saturation with water was performed following the same 
procedure as described in Section 2.2, using the set-up shown in Figure 5.18. The 
saturation of the samples with water was performed under vacuum conditions, as this 
technique is reported to be the most efficient [98]. After saturation, the mass of the 
samples was measured in air and then in water (hydrostatic weight). Subsequently, the 
samples were dried in a ventilated oven at 105 °C, until a constant mass was reached. 
Finally, the water-permeable porosity was calculated using Eq. (6.8). The results are 
shown in Figure 7.10. 
 

 
Figure 7.10: Total water-permeable porosity of SCC samples 

 
The results shown in Figure 7.10 do not correspond well with the strength results shown 
in Figures 7.8 and 7.9, as the SCC with the lowest compressive strength has also the 
lowest porosity. The porosity of both SCC with nano-silica is very similar, about 12.5% 
by volume, compared to about 12% for the Reference SCC. Although the nano-silica 
additions cause a densification of the microstructure, they also cause an increase in the air 
content of the fresh concrete mixture (see Table 7.3). Therefore, the final porosity of the 
concrete with nano-silica is a product of these two effects. It can be noticed in Figure 
7.10 that the increase of the air content is larger than the decrease in the porosity due to 
the generation of pozzolanic reaction products. This is in line with [214], where it was 
mentioned that in concrete with additions of micro-silica the pore structure was refined 
but the total porosity was not changed compared to the Reference SCC samples without 
the micro-silica. 
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7.5.2 Porosity of the hardened paste and the pore size distribution 
 
The pore size distribution as well as the total porosity of the hardened cement paste was 
measured using mercury intrusion porosimetry (MIP), following the same procedure as 
described in Section 5.4.4. The pore size range of 0.005 – 900 μm was investigated using 
about 2 grams of hardened paste, extracted from 150 mm cubes at the age of 28 days, and 
dried to constant mass. 
 

 

Figure 7.11: Pore size diameter obtained from the MIP test 

 
The pore size diameter distribution shown in Figure 7.11 does not indicate any significant 
changes of the pore structure between the SCC with nano-silica and the Reference SCC. 
Yet, it can be seen that the volume of fine nano-pores (10 – 20 nm) is larger in the case of 
both SCC with nano-silica than that in the Reference SCC. This increased amount of the 
nano-pores is due to the refinement of coarser pores caused by the nano-silica pozzolanic 
reaction.  
 
Table 7.5: MIP test results 

Property Reference 
Colloidal 

nano-silica 
Powder 

nano-silica 
Median pore diameter (volume) [nm] 34.8 30.9 33.8 

Median pore diameter (area) [nm] 20.3 17.2 17.5 
Average pore diameter (4V/A) [nm] 27.8 24.3 25.9 

Apparent density [Vol. %] 2.41 2.44 2.45 
Porosity [Vol. %] 8.79 9.31 8.99 
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Precise data obtained from MIP, given in Table 7.5, shows that the average pore diameter 
in the case of the nano-silica SCC reduced slightly. In the case of the SCC with colloidal 
nano-silica the average pore diameter is 24.3 nm, compared to 25.9 nm for the powder 
nano-silica and 27.8 nm in the case of Reference concrete. This refinement of the pore 
structure can be attributed to the pozzolanic activity of nano-silica. The total porosity of 
the analyzed samples is found to be the lowest in the Reference SCC, which is in line 
with the water-permeable porosity test results shown in Figure 7.10. 
 
7.5.3 Water penetration under pressure 
 
The permeability of concrete to water under pressure is an important measure of the 
permeable porosity (mainly the capillary porosity), i.e. the resistance of concrete against 
the intrusion of aggressive substances from the surrounding environment. Hence, it is one 
of the most important durability indicators. In this study, the permeability of the 
developed SCC mixtures to water under pressure was tested at the age of 28 days, 
following BS-EN 12390-8 [127]. Three 150 mm cubes for each developed SCC mixture 
were tested, in the same way as described in Section 6.4.2. Subsequently, after the test, 
the cubes were split in order to measure the maximum depth of the water penetration 
front. The values of the obtained water penetration depths are shown in Table 7.6. 
 
Table 7.6: Penetration depth of water under pressure 

Property Reference 
Colloidal 

nano-silica 
Powder 

nano-silica 
Maximum water penetration [mm] 26.0 3.0 3.0 

Standard deviation [mm] 7.0 2.0 2.0 
 
The results presented in Table 7.6 show that the additions of nano-silica into concrete 
greatly reduced its permeability to water under the pressure of 5 bar. In fact, it was 
technically difficult to measure the shallow water penetration depth for both SCCs with 
nano-silica (i.e. just 3 mm). On the other hand, the water penetration depth for the 
Reference concrete was much more significant, about nine times larger. Although the 
results of the water-permeable porosity and the MIP tests show that total porosity of 
concrete with nano-silica slightly increased, its permeability was much lower. This is in 
line with Yogendran et al. [214], who found that in the case of a high-performance 
concrete with micro-silica additions the total porosity was similar to that of the Reference 
concrete, but the permeability was substantially reduced. As shown in Chapter 6, the 
permeability of cement-based materials is mainly determined by the capillary porosity. 
Therefore, it can be concluded that the additions of nano-silica into concrete influences 
the capillary porosity. This influence can be considered in a few ways: by the reduction 
of the average pore diameter caused by nano-silica (see Table 7.5), but also by the effects 
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of an increased tortuosity and/or a division of larger pores into smaller ones, reported for 
pozzolanic materials [214]. 
 
7.5.4 Resistivity of concrete 
 
Just like the water-pressure permeability test, the resistivity of concrete also reflects the 
capillary porosity, as the AC current, flowing through the concrete samples between the 
applied electrodes, is transferred only through the interconnected pore system. The 
resistivity is proportional to the volume of the interconnected pores [3].  
In this study the resistance of concrete samples was measured at the age of 28 and 91 
days, using concrete cylinders (samples extracted from 150 mm cubes, with the height of 
50 mm and diameter of 100 mm), saturated under vacuum with limewater. The 
measurement procedure and the used test-setup were the same as described earlier in 
Section 5.4.2. After measuring the resistance and the exact geometry of the samples, the 
resistivity was calculated. The obtained values are shown in Table 7.7. 
 
Table 7.7: Resistivity of concrete 

Property Reference 
Colloidal 

nano-silica 
Powder 

nano-silica 
28-days resistivity [Ωm] 68.9 168.4 153.1 
Standard deviation [Ωm] 2.3 5.4 6.7 
91-days resistivity [Ωm] 96.2 225.7 208.1 
Standard deviation [Ωm] 4.0 16.3 27.9 

 
As can be observed in Table 7.7, the resistivity of the Reference SCC after both 28 and 
91 days of curing was much lower compared to both SCC mixtures with nano-silica. This 
reflects on the finer pore system as well as lower interconnectivity of the pores in 
concrete with nano-silica compared to the Reference SCC. The obtained values of the 
resistivity correspond well with the water permeability test results as well as with the 
MIP test results. Following the recommendations given in [136, 137] for the assessment 
of the risk of corrosion of steel-reinforced OPC concrete, for the resistivity < 100 Ωm, the 
risk of chloride-induced corrosion of reinforcing steel is high (this is the case for the 
Reference SCC), while for both mixtures containing 3.8% additions of nano-silica, the 
risk is moderate, as the resistivity is in the range of 100 – 500 Ωm. Thus, the data shown 
in Table 7.7 demonstrate that a small addition of nano-silica can greatly improve the 
durability of concrete in terms of resistance against chloride intrusion. 
 
7.5.5 Chloride migration and diffusion 
 
As explained in Section 7.2.2, all the three SCC mixtures developed in this study were 
designed for serving in a harsh marine environment (exposure class XS3). Thus, all these 
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mixtures should be suitable for marine environment. The Rapid Chloride Migration 
(RCM) test and the chloride diffusion tests were performed to investigate the influence of 
the nano-silica additions on the chloride transport properties of concrete. The RCM test 
was performed following the same procedure as described in Section 5.2.3, on the 
samples at the age of 28 and 91-days. After the test, the samples were split and sprayed 
with a colourimetric indicator for chlorides. The measured average chloride penetration 
depths were used to compute the chloride migration coefficient DRCM, applying Eq. (2.12). 
The obtained chloride migration coefficients are presented in Figure 7.12. 
 

 

Figure 7.12: Chloride migration coefficient (DRCM) for the developed SCC 
 
Figure 7.12 shows that the addition of 3.8% (bwoc) of nano-silica into concrete could 
reduce the 28-days DRCM by a factor of three compared to that of the Reference SCC. It 
also shows that the resistance of concrete against the intrusion of chlorides is slightly 
higher for the colloidal nano-silica SCC than for the powder nano-silica SCC. Comparing 
the performance of nano-silica (Figure 7.12) to micro-silica (Figure 7.3), it can be noticed 
that nano-silica is a much more efficient durability enhancing concrete additive. 
The Reference SCC fulfils the design criteria restricted for the XS3 exposure class by 
NEN EN 206-1 [205] such as the maximum allowed w/c and the minimum cement 
content in the mixture. Nevertheless, following the CUR guideline for the 100-years 
service lifetime design of concrete [138] given in Table 6.11, this concrete should not be 
used for XS3 exposure class, as the 28-days DRCM is too large in the investigated range of 
the concrete cover depths (up to 90 mm of the cover). On the other hand, the quality of 
both SCC mixtures with nano-silica is significantly better and, following Table 6.11, a 
concrete cover depth of 50 mm for the colloidal nano-silica and 55 mm for the powder 
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nano-silica should be provide a 100-years service lifetime of concrete with regular steel 
reinforcing bars. 
The RCM test was developed only based on the experience with OPC systems. On the 
other hand, the addition of nano-silica into OPC concrete influences the chemistry of the 
pore solution and therefore, potentially also the RCM test results. Hence, the traditional, 
long-term chloride diffusion test was also performed in this study. The test was 
conducted on three cylindrical samples (geometry was the same as in the case of the 
samples used in the RCM test) for each developed mixture, following the procedure 
described already in Section 5.2.3. The samples were exposed for 63 days in a chloride 
solution and after that period, the total chloride concentration profile was measured. 
Subsequently, the apparent chloride diffusion coefficient and the surface chloride 
concentrations were obtained by fitting the profiles (see Appendix 4). The measured 
profiles as well as the obtained parameters are shown in Figure 7.13. 
 

 
Figure 7.13: Measured and fitted chloride diffusion profiles, obtained chloride diffusion coefficients 

(Dapp) and the surface chloride concentration (surface Ct) for the developed SCC mixtures 
 
One can find in Figure 7.13 and Table 7.8 that the obtained chloride diffusion coefficients 
(Dapp) match well with the migration coefficients, especially with the 91-days DRCM (see 
Figure 7.12). The results of the chloride diffusion test confirm again the same trend as the 
one found in the other performed tests, that the additions of nano-silica considerably 
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increase the resistance of concrete against the ingress of chlorides, and that the colloidal 
nano-silica performs slightly better than the powder nano-silica. 
 
Table 7.8: Chloride diffusion and migration test results of the developed SCCs 

Property Reference 
Colloidal 

nano-silica 
Powder 

nano-silica 
28-days DRCM [∙1012 m2/s] 12.43 4.52 5.45 
91-days DRCM [∙1012 m2/s] 10.75 4.04 5.26 

Dapp [∙1012 m2/s] 9.61 3.55 4.45 
surface Ct [gCl/100gconcrete] 0.709 0.720 0.717 

 
7.5.6 Freeze-thaw resistance 
 
One of the common durability issues in the case of concrete exposed to a cold climate is 
the damage induced by freezing water. The mechanism of the induction of this type of 
damage is well known: at low temperatures the water present in the pores of concrete 
freezes and the crystallized ice has about 9% greater volume than the water and, 
additionally, the thermal expansion coefficient of ice is four times greater than that of 
concrete [215]. Therefore, the ice induces tensions inside the concrete and once that 
tension is greater than the local tensile strength of concrete, microcracks and spalling 
appear. The damage accumulates with the increasing number of freezing and thawing 
cycles. The freeze-thaw attack can lead to two different types of damage, namely scaling 
(surface weathering) and internal structural damage. In the case of concrete exposed to a 
marine environment or de-icing salts, the freeze-thaw damage is even more severe, as the 
salts increase the saturation level of concrete pores with water [3]. As the concrete was 
developed in this study following the XS3 (marine environment) exposure class criteria, 
the surface scaling freeze-thaw test was performed following NEN-EN 12390-9 [129], 
using a 3% NaCl solution. The test procedure was described in Section 6.4.4. Three 
cylindrical samples (50 mm in height and 100 mm in diameter) were tested for each 
developed SCC mixture. In total, 56 freeze-thaw cycles were performed, during which 
the surface scaling was measured after 7, 14, 28, 42 and 56 cycles. The surface-scaling 
development in time is presented in Figure 7.14. The Reference SCC fails the criterion of 
the maximum concrete surface scaling of 1.5 kg/m2 after 28-cycles, recommended in 
[216] for concrete in which no air-entraining agent was used. Such a scaling value 
occurred for the Reference SCC after about 11 freeze-thaw cycles. The freeze-thaw 
damage resistance of the SCC with nano-silica was much better compared to the 
Reference concrete. In the case of the colloidal nano-silica addition, the SCC surface 
scaling of 1.5 kg/m2 occurred at about the 49th cycle while for the SCC with the powder 
nano-silica at the 52nd cycle. The freeze-thaw resistance depends on the strength, porosity, 
pore size distribution and the distribution of entrained air voids [3]. The increased freeze-
thaw resistance of both SCC with nano-silica additions can be attributed to its denser 
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microstructure which limits the amount of intruding water, higher strength and refined 
and stiffer C-S-H gel [217] compared to the Reference SCC. Hence, it can be concluded 
that even a small addition of nano-silica (3.8% bwoc) can significantly improve the 
freeze-thaw resistance of concrete. Nevertheless, according to the freeze-thaw resistance 
classification of Stark and Wicht [218], none of the analyzed SCC mixtures has a good 
resistance, as all the scaling values after 56 cycles were larger than 0.5 kg/m2. However, 
meeting of this criterion should be achievable for the developed SCC mixtures if an air 
entraining agent is used. 
 

 

Figure 7.14: Surface scaling (Sn) of the developed SCC mixtures due to the freeze-thaw cycles 
 
7.6 Microstructure of concrete 
 
As demonstrated in the previous sections, the addition of nano-silica has a positive 
influence on the strength of concrete and also greatly improves its durability. There are 
several phenomena responsible for such behaviour, including the densification of the 
microstructure, generation of stiff and dense C-S-H phase in the pozzolanic reaction and 
improvement of the paste-aggregate ITZ. Hence, in order to better explain the findings 
presented here, microstructural analyses were also performed. A high resolution scanning 
electron microscope (FEI Quanta 600 FEG-SEM) with a Schottky field emitter gun (at a 
voltage of 10 keV and a pressure of 0.6 mbar) was used for these analyses. Furthermore, 
a general chemical analysis was performed using the energy dispersive spectroscopy 
(EDS) detector. Several concrete samples were analyzed (fracture surfaces) without any 
further preparations, as polishing, grinding etc. could alter the microstructure. Figures 
7.15a-d present the microstructure of the Reference SCC. The aggregate-paste ITZ shown 
in Figure 7.15a appears to be rather dense and homogenous. Nevertheless, the 
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microstructure of the Reference concrete sample is rather heterogeneous, with a high 
amount of small pores and large sized C-S-H gel clusters. Additionally, a number of rod-
like crystals of ettringite are present, as shown in Figures 7.15a and d. A large number of 
well-crystallized hexagonal plates of Ca(OH)2 (portlandite) can be easily found in the 
SEM pictures (Figure 7.15a and c). Portlandite is one of the hydration products of OPC 
and, in the absence of slag or pozzolanic materials (plain OPC systems), it is present in a 
relatively large amount in the microstructure. The presence of Ca(OH)2 crystals results in 
a higher permeability and lower strength of concrete compared to the concrete in which 
the portlandite was consumed by nano-silica to produce more C-S-H gel. 
 

 

 

Figure 7.15: Microstructure of the Reference SCC 
 
The microstructure of the SCC with the colloidal nano-silica is presented in Figures 
7.16a-d. In Figure 7.16a it can be seen that the paste-aggregate ITZ in the SCC with a 
colloidal nano-silica is dense and homogenous, just as in the case of the Reference SCC. 
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The hardened paste is dense, filled completely with C-S-H gel and more homogeneous 
than the one observed for the Reference SCC in Figure 7.15. Nevertheless, Figure 7.16c 
shows that there are still some unreacted nano-silica agglomerates present in the concrete. 
An important finding is that no portlandite hexagonal crystals could be spotted in the 
pictures, which confirms the pozzolanic activity of the colloidal nano-silica. It appears 
that all the portlandite generated upon the hydration of OPC was consumed by nano-
silica and a dense and fine C-S-H gel was generated. Mondal et al. [217] found that the 
C-S-H gel created from the nano-silica pozzolanic reaction has longer chains and is 
stiffer than the C-S-H gel originating from the OPC hydration. Therefore, not only the 
amount of the C-S-H gel increases but also its quality is higher in the concrete with nano-
silica additions. Hence, the densified microstructure, good quality of the ITZ and fine and 
stiff C-S-H gel are responsible for the increased strength and durability of the SCC with 
the colloidal nano-silica. 
 

 

 

Figure 7.16: Microstructure of SCC with colloidal nano-silica 
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Figures 7.17a-d show the microstructure of the SCC with powder nano-silica. The paste-
aggregate ITZ is dense and adhering tight (Figure 7.17a and b). The quality of the 
hardened paste is good, with dense C-S-H gel, but the amount of pores is higher 
compared to the SCC with colloidal nano-silica. Some ettringite needles could also be 
observed (Figure 7.17c). The precipitated Ca(OH)2 hexagonal plates could not be found, 
which confirms that they were consumed by the pozzolanic reaction of nano-silica, so 
that more C-S-H gel was produced. Therefore, the dense microstructure of the concrete 
with powder nano-silica explains the improved durability compared to the Reference 
SCC. The porosity of the SCC with the powder nano-silica (Figure 7.17) is slightly 
higher than that of the SCC with the colloidal nano-silica (Figure 7.16). This explains 
why the performance of the powder nano-silica was less. 
 

 

 

Figure 7.17: Microstructure of SCC with powder nano-silica 
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7.7 Conclusions 
 
In this chapter, the influence of nano-silica on the fresh-state behaviour, mechanical 
performance and durability of concrete is analyzed. The following conclusions are drawn: 

- As follows from the presented summary, the application of supplementary 
cementitious materials such as ground granulated blastfurnace slag (GGBS), fly 
ash (FA) and silica fume (SF) brings a considerable improvement of durability of 
concrete. This improvement is a consequence of the pozzolanic activity of the 
SCM, which results in the generation of additional C-S-H gel. The fine C-S-H gel 
is responsible for a reduced porosity and in turn also reduced permeability. Due to 
the synergistic effects, the application of SCM in ternary and quaternary binder 
blends can bring additional benefits in terms of the hydration development, 
strength and durability of concrete; 

- The application of nano-materials in concrete opens new possibilities for 
modifications of concrete at nano-scale level, targeted on the performance of 
concrete at macro-scale. Currently, the application of nano-silica in concrete is 
limited by its high price. However, this may change in the future as new, more 
cost-efficient production routes are being developed and there are alternative 
sources of waste nano-silica from other industries; 

- The total porosity of concrete was not influenced significantly after adding nano-
silica. However, the average pore diameter slightly decreased. Due to the 
pozzolanic reaction of nano-silica, an additional amount of dense C-S-H gel is 
produced in the capillary pores. The densified microstructure of concrete is less 
permeable and mechanically stronger compared to a hydrated OPC; 

- A drawback of using nano-silica, besides its high price, is its increased water 
demand and viscosity of the paste so a larger amount of superplasticizer needs to 
be used and more air is entrapped in fresh concrete; 

- Nano-silica additions in concrete, even at low dosages (3.8% bwoc used in this 
study), show a positive influence on the compressive strength of concrete – a 10% 
increase at the age of 91 days was observed; 

- Various durability tests performed here show that, with the additions of nano-
silica, concrete becomes almost impermeable to water under pressure and the 
chloride migration coefficient decreases by a factor of three, compared to the 
Reference concrete without nano-silica; 

- The SEM pictures show that in both developed SCC with nano-silica additions the 
microstructure was dense, filled tightly with C-S-H gel, and no portlandite 
crystals were identified; 

- The SCC with precipitated nano-silica in a colloidal suspension has a slightly 
better durability performance compared to that of SCC with fumed nano-silica in 
the form of powder. Additionally, the strength development of the SCC with 
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colloidal nano-silica was faster. These can be attributed to a higher reactivity of 
the colloidal nano-silica related to the higher amount of surface silanol groups. 
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Chapter 8 
 

8 Conclusions and recommendations 
 
8.1 Conclusions 
 
Although durability of concrete has already been the focus of research for many decades 
and many deterioration phenomena are well explained, there are still many gaps in the 
existing knowledge. Therefore, this Thesis tries to explore a broad spectrum of relevant 
durability-related issues. The main focus of this Thesis is the analysis of the Rapid 
Chloride Migration test for concrete; however other related topics such as the 
permeability of concrete and the design of durable lightweight concrete are explored too. 
Furthermore, a possibility of the improvement of durability with nano-silica is 
investigated here. 
Chloride-induced corrosion of reinforcing steel rebars is a serious durability problem in 
the case of concrete exposed to seawater or de-icing salts. The research in this field 
includes topics such as corrosion mechanism and critical chloride concentration, 
techniques for the quantification of chloride ingress rate, durability design and service 
lifetime prediction, methods for reducing the ingress rate of chlorides, cathodic protection 
of steel reinforcement and chloride removal from concrete structures. All of these topics 
are related to multi-disciplinary fields such as chemistry, materials science, structural 
engineering, statistics and others. Each of these topics is closely related to many others, 
but also has its own importance, neither higher nor lower compared to the rest. This 
Thesis adds to the current knowledge in the field of durability of concrete, and focuses on 
the quantification of chloride ingress into concrete by using the RCM test; design of 
lightweight concrete and its durability (water and chloride transport, alkali-silica reaction 
and freeze-thaw resistance) and improvement of durability of concrete. The conclusions 
concerning all these three parts are summarized in what follows. 
 
8.1.1 Quantification of chloride ingress rate into concrete 
 
In the stage of the design of service life of concrete, the key information needed is the 
chloride ingress rate. This information can be coupled with the thickness of the concrete 
cover in order to meet the required service life of concrete. In order to quantify the 
chloride ingress rate into concrete, a number of laboratory test methods have been 
developed over the years. In the past, mainly the diffusion test methods were used, in 
which concrete samples are naturally exposed to a chloride solution for a certain period 
of time. However, because the diffusion tests are time consuming, laborious and costly, 
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in recent years a number of accelerated test methods have been developed to overcome 
these disadvantages. One group of such methods includes the electrically-accelerated 
techniques (migration tests) in which chlorides are accelerated by means of an electrical 
field in order to penetrate the concrete samples at a much higher rate, thus leading to a 
much shorter testing duration than that of the diffusion tests.  
The Rapid Chloride Migration (RCM) test is the most commonly used migration test, and 
its importance and popularity significantly increased when its output value, the chloride 
migration coefficient (DRCM), was included in the DuraCrete model for the performance-
based design of concrete exposed to chlorides. Despite the high popularity of the RCM 
test, there was an ongoing discussion over its theoretical background, as there are strong 
evidences that the basic RCM test chloride transport model cannot explain the 
experimentally-observed chloride profile in concrete (Chapter 2). Additionally, there are 
several available RCM test guidelines, which often bring confusion, as their test results 
are different compared to other guidelines. An extended chloride migration model for the 
RCM test is presented in this study (Chapter 3), because the basic RCM test model as 
well as the alternative models could not describe the chloride migration process 
accurately enough. The main improvements of this model include the consideration of 
non-linear chloride binding and non-equilibrium concentrations during the RCM test. The 
extended chloride transport model can predict the chloride concentration profile in 
concrete during the RCM test, and from the application of this model to the experimental 
data, the binding parameters, chloride mass transfer coefficient and the effective chloride 
migration coefficient can be obtained successfully (Chapter 4). As the local chloride 
binding capacity of concrete is a function of the concentration of chlorides in the pore 
solution, the local apparent chloride migration coefficient (Dapp) is not constant. However, 
as demonstrated here, in the case of OPC-based concretes the DRCM represents only the 
Dapp at the position of the chloride penetration front in concrete (Chapter 4). Because the 
concentration of chlorides at the chloride penetration front is very low and the chloride 
binding capacity at low chloride concentrations is negligible, the DRCM at the position of 
the front is unaffected. This is due to the fact that the colourimetric chloride indicator in 
the case of OPC concretes is able to detect a low free chloride concentration (the real 
location of the chloride penetration front). Nevertheless, there is evidence that the 
minimum free chloride concentrations detected by the same colourimetric chloride 
indicator would be much higher for concretes with cements other than OPC. Hence, the 
application of the colourimetric indicators in such concretes for the determination of the 
DRCM should be carefully validated in future studies.  
This Thesis not only presents an extended chloride migration model, but also shows that 
the DRCM obtained from the basic model is constant and self-consistent. However, the 
DRCM is not the apparent chloride migration coefficient but actually is the intrinsic 
chloride migration coefficient (i.e. not influenced by chloride binding) in the pore 
solution of concrete. 
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The RCM test is an accelerated test and it significantly differs from the natural exposure 
conditions of concrete to chlorides. There was not much known about the influence of the 
electrical field applied in the migration test on the properties of concrete and hence, this 
is also analyzed in this Thesis (Chapter 5). It is shown that the chloride migration 
coefficient is only slightly affected by different applied test conditions and the chloride 
penetration depth in the concrete sample is a linear function of the product of the test 
duration and the electrical field. The polarization of the electrodes is also measured, 
confirming the value of 2 V, adopted in the formula for the calculation of the migration 
coefficient. On the other hand, it is shown that there are some phenomena that need to be 
further analyzed, such as the dark colouration of the concrete sample in the regions 
containing chlorides, incomplete saturation of the sample with electrolyte or an increase 
of the mass of the sample during the test. Additionally, the analyses presented in this 
Thesis (Chapter 5) show that there is room for the improvement of technical aspects of 
the RCM test, including the modification of the used electrolyte, type of the material used 
for the electrodes or finding a more efficient way to saturate the samples. 
 
8.1.2 Design, liquid transport and durability of lightweight concrete 
 
The ingress of chlorides, among other deleterious substances, takes place through the 
pore system in hardened concrete. Normally, when the permeable porosity is high, 
durability of concrete is poor. This phenomenon is very well understood, especially in the 
case of normal-density concrete. One type of concrete that has not been thoroughly 
analyzed in terms of durability is lightweight concrete. In lightweight concrete the 
volume of pores is much greater compared to that of a normal-density concrete; hence, 
usually its permeability is much higher. Therefore, this Thesis addresses durability of 
lightweight concrete by using a special design methodology. Besides the low unit weight, 
low thermal conductivity and good mechanical properties, the designed material would 
also have a low permeability, i.e. good durability (Chapter 6). The proposed design 
method for the lightweight concrete utilizes an optimized particle packing model 
(modified Andersen & Andreasen equation) and the application of expanded glass 
lightweight aggregates (LWA) in different particle size fractions. Due to the low amount 
of open pores in the used LWA, their internal pores remain closed to a large extent; hence, 
the LWA do not facilitate the transport of fluids through the concrete. Despite the fact 
that some of the pores of the LWA are open, the analyses show that the transport of fluids 
takes place mainly through the capillary pores, i.e. the transport properties are determined 
by the quality of the hardened cement paste (water/cement ratio). Therefore, for 
lightweight concretes, just like for normal-density concretes, the quality of the hardened 
paste determines the permeability of the material in macro-scale. The analysis of the 
developed lightweight mortars/concretes shows that by using the presented mixture 
design methodology, it is possible to develop a product which has a low density, low 
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thermal conductivity, good mechanical properties and low permeability. Although the 
total porosity of the developed lightweight mortars/concretes is very high (38 - 58% of 
the total volume) the developed composite has low water permeability and the obtained 
chloride migration and diffusion coefficients are comparable to good quality normal-
density concretes. Additionally, no alkali-silica reaction is found in the developed 
material and its freeze-thaw damage resistance is excellent. The design approach used for 
the development of LWA mortars is also applied for LWA concrete. The ultra-
lightweight concrete is developed in this study with an aim to be applied in monolithic 
buildings/structures, i.e. it should possess very low density and thermal conductivity and, 
at the same time, decent mechanical properties and good resistance against liquid 
transport. The obtained results show that the employed design methodology allows for 
the development of concrete with outstanding properties. 
 
8.1.3 Improvement of durability of concrete 
 
In order to improve durability of concrete, it is of vital importance to reduce its 
permeability. The easiest and most common way of reducing the permeability of concrete 
is by decreasing the water/cement ratio, which results in a lower amount of free water in 
the system and in turn reduces the capillary porosity of the hardened cement paste. 
However, nowadays, with the application of supplementary cementitious materials 
(SCM), durability can be further improved significantly. The most commonly used SCMs 
are ground granulated blastfurnace slag, fly ash and silica fume (their effect on the 
improvement of durability is summarized in Chapter 7). An additional durability 
enhancement can be obtained using properly balanced multi-component blends. 
The application of nano-materials in concrete opens new opportunities for the 
improvement of various properties of concrete. The influence of nano-materials on 
concrete begins at the nano-scale level, but results in macro-scale improvements. Nano-
silica is a nano-sized material which can considerably improve the properties of concrete. 
The additions of small amounts of nano-silica, besides a positive effect on mechanical 
properties of concrete, show also a great potential for the improvement of its durability 
(Chapter 7). In this Thesis it is shown that the addition of 3.8% (bwoc) nano-silica results 
in a chloride migration coefficient reduced up to 3 times compared to that of concrete 
without nano-silica. The permeability of concrete with nano-silica is also much lower 
than that of the reference concrete. Besides the positive effects, there are also clearly 
some drawbacks of using nano-silica in concrete, such as its high water demand, higher 
viscosity of concrete, agglomeration of nano-particles and most importantly the economic 
factor, as nano-silicas currently available on the market are very expensive. However, 
with newly available, cost-efficient production routes and sources of waste nano-silica 
from other industries, the application of this material in concrete has a good potential in 
the future. 
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8.2 Recommendations for future research 
 
This Thesis helps to better understand many processes related to durability of concrete. It 
addresses the transport of chlorides, design of durable lightweight concrete and 
improvement of durability of concrete with nano-silica. Nevertheless, because giving an 
answer to one question unveils new ones, obviously, additional research is needed on 
many issues and remaining open-questions. Based on this Thesis, the recommendations 
for the future research are listed as follows: 

- The extended chloride migration model presented here for the RCM test is based 
on many assumptions; hence there is room for its improvement. For example, the 
influence of other ions on the migration of chlorides should be taken into account 
(i.e. multi-species model), coupled with the electro-neutrality law and the non-
linear binding of chlorides and concentration non-equilibrium; 

- In this study, only the total chloride concentration profile after the RCM test was 
measured. Subsequently, the total chloride profile, computed from the simulated 
free and bound chloride profiles was empirically fitted to the measured total 
chloride profile. In order to further validate the proposed chloride transport model, 
it is advisable to measure the free and bound chloride concentration profiles 
independently and then compare them to the ones obtained from the model. In 
such a way, both presented equations for the free and bound chloride 
concentrations could be validated independently. However, accurate 
measurements of free and bound chloride concentration profiles in concrete are 
technically very difficult and require very sophisticated equipments; 

- Because the history of using the RCM test and the DRCM for the service life design 
of concrete is relatively short (about 12 years) and such design is usually done for 
a long-term (e.g. 100 years), data needs to be collected from existing structures to 
validate the service life design model which uses the DRCM as the input parameter; 

- The RCM test was developed based on the experience with OPC concrete. 
However, there is evidence that the colourimetric indicator for chlorides (AgNO3 
solution) does not work correctly for other types of cements. Additionally, the 
obtained chloride penetration depths in concrete based on other types of cements 
(e.g. CEM III) can be very shallow and difficult to measure. Hence, more 
attention needs to be paid to the application of the RCM test to concrete made 
with binders other than OPC and perhaps another type of colourimetric chloride 
indicator needs to be found; 

- The efficiency of the vacuum-saturation technique, used to saturate concrete with 
limewater prior to the RCM test, should be thoroughly investigated, as there is an 
evidence presented in this study that the sample is not fully saturated; 

- A model needs to be developed to accurately express the relationship between the 
DRCM obtained in the RCM test and the Dapp obtained in the diffusion test; 
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- In the majority of diffusion/migration chloride tests only sodium chloride 
solutions are used, however, there is evidence that e.g. magnesium ions present in 
seawater can react and precipitate in concrete and in turn reduce its porosity 
(improve durability). The effects of magnesium and other ions present in seawater 
on durability should be thoroughly investigated; 

- So far, the use of the RCM test has been limited to new concrete 
elements/structures because the test cannot be performed on concrete samples 
previously exposed to chlorides. This limitation of the test can be overcome by 
using the Rapid Iodide Migration (RIM) test [221] in which an iodide solution is 
used instead a chloride solution. However, the reliability of this technique needs 
to be investigated; 

- A more systematic study is needed to demonstrate that the water/cement ratio and 
not the LWA content determines durability (permeability) of lightweight concrete, 
developed following the approach used in this Thesis; 

- In order to better demonstrate that the fine size fractions of the expanded glass 
LWA can significantly increase the permeable porosity of lightweight mortars and 
concretes, a more systematic study of this effect is necessary. Furthermore, the 
ASR test should be performed in order to determine the potential ASR reactivity 
of different size fractions of the used expanded glass LWA; 

- Only one dosage of nano-silica was investigated in this research (i.e. 3.8% bwoc). 
In order to propose an optimal amount for the nano-silica addition, a systematic 
study on the influence of the amount of nano-silica on the properties of concrete is 
needed; 

- The available superplasticizers (SP) for the use in concrete are not developed for 
nano-sized materials such as nano-silica. Hence, there is a need for SP tailored for 
different nano-materials; 

- Nano-silica seems to have a much higher influence on the pore structure of 
concrete rather than on its total porosity. Therefore, more sophisticated methods 
for the analysis of the pore structure (e.g. nano-tomography or thermoporometry) 
should be utilized to better analyze and understand these effects. 
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List of abbreviations and symbols 
 
Abbreviations 
 
A&A  modified Andreasen & Andersen equation 
ASR  Alkali-Silica Reaction 
BET  Brunauer-Emmett-Teller 
bwoc  by weight of cement 
CEM  Cement 
COV  Coefficient of variation 
DE  Germany 
EU  European Union 
FA  Fly ash 
GGBS  Ground Granulated Blastfurnace Slag 
ITZ  Interfacial Transition Zone 
LSM  Least Squares Method 
LWA  Lightweight Aggregates 
LWAC  Lightweight Aggregates Concrete 
MIP  Mercury Intrusion Porosimetry 
MMO-Ti Mixed-metal-oxides coater titanium 
OPC  Ordinary Portland cement 
PSD  Particle size distribution 
RC  Reinforced Concrete 
RCM  Rapid Chloride Migration 
RCPT  Rapid Chloride Penetration Test 
RHA  Rice Husk Ash 
RRT  Round-Robin Test 
SCC  Self-Compacting Concrete 
SCLM  Self-Compacting Lightweight Mortar 
SCM  Supplementary Cementitious Materials 
SEM  Scanning Electron Microscope 
SF  Silica Fume (micro-silica) 
SP  Superplasticizer 
SS  Stainless-Steel 
SSA  Specific Surface Area 
UHPC  Ultra-high Performance Concrete 
VLM  Vibrated Lightweight Mortar 
w/b  water/binder ratio 
w/c  water/cement ratio 
wi/ci  initial water/cement ratio 
w/p  water/powder ratio 
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Symbols 
 
Roman: 
a migration constant            [1/m] 
a2 cross-section area of the sample         [mm2] 
c concentration of chlorides in concrete pore solution    [gCl/dm3

solution] 
cb concentration of bound chlorides       [gCl/dm3

solution] 
cd concentration of chlorides at which 0.1 M AgNO3 changes colour  [gCl/dm3

solution] 
ch mass of hydrated cement             [kg] 
cI free chloride concentration at initial conditions   [gCl/dm3

solution] 
cs concentration of chlorides in liquid at liquid-solid interface   [gCl/dm3

solution] 
ct total concentration of chlorides      [gCl/dm3

solution] 
c0 concentration of chlorides in bulk solution (catholyte)   [gCl/dm3

solution] 
C total concentration of chlorides         [% gCl/gconcrete] or [gCl/100gconcrete] 
CA capillary water absorption index      [g/mm2] 
Cb concentration of bound chlorides              [gCl/gsolid] 
Cbi initial concentration of bound chlorides             [gCl/gsolid] 
Cb,I concentration of bound chlorides at initial conditions           [gCl/gsolid] 
Ci initial chloride concentration       [% gCl/gconcrete] 
Cs  total concentration of chlorides in the surface layer of concrete        [% gCl/gconcrete]  
Ct total concentration of chlorides         [% gCl/gconcrete] or [gCl/100gconcrete] 
Ct_mea measured total concentration of chlorides    [gCl/100gconcrete] 
Ct_mod computer total concentration of chlorides    [gCl/100gconcrete] 
CS CaSO4 (anhydrite)                  - 
C2S 2CaO∙SiO2 (belite)                  - 
C3A 3CaO∙Al2O3 (tricalcium aluminate)                - 
C3S 3CaO∙SiO2 (alite)                  - 
C4AF 4CaO∙ Al2O3∙Fe2O3 (calcium aluminoferrite)               -  
D chloride diffusion or migration coefficient        [m2/s] 
Dapp apparent chloride diffusion or migration coefficient       [m2/s] 
Dapp_max   maximum apparent chloride migration coefficient       [m2/s] 
Deff effective chloride diffusion or migration coefficient       [m2/s] 
Deff

*
 effective chloride diffusion coefficient during the RCM test      [m2/s] 

Df chloride diffusion coefficient in free liquid        [m2/s] 
Dnssm non-steady-state chloride migration coefficient ( = DRCM)      [m2/s] 
Dp particle size              [μm] 
Dp,max maximum particle size            [μm] 
Dp,min minimum particle size             [μm] 
DRCM chloride migration coefficient obtained from the RCM test      [m2/s] 
DRCM,0 chloride migration coefficient measured in concrete at the age t0     [m2/s] 
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D0 chloride diffusion or migration coefficient in pore solution of concrete    [m2/s] 
E electrical field            [V/m] 
f frequency              [Hz] 
F Faraday constant        [C/mol] 
h height of the sample             [cm] 
i position in time or a number        [s] or - 
I imaginary number or DC current               - or [mA] 
I0 initial current             [mA] 
I30 current measured at U = 30 V           [mA] 
If final current             [mA] 
j distance in concrete or number of measured data points in the total  

chloride profile                  [m] or - 
J total flux of chlorides                  [gs-1m-2] 
JxM flux of chlorides due to migration in the x direction              [gs-1m-2] 
JxD flux of chlorides due to diffusion in the x direction              [gs-1m-2] 
Jx total flux of chlorides in x direction                [gs-1m-2] 
J0 total flux of chlorides through a unit area of solution or zero-order 

Bessel function of the first kind        [gs-1m-2] or - 
k chloride mass transfer coefficient            [1/s] 
kc curing factor                   - 
ke environmental factor                  - 
K binding rate               [1/s] 
Kb chloride binding capacity                 [dm3n/gn] 
Kd gravimetric chloride distribution coefficient between liquid and solid  [m3/kg] 
L thickness of concrete sample               [m] 
mCl mass of chloride                [g] 
md mass of dry sample                [g] 
mOH mass of hydroxyls                [g] 
ms mass of water-saturated sample measured in air            [g] 
mw  mass of water saturated sample measured in water            [g] 
m0 initial mass of the sample               [g] 
m28 mass of the sample after 28 days of exposure to water           [g] 
n chloride binding intensity parameter                - 
na cement ageing factor                  - 
nCl moles of chloride ions            [mol] 
nOH moles of hydroxyl ions           [mol] 
N natural number                  - 
q distribution modulus                  - 
r reaction term             [1/s ∙ g/dm3] 
R universal gas constant or electrical resistivity       [Jmol-1K-1] or [Ωm] 
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Sn surface scaling of mortar/concrete sample due to freeze-thaw cycles    [g/m2] 
t time                    [s] or [h] 
t0 age of concrete                 [s] 
T temperature                [K] 
u chloride migration velocity           [m/s] 
U electrical voltage               [V] 
VLWA volume of the LWA            [dm3] 
vc specific volume of cement                 [dm3/kg] 
vd specific volume of compressed water                [dm3/kg] 
vw specific volume water                  [dm3/kg] 
wd mass of water consumed upon hydration of cement          [kg] 
x distance                [m] 
xCS�  mass fraction of CS� phase                 - 
xC2S mass fraction of C2S phase                 - 
xC3A mass fraction of C3A phase                 - 
xC3S mass fraction of C3S phase                 - 
xC4AF mass fraction of C4AF phase                 - 
xd chloride penetration depth indicated by AgNO3           [m] 
X dimensionless representative of chloride concentration in pore solution           - 
Y dimensionless representative of bound chlorides concentration            - 
z ion valence                   - 
 
Greek: 
α laboratory constant for the RCM test                - 
αh hydration degree of cement                 - 
α0 degree of carbonation of the monosulfate phase              - 
ε parameter                   - 
χ transformed distance              [m] 
δ constrictivity of pore structure                - 
σc compressive strength                  [N/mm2] 
σf flexural strength                  [N/mm2] 
∆ interval or difference                  - 
φ total water-permeable porosity of mortar or concrete   - or [%] 
φc volume of the capillary pores                [dm3/m3] 
φs shrinkage porosity                 [dm3/m3] 
φLWA volume fraction of LWA in the mixture              [dm3/m3] 
φpaste volume fraction of cement paste in the mixture             [dm3/m3] 
φv volume fraction of voids              [%] 
φv,LWA volume fraction of voids in the mixture of LWA           [%] 
φv,p volume fraction of permeable voids             [%] 
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φv,paste volume fraction of voids in cement paste            [%] 
φv,paste’ volume fraction of voids in the cement paste including the void 

fraction contributed by 0.1 – 0.3 mm LWA            [%] 
Φ diameter of sample             [cm] 
λ tortuosity of pore structure or thermal conductivity    - or [Wm-1K-1] 
λCl distribution coefficient of chlorides between the solid and liquid            - 
Γ transformed time                 [s] 
Ψ position of the chloride penetration front            [m] 
ρc apparent density of liquid-saturated concrete      [g/dm3] 
ρd density of oven-dry mortar or concrete     [g/dm3] 
ρLWA apparent density of LWA        [g/dm3] 
ρs specific density of concrete                   [g/dm3] 
ρsLWA specific density of glass used to produce LWA     [g/dm3] 
τ dimensionless representative of time or tortuosity of the pores in concrete           - 
ξ dimensionless representative of chloride penetration front             - 
ζ time step in time-discretization               [s] 
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Appendix 1 
 
Precision of measurement methods and results (following ISO 5725 [36, 37]) 
 
The International Standard ISO 5725 [36, 37] uses two terms “trueness” and “precision” 
to describe the accuracy of a measurement method. Trueness refers to the closeness of 
agreement between the arithmetic mean of a large number of test results and the true or 
accepted reference value. Precision refers to the closeness of agreement between the 
results. Precision can be also defined as the closeness of agreement between independent 
measurement results obtained under similar conditions and is usually expressed in terms 
of the standard deviations of the measurement results. Since the trueness of the results is 
of interest only when it is possible to conceive of a true value for the measured property, 
and this is impossible in the case of the RCM test, the trueness for the RCM test is not 
relevant. Therefore, only the precision for the RCM test results is of practical interest. 
Two conditions of precision, termed repeatability and reproducibility conditions are 
necessary for expressing the variability of the RCM test method. The repeatability 
conditions describe a case when independent test results are obtained within the same 
method, on identical test samples, in the same laboratory, by the same operator, using the 
same equipment within short intervals of time. The reproducibility conditions describe a 
case when the test results are obtained using the same method, on identical test samples, 
in different laboratories, by different operators, using different equipment [40]. Hence, 
the repeatability and reproducibility are two extremes of the precision, the first describing 
the minimum and the second the maximum variability in results. The repeatability 
coefficient of variation (COV) can be used as a measure of the dispersion of the results 
under the repeatability conditions, as previously defined. Similarly, the reproducibility 
COV can be used as a measure of the dispersion of the test results under the 
reproducibility conditions. 
The general mean value m� of the test can be defined as follows:  
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where: m� – the general mean value from the results obtained by all of the laboratories on 
the samples of the same type, 𝑦� – the grand mean of all test results, 𝑦� – arithmetic mean 
test result obtained by one laboratory at one level (one type of the test samples), n – 
number of test results obtained in one laboratory at one level and p – number of 
laboratories participating in the inter-laboratory experiment. 
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The repeatability variance is defined as follows:  
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where: sr

2 – repeatability variance, si – standard deviation. 
The coefficient of variations of repeatability (termed in this Thesis as repeatability COV) 
can be defined as sr/m�∙100. 
The reproducibility variance can be defined as follows: 
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where: sR 

2  is the reproducibility variance and the between laboratory-variance sL 
2 can be 

further defined as: 
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where: n� – grand mean of the measurements between the laboratories (note that if the 
number of the measurements in all the participating laboratories was the same, then n� = 
n). The term sd 

2  can be defined as: 
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The coefficient of variations of reproducibility (termed in this Thesis as reproducibility 
COV) can be defined as sR/m�∙100. 
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Appendix 2 
 
Precision of the RCM test results compared to other chloride ingress tests 
 

  

Figure A: Repeatability and reproducibility COV for three different  
chloride diffusion/migration tests, reported in the Nordic Round-Robin Tests [24] 

 
Comparing the repeatability and reproducibility COVs of the NT Build 492 test results 
with other methods, it can be seen in Figure A that the NT Build 492 provides the best 
precision of the test results and the NT Build 443 diffusion test provides satisfactory 
precision, slightly lower than that of the NT Build 492. The NT Build 355 steady-state 
migration test does not provide satisfactory precision in some cases, especially for 
concretes of low permeability and high density such as Mix A. 
 

 

Figure B: Repeatability COV for three different tests, reported in Chlortest [10] 
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Figure C: Reproducibility COV for three different tests, reported in Chlortest [10]  
 
It can be observed in Figures B and C that the results of the resistivity measurements are 
of the best precisions among the three analyzed test methods. This measurement is 
relatively straightforward (details given in Section 5.4.2), and therefore there is a limited 
space for introducing measurement errors in this method. On the other hand, the test 
output value is not a chloride transport coefficient (i.e. not the diffusion/migration 
coefficient) as in the case of the other two analyzed methods, but just the resistivity of 
concrete. Although there are some correlations between the resistivity value and the 
chloride diffusion/migration coefficients, these correlations are not straightforward, as the 
resistivity depends not only on the pore structure of concrete but also on the chemical 
composition of the pore solution and on concrete surface effects (e.g. degree of surface 
saturation with water). 
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Appendix 3 
 
Chemical composition of used CEM I 52.5 N 
 
Table A. Oxide composition 

Substance Content (%) 

LOI 1.56 
Na2O 0.35 
MgO 1.99 
Al2O3 4.80 
SiO2 19.64 
P2O5 0.59 
SO3 2.87 
Cl 0.06 

K2O 0.56 
CaO 63.34 
TiO2 0.34 
Fe2O3 3.28 
Others 0.62 

 
Knowing the oxide composition of the cement, the Bogue calculation can be used to 
estimate its phase composition [124, 219]: 
 
xC3S = 4.072∙CaO – (7.600∙SiO2 + 6.718∙Al2O3 + 1.430∙Fe2O3 + 2.852∙SO3) 
xC2S = 2.867∙SiO2 – 0.754∙xC3S 
xC3A = 2.650∙Al2O3 – 1.692∙Fe2O3 
xC4AF = 3.043∙Fe2O3 

xCS� = 1.701∙SO3 
 
where: x – mass fraction and notations C3S, C2S, C3A, C4AF and CS� represent the phases 
alite, belite, calcium aluminate, calcium aluminoferrite and anhydrite respectively. The 
phase composition of the cement presented in Table A, computed using the Bogue 
calculation method given above, is shown in Table B. 
 
Table B. Bogue composition 

xC3S xC2S xC3A xC4AF xCS� 

0.571 0.142 0.082 0.091 0.039 
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Appendix 4 
 
Determination of the apparent chloride diffusion coefficient Dapp [38] 
 
The chloride diffusion test is performed using the following test set-up [38]: 
 

 
Figure I: Schematic representation of the chloride diffusion test set-up 

 
The transport of chloride into water-saturated concrete is diffusion-controlled and can be 
described using Fick’s 1st law, as follows: 
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In non-steady state conditions Fick’s 2nd law applies: 
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Solving Eq. (II) with the following initial and boundary conditions: 
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yields [220]: 
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( , ) ( )
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app

xC x t C C C erf
D t

 
 = − − ⋅
 
 

            (IV) 

 
where: Cs – total chloride concentration in the surface layer and Ci – initial chloride 
concentration. 
After measuring the chloride concentration profile in concrete after the chloride diffusion 
test [38] the values of Cs, Ci and Dapp (apparent chloride diffusion coefficient) are 
determined in a non-linear regression analysis using the Least Squares Method. The first 
measured data point in the chloride concentration profile in concrete is omitted in the 
fitting procedure and all the other points are weighted equally. Figure II shows the 
scheme of the regression analysis. 
 

 

Figure II: Regression analysis of the data 
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Summary 
 
Durability of concrete with emphasis on chloride migration  
 
The investigations presented in this Thesis cover a wide range of topics concerning the 
durability of concrete, and approach the subject from different perspectives. The 
durability of concrete, in most cases, is closely related to the ease with which aggressive 
substances can enter the concrete and cause its deterioration. One of the most commonly 
occurring durability issues in concrete is chloride attack on the embedded steel 
reinforcement. In order to properly design or predict the service life of concrete exposed 
to chlorides (seawater or de-icing salts), information on the chloride ingress rate into 
concrete is needed. Considering the common application of accelerated tests to quantify 
this chloride ingress rate, one of the focuses of this Thesis is the most popular accelerated 
chloride intrusion test, the Rapid Chloride Migration (RCM) test. Although the results of 
the RCM test have been included in service life models for the design of concrete 
structure exposed to chlorides, there are some uncertainties regarding the theoretical 
background of the test. Therefore, this Thesis tries to clarify whether the RCM test is 
correct from the scientific points of view, so then in could be used for the service life 
design of concrete. The research presented here is based on the combination of both 
theoretical and experimental investigations. Additionally, mathematical modelling is 
performed to better understand the chloride migration process in concrete. 
Chlorides and many other deleterious substances are responsible for durability issues in 
concrete, and durability is closely related to their transport. The transport phenomenon of 
fluids in normal concrete has been already intensively investigated and well understood. 
However, in the case of lightweight concrete there is not enough knowledge available on 
its durability, as lightweight concrete is often expected to be very permeable and, in turn, 
might be not durable. Hence, this Thesis also tries to provide a design methodology for 
the development of durable lightweight concrete. The theoretical and experimental 
analyses are carried out to validate the proposed design methodology as well as to 
analyze the transport processes in the developed materials. 
The improvement of durability of concrete in the most cases is related to the refinement 
of the pore structure of concrete. The use of the supplementary cementitious materials 
(SCM) for this purpose is well established. However, there are new developments and 
possibilities related to the incorporation of nano-technology in concrete. In this context, 
the application of nano-silica (amorphous SiO2 with particles in the nano-size range) as a 
durability-enhancing agent is analyzed. An extensive experimental study is carried out to 
demonstrate the beneficial potential of this new class of materials. 
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