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Introduction

Introduction

Concrete is the most widely used construction material in the world because it has excellent
performance if properly designed and produced. Indeed, more than 10 billion tonnes of concrete
are consumed each year due to the high demand in developing countries, particularly in China and
India. As a consequence, concrete has an enormous impact on the environment because it
consumes huge amounts of natural resources and energy and produces high CO, emission [1], [2].
It has been reported that in 2015 cement industry contributed to about 8% of global CO, emission,
including the CO, emission released in clinker production process and by fuel combustion related
to clinker production process [3]. Thus, cement and concrete industry is facing a lot of challenges

to find a sustainable solution.

However, if on the one hand the concrete has a significant environmental impact, on the other
hand this offers interesting opportunities to be an environmentally friendly material. One could be
to replace Portland cement by supplementary cementitious materials (SCMs), especially those are
by-products of industrial process such as fly ash, silica fume and ground granulated blast furnace
slag; in alternative it could use new type of cement, for instance calcium sulfoaluminate (CSA)
cement and alkali-activated cements [4] or recycled materials in place of natural aggregates.
Several materials have been suggested in literature as replacement of ordinary ingredients of
concrete. Nevertheless, the performance of these new binders or SCMs materials in relation to the
durability of reinforced concrete structures is still not clear or it has not yet been studied. For this
reason, it's important to investigate the protection provided to embedded steel and the alkalinity of
these new sustainable materials in order to guarantee passive conditions. Secondly, the protection
offered to the reinforcing steel bars against carbonation and chloride-induced corrosion has to be
also studied. There is a need to investigate the actual behaviour of steel embedded in new
cementitious materials. Moreover, any improvement of durability and service life of reinforced
concrete structures, thanks also to new binders or SCMs materials, could reduce the amount of
materials needed for their replacement or restoration, besides to decrease the construction and
demolition waste. Advantages in terms of durability of reinforced concrete structures could be
obtained from combined use of new sustainable materials and corrosion-resistant steel bars such

as epoxy coated steel, stainless steel and galvanised steel.

The aim of this thesis was to study the corrosion protection of steel embedded in new sustainable
cementitious materials. Firstly, the thesis focused on the study of the protection of steel bars in
ordinary concrete, considering the role of oxide layer on steel surface which may be formed at the
production plant (such as the mill scale) or at the construction site (such as the rust caused by

atmospheric exposure); also the effect of carbonation and chloride penetration on the corrosion
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behaviour of pre-rusted bars was considered. Secondly, the passivation and corrosion behaviour of
steel in some new sustainable cementitious materials was studied. In particular, in the first phase,
the thesis has investigated the properties of some sustainable cementitious materials such as
recycled waste glass mortar, CSA-based concretes and cement-stabilised rammed earth (CSRE).

In order to reach the aim of this thesis, the work has been divided into four subtopics: 1) the study
of the passivation of pre-rusted carbon steel bars in ordinary concrete, and the effect of
carbonation and chloride on corrosion behavior of pre-rusted carbon steel bars embedded in
ordinary concrete; 2) the investigation on the durability-related properties of mortar made with
recycled waste glass, including glass powder and expanded glass (respectively used as mineral
addition and lightweight aggregate), and the passivation of carbon steel in mortar made with glass
powder; 3) the study of passivation and corrosion behavior of both carbon steel and galvanized
steel in concrete made with CSA-based cements (blends of CSA cement with ordinary cement); 4)
the study of passivation of carbon steel in cement-stabilised rammed earth. In addition, the

durability-related properties were also investigated on CSA-based concretes and CSRE.

The oxide layer (mill scale and rust) on steel surface due to production process or atmospheric
corrosion was characterised by visual examination, microstructure investigation and composition
analysis. The durability-related properties of waste glass mortar made with glass powder or
expanded glass have been studied in terms of electrical resistivity, alkali silica reaction (ASR) and
alkali attack. A series of tests were carried out on CSA-based concretes such as electrical
resistivity, capillary absorption and water absorption, pH, scanning electron microscope (SEM)
observations and carbonation and chloride penetration resistance. Moreover, the electrical
resistivity and carbonation resistance of cement-stabilised rammed earth were also investigated.
Several types of electrochemical tests including corrosion potential measurements, linear
polarisation resistance (LPR) and potentiostatic polarisation, were performed on reinforced
specimens made with these new sustainable cementitious materials in order to study their
passivation and corrosion behaviour, considering also the effect of environmental conditions with
different relative humidity and temperature. The experimental work was carried out at Cement-
based Materials and Durability (mCD) Laboratory, Department of Chemistry, Materials and

Chemical Engineering “Giulio Natta” (Politecnico di Milano).

The thesis has been broken down into 4 chapters. Chapter 1 focuses on the literature review
regarding to the corrosion protection of steel in sustainable concrete. Chapter 2 illustrates the
experimental procedures followed in this research. Chapter 3 presents the experimental results
about the durability-related properties of the sustainable cementitious materials, and the
passivation and corrosion behaviour of steel embedded in these sustainable cementitious
materials. Chapter 4 is devoted to discuss the obtained results. Finally, the main conclusions and

future work are presented.

vi
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Chapter 1

Corrosion protection of steel in sustainable concrete

This chapter targets aim to review the background and literature regarding to corrosion protection

of steel in sustainable concrete.

1.1 Corrosion principles

The corrosion of metal is an electrochemical process, as shown in Figure 1.1. The whole process

is broke down into four partial processes [5]:

= Anodic process: the oxidation of metal that results in the formation of metal ions (cations)
and electrons;

= Cathodic process: the reduction of oxygen that consumes the electrons produced by anodic
reaction and then forms anions;

= Transport of current in electrolyte: ions produced by anodic and cathodic reactions move in
electrolyte;

= Transport of current in metal: electrons produced by anodic reaction travel in metal.

Transport of current in electrolyte

F 3

le
1 ions 1 ions*
Environment
‘r -------------------------------------------------------------------------------------------------
Cathodic process Metal Anodic process
l‘c -"E

F

Transport of current in metal
Im

Y

— electrons

Figure 1.1 Schematic of electrochemical process of corrosion of metal, adapted from [5].

la, le, Ic @nd I, represent respectively anodic current, the current that flows in electrolyte from anode
to cathode, cathodic current and the current that flows in metal from cathode to anode. These
currents form a closed current loop, therefore 1,= 1= I.= |,. As a matter of fact, the common value
of these currents is termed as corrosion current (o). Instead of |y, corrosion current density (icorr)

that means corrosion current per unit area, is more often used.
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In particular, the corrosion of steel can happen in an agueous environment that is near neutral pH
value in the presence of dissolved oxygen. The mechanism is illustrated by Figure 1.2. The
dissolved products, such as Fe** and OH ions due to anodic and cathodic reactions, can be
transported in the aqueous solution and, further react with water and oxygen to form a loosely
adhere rust layer on the surface of steel, with a composition of oxyhydroxides (FeOOH) [6]. The

rusting of steel can also simply occur when it is exposed to the common atmosphere environment.

Electrolyte
%0, ~
~
~
A 2FeO(OH) + H,0
"Rust" -
~ =~ -~
-~ =~ S,
0, + 2H,0 » 40H ~ ~2Fe?
Y I —— 4

TNt A W ke e e, e 2Fe

Local cathode Local anode
Steel

Figure 1.2 Electrochemical mechanism of rusting of steel [6].
1.2 Passivity of steel

Although rusting of steel could occur in atmospheric environment or a near neutral aqueous
solution, that does not happen when steel is placed in dense concrete. Figure 1.3 shows the
Pourbaix diagram of iron that is the plot of redox (reversible) potential in terms of pH; it is clear that
there is a zone of potential and pH where iron stays in passive state preventing from corrosion.
When steel is exposed into an aqueous solution with pH > 11.5 in the presence of dissolved

oxygen, an oxide layer of some nanometres thick is formed on the surface of steel [6]:

2Fe + 3H,0 - Fe,05 + 6H* + 6e~ (1.2)
The thin Fe,O3 layer formed on the surface of steel is called passive film. It can effectively reduce
the anodic iron dissolution, therefore lower I, to a very low level, corresponding to an average

thickness loss less than 1 um per year.
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Figure 1.3 Potential-pH (Pourbaix) diagram for iron [7]. SHE: Standard Hydrogen Electrode.

The effectiveness of passive film may be illustrated through anodic polarisation curve that is the
relationship between applied potential and current density. As shown in Figure 1.4, in saturated
Ca(OH), solution without chloride addition (0% CI), the onset of formation of a passive film is
marked by a sharp fall in the anodic current density when the potential is raised above a critical
value (around -700 mV vs SCE1). As the passive film merely thickens very slowly, very little
change in the anodic current density with the further increase in the steel potential is observed,
until another critical potential is reached at which oxygen gas starts to be produced by electrolytic

decomposition of water.

1 SCE: Saturated Calomel Electrode
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0% CI- O, evolution
+500

~0.12% ClI )
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~1000|
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Figure 1.4 Typical potentiodynamic anodic polarisation curves for mild steel in saturated calcium
hydroxide solution without and with chloride [6].

The passivity of steel can also be obtained in hardened concrete as shown in Figure 1.5. That is
because cement hydration results in the pH of concrete pore solution more than 12.6 owing to the
dissolved Ca(OH),, NaOH and KOH. Thereby, alkaline concrete can offer corrosion protection to
steel by the formation of passive film. However, once the passive film is broken, the corrosion
protection would fail. The common actions that can damage the passive film of steel embedded in
concrete include carbonation and chloride penetration. Carbonation can lead to the depletion of
alkalinity in concrete and further dissolve the passive film. The presence of a certain concentration
of chloride ions in the alkaline electrolyte adjacent to the steel tends to cause localised breakdown
of the passive film on steel, a phenomenon termed pitting, as shown in Figure 1.4 [6]. Also
depletion of oxygen could cause the failure of passivation film. In addition, the presence of rust
layer of steel surface might hinder the passivation of steel in alkaline concrete .

A
Transpassivity zone

/"'————_ with oxygen evolution

500 —

o
I [

Range of negligible
corrosion rate

Potential (mV SCE)

-500] )

-1000 ) Zone of possible
1 Immunity zone hydrogen evolution
0.1 1 10 100

Current density (mA/m?2)

Figure 1.5 Schematic of anodic polarisation curve of steel in alkaline concrete [5].
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1.3 Carbonation-induced steel corrosion

The carbonation of concrete is the reaction of carbon dioxide (CO,) in the atmosphere reacts with
alkaline components of concrete, for instance Ca(OH),, calcium-silicate-hydrates (C-S-H), NaOH
and KOH [8]:

Ca(OH), + CO, - CaCO; + H,0 (1.2)
The carbonation reactions could reduce the pH of concrete pore solution down around 9. When the
carbonation front approaches the surface of steel embedded in concrete, the carbonated concrete
with low alkalinity can dissolve quickly the passive film of steel. Once the steel becomes active, if
oxygen supply and moisture content are sufficient to maintain the corrosion, steel corrosion would
start. The expansive corrosion products can result in the cracking, spalling and delamination of
concrete cover layer, leading to the failure of reinforced concrete structure. Figure 1.6 illustrates
the process of carbonation-induced corrosion in reinforced concrete. Due to the fact that the shape
of the carbonation front of concrete is even [8], in general, the type of corrosion induced by

carbonation is general corrosion.

[

3

I !
/
/

Corrosion penetration

Spalling,
delammatwn\ /
Passive
reinforcement Alkaline
Ereking concrete
T I Carbonated
concrete

.
»

¢« nitiation Propagation Time

Figure 1.6 Evolution of carbonation in reinforced concrete over time [9].

The relationship between carbonation depth and time can be correlated by the following equation:

d =K+t (1.3)
where, d is carbonation depth at time t, K is carbonation coefficient.

Apparently, concrete cover depth and carbonation rate characterised by K, are the dominated
parameters related to the service life of reinforced concrete structure being subjected to
carbonation. The main factors that can affect carbonation rate of concrete include CO,
concentration in air, cement content of concrete and CaO content of binder, pore characteristics of
concrete, relative humidity and temperature [6]. Figure 1.7 shows the effect of relative humidity

(R.H.) on carbonation rate of concrete. The carbonation rate of concrete is low in water saturation

-5-
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condition due to the difficulty of CO, diffusion as well as in dry condition because of absence or
insufficiency of water. Since wetting of concrete is faster than drying, more frequent although
shorter periods of wetting are more effective in reducing the penetration of carbonation than less
frequent and longer periods. Carbonation can only occur while existing a certain amount of water in
concrete pores since carbonation reactions require water to uptake CO, in order to form carbonic
acid (CO3™) firstly [10].

Carbonation rate

T T T T ! >
0 20 40 60 80 100

Relative humidity (%)

Figure 1.7 Effect of relative humidity of the environment on carbonation rate of concrete [5].

1.4 Chloride-induced steel corrosion

In some particular circumstances, such as those derived from the use of deicing salts or from the
exposure to the marine environment, when the chloride content at rebar depth reaches to a certain
value that is so-called “chloride threshold value”, corrosion of steel in concrete initiates. The
chloride threshold value depends on concrete properties including the presence of macro voids
near steel surface [9] the pH of pore solution [11], [12], the composition and microstructure of steel
and the potential of steel [13], [14] and environmental parameters such as moisture content and
temperature. The corrosion morphology of steel induced by chloride is that typical of pitting
corrosion. Due to the stochasticity of occurrence of pitting corrosion, chloride threshold value can

only be defined by statistical results [9].

Once pitting corrosion has initiated on the steel surface, a very aggressive micro environment will
be created inside the pits that provide places for the subsequent corrosion. Therefore, the
corrosion inside the pits is an autocatalytic process, which can maintain high corrosion rate,
consuming quickly the cross-section of steel. The corrosion of steel in concrete induced by chloride

is illustrated in Figure 1.8.
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Concrete

H20, 02 OH-

pH> 12,5

Figure 1.8 An illustration of chloride-induced steel corrosion in concrete [5].

Apparently, such factors as depth of concrete cover, chloride penetration rate and chloride
threshold value jointly affect the service life of reinforced concrete structure suffering from chloride-
induced corrosion of steel. Among of them, chloride penetration plays the primary role. The
mechanism of chloride penetration in concrete can be related to the transport actions such as
diffusion, capillary suction, permeation, and migration [5]. In real conditions, the process is often
the result of some combinations of these actions. Essentially, they all depend on the microstructure
of concrete. The chloride content profile of concrete subjected to chloride penetration could be

predicted by the following formula derived from Fick’s second law:

Clx,t) = Cs[1—erf (ZLW)] (1.4)
where C(x, t) is the chloride concentration (by mass of cement or concrete) at depth x and at
exposure time t; Cg is the surface chloride content (by mass of cement or concrete) that is
determined by the regression analysis; D is the apparent diffusion coefficient for chloride (m?/sec).

1.5 Rusted steel

Steel bars, as a result of manufacturing process, are covered by a layer of the mill scale, i.e.
oxides generated at high temperature. The chemical composition, thickness and adherence of mill
scale on carbon steel depends on manufacturing method [15], such as water cooling and air
cooling. In general, the thickness of the mill scale is about tens of micrometres. Rapid water
cooling, when compared with air-cooling, does not allow mill scale to grow easily and therefore
results in a thinner mill scale layer [16]. The mill scale of carbon steel bars is not considered

harmful and therefore is not removed at the end of manufacturing process.

In the period between the production of steel and casting of concrete, the bars are exposed for a
certain time to the atmospheric moisture which can lead to the formation of rust. Atmospheric

corrosion can take place when the steel surface is wet or covered by a moisture film (e.g. formed

-7-
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by condensation). The kinetics of rusting depends on the thickness and chemical composition of
the aqueous film, on the time of its permanence on the steel surface, and the presence of
contaminants such as sulphur oxides and chlorides.

In general, 70 ~ 80% of relative humidity is considered as a threshold value, beyond which a liquid
film forms, which promotes corrosion on the steel surface. When the steel bars are kept in a dry
internal environment, normally this threshold is not reached and the effect of rusting is negligible.
Instead, outdoor exposure can often promote rusting of steel, even in condition sheltered from rain.
When contaminants are present or when the steel surface is already covered by rust, the critical
threshold of R.H. can be lower than the values above indicated.

Contaminant type and content in atmosphere vary from region to region, which can affect not only
rusting rate but also final rusting products [17], [18]. Moreover, the different surface condition and
the initial oxide layer on steel bars due to different production processes, play a critical role in the
rusting of steel in atmosphere [15]. However, it seems that the thickness of rust layer does not
depend on the size of steel bar for any given environment [19]. However, the rust formed on steel
surface is generally coarse, flaky and porous [20], is not of the protective property that passive film
provides [21]. The presence of rust is often questioned in the process of quality acceptance,
because of the fear that it might compromise the durability and performance of reinforced concrete

structure.

In literature, regarding to the passivation of rusted steel embedded in concrete or in mortar, some
contradicted results were reported. In reference [22], the corrosion rate of rust-covered steel bars
(diameter 12 mm) in 0.5 and 0.7 water/cement (w/c) ratios concrete made with pozzolanic cement
was monitored for one year; the passivation of rust-covered bars, namely for corrosion rate less
than 1 pum/year, was reached in one year for both w/c ratios. The passivation of rusted steel was
also studied in the reference [23]; the authors investigated the corrosion of steel bars with three
surface conditions, i.e. polished (mirror finish), mill-scale covered (black oxide) and rusted (red
oxide), embedded in 0.5 w/c ratio ordinary mortar; based on their experimental results, all steel
bars including rusted steel became passive in mortar during 30 days curing in 100% R.H., as
shown in Figure 1.9. On the contrary, in the literature reference [24], the passivation of pre-rusted
steel bars with three degrees of rusting (253, 239 and 116 g/m?) was studied in mortar with w/c
ratio equal to 0.5; the obtained results suggested that during around 1000 days, none of the pre-
rusted bars reached passive state, as shown in Figure 1.10; another pre-rusted steel with the
rusting degree about 395 g/m® was not passivated in saturated Ca(OH), solution in one week.
Similarly, in the reference [25], rusted steel bars both in mortar with w/c ratio of 0.5 for about 2
years and in saturated Ca(OH), solution for 30 days showed corrosion rate higher than 0.1 pA/cm?

(1 mA/m?). In literature reference [26], the corrosion rate of pre-rusted steel sheets with five

-8-
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degrees of rusting (0.89, 1.52, 3.41,7.95 and 12.43 mg/cm?) in saturated Ca(OH), solution was
measured for 30 days; the results showed that even the presence of 0.89 mg/cm? of rust on the
steel sheet surface can cause it to lose passivity (icor > 0.1 pA/cm?); the value of corrosion rate
(measured in terms of mass loss) of rusted steel was proportional the grade of rusting, as shown in
Figure 1.11; the high corrosion rate of rusted steel sheet might be ascribed to the self-reduction of

rust (Fe** —Fe®*/Fe;0,) in the first phase and rust layer acting as a porous electrode that promotes
oxygen reduction reaction in the later phase.

0 \
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Figure 1.9 Evolution of (a) corrosion potential (E.or VS SCE) and (b) corrosion rate (i) of steel

bars with different surface conditions (mirror finish, black oxide, red oxide) in mortar over 30
days curing (100% R.H.) [23].
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Figure 1.10 Evolution of corrosion rate (icor) Of pre-rusted steels in mortar [24].
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Figure 1.11 Mass loss (Away) Of pre-rusted steel sheets with different initial degrees of rusting
(mg/cm?) after 30 days immersion in saturated Ca(OH), solution [26].

In literature reference [27], the authors studied the corrosion behaviour of 10 mm diameter pre-
rusted bars (obtained by outdoor exposure half-year) embedded in concrete with different chloride
contents (< 0.05%, 0.4% and 2.5% by cement mass), exposed to different R.H. (60%, 80%, 90%
and 100%) in course of 4 years; the corrosion rate calculated by mass loss of pre-rusted bars was
above 1 uml/year, except in the case of 0.4% chloride content and 60% R.H.; in particular, the
worst cases were 2.5% chloride content and R.H. between 70% and 90%; the authors ascribed
this phenomenon to the composition of rust layer which was contaminated by sulphates during
atmospheric exposure, besides to the porous rust which behaved as barrier for alkaline pore
solution and as crevice for corrosion stimulating anions. In [23], the authors found that i, of rusted
bar could be more than 0.1 pA/cm® (1 mA/m?) when the reinforced specimens were partially
immersed in double-distilled water and chloride solutions (1% and 3% CI); they have deduced that,
apart from oxygen reduction reaction, alternative cathodic reaction may contribute to the high

corrosion rate of steel.

The negative effect of the rust present on steel surface on its corrosion behaviour was also
reported in reference [20]; 10 mm diameter rusted steels were tested in saturated Ca(OH), solution
(without chloride and 3% chloride) in comparison with polished steel; it was observed that, in the
presence of rust, i Of steel has increased but polarisation resistance, pitting potential and total
impedance of the steel/electrolyte system have decreased; the authors explained the results by the
fact that rust provokes the decrease of the electrolyte resistance at the steel/electrolyte interface
and reduces the repassivating ability but also considering that rust layer behaves as a physical

barrier, hindering OH" diffusion toward the surface of steel.
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However, in reference [28], the authors investigated chloride threshold value for 13 mm diameter
steel bars with five different surface conditions such as polished (P), mill-scaled (M), brown-rusted
(BR), black-rusted (BL), and pre-passivated (PP), all embedded in concrete with w/c ratio of 0.5
and cyclically immersed in seawater (17087 ppm Cl) for 3.5 days at 60°C and 3.5 days in normal
atmospheric temperature; based on the obtained results, the ranking of chloride threshold value for
the steel bars is sequenced as PP > BL > P (0.8% of cement mass) > BR (0.5% of cement mass) >
M (0.4% of cement mass). The slightly higher chloride threshold value for BR steel compared with
M steel is attributed to a weak physical barrier of rust layer between steel and cement hydrates. It
was also found in reference [12] that removing rust layer and mill scale by sandblasting can
increase chloride threshold value of steel, by testing steels with three surface conditions such as
as-received (with mill scale), pre-rusted and sandblasted in saturated Ca(OH), solution and
simulated concrete pore solutions (pH=13.3 and 13.6). The positive effect of rust layer to increase

chloride threshold value has also been reported in [16], [29].

The work in literature reference [30] revealed that chloride threshold (CI/OH") of steel bars that
were tested in saturated Ca(OH), solution is no relation with the degree of rusting of steel but the
microstructure of steel; they claimed that tempered steels with martensite surface seems to be

more susceptible than steels with ferrite-pearlite microstructure.

1.6 Galvanised steel

The service life of reinforced concrete structure depends not only on the properties of concrete, but
also on the corrosion resistance of steel. Corrosion resistance of steel can be increased either by
modifying chemical composition of steel or by applying a metallic or organic coating on its surface
[5]. Three types of corrosion-resistant bar are commonly used in reinforced concrete structure,
including stainless steel, epoxy-coated steel and galvanised steel. Stainless steel has a very good
performance in concrete, but the biggest disadvantage is its high price that apparently increases
the cost of reinforced concrete structure. Due to the damage and debonding of coating of epoxy-
coated steel, it is difficult to maintain a defect-free epoxy-coated steel, which weakens the

effectiveness of epoxy-coated steel.

Conversely, galvanised steel is the reinforcing bar with a protective zinc coating applied for dipping
of a properly prepared bar into a molten bath of zinc at 450 ~ 460°C, also known as hot-dip
galvanising [31]. The metallurgical reaction between zinc and iron finally forms a series of thin zinc-
iron alloy layers as shown in Figure 1.12. A pure zinc layer, also known as n layer, is the
outermost layer; inwardly laying several iron-zinc alloy layers (¢, &, I') [32]; the closer to steel

substrate, the higher iron content.
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Figure 1.12 Microstructure of coating layer of hot-dip galvanised steel [33].

Zinc is an amphoteric metal that reacts readily in both strong acidic and basic circumstances as
shown in Figure 1.13. Both neutral and mildly alkaline circumstances are favourable conditions for
lowering the corrosion of zinc. This can be explained by the Pourbaix diagram of zinc-water system
at 25°C as shown in Figure 1.14. In acidic environment, Zn®" is the reaction product of anodic
reaction; in neutral and mildly alkaline environments, zinc is passivated by the formation of passive
layer consisting of the mixed composition of Zn(OH), and ZnO; Zn(OH), is more effective to
provide protection than ZnO; with harsh alkaline environment, the passive layer could be

decomposed to transform into soluble zincates such as HZnO; and Zn03~ [34].

A

Corrosion rate

0 2 4 6 8 10 12 14
pH
Figure 1.13 Effect of pH on the corrosion rate of zinc [5].
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Figure 1.14 Pourbaix diagram for zinc-water system at 25°C [35]. SHE: Standard Hydrogen
Electrode.

In fact, in alkaline environment, the corrosion behaviour of galvanised steel depends not only on
pH, but also on the absence or presence of calcium cations. Ca(OH), is the dominant component
of concrete pore solution that also contains minor alkaline components such as KOH and NaOH.
The galvanised steel embedded in alkaline concrete can develop a compact passive layer of
calcium hydroxyzincate (Ca[Zn(OH)3],-2H,0) [36], [37], as described by the below reaction:

2Zn + Ca(OH), + 6H,0 — CaZn,(OH) - 2H,0 + 2H, (1.5)
In fact, the real reaction in alkaline concrete is much more complicated than this reaction. Zinc may
form Zn(OH), first, and then transform Zn(OH), to Ca[Zn(OH)s],-2H,0 [34]. Due to the release of
hydrogen induced by the reaction between zinc layer with wet concrete, as shown in Reaction 1.5,
the porosity of cement paste close to steel surface increases at early hydration stage [38].
Nevertheless, passive film is not possible to be formed when pH is beyond 13.3 [39].

Although the formed passive film (calcium hydroxyzincate) in alkaline concrete could be destroyed
by carbonation action, it seems that galvanised steel still can remain in passive state in carbonated
concrete [37]. A study published in reference [40] revealed that carbonation changed the passive
film Ca[Zn(OH);],-2H,0 into the new amorphous products ZnCO3; and Zns(CO3),(OH)s, with a
prevailing presence of the former, which both are protective as well. The results of corrosion rates
of galvanised steel and carbon steel embedded in concrete that were exposed in accelerated
carbonation chamber confirmed that galvanised steel is under protected with increasing exposure

time but carbon steel is corroded, as shown in Figure 1.15.
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Figure 1.15 Time evolution of corrosion current density of galvanised steel and carbon steel
embedded in concrete exposed in accelerated carbonation chamber [41].

Once the outermost zinc layer (n) dissolves completely, the underlying Zn-Fe layer will be
exposed, i.e. ¢ layer. Corrosion resistance of Zn-Fe layer is lower than that of pure zinc layer. Due
to the reduction of zinc content in this layer, it takes longer time to form passive film for Zn-Fe layer
[34]. If galvanised steel is active, zinc would dissolve sacrificially instead of iron. Obviously, the
thickness of coating layer, especially the thickness of pure zinc plays an important role to the
protection ability of galvanised steel in concrete. The thickness of pure zinc layer should be at least
10 um. To allow corrosion protection, generally, the total thickness of zinc-based coating layer is
around 100 pm, depending on the galvanising process and substrate steel type. Table 1.1 lists

some thickness values reported in literature papers considered in this review.

Table 1.1 Coating layer thickness of galvanised steel considered in some literature studies.

Thickness [42]  [31] [43] [44]  [36] _ [37]F _ [40]*  [45]  [34] [46]

pm 110 100 80~100 =100 100** 120+10  55%5 140 102 120~280

* Galvanised steel sheet.
** Including 20 um thick pure zinc layer.

In practical, the thickness of coating layer is totally uneven; the variation of coating thickness
certainly has an effect on the extent of corrosion, as confirmed through a study on the corrosion
mechanism of galvanised steel in artificial cracked concrete in [32]. Besides, in construction site,
the coating layer of galvanised steel embedded in concrete is often discontinuous due to cutting
bar-end, bending and welding of the bars; the discontinuous coating layer can lead to the quicker
corrosion, especially in the presence of chloride ions [47]. Although zinc sacrificially protects
adjacent areas of exposed steel, the range/distance protected is limited. It's reported that the

distance protected is as large as 4 cm in the presence of chloride in reference [47].
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Galvanised steel can significantly delay the onset of chloride-induced corrosion [31], [48] due to the
sacrificial protection coating layer; however, it seems that galvanised steel was more susceptible to
localised corrosion comparing with carbon steel [48]. The coating layer can also help improve
chloride penetration resistance in terms of critical chlorides threshold value. In equivalent concrete
and exposure conditions, galvanised steel showed to tolerate CI™ levels at least 2.5 times higher
than black steel, and 4 to 5 times longer for the corrosion onset [42]. The initiation time and
chloride threshold value of reinforced specimens with galvanised steel embedded in concrete with
different w/c ratios (0.4, 0.5, 0.6 and 0.7) exposed in the north coast of the Yucatan Peninsula
(Mexico) for 9 years have been studied; the results suggested that the initiation time of galvanised
steel corrosion induced by chloride penetration was almost twice as much as black steel; and the
chloride threshold value was more than twice [49]. In the case of directly mixing CaCl, into
concrete, it's found that galvanised steel could tolerate up to 2.5% content so that the corrosion
process was not initiated [45]. However, carbonated concrete with galvanised steel exposed in

3.5% NaCl solution resulted in a noticeable decrease of chloride threshold value [40].

1.7 Sustainable new materials

Based on literature survey, it's not found that a relevant number of scientific papers regarding the
corrosion protection of steel embedded in new sustainable cementitious materials such as recycled
waste glass mortar or concrete, CSA-based concrete and cement-stabilised rammed earth.
Instead, it has been found that most of such literature papers were dedicated to the studies of the
performance properties of these new cementitious materials. Thus, in this section, the literature
review will mainly focus on the properties of concrete made with these materials related to

corrosion protection of steel.
1.7.1 Recycled waste glass

Waste glass derives from municipal waste, such as beverage containers, pharmaceutical
containers, domestic glass products. It occupies extensive parts of the landfills due to the non-
biodegradable nature of glass, which makes landfilling not an environment-friendly solution [50].
Recycling waste glass to produce concrete is a promising way that helps improve the sustainability
of concrete industry [51], [52]. In concrete, waste glass can be used either as fine or coarse
aggregate [53]-[62] or as mineral addition to replace partially cement [63]-[66]. In recent years,
waste glass has also been developed to manufacture expanded glass that can be used as
lightweight aggregates, by burning ground glass and by expanding agent together [67]-[69].
Therefore, in this section, the use of glass powder as mineral addition and expanded glass as
lightweight aggregates is reviewed. Table 1.2 summarises all reviewed researches considering in
this section and dealing with waste glass used as mineral addition and lightweight aggregate.
-15 -
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Table 1.2 A summary for all reviewed research on the use of waste glass as mineral addition and

lightweight aggregate.
| Main compositions (% by Replacement
Ref. (f ases Particle size (um) weight) Sample type ratio Test type
yp Si0; NaO KO CaO (by weight)
. 30% cement Compressive
[50] | Soda-lime  75~150; 38~75; <38 72.8 16.3 0.3 4.9 Concrete/mortar strength; ASR
(by volume) ;
expansion
Flint 7217 13.13 0.61 10.92
Amber 72.08 13.71 0.16 10.45 100% i
[54] ——— 150~4750 Mortar ASR expansion
Green 71.24 13.12 0.63 10.79 aggregate
Blue 72.05 13.02 0.51 10.96
Mixed 10, 25, 50, .
[57] color 75~2360 71.40 13.00 0.73 10.90 Mortar 100% ASR expansion
aggregate
Mixed 630~1250; 160~315; 10, 20, 30, Compressive
(58] color >81; <41 69.4 13.6 0.6 12.5 Mortar 40% cement str?angth
Compressive
strength; Electrical
resistivity;
[63] Green 400 and 600m?/kg 68.67 13.25 1.11 11.35 Mortar 30% cement Chloride
penetration;
Sulphate
expansion
White 70.39 16.66 0.23 6.43 Compressive
[64] Green <600 72.05 14.31 0.52 10.26 Mortar 4%)8/’20’ 30, strength; ASR
— 6 cement ;
Amber 70.01 1535 082 10 expansion
Workability;
Flexural and
compressive
strength; ASR
expansion;
[65] - <1000 70 16 035 87 Mortar 10, 20% Capillary
cement absorption;
Chloride
penetration and
carbonation
resistance;
Sulphate attack
Workability;
Compressive and
5, 10, 15, 20, Tensile strength;
[70] - <75 714 1225 036 11.2 Concrete 2506 cement Water absorption:
Voids ratio;
Hardened density
a0 Compressive
[71] - 4(;nZ10&'?é22?:2’/|f§7 72.5 13.2 012 9.8 Mortar 20% cement Estrengt_h;
xpansion
Compressive
strength; Electrical
(72] - 400 and 600m’kg  68.67 1325 1.11 1135 Mortar 30% cement P
penetration;
Sulphate attack
Heat of hydration;
[73] - 28.3, %‘j’; 88.5, 735 1274 069 10.48 Cement 20% cement Stiffening;
paste/mortar -
Flowability
Compressive
[74] - 414 mPkg 68.2 762 023 9.90 Mortar S’é?r']ezr?t% strength; ASR
expansion
- 45+ 72.3 1331 052 861 20% cement Workability; Wet
density;
) Compressive,
[75] Mixed <5 mm 721 1240 064 10.63 Concrete 50, 100% tensile and flexural
color aggregate strength; Water
absorption
Amber 7327 1037 110 11.36 Workability;
T ~roan 0~45; 45~75; 10, 20, 25, 30, Compressive
[76] | Green 75~150 /225 1054 115 1235 Mortar 40% cement strength; ASR
Flint 74.07 994 114 1153

expansion
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Clear 72.42 13.64 035 11.50 Allga/foc,esrgénr Workability;
Brown <10: 150~4750; 7221 1375 0.20 11.57 0~100% fine CompreSS{ve
[77] Concrete . strength;
4750~12000 aggregate; Exnansion: Drvin
Green 72.38 1352 0.27 11.26 50% coarse pansion, Drying
shrinkage
aggregate
. Compressive
Mixed 8, 11, 120, 238, 473, 20, 40% A
[78] color 940, 1875, 3750* 68.6 135 0.6 12.3 Mortar cement strength; ASR
expansion
Expanded 36~56% Compressive,
[67] p Concrete aggregate (by  tensile and flexural
glass . .
volume) strength; Density
Apparent density;
0,
[68] Eng;‘;ed 150~300;1000~3000 - - - - Mortar % . Water absorption;
9 9areg ASR expansion
Expanded Compressive
[79] plass 500~5600* - - - - Concrete 77% aggregate strength; ASR
9 expansion
0,
[80] Expanded 370 m?/kg 71.2 135 0.9 10.1 Mortar 100% ASR expansion
glass aggregate
Workability;
Expanded 059, 1.77% ngsslct)):’pz\c/)?lt'er
[81] 250~500 71.2 13.3 0.9 8.5 Mortar (by mortar .
glass mass) Compressive and
flexural strength;
Pozzolanicity

* Average patrticle size.

1.7.1.1 Glass powder as mineral addition

The pozzolanic reactivity of glass powder in concrete has been confirmed in [50], [63], [70]-[72]. The
pozzolanic reactivity of waste glass increased as its fineness increased [50], [71]. In concrete,
silica-rich glass powder can react with the alkalis (mainly Ca(OH),) released by cement hydration

and form C-S-H. Therefore, glass powder can be used as mineral addition to replace cement.

The workability of concrete with glass powder is quite comparable with that of ordinary concrete,
even slightly higher [65], [70]. That is because that glass powder is of the optimizing graduation
effect, and filling effect that lower friction between particles through releasing water enclosed in
interstices of particles [73]. Although the density of glass powder is slightly lower than that of
cement, usually the density of concrete with glass powder is comparable with ordinary concrete

when cement replacement ratio is low [66].

Concrete with glass powder showed low compressive strength at early age when compared with
ordinary concrete [50], [63]-[65], [70], [71], [74]. That should be due to the fact that pozzlolanic

reaction of glass powder in concrete occurs in later curing stage [65].

Concrete with glass powder showed comparable water absorption as reported in [65], [75]. The
improvement of chloride penetration resistance of concrete with glass powder [63], [65], [66], [72] iS
the result of the refinement of concrete pore structure due to pozzolanic reaction of glass powder.
The densification of pore microstructure was clearly revealed by electrical resistivity measurements
[63], [66]. However, both the decrease of carbonation resistance [65] and the improvement of

sulphate attack resistance [63], [65], [72] are due to the consumption of Ca(OH), by pozzolanic
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reaction of glass powder so that there is less Ca(OH), available to react with CO, and sulphates
[65].

However, there are two main concerns which can limit the use of glass powder in concrete. One
concern is the mingling of different types of waste glass due to the small amounts of additives often
added during the production to obtain different colours or specific properties. Anyway, it has been
demonstrated that glass colour does not show significant effect on compressive strength of waste
glass mortar and its expansion [76]. The other concern is the potential expansion of concrete or
mortar containing glass powder. That is because that glass contains large quantities of amorphous
silica and high sodium oxide, which might lead to potential ASR when glass powder is incorporated
in concrete or mortar. Nevertheless, reducing size of glass efficiently decreased ASR expansion of
concrete containing waste glass. In reference [50], the expansion of mortar with 30% cement
replaced by 38, 75 and 150 um glass powder did not exceed the expansion limit 0.1% according to
ASTM C1260; the finer the particle size of glass powder, the less the expansion. Based on the
results in literature reference in [57], glass mortar did not lead to deleterious ASR expansion when
using glass smaller than 600 um, this results in agreement with observed in reference [77]. It's
been shown that no expansion occurred when glass mortar made with 20% glass of particle size
less than 1 mm in reference [78]; fine glass powders with surface area ranging between 180 and
540 m?kg even decreased the expansion of mortars subjects to ASR. A widely-accepted
understanding behind this phenomenon is that finer particles favour pozzolanic reaction, whereas
coarser particles are more likely to occur ASR [54], [64]. It has been further found that coarse
particles take place in pozzolanic reaction first and ASR later, whereas fine particles only occur
pozzolanic reaction; pozzolanic reaction gives rise to C-S-H with high Ca/Si and low alkali content
while ASR brings about low Ca/Si and high alkali ASR gel [58].

The pozzolanic property of glass powder is beneficial not only to improve the properties of concrete
or mortar made with glass powder, but also to suppress the ASR expansion. In addition to the
reduction of glass particle size, another way to suppress ASR expansion is to use the porous

lightweight expanded glass, as shown in Figure 1.16.

Figure 1.16 An example of cross sections of expanded glass particles [68].
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1.7.1.2 Expanded glass as lightweight aggregate

Due to the high porosity, the bulk density of expanded glass is low. Typically, its bulk density varies
between 300 and 2000 kg/m® [67], even as below as 187 ~ 230 kg/m°® reported in [79]. High
porosity also leads to its high water absorption [68], [69], [79]-[81]. The water absorption of
expanded glass is correlated with its particle density according to [67]. In addition, crushing
resistance of expanded glass particle seems to be proportional to particle density as well [67].
However, it has been reported that expanded glass is feasible to produce structural lightweight
concrete by adjusting manufacturing process to produce expanded glass with relatively high

crushing resistance and low water absorption [67].

Both coarse and fine expanded glass aggregates showed no influence to the initial slump of
expanded glass concrete [69]. Fine expanded glass particles (0.25 ~ 0.50 mm) even increased
slightly the slump when compared with ordinary aggregates [81]. The quick workability loss after
mixing, was observed as the result of water absorption of porous expanded glass particles; the

loss accelerated with the increasing proportion of expanded glass in concrete [69].

Up to 15 % fine expanded glass particles in partial replacement of natural fine aggregates, it has
been showed a positive influence on concrete strength due to the particle packing effect and the
benefits of pozzolanic reaction of fine expanded glass particles; the porous surface texture of
expanded glass particles could also be helpful through enhancing bonding strength between
cement paste and glass particle. However, the use of coarse expanded glass particles in concrete
has caused a noticeable strength loss; the extent of strength loss highly depends on w/c ratio and
replacement ratio of coarse expanded glass aggregate [69]. Concrete with 100% replacement ratio
of expanded glass aggregates with natural aggregates had very low strength [69], [79]. The
strength value of expanded glass concrete has shown a correlation with its density in [67], [81], [82].
Besides, the modulus of elasticity of expanded glass concrete decreased alongside the increasing
proportion of expanded glass in concrete due to low elasticity modulus of expanded glass; on the
contrary, flexural strength showed a slight improvement [69]. Early-age shrinkage cracking of
expanded glass concrete is linear with water absorption capacity of expanded glass particle [82].
It's also found that the high porosity of expanded glass particle increased the pore volume of

concrete, therefore weakened the carbonation resistance of expanded glass concrete [69].

Although expanded glass particles showed high reactivity in terms of alkali—silica reactivity tests,
no noticeable ASR expansion was observed in mortar with expanded glass [68], [80]. That was
ascribed to the accommodation capacity of pores of expanded glass particles to ASR gel produced
by ASR [68]. The benefit of high porosity to ASR expansion of expanded glass concrete was also
confirmed in [69]. However, the ASR tests in 0.92 w/c ratio mortars with expanded glass (average

size 0.5 ~ 5.6 mm) by using eight commercial cements, showed high ASR expansions [79].
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1.7.2 Calcium sulfoaluminate cement

In the mid-1970s, CSA cement was firstly produced in an industrial scale in China by burning the
mixture of limestone, bauxite and gypsum (CaS0,-2H,0) at 1300 ~ 1350°C [83]. In China, CSA
cements are usually treated as a special cement on the basis of its nature which allows rapid
setting, shrinkage compensation and high early-age strength, thanks to its main phase of
tetracalcium trialuminate sulphate, named ye’elimite (C,A3S) 2. Ye'elimite is also known as Klein’s
salt which was patented by Klein in 1966 to manufacture expansive cement. The amount of
ye’elimite phase in CSA cement usually varies from 20% to 70% as shown in Table 1.3. Apart from
ye’elimite, generally belite (C,S) is another main phase in CSA cement; while the secondary
phases may include C4AF, C;A, C;,A, and C;AF, [84].

Table 1.3 Mineralogical composition of CSA cement or clinker reported in some references

(wt.%).
Ref. c,A.S C,S CT CA CA, CA CpA; MA C,AS  C,AF  Calcite cS
[85] 20.1 47.1 0 0 0 0 0 0 0 13.8 0 19.8
[86] 27.5 56.3 0 0 0 0 0 0 0 7.9 0 4.4
[86] 10 51.5 0 0 0 0 0 0 0 15 0 16.1
[87] 21 4454 0 0 0 0 0 0 0 15.81 0 19.83
[88] 33.9 53.2 0 0 0 0 0 0 0 7.9 0 4.3
[89] 6.7 67.1 0 0 0 0 0 0 0 19.0 0 7.0
[89] 5.8 59.7 0 0 0 0 0 0 0 19.6 0 7.1
[907]* 53.5 212 90 O 0 0 0 0 0 16.3 0 0
[91]* 57 0 4 15 0 0 1 0 16 4 0 0.5
[92]* 53.5 21.2 0 0 0 0 0 0 0 16.3 0 9.0
[93]* 68.1 0 36 78 12 34 0 0 14.8 0 0 0
[94]* 62.8 0 57 8.1 31 0 0 1.8 18.3 0 0 0
[95]* 65.3 22.4 0 0 0 0 0 0 0 3.2 0 8.9
[95]* 42.0 449 0 0 0 0 0 0 0 6.1 0 6.8
[95]* 15.4 70.8 0 0 0 0 0 0 0 7.2 0 6.6
[96] 42.4 21.7 0 0 0 9.3 0 0 0 3.9 6 16.2**
[97] 52 20 2 0 0 0 0 0 0 0 0 25
[98]* 68.1 1.7 39 32 07 0 1.4 1.1 194 0 0 0
[99]* 56.7 25.6 0 0 0 8.0 0 0 0 1.1 0 3.9
[100]* 67.7 203 25 0 0 0 0 0 0 0 0 7.9
[101] 54.7 26.6 0 0 0 9.0 0 0 3.1 1.1 0 3.9
[101] 70.9 6.0 0 0 0 7.2 0 0 7.6 0 0 6.3
[101] 45.1 20.6 0 0 0 6.7 0 0 15 1.4 0 23.2
[102] 53.0 13.2 0 0 0 0 10.3 0 0 0 0 18.6
* CSA clinker.

**Including 11.3% gypsum and 4.9% anhydrite.

CSA cement is a sustainable cement when compared with OPC [95]. Firstly, for its production,
since less limestone is required due to the low CaO content in ye’elimite phase [95]; moreover,

more gypsum or anhydrite (CaSO,) is needed to prepare CSA cement in the requirement of

2 Cement chemistry notations: C=CaO, A=Al,0;, S=S0;, S=Si0,, H=H,0, F=Fe,0;, M=MgO,
T=TiO,.
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hydration; therefore, the CO, released in CSA cement production process is much less than that
for OPC production. Secondly, its calcination temperature is 100 ~ 150°C lower than that of OPC,
which helps increase clinker output more than 20% and reduce 15% coal consumption with respect
to OPC [103]; this certainly slashes CO, emission due to less energy consumption. Thirdly, its
clinker is porous and friable, which makes it easier to be ground [104]; this further reduces energy

consumption.

However, the use of CSA cement to replace OPC 100% might encounter some adversities such as
over-short setting time [103], low pH of pore solution [89], even high price [105] and potential
expansion risk [95]. Thereby, blending CSA with OPC might combine their advantages and
improve properties such as expansion and setting time [106], passivation ability of steel and pore

microstructure and porosity [89].
1.7.2.1 Hydration of CSA cement

The hydration process of CSA cement has been extensively studied [84], [104], [107], [108]. It has
been recognised that the hydration behaviour of CSA cement is significantly different with that of

OPC due to its distinct chemical composition.

Once CSA cement is mixed with water, the first hydration reaction in the presence of gypsum
(CSH,) will be:

C4A3S + 2CSH, + 34H - C¢AS;Hs, + 2AH, (1.6)
The formation of ettringite (C;AS;Hs,), also called AFt, mainly takes place in the first hours, very
fast and numerously [85]. Based on this reaction equation, the theoretical w/c ratio for complete
hydration of ye'elimite is 0.64; if anhydrite is used, the w/c ratio would be 0.78. Apparently, the wi/c
ratio for the complete hydration of CSA cement is higher than that for OPC.

When gypsum is depleted, the following reaction will occur:

C4A3S + 18H — C,ASH;, + 2AH, (1.7)

This reaction forms monosulphate (C;AS;H;,), also named as AFm.

AFt and AFm will coexist when gypsum is not enough to react with ye’elimite totally; that is to say,
the quantity of gypsum strongly effects the ratio of AFt/AFm [109]. Usually, in order to prepare CSA
cement, 16 ~ 25 wt.% of calcium sulphate is grinded with CSA clinker [104]. In practice, three forms
of calcium sulphate, namely anhydrite, calcium sulphate hemihydrate (CaS0O,-0.5H,0) and
gypsum, can be used to produce CSA cement; gypsum or anhydrite is more often used. It has
been found that calcium sulphate which plays a key role to hydration of ye’elimite [94], [100], [108],
[110]. That is due to the fact that the solubility and quantity of calcium sulphate decide the amount

of available CaSQO, that reacts with ye’elimite. For instance, the slower dissolution of anhydrite can
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change the kinetics of hydration reactions, even the hydrated phases [94]. Increasing the amount
of calcium sulphate is accompanied with the increase of hydration kinetics of ye’elimite [111] due to
more available CaSO,.

Hydration of belite typically occurs at later age due to its low reactivity. Because the hydration
products of ye’elimite contain amorphous AH;, as it's seen in Reaction 1.6 and 1.7, the hydration

reaction of belite in the presence of AH; will form stratlingite (C,ASHg) rather than C-S-H [112]:

C,S + AH; + 5H - C,ASHg (1.8)
Only if AH; is lack, belite will give rise to C-S-H and CH as the below reaction:

Reaction 1.8 may also take place in early age, which in some way contributes to the early-age

strength of CSA concrete; Reaction 1.9 usually takes place in later age [105].

Most of the ye’elimite and gypsum react in first 7 days; while most of belite could be unhydrated
even at 90 days [95]. Additionally, the minor phases also take part in hydration process, again their

hydration products depend on the sufficiency of calcium sulphate, as detailed below [105]:

C4AF + 3CSH, + 30H — C¢AS;H5, + FH; + CH (1.10)
Cy12A7 + 12CSH, + 113H — 4C4AS3H;, + 3AH, (1.11)
3CA + 3CSH, + 32H — C4AS3;H;, + 2AH, (1.12)
C4AF + 16H — 2C,(AgsFo5)Hg (1.13)
Ci2A; + 51H - 6C,AHg + AH,4 (1.14)
2CA + 11H - C,AHg + AH, (1.15)

The former three reactions represent hydration reaction of minor phases in the presence of
gypsum, the later three ones in the absence of gypsum. The titanium-contained phase (CT) and
gehlenite (C,AS) are thought as inert phases [108].

The real hydration process of CSA cement should be much more complicated than the above
equations. In particular, unlike OPC, the composition of CSA cement or clinker varies in a wider

range as shown in Table 1.3, which definitely complexes the hydration of CSA cement.

In case of blended CSA cement made with OPC cement, their hydration products highly depend on
the ratio of OPC/CSA. For low OPC/CSA ratio, the hydration of OPC takes place in several days
later after casting [93]. Alite (C3S) in OPC cement can react with AH; that is the hydration product
of ye’elimite at early stage, to form stratlingite (C,ASHg) and portlandite (CH) at early stage [106]:

C3S+ AH; + 6H — C,ASHg + CH (1.16)
For high OPC/CSA ratio, alite can bring about C-S-H and portlandite firstly; then the produced
portlandite together with gypsum may change the hydration reaction of ye’elimite with the following
reaction:
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C4A3S + 8CSH, + 6CH + 74H — 3C4AS;H3, (1.17)
Moreover, at early stage, the aluminate phase (C;A) can bring about AFm when gypsum is
insufficient; when gypsum is absent, unstable calcium aluminate hydrates such as C,AH;; would
be formed first and stable hydrogarnet hydrate (C;AHs) later. Meanwhile, other secondary phases
such as brownmillerite (C4,AF) or mayenite (C1,A;) can also influence the hydration process of
bended CSA cement [108].

1.7.2.2 General properties of CSA mortar and concrete

Due to the different mineralogical composition of CSA cements when compared to ordinary
Portland cement, the hydration of CSA cements differs from that of ordinary Portland cement as
described in the previous section. Therefore, CSA mortar or concrete may have different properties
from ordinary concrete. Some interesting publications, which have studied the general properties

of CSA mortar or concrete, have been considered in this section (Table 1.4).

Table 1.4 A summary for all reviewed researches on CSA mortar and concrete.

Ref. Binder type Sample type wi/c ratio Test type

Setting time; Compressive and flexural strength;
~ 0,
0~100% CSA (by Dynamic modulus of elasticity; Length change;

[86] welght)olrI;CpIace of Mortar 0.5 water absorption capacity; pH of pore solution;
Potentiodynamic test
87] CSA clinker Mortar 0.45 Weight loss and corrosion potential of steel in CSA
' mortar; pH of pore solution; porosity
85% CSA Compressive strength; Water absorption capacity;
[89] +15%0PC; Mortar 0.5 Elasticity modulus; Total porosity; Length change;
100%CSA Potentiodynamic test
0.30,
[95] CSA clinker Mortar 0.45, Expansion; Hydration products; Microstructure
0.70
. Compressive strength; Electrical resistivity; pH of
[97] CSA clinker Concrete 0.55 pore solution; Carbonation; Corrosion test
[102] CSA clinker Cement 05 Compressive strength; Hydration products;
paste/mortar ' Porosity
. Workability; Compressive strength; Carbonation;
[103] CSA clinker Concrete 0563 Chjoride penetration; Sulphate attack; Expansion
[108] CSA clinker Cement paste %Z;%) Hydration; pH and composition of pore solution
[109] CSA clinker Cement paste 05 Compressive stre_ngth; Hydration; Porosity;
Chloride penetration
Cement 0.40, Hydration; Oxygen diffusion; Water absorption;
[111] CSA clinker paste/mortar 0.525, Porosity; Compressive and flexural strength;
0.65 Expansion; Carbonation
0.38,
[113] CSA clinker Concrete 0.44, Workabi!ity; Compressive streng.th; Chloride
0.47, penetration resistance; Pore radius and volume
0.57
[114] CSA clinker Cement paste 0.5 Early age hydration
[115] CSA clinker Cement paste 0'56 2'6’ pH and composition of pore solution
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A w/c ratio of 0.43 for CSA cement paste allowed an initial set at 45 min and final set at 60 min
[104]. The short setting time of CSA concrete is due to the quick and large formation of ettringite in
the first hours of hydration. As a consequence, Figure 1.17 evidenced that CSA concrete in
different strength grades developed higher early-age strength than OPC concrete, especially in the
case of CSA concrete in high strength grades [113]. Considering thin shape of AH; gel, early-age
strength of CSA concrete might be attributed to the bonding and interlocking among ettringite
crystals [114]. Content of anhydrite in CSA concrete can influence early-age compressive and
flexural strengths as well; increasing anhydrite content means more ye’elimite phase which reacts

at early age and therefore forms more hydration products [111].
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Figure 1.17 Compressive strength development of CSA and OPC concrete at different strength
grades over curing age [113]. SC=CSA; PC=0PC.

A w/c ratio of 0.45 for CSA mortar, during the first 8 months exposure in tap water, showed no
significant pore volume change with time, but larger average pore diameter than OPC mortar as
shown in Figure 1.18 [87]. Stable pore volume was observed within first 180 days in a w/c ratio of
0.45 for CSA mortar, but the pore volume decreased at 1 year [104]. However, a study performed
on a 0.5 w/c ratio CSA cement paste revealed that a bimodal pore distribution was developed
since the very early age; lower porosity is dominant, but not connected with higher porosity [102].
The authors found that the average pore size of CSA concrete is smaller than that of OPC. They
also noticed that the refinement trend of total porosity almost ceased at later age. The porosity of

CSA mortar decreased with the increase of anhydrite content and the decrease of w/c ratio [111].
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Figure 1.18 Pore size distribution of a) CSA and b) OPC mortars exposed in tap water over time
[87].

The water absorption of CSA mortar can be influenced by w/c ratio, but not by anhydrite content; at
0.4 w/c ratio, water absorption of CSA mortar was lower than that of OPC mortar [111]. However,
CSA mortar with w/c ratio of 0.5 showed higher water absorption in [86] when compared with OPC
mortar, no matter dry or wet curing condition. Due to the higher theoretical w/c ratio for complete
hydration, low w/c ratio CSA concrete can undergo self-desiccation and leave unhydrated
ye'elimite even at late stage. In reference [104], two CSA concretes with different w/c ratios of 0.30
and 0.44 showed stable internal relative humidity around 60% and 90% respectively after 1.5 year

and unhydrated clinkers existed in both concretes after 575 days.

A series of factor can influence the expansion of CSA concrete as summarised in [95]: ye’elimite
content, pore structure, w/c ratio, sulphate content, free lime content, alkali hydroxide content, and
cement particle fineness; among of them, ye’elimite content plays an important role. When the
portion of ye’elimite is more than 50% in CSA cement, expansion, cracking and loss of strength
appear at later age; the proper content of ye’elimite seems to range from 30% to 40% [116]. It has
been reported that CSA prisms with w/c ratio of 0.563 showed no significant change of length over

one year in water storage and a better performance than OPC [103].

The main hydration product of CSA concrete is ettringite that does not provide OH". The pH of two
pure CSA concretes with 0.5 w/c ratio were respectively 10.23 and 10.53 after 90 days curing [89].
In [87], w/c ratio of 0.45 CSA mortar showed extreme low pH around 6. However, a high pH around
13, within first 60 days hydration, has been observed in [115] by using a CSA cement paste with
high w/c ratio 0.8. An exhaustive investigation on two CSA cement pastes with w/c ratios of 0.72
and 0.8 revealed that: in the case of w/c ratio of 0.72 CSA cement paste, within the first hours of
hydration, the pH was as low as 10.3 ~ 10.7 due to the fact that the initial saturated pore solution

was dominated by aluminate, calcium and sulphate; after 16 hours, calcium and sulphate

-25 -



Chapter 1
Corrosion protection of steel in sustainable concrete

concentrations decreased noticeably due to the depletion of gypsum, thus pH went around 11.8;
after 28 days, the pH value could reach 12.7 based on the fact that the ongoing release of alkali
ions of CSA clinker and the increase of alkali concentrations caused by the continuous
consumption of the pore fluid by the formation of hydrates; while 0.8 w/c ratio CSA cement paste
showed the similar trend, but a slight higher pH at each stage [108].

Ettringite is susceptible to carbonation, leading to the concern on the carbonation resistance of
CSA concrete [103]-[105]. According to laboratory result, it seems that the carbonation resistance
of CSA concrete is weaker than that of OPC concrete [97], [103], [111]. Figure 1.19 shows the
higher carbonation depth of CSA concrete when compared to ordinary concrete under both
accelerated and outdoor exposure [97]. However, the investigation on two CSA concrete samples
collected from long-term service suggested that the carbonation resistance of normal CSA
concrete is comparable with that of OPC concrete; particularly, high-strength CSA concrete is of
excellent carbonation resistance [117]. Recently, it was found that the carbonation resistance of
CSA mortar increased along with the increase of anhydrite content, as well as the decrease of w/c
ratio; meanwhile it was also found that carbonation changed the strength performance of CSA

mortar due to the modification of porosity caused by carbonation [111].
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Figure 1.19 Time evolution of carbonation depth of CSA concrete and reference concrete (made
with OPC) under a) accelerated test and b) indoor exposure [97].

The lower chloride penetration resistance of CSA concrete when compared to OPC concrete was
observed in [103]. Conversely, low chloride diffusion coefficients of CSA concretes with different
strength grades when compared with their OPC counterparts were obtained, as shown in Figure
1.20 [113]. To enhance the chloride penetration resistance of CSA concrete, the mean of modifying
AFm/AFt ratio through varying the gypsum content with the hope to let more AFm bind chlorides,

was carried out in [109]; the results suggested that binding capacity of CSA concrete is inversely
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proportional to the total calcium sulphate content, at the condition of high chloride concentrations.

Besides, the good sulphate resistance of CSA concrete was reported in [89], [103], [104].
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Figure 1.20 Evolution of chloride diffusion coefficients of a) CSA and b) OPC concretes at
different strength grades over curing age [113]. SC:CSA; PC:OPC.

In case of blended CSA cement, it was shown that increasing the portion of OPC in blended CSA
cement (15%, 55%, 70% and 85%) is possible to delay the setting time, increase strength and
dynamic elastic modulus, decrease water absorption, reduce expansion in moist air and shrinkage

in dry air, decrease porosity, improve the pH [86].

Currently, there is very few publications dealing with the passivation and corrosion behaviour of
steel embedded in CSA concrete. It's been reported that mild steel embedded in 14 years old
structure was not yet corroded, however the pH and w/c ratio of concrete were unknown
unfortunately [104]. In reference [87], steel in CSA mortar showed a higher corrosion rate than steel
in OPC mortar exposed either in continuous or intermittent contact to 3.5% NaCl solution; the
corrosion rate was monitored by direct measurement of weight loss of the steel; half-cell potential
measurement of the steel showed that steel embedded in CSA mortar was depassivated, showing
high corrosion rate either in continuous or intermittent exposure to 3.5% NaCl solution, due to the
low pH (around 6) of pore solution of CSA mortar. However, corrosion potential and corrosion rate
of steel embedded in 0.55 w/c ratio CSA concrete with a pH value of 11.5 showed the passivation
of embedded steel, even in concrete exposed to an environment with 95% R.H. and 40°C or
immersed in water [97]. In reference [89], it's found that mortar made with 100% CSA cement was
not capable of passivating steel; however, CSA cement blended with 15% OPC was enough to
guarantee the passivation of steel as the shown in Figure 1.21; it's noted that the pH of CSA
mortar extract was 11.32 while pH of extract of mortar made with blended CSA cement (15% OPC)
was 11.88.
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Figure 1.21 Potentiodynamic curves of steel bars in mortar extracts [86]. SAB:CSA; PC:OPC.

1.7.3 Cement-stabilised rammed earth

Rammed earth is an ancient construction material and technique, being widely used in the past
across the dry areas in the world [118]-[120]. A well-known example is the great wall of China
which was built more than 2000 years ago by using local materials: rammed earth, stones, baked
bricks and wood [121]. Traditional rammed earth can be simply erected by hand through
compacting subsoil consisting of sand, silt and/or clay, but lack of organic matter and humus, layer
by layer with the support of formwork. Modern rammed earth can manufactured by mixing sand,
gravel and clay/silt together [119], [122], [123], and is compacted by machine for the sake of
efficiency and quality control. The components of modern rammed earth are analogous with those
of concrete, sand and gravel representing fine and coarse aggregates, and clay/silt used as binder
[119]. In some particular regions such as western Australia, the use of crushed limestone in place
of natural soil to produce rammed earth is more popular owing to the benefits of improved quality

control, aesthetic appeal, and ready availability [124], [125].

The noticeable advantages of rammed earth construction compared to other modern construction
forms include: cheap and accessible raw materials, both less energy consumption and waste
emissions, good insulation properties [126]. Thereby, in recent decades, it has been increasingly
recognized as a sustainable building material, and has received more and more attention in some
regions [120], [127]. Nevertheless, unstabilised rammed earth (by using only clay as a stabiliser)
showed weak shear strength [122], low compressive strength [123], [128] and poor erosion
resistance [129]. Particularly, due to the difficulty of quality control in construction site compared

with in laboratory, the in-situ rammed earth could have even more lower strength. The strength and
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durability of rammed earth can be improved by using rammed earth stabilisers such as cement
[118], [124], [130]-[132], lime [133]-[135], and the combination of them [129], [133]. However, the
success of stabilisation also depends on the selection of an appropriate soil [133]. In fact, the most
frequently used stabiliser is cement which can not only help enhance compressive strength,
durability, but also allow some unsuitable soils to be used [126]. In fact, the use of cement as a
stabiliser might provide corrosion protection to steel embedded in cement-stabilised rammed earth
(CSRE) as well. Currently, there is no literature works involving in the corrosion of steel embedded
in CSRE. The available literature papers related to CSRE mainly focus on the properties of CSRE

as summarised in Table 1.5.

Table 1.5 A summary of reviewed papers considering the properties of cement-stabilised rammed

earth.
Ref. Materials Cemen't content Test type
(by soil mass)
Clay sandy soil Compressive and tensile st_r_ength and e!a§ticity;
[118] OPC ' 0~20% Shrinkage; Water permeability; Conductivity; Water
absorption; Accelerated erosion test
[124] Crush?stélrrir:gstone, 10% Density; Compressive strength
[125] Crushed limestone 5% Optimum w_ater content; Dry density; Compressive
strength; Microstructure
Kaolin clay with
[126] sand; natural 25~10% Pull-out test
subsoil
[128] Crushed limestone 10% Unconf?ned compressive strength; Accelerated erosion
test; Wire brush test
Clay; Silt; Sand; Unconfined compressive strength; Accelerated erosion
[129] Gravel 4.5/5% test; Drying shrinkage
[131] Laterite 6, 8, 10% Dry/ wet compressive strength; Load-deformation test
. Dry/ wet compressive strength; Load-deformation test;
[132] Laterite 6.8,10% Water absorption; Accelerated erosion test; Shrinkage
. Dry density; Dry/ wet compressive strength; Stress-strain
[136] Subsoil 0~10% tes%; Poros)gty; ghloride peﬁetration )
[137], Clayey soil; river 58 12% Dry density; Dry/ wet compressive strength; Water
[138] sand T absorption; Stress-strain test;
[139] Clay; river sand 7,10% Dry density; Compressive strength
[140] Crushed limestone 10% Unconfingd compressive strength; Density; Load-
deformation test

1.7.3.1 Properties of cement-stabilised rammed earth

Compressive strength is the utmost important property of rammed earth because of its
fundamental role in terms of bearing load. It's well-known in soil mechanics, earth gains its
maximum compressive strength at its optimum water content (OWC) that is defined as the water
content when earth reaches its maximum dry density (MDD) for a given compactive effort. This has
been observed on rammed earth studied in [118]. In CSRE, OWC and MDD can change with

cement content as shown in Figure 1.22 [136], as observed also in [137].
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Figure 1.22 Relationship between maximum dry density and moisture content for CSRE with
different cement contents [136].

As far as CSRE is concerned, the major factors that affect its compressive strength include either
soil type or property, dry density, compaction water content, cement content, moisture content,

compaction energy and curing condition.

Due to the diversity of natural soil component, soil type can influence the compressive strength of
CSRE [132]. It's also been observed that CSRE yielded maximum compressive strength under a
certain clay fraction of soil which might be attributed to the best packing density [138]. Some
parameters related with soil property such as linear shrinkage, plasticity index, liquid index and
particle size distribution are commonly employed to evaluate soil suitability for rammed earth [129],
[133]. Particularly, it can be observed that the parameter, soil particle size distribution was used
frequently in research publications [118], [119], [124], [125], [127], [137], [139]; however it should be

noted that this parameter could not be used alone as a criteria [129].

In most of publications, it's reported that dry density necessarily played a crucial role to
compressive strength of CSRE; the higher dry density, the higher compressive strength [136]-[138],
[140]. Density increase accompanied with the increase of strength can be attributed to reduction in
porosity leading to better particle contact and hence more effective cementation due to cement
hydration products [138]. The compressive strength of CSRE made with soil containing 15.8% clay
increased with the increase of compaction water content when water content changed near
optimum water content, regardless of cement content [137]. However, a recent study on CSRE
made with limestone and without clay (5% OPC by weight of limestone) revealed that lower

compaction water contents caused higher compressive strength when water content changed near
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optimum water content, and that compressive strength is reversely proportional with dry density
[125].

Cement content has a strong influence on the compressive strength of CSRE. In general, the
cement content used in CSRE is not more than 20% (by soil mass). For CSRE with compressive
strength higher than 5 MPa, cement hydration might mainly contribute to the strength gain due to
the bonds created by the hydrated cement particles [124]. Increasing cement content in CSRE
improved compressive strength, accompanying by the growing of density [136]. Increasing of
cement dosages led to more cementitious material suitable to establish water insoluble bonds with
the silt and sand particles and hence resulted in higher strength for CSRE [138]. The almost linear
relationship between compressive strength and cement content (up to 20%) has been observed in
[118], also by other researchers [131], [138].

The increase of compaction energy (at constant OWC) enhanced compressive strength and
density of CSRE [136].

The compressive strength of CSRE decreased alongside the increase of moisture content,

according to a linear relationship as shown in [138], [139].

As all cementitious materials, It's also found that curing can significantly improve the compressive
strength of CSRE [136], [138].

Apart from compressive strength, some other mechanical properties of CSRE are important such
as tensile strength, elastic modulus, pull-out bond resistance of steel and conductivity. In fact,
tensile strength and elastic modulus of CSRE are influenced by the same factors which
compressive strength depends on. A almost linear relationship between tensile strength and
cement content (up to 20%), has been observed in [118]. The elastic modulus of CSRE is very
sensitive to dry density and cement content; higher cement content and dry density were beneficial
for elastic modulus [138]. The pull-out bond resistance of steel in CSRE has been shown to be
related to compressive strength, embedment length, steel type, and specimen preparation method
through the investigation based on five different soil stabilised by varying cement content (2.5 ~

10% by dry mass) [126]. Conductivity slightly decreased with the increase of cement content [118].
1.7.3.2 Durability of cement-stabilised rammed earth

Durability of rammed earth highly depends on compaction quality [128]. The strength of CSRE
reflects its compaction quality, thereby compressive strength can be a good indicator of durability
of CSRE. A compressive strength comparison between 32-year-old CSRE unprotected from
incident rainfall and 28-day-old CSRE, which was manufactured by using the same material and
nominal compaction regime, suggested that ageing caused a considerable loss of compressive

strength [127]. However, compressive strength of CSRE alone is not enough as an indicator of
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durability of CSRE. The durability of CSRE should be also related to its water absorption,

shrinkage and erosion resistance.

Due to the fact that soil is very sensitive to water, a significant difference in terms of compressive
strength of rammed earth in dry and wet conditions can be found, as shown in Figure 1.23. That is
mainly attributed to the presence of clay that absorbs water and becomes soft. Usually, the ratio
between wet strength and dry strength is used to evaluate whether it is adequate to build rammed
earth wall. For instance, the ratio 0.46 ~ 0.64, depending on the severity of the rainfall, was
recommended in [131] for clayey and hard laterite soil. The ratio depends upon the clay fraction of
soil mix and cement content [138]. It seems the ratio of uncured CSRE (0.54 ~ 0.71) was higher
than that of cured CSRE (0.30 ~ 0.49), which may be due to the hydration of unhydrated cement in
uncured CSRE when it is wetted [136]. Maintaining the wet strength of CSRE at a satisfactory level
would require proper soil selection, desirable compaction level and adequate stabilizer content
[132].

8 1 1 1 1 1 1 1 1 1 1 1
A Dry specimen
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Figure 1.23 Relationship between compressive strength and cement content for CSRE under dry
and immersion conditions [118].

The water absorption of CSRE decreased from 21.2% to 5.3% when the content of cement content
increased from 2% to 10%, by spraying water to simulating high rainfall for one hour [132], as
confirmed in reference [138]. It's also noticed that the water absorption by immersion of CSRE
increased when the fraction of clay increased, which might be due to clay mineral and the porosity
of CSRE [138]. The results on water absorption by capillary also showed the trend that water
absorption decreased with increasing cement content in reference [118]. It's been revealed that the

saturated water content (water absorption) of CSRE decreased from 21% to 9% with the increase
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of its dry density from 1600 to 2000 kg/m?; that is because that lower density would have higher
porosity and hence could accommodate more water under saturated condition [137].

The shrinkage of CSER increased rapidly during the first days after compaction, and then reached
a stable value [118], [132]. Increasing cement content is beneficial for reducing shrinkage; Figure
1.24 shows the effect of cement content on the development of shrinkage [118]. Drying shrinkage
of CSRE is primarily governed by the plasticity index of the constituent soil, and to a lesser extent

by cement content [141]. More clay usually means more shrinkage [121].
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Figure 1.24 Effect of cement content on shrinkage evolution in time of CSRE [118].

Erosion of rammed earth materials is caused by the breakdown of inter-aggregate bonds
(cemented or uncemented), generally provoked by moisture ingress or rain/wind pressure [127]. In
order to evaluate this kind of degradation action, accelerated erosion test is often used by spraying
a high pressure water [129]. The tests in reference [118] showed that for CSRE no visible damage
was observed while unstabilised rammed earth was in complete disintegration. Erosion rate of

CSRE decreased with increasing cement content [132].

Generally, cement-stabilised rammed earth construction is unreinforced; nevertheless, steel bar
might be embedded in some special parts in order to provide seismic resistance, support over
openings in wall and fix up roof structure [126]. However, the pH of natural soil is 7.73 while sand
9.05, and therefore the pH of reconstituted soils is in the range of 7.73 ~ 9.05 [137]. Anyway, the
pH of rammed earth could be increased if rammed earth stabilised with cement, due to cement
hydration. However, currently, no any related publication can be found. Neither any publication

dealing with corrosion of steel in CSRE has been found.
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Chapter 2

Experimental procedure

The use of new sustainable cementitious materials for structural concrete raises questions about
the durability of reinforced concrete structures. For this reason, characterising their durability-
related properties is necessary.

In this research, different types of cementitious materials were cast with water/cement (w/c) ratio
from 0.47 to 0.55 by using CEM II/A-L 42.5R (Portland limestone cement), CEM | 52.5R (Portland
cement) or CSA-based cements (blends of calcium sulfoaluminate (CSA) cement with ordinary
cement) and by replacing ordinary cement with glass powder and adding calcium oxide (CaO)
powder into CSA-based cements. Waste glass was used also in the form of expanded glass
aggregate. In order to study the durability of reinforced concrete structures made with these
different cementitious materials, several types of steel bars (carbon steel and galvanised steel)

were also used.

This chapter describes the specimens and the laboratory tests performed for the characterisation
of studied cementitious materials and for assessing their roles in relation to the corrosion protection
of steel bars in different environmental conditions. Tests for studying the passivation of steel as
well as the resistance to the penetration of aggressive agents such as chloride and the corrosion

behaviour are described.

2.1 Materials

2.1.1 Binder type

Different types of binders were used for studied cementitious materials: CEM II/A-L 42.5R, CEM |
52.5R, CSA-based cements, glass powder and CaO powder. Table 2.1 shows their chemical
compositions. In Table 2.2, it has been reported the main constituents of CSA-based cements.
Pure CSA cement (SR03) was constituted by 78% CSA clinker and 22% anhydrite. The main
mineralogical phases of CSA clinker are ye’elimite (C,A3S) and belite (C,S). Two blended cements
(SLO5 NF and SLO5) based on the combination of 30% CSA clinker, 10% anhydrite and 60% of,
respectively, CEM | 52.5R cement and CEM II/A-L 42.5R cement were considered. The addition of
calcium oxide (CaO) to blended CSA cement produced by Buzzi Unicem (ltaly) was also
considered in order to verify its role on durability properties of CSA-based concrete. Glass powder

was used as mineral addition in partial replacement of ordinary cement for standard mortar with

-34 -



Chapter 2
Experimental procedure

and without expanded glass aggregates. Glass powder was obtained by crushing waste green
bottles and then grinding into specific surface area of around 600 m?Kkg; this specific surface area
was chosen based on a previous study in [63] aimed at comparing the effects of ground glass and
traditional types of pozzolanic materials on the strength and durability properties of mortars.

Table 2.1 Chemical compositions of binders.

Chemical CEM II/A-L CEM | Glass CaO
composition 42.5R 52.5R SLOSNF  SLO5 SR03 powder  powder
CaO 62.52 64.58 53.99 53.85 43.9 11.35 100
SiO, 17.84 18.66 14.09 13.55 7.6 68.67 -
SO, 2.54 3.82 11.16 1067 17.5 0.13 -
Al,O4 4.16 5.19 12.70 11.25 21.7 2.73 -
MgO 1.98 1.95 1.76 1.64 2.59 141 -
Fe,O4 3.09 2.05 2.51 2.96 2.07 0.66 -
TiO, 0.16 0.23 0.54 0.48 0.92 - -
Na,O 0.23 0.28 0.27 0.23 0.32 13.25 -
K,O 0.85 1.01 0.60 0.54 0.23 1.11 -
Cl 0.058 0.02 0 0 - - -
M.E.* 0.02 0.02 0.09 0.05 0.18 - -
L.0.l.** 6.57 2.19 2.29 478 2.97 - -
* Minor elements.
** | 0SS on ignition.
Table 2.2 Constituents and ye’elimite content of CSA-based cements.
Constituents SLO5 NF SLO5 SRO03
CEM II/A-L 42.5R 60
CEM | 52.5R 60
CSA clinker 30 30 78*
Anhydrite 10 10 22
Ye'elimite (C,A,S) 15.5 15.5 40.6

*Containing 3% anhydrite phase.

2.1.2 Aggregates

Limestone aggregates, consisting of 5 different fractions (filler sand, Calc 1, Calc 2, Calc 3 and
Calc 4) from Zandobbio (Bergamo, Italy), were used for casting concrete. Limestone aggregates
have a maximum size of 12 mm and the combination of the different fractions in order to fit Fuller’s
grading curve was 35% filler sand, 15% Calc 1, 15% Calc 2, 15% Calc 3, and 20% Calc 4. Figure
2.1 shows the grading curves of limestone aggregate fractions. Standard sand was used for waste
glass mortar. A commercial expanded glass with particles size in the range of 2 ~ 4 mm was used

as lightweight aggregates.

For making rammed earth, a simulated soil was made by mixing Calc 2 limestone aggregates with
8 types of sand in different particle size as shown in Figure 2.2, produced by Sabbie Sataf (Pavia,

Italy). The mix proportion of simulated soil will be reported in Table 2.7.
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Figure 2.2 Grading curves of Sataf sand and simulated soil.

2.1.3 Reinforcements

Different steel bars were used for electrochemical tests carried out in order to evaluate their
corrosion behaviour in the cementitious materials studied in this research. Table 2.3 shows the
chemical composition, mechanical property and different surface conditions of type B450C carbon
steels with 18 mm and 10 mm diameter provided by SISMIC. The carbon steels were taken from
both bundles of recent production and exposed outside for respectively 6 months and one year in
order to obtain different pre-rusting conditions with respect the condition defined as “as-received”.
Sandblasted bars were also considered for comparison purpose. Moreover, the absence of

chlorides in the rust was confirmed by dissolution in nitric acid and titration.
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Table 2.3 Chemical composition, mechanical properties and surface conditions of 18 mm and 10
mm diameter carbon steels.

@ 18 mm @ 10 mm
C 0.20 0.19
Mn 0.79 0.81
Chemical composition Cr 0.15 0.16
(Wt%) Si 0.21 0.19
P 0.022 0.021
S 0.033 0.041
Yield strength f, (MPa) 663 637
Mechanical properties Tensile strength f; (MPa) 540 556
Elongation A under maximum load (%) 11.8 8.3
As-received Al Al
Sandblasted A2 A2
Surface conditions Lowly rusted (6 months outdoor exposure) B B
*
Highly rusted (1 year outdoor exposure) %12 C

*Intermediately rusted.

Carbon steel bars with 16 mm diameter used for waste glass mortar and both CSA-based and
reference concrete, were sandblasted prior to being placed in such cementitious materials. In
addition, galvanised steel bars with 16 mm diameter were used for CSA-based concretes. Only in
ordinary concrete considered as a reference in comparison with CSA-based concretes, galvanised
steel bars with 10 mm diameter were used. Carbon steel bars with 10 mm diameter were

sandblasted and used in cement-stabilised rammed earth.

2.2 Mix proportion

Firstly, an ordinary concrete with slump class S4 (160 ~ 210 mm) was cast with w/c ratio of 0.5 to
study the passivation of carbon steel bars with different surface conditions. Table 2.4 shows the
mix design of such concrete. Two concrete mixtures, labelled as “518” and “531”, were cast to
prepare reinforced specimens respectively with 18 and 10 mm bars. Such concretes were mixed
with 400 kg/m® Portland limestone cement (CEM Il/A-L 42.5R), 200 kg/m® deionised water, 1768
kg/m?® of limestone crushed aggregates and a superplasticizer admixture (Dynamon SX) in

dosages equals to 3.2 and 2.96 kg/m?, respectively for “518” and “531” mixtures.

Table 2.4 Mix proportion of concrete for studying the passivation of carbon steel bars with different
surface conditions (dosage in kg/m®).

Mix code Water/cement ratio Cement type Cement Aggregates Superplasticizer
518 3.2
531 0.5 CEM II/A-L 42.5R 400 1768 > 06

The passivation of carbon steel was also studied in case of using mortar made with waste glass.
Table 2.5 shows the mix design of waste glass mortar cast with water/binder ratio of 0.5 which is

typically used for preparing standard mortar. The proportion (by mass) is one part of binder
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(cement or cement with glass powder), 3 parts of aggregates and one half part of deionised water.
In case of using expanded glass as aggregates, the volume of expanded glass was maintained the
same as that of standard sand. In a subsequent part of this research, several types of concrete
were cast by using CSA-based cements; for comparison, a reference concrete was also cast. The
mix proportion of CSA-based concretes were defined based on the results of a previous study
made by the same research group [97] within which the current experimental work was carried out.
Each type of concrete was cast with two different w/c ratios (0.47 and 0.55) according also to the
suggestions from project sponsor, except pure CSA concrete made with SR0O3 cement and cast at
wi/c ratio of 0.55. For the w/c ratio of 0.55, a concrete with addition of 0.4% chloride (by mass of
cement) was also cast for each type of binder except for pure CSA cement SR03. An acrylic-based
superplasticizer admixture (Dynamon SX, Mapei) was used for ordinary concrete and mortar whilst
a special admixture (Compactcrete 39 NX, Addiment ltalia) was used for CSA-based concretes.
Table 2.6 shows the mix proportion of CSA-based concretes. Calcium oxide (CaO) was added into
SLO5 NF cement and SLO5 cement in partial replacement of cement (2.5% by mass). SLO5 NF
cement without the addition of CaO was also used. In order to avoid the fast hardening of CSA

concrete, the mixing water (deionised water) was cooled in refrigerator ahead of casting.

Table 2.5 Mix proportion of waste glass mortar (dosage in kg/m?®).

Mix Cement type Water/t_)lnder Cement | Ground glass Standard Expanded glass
code ratio sand
M134 517 0 1552 0
M135 362 155 1552 0
M136 CEM152.5R 0.5 362 155 0 184
M137 517 0 0 184
Table 2.6 Mix proportion of CSA-based concretes (dosage in kg/m3).
. Superplasticizer
cl\g:jxe WaterZ(t:igment Binder type Cement | Aggregates LAB Dynamon CacCl,
2766 SX
519 0.47 1995 7.98 0
520 CEM II/A-L 42.5R 327 0
51 0.55 1925 3.27 %05
522 0.47 1995 - 0
523 SLO5 NF 327 4.9 0
524 0.55 1925 3.86 2.05
525 0.47 1995 6.54 0
526 SLO5 NF+CaO* 319 491 0
527 0.55 1925 3.86 2.05
528 0.47 1995 6.54 0
529 SLO5+CaO* 319 3.60 0
530 0.55 1925 3.27 2.05
532 0.55 SRO03 327 1925 3.27 0 0

* The quantity of added CaO powder is 8 kg/ m>.

Finally, for making cement-stabilised rammed earth, raw materials were firstly mixed together

according to the mix design given in Table 2.7 and following the mix procedures used for preparing
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standard mortar; then, the mixture was transferred into metallic formwork and compacted in two
layers of 50 mm by compaction system, as seen in Figure 2.3. The mix proportion of cement-
stabilised rammed earth was recommended based on the study made in collaboration with the
University of West Australia.

Table 2.7 Mix proportion of cement-stabilised rammed earth (dosage in kg/m®).

Composition Percentage (%) Mass
Sataf 1 20 348
Sataf 2 12 209
Sataf 3 23 400
. . Sand Sataf 4 8 139
Simulated soil Sataf5 17 100 506 1740
Sataf 6 6 104
Sataf 7 5 87
Coarse aggregates Calc 2 9 157
Stabiliser Cement CEM IlI/A-L 42.5R 5* 87
Compaction water Water Deionised water 8.5* 149

* By mass of simulated soil.

Figure 2.3 Preparation of cement-stabilised rammed earth specimens.
2.3 Summary of test specimens and test types

Tests were carried out on different types of specimen. Table 2.8 ~ 2.11 summarise all specimens
used in this research, their geometry dimensions and test types to which they are dedicated.
Mechanical properties, such as compressive strength and dynamic elastic modulus, besides to
carbonation and chloride resistance were measured on 100 mm cube specimens. Hardened
properties of mortar were evaluated on 40x40x160 mm® prismatic specimens. Electrical resistivity
of studied mixtures was measured on both 100 mm cube and 40x40x160 mm? prism. Reinforced
cylindrical specimens (with diameter of 59 or 67 mm and height of 110 mm) were prepared to study
the corrosion behaviour of steel bars embedded in studied mixtures. Conversely, reinforced cubic

specimens have been used only for cement-stabilised rammed earth.
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Table 2.8 reports the labels and geometry dimensions of all specimens and relative tests carried
out with them for studying the passivation and corrosion protection of carbon steel bars with
different surface conditions embedded in ordinary concrete. Table 2.9 ~ 2.11 summarise
respectively the labels and geometry dimensions of specimens and their corresponding tests for
the characterisation of durability properties of recycled waste glass mortars, CSA-based concretes
and cement-stabilised rammed earth. The curing condition and environmental exposure are also

indicated for all specimens.

Table 2.8 Specimens and tests carried out for studying corrosion behaviour of carbon steel bars

with different

surface conditions.

Specimen Dimension Test type Exposure condition
518-1,518-2 28-day density, Compfe?swe Moist curing
strength and resistivity
100 mm cube 28-day density, compressive . .

531-1,531-2 strength and resistivity Moist curing
518-Al1-2 Exposure condition A*
518-Al1-3, 518-Al1-4 Exposure condition B**
518-A2-2 Exposure condition A*
518-A2-3, 518-A2-4 . Exposure condition B**
518-B-2 (?e?an)(;iclg dn\:vriThC)llgnﬁerzrz Exposure condition A*
518-B-3, 518-B-4 diameter steel) Exposure condition B**
518-C1-2 Exposure condition A*
518-C1-3, 518-C1-4 Electrochemical test Exposure condition B**
518-C2-2 (for more details refer Exposure condition A*
518-C2-3, 518-C2-4 to section 2.4.3) Exposure condition B**
531-Al-1 Exposure condition A*
531-Al1-2, 531-A1-3 Exposure condition B**
531-A2-1 . Exposure condition A*
531-A2-2, 531-A2-3 2 .59X110 mm cylinder Exp?osure condition B**

(reinforced with 10 mm —
531-B-1 diameter steel) Exposure condition A*
531-B-2, 531-B-3 Exposure condition B**
531-C-1 Exposure condition A*
531-C-2, 531-C-3 Exposure condition B**

* Exposure condition A: Self-desiccation (23°C), 20°C + R.H. 80%, 20°C + immersion, 20°C + accelerated
carbonation (4% CO,, R.H. 65 + 5% and 20 ~ 23°C).
**Exposure condition B: Self-desiccation (23°C), 20°C + R.H. 80%, 20°C + immersion, 20°C + immersion

cycles in 3.5% NacCl.

Table 2.9 Samples and tests for studying waste glass mortar.

Specimen Dimension Test type Exposure condition
M134~137-1 7-day density, compressive strength Moist curing
M134~137-2 28-day density, compressive strength Moist curing
M134~137-3 3 | 3-month density, compressive strength Moist curing
M134~137-4 40x40x_160*mm 6-month density, compressive strength Moist curing

prism
M134~137-7 Electrical resistivity test and density Water curing
M134~137-8
M134~137-9 Alkali attack test 1 M NaOH solution (20°C)
M134~137-1 25x25x285 mm°> ASR expansion test
M134~137-2 prism P 1 M NaOH solution (80°C)
M134-1, M134-2 @ 67x110 mm Electrochemical test
M135-1, M135-2 cylinder (for more details refer to section 2.4.3) Self-desiccation (23°C)

* Demoulded 1 day after casting.
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Table 2.10 Samples and tests for studying CSA-based concretes.

Specimen Dimension Test type Exposure condition
519~530-1,2 density, compressive 1-day moist curing
519~530-3,4 strength, ultrasonic test and 7-day moist curing
519~530-5,6 SEM observations 28-day moist curing

density, compressive . .
519~530-7,8 strengtr):, uItraSonic test 90-day moist curing
7 days moist curing +
Mix X-9,10* Chloride penetration immersion in 3.5%

Mix X-11,12,13*

Mix X-14,15,16*

100 mm cube**

NaCl solution

Natural carbonation

7 days moist curing +
outdoor sheltered
exposure

28 days moist curing +
outdoor sheltered
exposure

28 days moist curing +

Mix X-17,18* Accelerated carbonation
4% CO, exposure
Mix X-19,20* Water absorption 28 days moist curing
. @ 50x100 mm Self-desiccation
_ *
Mix X-1,2 cylinder Conductance test condition (23°C)
3
Mix X-1,2,3* 40X4§:i(slr?]9*mm Resistivity test Water curing
. @ 100 mm . . . .
_ *
Mix X-1,2 cylinder Capillary absorption 28 days moist curing
519,522,525,528-1,2
(alkaline, w/c=0.47)
520,523,526,529-3,4
(alkaline, w/c=0.55)
521,524,527,530-7
(alkaline, 0.4% CI, w/c=0.55) @ 67x110 mm

520,523,526,529-5,6
(carbonated, w/c=0.55)

521,524,527,530-8
(carbonated, 0.4% Cl,
w/c=0.55)

532-1,2,3
(alkaline, w/c=0.55)

cylinder (with
carbon steel bar)

519,522,525,528-71
(alkaline, w/c=0.47)

520,523,526,529-72
(alkaline, w/c=0.55)

521,524,527,530-Z4
(alkaline, 0.4% CI, w/c=0.55)

520,523,526,529-73
(carbonated, w/c=0.55)

521,524,527,530-Z5
(carbonated, 0.4% Cl,
w/c=0.55)

532-721,22,Z3
(alkaline, w/c=0.55)

@ 67x110 mm
cylinder (with
galvanised steel
bar)

Electrochemical test
(for more details refer
to section 2.4.3)

See Table 2.12

* Mix X includes the mixtures 519, 520, 522, 523, 525, 526, 528 and 529.
** Demoulded 1 day after casting.
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Table 2.11 Samples and tests for studying cement-stabilised rammed earth.

Specimen Dimension Test type Exposure condition
RE-33 Electrical resistivity; 28-day
RE-34 compressive strength; density . .
RE-81 100 mm cube Electrical resistivity; 28-day Moist curing
RE-82 compressive strength; density

100 mm cube Electrochemical test . . o
RE-1,2,3,4 (reinforced by carbon (for more details refer Selfi'noql%s;gfg:,??zg%)c )+
steel)* to section 2.4.3)

RE-73, RE-74 100 mm cube* Carbonation test Laboratory condition

* Demoulded 6 days after casting.
2.4 Experimental methods

In the previous section, information such as number, geometry dimensions and exposure
conditions of all tested specimens has been reported. This section describes the experimental

methods used for testing all the specimens.
2.4.1 Materials characterisation methods

2.4.1.1 Visual and macroscopic observations

The surface conditions of pre-oxidised steel bars were firstly documented by visual observation
and subsequently observed through a Wild M8 stereo-microscope and scanning electron

microscope (SEM).
2.4.1.2 Microstructure observations

In order to investigate the microstructure of pre-oxidised steel bars, around 1 cm long portions
were cut off and mounted into thermosetting acrylic resin. The exposed section of steel bar was
polished and subjected to Nital attack. Metallographic sections were observed at optical
microscope (OM) and SEM. Figure 2.4 shows metallographic section prepared with four 10 mm

carbon steel bars with different surface conditions.

Figure 2.4 A sample for metallographic analysis of pre-oxidised and sandblasted steel bars.
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SEM used in this research is Zeiss EVO 50 EP (LaBgs cathode electron gun) that equipped with an
Oxford Inca Energy 200 Energy Dispersive Spectroscopy (EDS) with an ultra-thin window detector
of 133eV resolution (at Mn).

For studying the effect of hydration process on microstructure of CSA-based concretes, a sample
was collected for each type of mixture at different curing age and immediately the hydration
process of sample was stopped by using acetone (C3HgO). All samples were conserved in
laboratory till the testing date of SEM observations.

2.4.1.3 X-ray diffraction (XRD)

The crystalline compounds of corrosion products that were collected from steels with 18 mm
diameter labelled as “C2” (exposed outdoor environment for 1 year), were identified by XRD

diffractometer using Cu K, radiation (1.5406 A wavelength) at a scan speed of 2°/min3.
2.4.2 Tests on mortar and concrete

2.4.2.1 Workability

The consistence of waste glass mortar was determined according to UNI EN 1015-3:2007, whilst
the workability of concrete was tested according to UNI EN 12350-2:2009.

2.4.2.2 Dynamic elastic modulus

The dynamic elastic modulus of hardened concrete was determined by measuring the ultrasonic
pulse velocity (UPV) according to RILEM recommendation NDT1. The measurements were carried
out on 100 mm cubes before compressive test. Dynamic elastic modulus E4 (GPa) was determined

according to the following formula:

Eqg=f(w) x p x (v)? (2.1)
where, Eq4 is dynamic elastic modulus, f(u) is the function of dynamic Poisson’s ratio and equal to

0.8, p is concrete density and v is UPV of concrete.

The ultrasonic test was conducted on two opposite faces of 100 mm cube sample by a UPV tester
(UPV-EA49, Controls Italy) as shown in Figure 2.5. Sample mass was recorded before starting this
test in order to obtain the concrete density. The value of UPV can be read directly on the screen of
instrument after setting the dimension parameters of sample. The measurement was performed on
two opposite cube faces (excluding casting surface). Therefore, two measurements can be done

on each sample. Finally, an average UPV of two cubic specimens was considered to calculate Eg.

3 The above microstructural analysis tests were done with collaboration of SAMM Laboratory

(Politecnico di Milano).
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Figure 2.5 Ultrasonic test setup for cubic concrete sample.

2.4.2.3 Compressive strength

The compressive test of waste glass mortar was carried out by following UNI EN 196-1:2005. The
compressive strength of the different studied concrete and cement-stabilised rammed earth was
determined according to UNI EN 12390-3:2009. Compressive test on mortar and concrete
specimens were carried out at different time of moist curing at 20°C and 95% R.H.. Compressive
tests on cube specimens were carried out with testing machine having 3000 KN maximum load at
constant rate of loading of 0.5 MPa/s. Compressive tests on prismatic specimens of mortar were

performed with testing machine with 250 KN maximum load.
2.4.2.4 Electrical resistivity

In order to evaluate the development in time of the microstructure of different materials studied in
this research, the electrical conductance of cube and prism specimens was measured by using a
COND 6 conductivity meter and two copper plates placed with wet sponges on opposite faces of
the sample as shown in Figure 2.6. After demoulding, prismatic specimens were submerged in
water and stored at curing chamber at 20°C. Conversely, cubic specimens were cured in moist
condition (at 20°C and 95% R.H.). Conductance can be converted into electrical resistivity by the

following equation:

K_s
prlaleys (2.2)

where, p is electrical resistivity, K is the cell constant, G is conductance, S and L are respectively

section area and length through which current passes.
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!

Figure 2.6 Conductance test on prism sample.

The electrical resistivity of concrete was also monitored under self-desiccation condition (i.e. in the
absence of evaporation and water supply) on specimens embedding a probe made with mixed
metal oxide (MMO) coated/activated titanium which were sealed in an isolated container. The
conductance was monitored by an AMEL instruments 160 conductivity meter that was connected
with a computer in order to acquire the data automatically already at the initial stage of hydration
process for around 24 hours after casting. During the subsequent period, the conductance was
measured with the conductivity meter. Figure 2.7 shows the probe and setups to measure the

conductance of specimens (under self-desiccation condition).

ey fcas) |
Figure 2.7 A handmade resistivity probe and conductance tests.

2.4.2.5 Capillary absorption and water absorption

The resistance of capillary absorption of concrete was determined according to UNI EN
13057:2003. The thickness of tested cylindrical specimens is around 35 mm. Specimens for
capillary test were dried in oven at 40°C and subsequently they were maintained in a container for
24 hours in contact with a water level of few millimetres. Measurement of mass after 12 and 30
minutes and 1, 2, 4 and 24 hours from starting of the partial immersion were carried out for 2

replicate specimens for each type of concrete.
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The water absorption test of concrete was also carried out according to UNI 7699 on cubic
specimens which were firstly dried in oven at 105 * 5°C till mass change less than 0.015% at an
interval not less than 24 hours. Then, all cube specimens were fully immersed to regularly monitor
the mass till mass change is less than 0.01% at an interval not less than 24 hours.

2.4.2.6 pH analysis

In order to evaluate the pH of pore solution of studied concrete or mortar, tests were carried out
with an electrode on solution obtained from powder samples by mixing 10 grams of ground
concrete or mortar (80% of particles passing through 80 um sieve) with 10 ml of CO,-free
deionised water after stirring for 5 minutes according to the procedure reported in reference [142].
A pH meter, produced by Crison, was used for measuring the pH of pore solution. Figure 2.8
shows the pH test setup. Concrete samples were collected from each type of concrete after
reinforced specimens (alkaline and carbonated) being splitted. In addition, reference and CSA-
based mortars (w/c = 0.5) made with standard sand were determined pH after 1, 4, 7, 28 and 145

days curing.

Figure 2.8 pH of concrete or mortar test setup.

2.4.2.7 Natural carbonation and accelerated carbonation

Cubic specimens for natural carbonation test were exposed in sheltered outdoor environment as
shown in Figure 2.9a. After 90, 180 and 360 days exposure, the carbonation depth on splitted
specimens was determined by using a solution of phenolphthalein and a commercial pH indicator.

The average value of carbonation depth of each carbonated side was calculated.

The accelerated carbonation test was performed on cubic specimen coated on five sides by

painting epoxy resin as shown in Figure 2.9b. CO, is allowed to penetrate from the uncoated face.
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The coated specimens were exposed into a carbonation chamber with 4% CO, at 65 + 5% R.H.
and 20 ~ 23°C for around 70 days. Afterwards, each specimen was splitted and phenolphthalein
was sprayed on one half. Five measurements of carbonation depth were carried out along with
each carbonated side and the average value was calculated as nominal carbonation depth.

Figure 2.9 Natural carbonation site a) and specimen with uncoated bottom side b) for accelerated
carbonation test.

2.4.2.8 Chloride penetration test and chloride content analysis

Also cubic specimens dedicated to evaluate chloride resistance of studied mixtures were coated
with epoxy resin as shown in Figure 2.9b. After coating the specimens, they were fully immersed
in 3.5% NacCl solution for a period of almost 7 months. Subsequently, each specimen was cored
along with the direction of chloride penetration. Afterwards, each core with diameter of 25 mm was
cut into six slices of 10 mm thickness, parallel to the exposed surface. The tool used for cutting
cores is a water-cooled diamond saw. Each slice was ground into powder and the obtained powder
sample was dried in oven at 105 + 5°C for 24 hours in order to obtain dry mass. Around 5 grams of
powder was dissolved in 25 ml nitric acid (1:1) with the addition of 50 ml deionised water. The
solution was heated until boiling as shown in Figure 2.10. After cooling down the solution, 100 ml
solution was finally prepared by supplementing deionised water. Finally, 25 ml of the prepared
solution was tested with 0.01 M silver nitrate solution by potentiometric titration. The chloride
content of each slice was expressed as percentage of chloride by mass of concrete. Finally,
chloride coefficient was derived through fitting the curve defined by Equation 1.4.
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Figure 2.10 Chloride content analysis for CSA-based concrete.

2.4.2.9 Alkali silicareaction and alkali attack

ASR test was carried out by conforming to ASTM C1567-13. The test duration was extended till 70

days rather than 14 days as specified.

For alkali attack test, prism specimens (40x40x160 mm?®) were completely immersed in 1 M NaOH

solution and were kept in curing chamber. The mass of specimens was monitored regularly.
2.4.3 Electrochemical tests on reinforced mortar

For electrochemical tests on reinforced specimens, the typical three-electrode electrochemical
system consisting of a working electrode, a reference electrode and a counter reference, was

employed.
2.4.3.1 Reinforced specimens

All steel bars for corrosion tests were cut into 100 mm long. For this experimental work rebars with
different diameter (10, 16 and 18 mm) were used. The two ends of each bar were coated by a
layer of styrene-butadiene-rubber (SBR) modified cement mortar that was made with 5 parts of
CEM | 52.5R, 6 parts of fine limestone aggregates and 4 parts of SBR. The length of exposed area
of steel embedded in concrete was 60 mm. The reference electrode was made with mixed metal
oxide (MMO) coated/activated titanium wire. Additionally, the counter electrode was made with
MMO activated titanium wires as well. The reference electrode, counter electrode together with
working electrode (steel bar) were fixed with a PVC tube (110 mm height) used as formwork for
reinforced specimens and sealed by a round PP foam support cap at one end. Reference MMO
coated/activated titanium electrode was in parallel placed close to steel bar. Figure 2.11

demonstrates the component parts of formwork for reinforced specimen.
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Figure 2.11 Component parts of formwork for reinforced specimen and a freshly cast specimen.

2.4.3.2 Exposure conditions

For studying the corrosion behaviour of carbon steel bars with different surface conditions
embedded in ordinary concrete, the reinforced specimens were manufactured and demoulded the
day after casting and immediately wrapped up with plastic films so as to avoid evaporation of water
and to ensure self-desiccation condition (i.e. in the absence of evaporation and water supply).
They were subsequently placed in a climatic chamber (Figure 2.12) with the controlled
temperature (23°C). After almost two months, the plastic films was removed and the reinforced
specimens were maintained in the same chamber at 20°C and 80% R.H. condition; the specimens
reinforced with steel bar with 18 and 10 mm diameter were exposed in these conditions
respectively for 8 months and 50 days. Finally, the reinforced specimens were immersed in tap
water (20°C) for around one month. At the end of the periods of both self-desiccation and

immersion conditions, anodic polarisation tests were carried out on reinforced specimens.

Subsequently, for each series of reinforced specimen (three duplicates), one was maintained in a
carbonation chamber at 4% CO,, 65 * 5% R.H. and 20 ~ 23°C until concrete completely
carbonated. Then the carbonated reinforced specimens were immersed in tap water (water level
around 1 cm below the top surface of reinforced specimen) for 48 hours. The other two reinforced
specimens were subjected to immersion cycles in 3.5% NacCl (solution level around 1 cm below the
top surface of reinforced specimen). 1-day of immersion cycle was followed by at least 6 days of
drying in laboratory condition. The test was repeated for as many cycles until the onset of steel
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corrosion. Subsequently, each corroded specimen was splitted into two half parts in order to do
visual examination of corrosion condition of steel bar. Afterwards, around 3 grams powder was
collected by scraping broken concrete pieces close to steel surface in reinforced specimens. The
chloride content of each powder sample was analysed by dissolution in nitric acid and titration.

8
)
-
=
=

Figure 2.12 Climatic chamber and data logger setup used for corrosion tests.

For studying waste glass mortar, the reinforced specimens were covered with plastic films
immediately after casting and maintained in a climatic chamber (at 23°C) for around 70 days.

As far as CSA-based concrete is concerned, the reinforced specimens were demoulded one day
after casting. Subsequently, the reinforced specimens were wrapped up with plastic films and
stored in climatic chamber (at 23°C); 7 days later, some of these specimens were selected to be
exposed to accelerated carbonation chamber for about 250 days in order to favor a complete
carbonation. The rest of reinforced specimens were subjected to various exposure conditions with
different temperature and humidity as summarised in Table 2.12. Finally, all the reinforced

specimens were splitted in order to do the visual examination of corrosion condition.

Table 2.12 Exposure conditions of reinforced CSA-based specimens.

Exposure self-desiccation R.H. 80%, R.H.95%, R.H. 95%, R.H. 80%, Immersion**
condition 23 °C 20°C 20°C 40°C 20°C 20°C
Alkaline
) . = 7 month =1 month =3 months =3 months =5 months 3 days

specimens
Carb_onateti --- - =3 months =3 months =5 months 3 days
specimens

SRO03 glkallne = 3 and a half ~1month =1 month 3 days
specimens months

* SR0O3 alkaline specimens were not included.
** water level around 1 cm below the top surface of reinforced specimen.

For studying cement-stabilised rammed earth, reinforced specimens were made also with cement-
stabilised rammed earth. They were cured for one week after casting in formwork. Subsequently,

they were demoulded and sealed with plastic films immediately in order to allow self-desiccation
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conditions in climatic chamber at 23°C for about 2 months. Afterwards, they were fully immersed in

tap water for two days.
2.4.3.3 Corrosion tests

The corrosion potential of steel versus MMO-Ti reference electrode can be monitored either by
data logger annexed with climatic chamber or by using a portable voltmeter. The potential of steel
versus saturated calomel electrode (SCE) can be measured by placing SCE on the surface of
reinforced specimen with a wet sponge as shown in Figure 2.13. Besides, the potential of MMO-Ti

reference electrode versus SCE can also be measured through voltmeter manually.

In addition to corrosion potential, corrosion rate of reinforced specimens was determined by linear
polarisation resistance (LPR) technique. Corrosion current density (icor) Can be calculated by the

following formula:

. B
Leorr = AR, (2.3)

where, B is constant (26 mV for active steel and 52 mV for passive steel), A is the steel surface

area exposed in concrete or mortar (m?), and R, is polarisation resistance (Q). In this study, B was

considered equal to 26 mV.

In order to obtain the value of R, +10 mV polarising voltage were imposed by potentiostatic
instrument as seen in Figure 2.13, from anodic and cathodic directions respectively; the duration
of each polarisation is 30 seconds and the current at the end of polarisation was recorded. The
nominal R, for calculating current density is the average value of R, obtained from anodic and
cathodic polarisations.

Figure 2.13 Corrosion potential and corrosion rate measurements.

The anodic polarisation test was carried out on by imposing a steel potential of + 200 mV vs SCE
on steel, recording its polarisation current (i,) in the following 24 hours by data logger. A further
description of parameters chosen for the polarisation test will be presented in Chapter 4 (Section
4.2).
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Chapter 3

Results

This chapter describes the results of experimental study aimed at assessing the corrosion
protection of steel in new sustainable cementitious materials that have been introduced in the
previous chapter. The results are presented by distinguishing in following four subtopics: 1) the
study of the passivation and corrosion behaviour of carbon steel in ordinary concrete, considering
also the role of rust which may be formed at the production plant or at construction site; 2) the
investigation on the use of recycled waste glass in mortars and its effects on durability of reinforced
concrete; 3) the study of the corrosion protection of both carbon steel and galvanized steel
provided by concrete made with CSA-based cements; 4) the study of passivation of carbon steel in
cement-stabilised rammed earth. For each topic, the results are presented in terms of concrete

characterization for durability-related properties and electrochemical tests on reinforced specimens.

3.1 Tests on carbon steel bars with different surface conditions

Firstly, carbon steels bars with different surface conditions used in this research were
characterised; subsequently, the tests were carried out on ordinary concrete; finally, the
passivation of steel bars was studied as a function of humidity of concrete both in free corrosion
condition and under anodic polarisation. The corrosion behaviour of steel bars subjected to

carbonation and chloride penetration were also studied.
3.1.1 Characterisation of carbon steel bars with different surface conditions

In order to characterise carbon steel bars with different surface conditions, firstly the appearance of
the bars was documented visually and through a stereo-microscope; subsequently, the
microstructure and oxides layer of metallographic sections of these steel bars were observed by
optical microscope and scanning electron microscope; finally, the composition of rust layer was

analysed by XRD analysis.

Figure 3.1 shows the visual comparison of the steel bars with 10 mm diameter. Steel bar labelled
as “Al” (as-received) presents a dark-grey surface. Sandblasted steel bar, labelled as “A2”, shows
a smooth surface but with some “dark spots” along the longitudinal rib, which might be due to
production process. Pre-rusted steel bar indicated as “B” (exposed outdoors for 6 months) can be
seen corrosion products mainly located between ribs. Pre-rusted steel bar labelled as “C” (exposed

outdoors for 1 year) is covered completely by a layer of red-brownish rust.
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@ Al (as-received) A2 (sandblasted) | B (lowly rusted) C (highly rusted) |

Figure 3.1 A visual comparison of the surface of 10 mm diameter steel bar.

The results of the visual observation on steel bars with 18 mm diameter are shown in Figure 3.2.
Steel bar with mill scale and 18 mm diameter “A1” seems to have an intact surface. The surface of
sandblasted steel with 18 mm diameter “A2” is smooth without defects. For steel bars with 18 mm
diameter, the atmospheric exposure led to the formation of corrosion products on their surface.
Based on visual observations, steel bars exposed to the atmosphere for 1 year were divided into
type “C1” and type “C2” which indicated respectively as “intermediately rusted” and “highly rusted”.
Steel bar with 10 mm diameter indicated as “C”, appears more rust than those labelled as “C1” and
“C2".

Figure 3.3 compares the appearance of steel bars with different surface conditions, showing
typical pictures of the observations made through a stereo-microscope. It can be clearly observed
that the surface of the steel bar “A1” with 10 mm diameter has some defects which are not present
on comparable steel bar “A1” with 18 mm diameter. It's confirmed again that sandblasted steel bar
“A2” with 18 mm diameter has a very smooth surface whilst there are some “dark spots” on the
surface of sandblasted steel bar “A2” with 10 mm diameter. All pre-rusted steel bars are covered
by red-brownish rust; in particular, pre-rusted steel bar “C” with 10 mm diameter is almost fully

covered with rust.

C1
(0] Al (as-received) | A2 (sandblasted) B (lowly rusted) (intermediately C2 (highly rusted)
rusted)

18
mm

Figure 3.2 A visual comparison of the surface of 18 mm diameter steel bar.
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Surface condition

Al
(as-received)

A2
(sandblasted)

B
(lowly rusted)

C1
(intermediately
rusted)
C
(highly
rusted)
c2
(highly rusted)

Figure 3.3 Comparison of the steel bar surface observed by stereo-microscope.
Metallographic sections of steel bars with the mill scale and different diameters (10 mm and 18
mm) are shown in Figure 3.4. Steel bar with 10 mm diameter presents two different zones,

distinguished as inner core (zone 1) and outer layer (zone 2), showing different microstructures.

-54 -



Chapter 3
Results

Steel bar with 18 mm diameter has three different zones: core zone (zone 1), middle layer (zone 2)
and outer layer (zone 3). Both 10 mm and 18 mm diameter steel bars exhibit homogenous ferrite-
perlite inner core (zone 1) that is a typical feature of hypo-eutectoid steel. The martensite outer
layer of both 10 mm and 18 mm diameter steels is affected by thermal treatments performed
during the production process. The middle layer of steel bar with 18 mm diameter is a transition
layer.

Diameter Metallographic section Microstructuture Note

i

1.Core
zone

10 mm

2.Outer
layer

1.Core
zone

2.Middle

18 mm
layer

3.0uter
layer

Figure 3.4 Optical microscopy images of cross sections of steel bars labelled “as-received” with
mill scale and different diameters (10 mm and 18 mm).

Figure 3.5 shows the oxides present on the steel bars with different surface conditions observed
by optical microscope. It can be seen that the thickness of mill scale is around dozen of microns.
The thickness of rust layer due to atmospheric exposure for 6 months and 1 year reaches around
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50 ym and 100 um respectively; however, it’s also noticed that the rust layer covering on the steel
bars is uneven, as shown in Figure 3.6, thanks to SEM observations. In addition, for pre-rusted
steel bars with 18 mm diameter indicated as “B” and “C2”, some cracks (around 100 ym long)
underlying rust layers extend into steel substrate. That could be also ascribed to production
process.

Surface condition

Al
(as-received)

B
(lowly rusted)

C1
(intermediately
rusted)
C
(highly
rusted)
Cc2
(highly rusted)

Figure 3.5 Optical microscopy images of the oxide layers of steel bars with different surface
conditions. (The surface condition indicated as “C” with respect to the 10 mm diameter steel bar.)

Furthermore, the composition of rust layer has been analysed through XRD analysis, as shown in
Figure 3.7. Mineral compounds such as goethite (FeO(OH)), lepidocrocite (y-FeO(OH)) and

magnetite (Fes0,) are typical products due to atmospheric corrosion of iron.
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Figure 3.6 The rust layer of pre-rusted steel bar (“C1”) observed by SEM.
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Figure 3.7 XRD analysis of the rust layer of steel bar (highly rusted) with 18 mm diameter.

3.1.2 Properties of studied concrete

Before studying the passivation and corrosion behaviour of pre-rusted steel bars in ordinary
concrete, it has been necessary to test the properties of ordinary concrete that was cast in two
batches to prepare reinforced specimens.

In Table 3.1, fresh and hardened properties of studied ordinary concrete made with Portland
limestone cement are listed. The slump of both batches of concrete had exceeded the low limit (16

cm) of “S4” slump class. The compressive strength of concrete after 28 days curing reached 54 ~
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58 MPa. Electrical resistivity measured at 28 days curing for both batches of concrete varied in the
range of 55 ~ 60 (Q-m).

Table 3.1 Properties of studied concrete (w/c = 0.5).

Property Concrete for 18 mm diameter Concrete for 10 mm diameter
steel steel
Slump (cm) 16 22
1-day hardened density* (kg/m°) 2417 2449
28-day compressive strength (MPa) 58 54
28-day electrical resistivity (Q-m) 56 60

*After demoulding.

3.1.3 Corrosion behaviour of pre-rusted steel in concrete

In order to investigate the effect of different degrees of pre-rusting of steel bars on their passivation
and on corrosion behaviour when embedded in ordinary concrete and exposed to various humidity
conditions, firstly the free corrosion potential and corrosion rate of steel bars were monitored.
Anodic polarisation tests were also carried out to ascertain the condition of passivation of the steel
bars with different surface conditions embedded in ordinary concrete during different exposure
conditions. The effects of the oxides layer of the steel bars on the corrosion induced by the

subsequent penetration of carbonation and chloride were also investigated.
Free corrosion potential and corrosion rate

All reinforced specimens were subjected to self-desiccation conditions for 2 months (at 23°C) the
day after casting; subsequently they were exposed to 20°C and 80% R.H. condition. Once stable
condition in terms of corrosion was reached, they were immersed in tap water. It is widely
recognised that if corrosion potential of steel is higher than -200 mV vs SCE and corrosion rate of

steel is lower than 1 mA/m? (corresponding to 1.17 pm/year), steel is in passive condition.

Figure 3.8a-b show respectively corrosion potential (Eqr VS SCE) and corrosion rate (icoy) Of
replicate specimens (3 for each surface condition), reinforced with 10 mm diameter steel during
different exposure conditions. Figure 3.8a shows that the corrosion potential of all steel bars
increased gradually under the self-desiccation condition and during 80% R.H. condition (20°C).
The limit of -200 mV vs SCE was exceeded after few days of self-desiccation condition, reaching
corrosion potential of around 50 mV vs SCE at the end of the exposure at 20°C and 80% R.H..
After immersion of reinforced specimens, their corrosion potentials quickly dropped for a stable
range of -20 ~-120 mV vs SCE, except for the specimen “A1-2” (as-received). According to Figure
3.8b, the corrosion rate of all steel bars decreased gradually after casting until reached stable level
within few days of self-desiccation condition; most of the specimens had corrosion rates lower than

1 mA/m?; only few reinforced specimens maintained corrosion rates very close to 1 mA/m? during
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the whole exposure tests. A slight increase to values of corrosion rate of replicate specimens was

observed in immersion period.

Figure 3.9 shows the results in terms of corrosion potential and corrosion rate of replicate
reinforced specimens with 18 mm diameter steel. The evolution in time of corrosion potential of 18
mm steel bars, as shown in Figure 3.9a, is similar to that of 10 mm steel bars. Overall the
specimens reinforced with 18 mm steel bars, regardless surface conditions, maintained in all
humidity conditions corrosion potential higher than -200 mV vs SCE, supporting the hypothesis that
also the pre-rusted steel bars with 18 mm diameter were in passive state. Although the evolution
trend of corrosion rate of 18 mm steel bars embedded in concrete as function of time (Figure
3.9b), is similar to that of 10 mm steel bars, reaching stable state after few days of self-desiccation
condition, a significant variation of values, even more than 1 mA/m?, can be seen between the bars
with different surface conditions. Reinforced specimens, labelled “C1” (intermediately rusted),
showed the highest stable value, around 7 mA/m?; the reinforced specimens indicated as “B2” and
“C2” (respectively, lowly rusted and highly rusted) had stable corrosion rates slightly higher than 1
mA/m?; reinforced specimens labelled as “Al” and “A2” (i.e. as-received and sandblasted) showed

the lowest stable value, around 0.5 mA/m?.
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Figure 3.8 Monitoring of a) corrosion potential (Ec.r Vs SCE) and b) corrosion rate (i) Of
replicate reinforced specimens with 10 mm diameter steel bars in different surface conditions
during different exposure conditions.
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Figure 3.9 Monitoring of a) corrosion potential (Ecr Vs SCE) and b) corrosion rate (i) Of
replicate reinforced specimens with 18 mm diameter steel bars in different surface conditions
during different exposure conditions.

Anodic polarisation

Anodic potentiostatic polarisation test was carried out on all reinforced specimens at the end of

both self-desiccation and immersion conditions. Figure 3.10-3.11 show respectively the results of

anodic potentiostatic polarisation test on specimens reinforced with 10 mm and 18 mm steel bars.

Regardless surface condition of steel bar and exposure times studied, the current density of all

steel bars decreased quickly after starting the test and reached stable values during the following

period; the current density of all reinforced specimens was lower than 1 mA/m? at the end of 24

hours testing.

100

After self-desiccation cycle

Al as-received
A2 sandblasted
B lowly rusted

C highly rusted

12
Time (hour)
a)

18

24

After immersion cycle ——All
—o— Al-2
——Al13

Al as-received B-1

A2 sandblasted || —° B-2

B lowly rusted —B-3

C highly rusted || ——C-1

18

12
Time (hour)
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Figure 3.10 Results of the 24 hours potentiostatic polarisation at +200 mV vs SCE in terms of
current density (ip) for 10 mm steel bars with different surface conditions embedded in
concrete after a) self-desiccation and b) immersion.
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Figure 3.11 Results of the 24 hours potentiostatic polarisation at +200 mV vs SCE in terms of
current density (i) for 18 mm steel bars with different surface conditions embedded in
concrete after a) self-desiccation and b) immersion.

Carbonation-induced corrosion

In order to evaluate the effect of the pre-rusting on corrosion propagation, part of the reinforced
specimens were subjected to accelerated carbonation.

Figure 3.12a-b show respectively the evolution of corrosion potential (E., vs SCE) and corrosion
rate (icor) Of 10 mm steel bars in carbonated concrete immersed in tap water for 48 hours and
subsequent 100 hours of drying in laboratory environment. During immersion condition, the
corrosion potential of all reinforced specimens decreased quickly; after 48 hours of immersion, the
corrosion potential of all reinforced specimens was below -350 mV vs SCE. In particular,
specimens with sandblasted steel bar reached a corrosion potential value of -600 mV vs SCE.
During drying condition, the corrosion potential of all reinforced specimens increased and
exceeded -200 mV vs SCE at the end of drying condition, except the specimen with sandblasted
steel bar showing a potential slightly lower than -200 mV vs SCE. The corrosion rate of all
reinforced specimens increased quickly in the immersion condition, reaching 5 mA/m? at the end of
immersion condition regardless the surface conditions. During the subsequent 100 hours drying,
corrosion rates of all steels decrease slightly, but still above 1 mA/m? until the end of drying

condition.

A similar trend of corrosion potential and corrosion rate regarding 18 mm steel bars in carbonated
concrete can be seen in Figure 3.13. However, it's also noticed that as-received steel (specimen
“A1-2") seems to be still in passive condition, which was evidenced by the fact that its corrosion
potential was not below -200 mV vs SCE and its corrosion rate was not above 1 mA/m? during the

whole test period.
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Figure 3.12 Monitoring of a) corrosion potential (E.r) and b) corrosion rate (icor) Of 10 mm
diameter steel bars in carbonated concrete during the period of 48 hours immersion and
subsequent 100 hours drying in laboratory environment.
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Figure 3.13 Monitoring of a) corrosion potential (E.r) and b) corrosion rate (icor) Of 18 mm
diameter steel bars in carbonated concrete at the period of 48 hours immersion and
subsequent 100 hours drying in laboratory environment.

Chloride-induced corrosion

Effects due to chloride penetration on steel bars with different surface conditions embedded in
ordinary concrete was evaluated by monitoring the corrosion potential (Er VS SCE) and corrosion
rate (icor) Of reinforced specimens exposed to ponding cycles in 3.5% NaCl solution. The
immersion phase last 1 day and the drying phase was 6 days (at least). Figure 3.14a and Figure
3.15a show respectively the evolution of corrosion potential of 10 mm and 18 mm steel bars over
the whole test period. At the beginning, the corrosion potential of all steel bars was above -200 mV
vs SCE. A definitive decrease of the potential at value lower than -200 mV vs SCE indicates the
initiation of corrosion. Corresponding with the decrease of corrosion potential, the corrosion rate of
steel bar increased immediately as it can be seen in Figure 3.14b and Figure 3.15b. It should be
also stressed that the concrete cover for two types of reinforced specimens was identical (25 mm).

Reinforced specimen in which the corrosion of steel has initiated as detected by the decrease of
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the corrosion potential and the increase of corrosion rate, was splitted to extract steel bar and
collect a piece of concrete close to steel surface in order to measure its chloride content.
Comparable initiation time were observed for replicate specimens reinforced with steel bars with
the same surface conditions. It can be observed that different initiation times for different surface
conditions. As an example, corrosion started after around 200 days for as received steel bar with
10 mm diameter (A1) whereas the corrosion of sandblasted steel bar with 10 mm diameter (A2)
occurred after more than 350 days. In Table 3.2, the number of ponding cycles to which each
specimen was subjected before splitting and the corresponding chloride content close to steel
surface that represents chloride threshold value are shown.
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Figure 3.14 Monitoring of a) corrosion potential (E,) and b) corrosion rate (icoy) 0f 10 mm steel

bars with different surface conditions embedded in concrete under cyclic immersion in 3.5%
NaCl solution.
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Figure 3.15 Monitoring of a) corrosion potential (E.,) and b) corrosion rate (icor) Of 18 mm steel

bars with different surface conditions embedded in concrete under cyclic immersion in 3.5%
NacCl solution.
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Table 3.2 Chloride contents of concrete samples (by concrete mass) collected close to steel
surface of reinforced specimens exposed to ponding cycles in 3.5% NaCl.

Surface condition | Sample 18 mm diameter steel Sample 10 mm diameter steel
Chloride content (%) Cycle Chloride content (%) Cycle
As-received Al1-3 0.545 22 Al-2 0.210 27
Al-4 0.498 25 Al1-3 0.188 26
Sandblasted A2-3 0.419 21 A2-2 0.417 48
A2-4 0.674 22 A2-3 0.466 43
Lowly rusted B-3 0.404 19 B-2 0.338 23
B-4 0.228 15 B-3 0.344 27
C1-3* 0.256 15
C-2 0.758 57
Highly rusted cl-47 0.255 15
C2-3 0.645 22 c-3 0.989 75
C2-4 0.708 19 '

*Intermediately rusted.
3.2 Tests on mortar with waste glass

This section reports the results of tests carried out on mortar made with finely grounded glass
powder used as mineral addition and/or with expanded glass as lightweight aggregates in total
replacement of ordinary sand. Beneficial effects of glass powder on the durability of waste glass
mortar have been studied in terms of compressive strength, electrical resistivity, ASR expansion

and corrosion protection of steel.
3.2.1 Fresh and hardened properties of waste glass mortar

Consistence and fresh density of the studied waste glass mortar are shown in Table 3.3. The
consistence of M134 reference mortar (made with OPC) was 134%. For mortar with a binder
obtained by replacing 30% OPC with glass powder, an improvement of consistence was obtained
by reached a value of 150%. However, mortar with 30% of glass powder and expanded glass in
total replacement of ordinary sand showed a consistence of 139%, which was slightly higher than
that of reference mortar. When only standard sand was totally substituted by expanded glass, the
consistence of mortar was 131%, slightly lower than that of reference mortar. Fresh density of
mortar made with 30% OPC replaced by glass powder (M135) was comparable to that of reference
mortar (Table 3.3). As expected on lightweight cementitious materials, both mortars made with

expanded glass (M136 and M137) obtained much lower fresh density (around 1200 kg/m®).

Table 3.3 Fresh properties of waste glass mortar.

Fresh property M134* M135* M136* M137*
Consistence (%) 134 150 139 131
Fresh density (kg/m®) 2273 2244 1177 1206

*M134:0PC; M135:30% OPC replaced by glass powder; M136:30% OPC replaced by glass powder and
100% standard sand replaced by expanded glass; M137:0PC and100% standard sand replaced by
expanded glass.
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Compressive strength of all types of mortar was tested at 7, 28, 90 and 180 days of moist curing.
The results of the mechanical tests are shown in Figure 3.16. The compressive strength of
reference mortar (M134) was about 53 MPa after 7 days of moist curing and increased gradually
over the next 3 ~ 6 months curing up to 65 MPa. Mortar made with 30% OPC replaced by glass
powder (M135) had a compressive strength value of 40 MPa after 7 days of curing; due to the
pozzolanic reaction in the prolonged curing, its compressive strength increased progressively,
reaching 71 MPa. Conversely, the compressive strength of lightweight mortars made with
expanded glass (M136 and M137) showed no noticeable change during 6 months curing,
maintaining value lower than mortar without expanded glass (around 16 MPa).

Figure 3.17 shows the evolution of electrical resistivity for all types of mortar over around 3 years
water curing. The electrical resistivity of all types of mortar increased rapidly since the beginning.
After around 3 months curing, the electrical resistivity of the studied mortars reached stable trend,
although lower values (about 50 Qem) were reached for mortars made without glass powder (M134
and M137) if compared to those with glass powder. Electrical resistivity of M135 and M136 mortars
made with different aggregate but with glass powder was respectively 350 Qem and 150 Q-m,

noticeably higher than that of M134 and M137 mortars made without glass powder.
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Figure 3.16 Compressive strength of recycled waste glass mortar as function of curing age.
(M134:0PC; M135:30% OPC replaced by glass powder; M136:30% OPC replaced by glass powder
and 100% standard sand replaced by expanded glass; M137:0PC and 100% standard sand replaced
by expanded glass.)
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Figure 3.17 Evolution of electrical resistivity (average value of two replicate specimens) of
recycled waste glass mortar under water immersion over time. (M134:0PC; M135:30% OPC
replaced by glass powder; M136:30% OPC replaced by glass powder and 100% standard sand
replaced by expanded glass; M137:0PC and 100% standard sand replaced by expanded glass.)

3.2.2 Durability properties of waste glass mortar

Figure 3.18 shows the evolution in time of expansion for all studied mortar in 1M NaOH solution at
80°C. Based on the results measured on the first 14 days, it is found that all types of mortar
satisfied the 0.1% expansion limit specified in ASTM C1567-13, except reference mortar (M134); in
particular, the mortar made with 30% OPC replaced by glass powder and 100% standard sand
replaced by expanded glass (M136) showed the lowest expansion. However, based on the data
measured during the whole test period (extended to 11 weeks), the expansion of reference mortar
(M134) as well as mortar made with 30% OPC replaced by glass powder (M135) continuously
increased, reaching after about 2 months average expansion of 0.62% and 0.38% respectively for
M134 and M135 mortar respectively. Differently, the mortars made with expanded glass (M136 and
M137) exhibited negligible expansion and reached expansion limit only at the end of test. Although
expansion of M137 mortar was not significant, it's important to point out that this mortar showed

some cracks on the surface (Figure 3.18) after about 30 days test.

Figure 3.19 shows the density variation measured on all types of mortar immersed in 1 M NaOH
(laboratory temperature) over 3 years. Standard mortar made with ordinary sand (M134 and M135)
showed very stable density (2200 ~ 2300 kg/m?®) during the whole test period. Whereas the density
of lightweight mortars made with expanded glass (M136 and M137) increased from 1200 kg/m® to

1400 kg/m? in the first year, maintaining stable value around 1500 kg/m? in the following two years.
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Moreover, for all types of mortar exposed in 1 M NaOH at laboratory temperature, no crack or

noticeable expansion was observed over the test of 3 years.
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Figure 3.18 Trend of average expansion (obtained from two replicate specimens) of waste glass
mortars in 1 M NaOH solution at 80°C. (M134:0PC; M135:30% OPC replaced by glass powder;
M136:30% OPC replaced by glass powder and 100% standard sand replaced by expanded glass;
M137:0PC and 100% standard sand replaced by expanded glass.)
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Figure 3.19 Time evolution of density of waste glass mortars immersed in 1 M NaOH solution at
20°C. (M134:0PC; M135:30% OPC replaced by glass powder; M136:30% OPC replaced by glass

powder and 100% standard sand replaced by expanded glass; M137:0PC and 100% standard sand
replaced by expanded glass.)

3.2.3 Corrosion behaviour of carbon steel embedded in waste glass mortar

In order to study the passivation of carbon steel bar embedded in mortar with glass powder, the
corrosion potential and corrosion rate of reinforced specimens were monitored under self-

desiccation condition. Figure 3.20 shows the evolution of corrosion potential and corrosion rate of
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carbon steel bars in M134 reference mortar and M135 mortar made with 30% glass powder in
replacement of ordinary cement over around 70 days. Within the first week, corrosion potential of
all reinforced specimens increased steeply over -200 mV vs SCE while corrosion rate decreased
below 1 mA/m?; during the following period, both corrosion potential and corrosion rate maintained
stable values. It can be noticed that no significant difference of corrosion potential and corrosion
rate of steel was observed for reference specimens and those with glass powder. After 30 days of
self-desiccation condition, the corrosion potential of steel bars in mortar with glass powder was
slightly higher than that of steel bars in reference mortar; as a consequence, the corrosion rate of
steel bars in mortar with glass powder was slightly lower than that of steel bars in reference mortar.
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Figure 3.20 Monitoring of a) corrosion potential (Ec.r VS SCE) and b) corrosion rate (icr) Of carbon

steel bars embedded in waste glass mortar and under self-desiccation condition. (M134:0PC;
M135:30% OPC replaced by glass powder.)

3.3 Tests on concrete with CSA-based cements

The use of new cement such as CSA-based cement can influence the durability of reinforced
concrete structures; a study on corrosion protection of steel embedded in these new binders is
needed. In this section the results of experimental tests on corrosion behaviour of carbon steel and
galvanised steel in concrete made with CSA-based cements are described. Firstly, the results of
characterisation tests such as compressive strength, electrical resistivity, capillary absorption and
water absorption, pH, resistance of carbonation and chloride penetration on CSA-based concretes
are presented. Secondly, the passivation and corrosion behaviour of both carbon steel and

galvanised steel embedded in CSA-based concretes are shown.
3.3.1 Properties of CSA-based concretes
Fresh and hardened properties.

Table 3.4 shows the workability and 1-day hardened density of the CSA-based concretes
(including reference concrete) studied in this research. A superplasticizer admixture (Table 2.6)
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was adopted with different dosages in each mixture in order to achieve slump class of S4 with
slump varying between 16 and 21 cm. The 1-day hardened density of all mixtures (no data on
mixture 524) fell into the range between 2400 and 2500 kg/m?.

Table 3.4 Workability and hardened density of CSA-based concretes.

Mix code | Slump (cm) Hardened density* (kg/m") Note
519 >21 2492 w/c=0.47,CEM II/A-L 42.5R, chloride-free
520 >21 2438 w/c=0.55,CEM II/A-L 42.5R, chloride-free
521 <21 2478 w/c=0.55,CEM II/A-L 42.5R, 0.4% chloride
522 - 2481 w/c=0.47, SLO5 NF, chloride-free
523 >21 2445 w/c=0.55, SLO5 NF, chloride-free
524 <21 - w/c=0.55, SL0O5 NF, 0.4% chloride
525 17.5 2489 w/c=0.47, SLO5 NF+CaO, chloride-free
526 19 2443 w/c=0.55, SL0O5 NF+CaO, chloride-free
527 20 2454 w/c=0.55, SL05 NF+CaO, 0.4% chloride
528 17 2448 w/c=0.47, SLO5+CaO, chloride-free
529 18.5 2442 w/c=0.55, SL05+Ca0, chloride-free
530 21 2434 w/c=0.55, SL05+Ca0, 0.4% chloride
532 1 2463 w/c=0.55, SR03, chloride-free

* After demoulding (1 day).

Mechanical properties

The compressive strength and dynamic elastic modulus of CSA-based concretes were studied at

different curing ages (1, 7, 28 and 90 days) in moist condition.

Figure 3.21 shows the compressive strength of reference concrete (made with CEM II/A-L 42.5R
cement) and CSA-based concretes. SR03 concrete (w/c=0.55) showed a high compressive
strength of 56 MPa 1 day after casting (Figure 3.21a). Compressive strength of concretes made by
blending CSA cement with ordinary cement, namely binders labelled as SL0O5 NF, SLO5 NF+CaO
and SL05+Ca0, was intermediate (from 28 MPa to 36 MPa) after 1 day of curing, between that of
the pure CSA concrete (SR03) and reference concrete (26 MPa). A compressive strength
comparable to that of pure CSA concrete after 1 day curing was obtained on reference concrete
with the same mix proportion only after 28 days of curing. After 28 days of curing, the average
compressive strength was 53 MPa for reference concrete and 58 MPa for CSA-based concrete
with SLO5+CaO binder, higher than those of concretes with SLO5 NF with and without CaO equal
to 49 MPa and 53 MPa respectively. Concrete with pure CSA cement (SR03) showed values of
compressive strength after 28 days and 90 days around 70 MPa, higher than those of all other
mixtures, except for concrete with SLOSNF cement after 90 days of curing. Comparing Figure
3.21b with Figure 3.21a, it can be observed that chlorides added to concretes didn’t induce any
significant influence to compressive strength; only a slight increase of compressive strength after 7
and 28 days curing was measured on CSA-based concretes. A reduction of w/c ratio from 0.55 to
0.47 allowed to increase slightly the compressive strength measured after 28 days and 90 days of
curing for CSA-based concretes as confirmed by comparing Figure 3.21c with Figure 3.21a.
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According to the results shown in Figure 3.21a-c, the addition of CaO induced a slight decrease of

compressive strength by comparing the compressive strength between concretes with SLO5 NF

and SLO5 NF+CaO
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Figure 3.21 Compressive strength (average value of two replicate specimens) of reference
concrete and CSA-based concretes a) w/c=0.55, chloride-free, b) w/c=0.55, 0.4% chloride
and c¢) w/c=0.47, chloride-free in terms of curing age.
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Figure 3.22 shows the dynamic elastic modulus of CSA-based concretes. After 1 day curing, the
dynamic elastic modulus of CSA-based concretes (24~32 GPa) was slightly higher that of
reference concrete (21~25 GPa). For all mixtures, dynamic elastic modulus increased as a function

of curing time.
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Figure 3.22 Dynamic elastic modulus (average value of two replicate specimens) of reference
concrete and CSA-based concretes a) w/c=0.55, chloride-free, b) w/c=0.55, 0.4% chloride
and c¢) w/c=0.47, chloride-free in terms of curing age.
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SEM observations

SEM observation and EDS analysis of reference concrete and CSA-based concretes with w/c ratio
of 0.55 without chloride added were carried out on samples collected from cube specimens cured
for 1, 7 and 28 days. For reference concrete, SEM observation was only performed on sample
after 28 days curing. For concrete made with pure CSA cement, SEM observation was only
conducted on sample after 1 day curing. All SEM observations carried out on the studied mixtures

are reported in Appendix A.

Figure 3.23a shows the microstructure of reference concrete after 28 days curing. It can be
observed that this concrete has the typical microstructure due to the formation of hydration
products of Portland limestone cement. EDS analysis (Figure 3.23b) shows mainly the common
elements of the hydration products (calcium, oxygen and silicon in major amounts, in addition to

magnesium, sulphur, aluminium and potassium).

Figure 3.24 shows the SEM images and EDS analyses of concrete made with pure CSA cement
(SRO03) after 1 day of moist curing. In Figure 3.24a, it can be seen an air-void inside the concrete
sample, whilst the part surrounding it appears very compact. At higher magnification (Figure
3.24b), it can be observed that the inner of air-void showed with lots of fine needle-like particles
with the typical morphology of ettringite; it can also be seen some cracks inside the air-void. Three
EDS analyses were performed in the spots shown in Figure 3.24a. The EDS results (Figure
3.24c-e) reveal the prevalent calcium (Ca), aluminium (Al) and oxygen (O); but also the significant
presence of sulphur (S) specially inside the air-void as configuration of calcium sulfoaluminate
nature of the cement. Trace amounts of silicon (Si), iron (Fe), carbon (C) and magnesium (Mg)
minerals was also observed. For comparison with reference concrete (Figure 3.23a), it can be
observed that pure CSA concrete has different morphology and chemical composition (Figure
3.24). A more compacted microstructure for CSA concrete (Figure 3.24b) the day after casting

was observed with respect of limestone concrete after 28 days of curing (Figure 3.23a).

Figure 3.25 shows the SEM images and EDS analyses of CSA-based concretes made with
different sulfoaluminate cements after 1 day of curing. It can be observed that CSA-based
concretes have similar morphology to pure CSA concrete one day after casting, with a lot of
needle-like particles. Based on EDS results, it was found that the Al/Ca ratio of CSA-based
concretes was intermediate between that of reference concrete and that of pure CSA concrete
(SRO03). Besides, more compacted pastes of CSA-based cements after 28 days of moist curing

were observed, as shown in Appendix A.
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Figure 3.23 SEM image a) and EDS analysis b) of reference concrete made with CEM II/A-L
42.5R (w/c=0.55), after 28 days of moist curing.
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Figure 3.24 SEM images a) and b) at different magnifications and EDS analyses c), d) and e) for
concrete made with SR03 binder (w/c=0.55), after 1 day of moist curing.
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Figure 3.25 SEM images and EDS analyses of CSA-based concretes (w/c=0.55) made with a)
and d) SLO5 NF binder, b) and e) SLO5 NF+CaO binder and c) and f) SLO5+CaO binder,
after 1 day of moist curing.

Electrical resistivity

Figure 3.26a and Figure 3.26c highlight the electrical conductance of reference concrete and
CSA-based concretes respectively with w/c ratios of 0.47 and 0.55 under self-desiccation condition
as function of time since the first hours of curing. A peak in conductance can be observed in all
types of concrete during the first 24 hours. Reference concrete showed a much wider peak (around
3.5 hours) than that of CSA-based concretes which with their fast kinetics during hydration process
led to a narrow peak already after 1 hour. Few days after mixing, the value of conductance of all
concretes was so small that the difference between them was negligible. In order to analyse the
long-term difference, the electrical conductance of all concretes was converted into electrical
resistivity through Equation 2.2. The results obtained in terms of electrical resistivity of reference
concrete and CSA-based concretes are shown in Figure 3.26b and Figure 3.26d. Reference
concrete showed lower resistivity than that of CSA-based concretes; SLO5NF concrete showed an
intermediate trend compared to reference concrete and CSA-based concretes added with CaO. In
the case of w/c ratio of 0.47, as shown in Figure 3.26b, SL05+CaO concrete showed the highest
resistivity whereas in the case of w/c ratio of 0.55, as shown in Figure 3.26d, SLO5 NF+CaO

concrete was the best.

CSA-based concretes at both w/c ratios 0.47 and 0.55 immersed into water also exhibited much
higher resistivity over time when compared to reference concrete (Figure 3.27). At both wi/c ratios,
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SLO5 NF+CaO concrete showed the highest resistivity over others, reaching values until 250 Qem

and 150 Q+m respectively in case of w/c ratios of 0.47 and 0.55.
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Figure 3.26 Time evolution of conductance of reference concrete and CSA-based concretes with
w/c=0.47 a) and w/c=0.55 c) concretes under self-desiccation condition (at 23°C),
respectively corresponding to b) and d) which represent the time evolution of inverse of

concrete conductance.
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Figure 3.27 Evolution of resistivity (average value of two replicate specimens) of reference
concrete and CSA-based concretes with a) w/c=0.47 and b) w/c=0.55 under water immersion

condition over time.
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Capillary absorption and water absorption

Capillary absorption of reference concrete and CSA-based concretes (w/c = 0.47 and 0.55) was
monitored within 24 hours and the results are shown in Figure 3.28. It can be observed that the
water uptake of reference concrete was higher than that of CSA-based concretes. In the case of
w/c ratio of 0.47, as shown in Figure 3.28a, at the end of capillary absorption test, the water
uptake of reference concrete reached around 2.5 kg/m? while the water uptake of CSA-based
concretes ranged between 1.5 and 2 kg/m?. In the case of of w/c equal to 0.55 (Figure 3.28b), the

water uptake of reference concrete reached around 4 kg/m?at the end of capillary absorption test,

while the water uptake of CSA-based concretes was about 3 kg/m?.

Figure 3.29 shows the water absorption of all types of concrete with w/c ratios of 0.47 and 0.55

totally immersed in water. It can be noted that CSA-based concretes absorbed slightly more water

than reference concrete. The differences between CSA-based concretes were not significant.
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Figure 3.28 Capillary absorption of reference concrete and CSA-based concretes with a)

w/c=0.47 and b) w/c=0.55.
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Penetration of carbonation

Figure 3.30 shows the carbonation depth (in natural conditions) as a function of time for all
concretes studied, different binder type, w/c ratio (0.47 and 0.55) and curing time (7 days and 28
days). It can be noted that SLO5+CaO concrete showed higher carbonation depth regardless of
wi/c ratio and curing time. In the case of w/c equal to 0.47, SLO5 NF concrete performed the best
carbonation resistance. Carbonation resistance of CSA-based concretes was susceptible to curing
time; longer curing time was helpful to improve carbonation resistance. In the case of w/c ratio of
0.55, reference concrete performed the best carbonation resistance. Carbonation resistance of

both SLO5SNF concrete and SLO5 NF+CaO concrete was susceptible to curing time.

Table 3.5 reports the carbonation depth measured on all concretes (w/c = 0.47 and 0.55) cured for
28 days and subjected to accelerated carbonation (4.0% CO,, 65 = 5% R.H. and 20 ~ 23°C) for 70
days. SL05+CaO concrete showed the worst carbonation resistance, whose carbonation depth
reached 21 mm at both w/c ratios (0.47 and 0.55). SLO5NF concrete and reference concrete had

the similar carbonation resistance and they were slightly influenced by the change of w/c.
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Figure 3.30 Time evolution of carbonation depth of reference concrete and CSA-based concretes
a) w/c=0.47, cured for 7 days, b) w/c=0.47, cured for 28 days, c) w/c=0.55, cured for 7 days
and d) w/c=0.55, cured for 28 days under outdoor exposure.

-77 -



Chapter 3
Results

Table 3.5 Average value of carbonation depth of reference concrete and CSA-based concretes
(accelerated carbonation test*).

Binder type w/c=0.47 w/c=0.55
CEM Il/A-L 42.5R 14.8 17.2
SLO5 NF 15.6 17.5
SLO5 NF + CaO 17.7 16.5
SLO5 + CaO 20.6 20.7

* Around 70 days exposure in carbonation chamber (4% CO,, 65 £ 5% R.H. and 20 ~ 23°C).

Chloride penetration

Figure 3.31 shows the chloride profiles carried out on all concretes studied (w/c = 0.47 and 0.55)
immersed for 7 months in 3.5% NacCl solution. It can be observed that SL05+CaO concrete and
reference concrete showed similar profile; the profile of SLOSNF concrete was comparable with
that of SLO5 NF+CaO concrete. Both SLO5 NF concrete and SLO5 NF+CaO concrete showed
better chloride penetration resistance at both w/c ratios when compared to SL05+CaO concrete

and reference concrete.
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Figure 3.31 Chloride penetration profiles of reference concrete and CSA-based concretes with a)
w/c=0.47 and b) w/c=0.55, after 7 months immersion in 3.5% NaCl solution.

pH measurements

At the end of electrochemical tests all reinforced specimens were splitted. The pH of concrete
samples (one for each type of concrete) collected from the broken specimens was measured. In
addition, the pH of reference mortar and CSA-based mortars (w/c=0.5) was tested at different
curing ages. The results of pH measurements are shown in Table 3.6 by distinguishing concrete
samples (both alkaline and carbonated) and mortar samples. A pH value of about 10.9 was
measured on concrete sample made with pure CSA cement (SR03); for the other types of alkaline
concrete, it was around 12.5. Once carbonated, all concrete studied showed a pH value of 9.3 ~
9.5, the typical value of carbonated concrete. Table 3.6 shows also the results of pH

measurements carried out on mortar samples in alkaline condition in order to evaluate the pH
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evolution as a function of curing time. It can be noticed for all mortars, regardless of binder type,
slightly higher values of pH in the first days after casting than that measured for prolonged curing.
Subsequently, the pH of mortars cured for 28 days or more (145 days) reached values similar with
that measured on comparable concrete samples.

Table 3.6 pH of reference concrete and CSA-based concretes and mortars.

Sample type CEM II/A-L 42.5R SLO5 NF SLO5 NF+CaO SL05+Ca0 SRO03

Alkaline concrete (w/c=0.55)* 12.62 12.41 12.63 12.45 10.88
Carbonated concrete (w/c=0.55)* 9.5 9.38 9.48 9.30 -

1 day 12.82 12.62 12.79 12.45 11.52

Alkaline mortar 4 days 12.99 12.98 12.99 12.95 12.04

(W/c=0.5) 7 days 13.05 13.02 13.07 12.97 12.07

28 days 12.60 12.51 12.56 12.48 11.22

145 days 12.78 12.60 12.58 12.40 11.41

*Derived from reinforced specimens after finishing all electrochemical tests.

3.3.2 Corrosion behaviour of steel embedded in CSA-based concretes

In order to investigate the passivation and corrosion behaviour of steel bars, including carbon steel
and galvanised steel, embedded in CSA-based concretes and for comparison in reference
concrete, electrochemical tests were carried out on both alkaline and carbonated reinforced
specimens exposed to different environment conditions. The role of chloride added in mixture (0.4%

by cement mass) was also considered.
3.3.2.1 Alkaline reinforced specimens

The alkaline reinforced specimens made with all types of mixture and studied with respect to two
wi/c ratios (0.47 and 0.55) were subjected after casting at self-desiccation condition (23°C), and
subsequently were exposed into various conditions with different temperature (20°C or 40°C) and
relative humidity (80% or 95%); finally, all alkaline reinforced specimens were immersed in tap
water for 48 hours. The corrosion potential and corrosion rate of both carbon steel bar and
galvanised steel bar embedded in these concretes were monitored during the whole test period; in
addition, the potential of titanium electrode embedded in each reinforced specimen was recorded
as well. For one of two w/c ratios (0.55), comparable reinforced specimens with addition of 0.4%

chloride by mass of cement were also exposed for comparison at the same conditions.

Figure 3.32 shows the results of electrochemical tests on alkaline reinforced specimens made by

ordinary concrete (with CEM II/A-L 42.5R cement) which was considered as reference.

Figure 3.32a shows that the corrosion potential of carbon steel bars increased gradually in self-
desiccation period, reaching values above -200 mV vs SCE already few days later after casting as
a confirmation of passive state; at the end of self-desiccation period, the corrosion potential of

carbon steel bars ranged between 0 and 100 mV vs SCE. Subsequently, stable values of
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corrosion potential were observed during exposure condition 20°C and 80% R.H.. After exposure
at 20°C and 95% R.H., a decrease of corrosion potential of carbon steel bars towards -200 ~ -100
mV vs SCE was observed. Subsequently, a slight increase in corrosion potential (especially for
concrete with w/c ratio of 0.55) took place when temperature was increased to 40°C. Only the
corrosion potential of carbon steel bars in concrete with w/c ratio of 0.47 (specimens “519-1” and
“519-2”) showed a slight tendency towards a more negative potential during the exposure at 95%
R.H.; anyway their corrosion potentials were maintained around -200 mV vs SCE. A confirmation
of the corrosion potential measured at 20°C and 80% R.H. was obtained by repeating
electrochemical tests in this condition after the exposure condition at 40°C and 95% R.H.. Even in
immersion condition to which carbon steel bars embedded in ordinary concrete were exposed after
the period of exposure at 20°C and 80% R.H., the corrosion potential values of all carbon steel
bars were above -200 mV vs SCE. The addition of 0.4% of chloride in ordinary concrete did not
affect significantly the corrosion potential of carbon steel bars; this amount of chloride did not allow
corrosion initiation as confirmed in terms of corrosion potential which was above -200 mV vs SCE

regardless of exposure conditions.

Galvanised steel bars showed an evolution of corrosion potential similar to that of carbon steel
bars both in self-desiccation and 20°C and 80% R.H. conditions; only with a shift of around 200 mV
at more negative values was observed. In the initial stage of the exposure condition at 20°C and
95% R.H., the corrosion potential of galvanised steel bars decreased quickly below -200 mV vs
SCE and subsequently increased gradually during the rest of the whole test period. However,
during immersion condition, galvanised steel bars showed a fall of corrosion potential, until around
-650 mV vs SCE for galvanised steel bars in 0.47 w/c ratio concrete without chloride (specimen
“519-Z17), -440 and -550 mV vs SCE for galvanised steel bars in 0.55 w/c ratio concrete
respectively with and without chloride (specimens “521-Z4” and “520-Z2”). In general, a corrosion
potential of galvanised steel above -550 mV vs SCE was considered typical of passive condition
[5].

As far as carbon steel bars are concerned, Figure 3.32b shows a progressive decrease of the
corrosion rate during the self-desiccation condition, reaching values of 0.3 mA/m?. By increasing
the relative humidity and temperature, a slight increase in the corrosion rate was observed; anyway
values of corrosion rate below 1 mA/m? were maintained, even in immersion condition as a
confirmation of passive state. Also galvanised steel bars reached passivation condition in the self-
desiccation period, showing values of corrosion rate around 0.1 mA/m?® By comparing with the
measurements obtained on carbon steel bars, the corrosion rate of galvanised steel bars showed
different evolution in time; it started increasing during the following 20°C and 80% R.H. exposure
condition and continued to increase during the subsequent 20°C and 95% R.H. exposure
condition, until reached values above 1 mA/m?. Corrosion rate lower than 3 mA/m? was also
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maintained during the exposure at 40°C and 95% R.H.. Only a decrease in terms of corrosion rate
to values below 1 mA/m?was measured in the subsequent exposure condition 20°C and 80% R.H..
It can be observed that this decrease trend corresponds to the increase trend shown in Figure
3.32a. In immersion condition, galvanised steel bars show higher corrosion rate (above 1 mA/m?),
which corresponds to lower corrosion potentials as mention before. The addition of 0.4% of
chloride in ordinary concrete didn’t affect significantly the corrosion rete of steel bars, which is in

agreement with its effect on the corrosion potential of steel bars.

Also the potential of MMO activated titanium electrode (MMO-Ti) embedded in all mixtures made
with ordinary cement (different for w/c ratio and chlorides content) was measured. The potential of
this kind of electrode is known to be pH-dependent and sensitive to the changes of temperature
and oxygen concentration. The potential of titanium electrodes in ordinary concrete (Figure 3.32¢)
showed some fluctuations during the whole exposure cycle, which is mainly due to the variations in
humidity and the amount of oxygen availability close to titanium electrode embedded in concrete.
At the beginning of self-desiccation period, the potential of almost all electrodes progressively
increased between -100 and 0 mV vs SCE. Despite the variation of potential values, a steady trend
of potential increase was observed during the rest of self-desiccation period and the subsequent
20°C and 80% R.H. exposure period. In the subsequent exposure conditions (at 20/40°C, 95%

R.H., and 20°C and 80% R.H.), no significant change of potential was noticed.
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Figure 3.32 Monitoring of a) corrosion potential (E.o.r VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (Er vs SCE) of reinforced specimens made with ordinary
cement (CEM II/A-L 42.5R) during exposure conditions at different relative humidity (R.H.)

and temperature. (Reinforced specimens with carbon and galvanised steels are indicated
respectively with black and red symbols)
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Figure 3.33 shows the results of electrochemical tests on alkaline reinforced specimens made by
SLO5 NF cement.

The corrosion potential of carbon steel bars (Figure 3.33a) increased gradually in self-desiccation
period and reached -200 mV vs SCE few days after casting; at the end of self-desiccation period,
the potential of carbon steel bars in SLO5 NF concretes reached 0 mV vs SCE. These potential
were almost maintained in the subsequent exposure conditions. However, during the exposure at
40°C and 95% R.H., the corrosion potential of carbon steel bars in 0.55 wi/c ratio concrete without
chloride (specimens “523-3” and “523-4") reached values slightly lower than -200 mV vs SCE.
Then the potential of carbon steel bars started increasing slowly in the rest of this period. In the
repeated exposure condition at 20°C and 80% R.H., the potential of carbon steel bars increased
slowly to values around 0 mV vs SCE which were maintained their potentials also in immersion
condition. The corrosion potential of galvanised steel bars (Figure 3.33a) showed very low values
ranging between -800 and -700 mV vs SCE after casting.

In comparable mixtures, the corrosion potential of galvanised steel bars increased gradually in self-
desiccation period, reaching around -400 mV vs SCE at the end of self-desiccation period. Some
fluctuations of corrosion potential were showed during the subsequent exposure condition at 20°C
and 80% R.H., although corrosion potential was maintained above -400 mV vs SCE. After
exposure to 20°C and 95% R.H., the corrosion potential of galvanised steel bars decreased
progressively at values around -700 mV vs SCE in 20 days. Subsequently, the corrosion potential
of galvanised steel bars increased slowly in the rest of the whole test period and reached -550 mV
vs SCE at the beginning of repeated condition at 20°C and 80% R.H.. In immersion condition, the
corrosion potential of galvanised steel bars maintained their potential values slightly higher than -
550 mV vs SCE. The addition of 0.4% of chloride in SLO5 NF concretes didn’t affect significantly
the corrosion potential of both carbon steel bars and galvanised steel bars.

Figure 3.33b shows that the corrosion rate of carbon steel bars in SLO5 NF concrete was slightly
higher than 1 mA/m? after casting. During the self-desiccation period, few days after casting, the
corrosion rate of carbon steel bars reached a stable value around 0.5 mA/m? that lasted throughout
the rest of the whole exposure period, even in immersion condition. Galvanised steel bars showed
high corrosion rate (around 10 mA/m?) after casting and subsequently, decreased quickly, showing
as low as the corrosion rate of carbon steel bars at the later stage of self-desiccation period. The
low corrosion rate state was maintained during the following exposure condition at 20°C and 80%
R.H.. After exposure to 20°C and 95% R.H., the corrosion rate of galvanised steel bars increased
progressively within 20 days till around 3.5 mA/m?and maintained in the rest of this cycle. Next, the

corrosion rate of galvanised steel bars decreased gradually and again became lower than 1 mA/m?
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in the following exposure condition at 40°C and 95% R.H. and the repeated condition at 20°C and

80% R.H., even in immersion condition.

The potentials of titanium electrodes in SLO5 NF concretes (Figure 3.33c) increased slightly at the
beginning of self-desiccation period and subsequently in the rest of self-desiccation period
maintained stable values in the range between -100 and 0 mV vs SCE. Then the potential of
almost all electrodes increased slightly during the subsequent exposure condition at 20°C and 80%
R.H., but with pronounced fluctuation. In the following exposure condition at 20°C and 95% R.H.,
the potential of all electrodes showed a tendency of increase at the beginning, but subsequently
the potential of two electrodes embedded in 0.47 w/c ratio concrete without chloride (specimens
“622-1” and “522-2”) fell down to around -100 mV vs SCE; in the rest of this exposure period, the
potential of all electrodes maintained their own potentials. In the following exposure condition at
40°C and 95% R.H., the potential of those two electrodes in specimens “522-1" and “522-2"
increased whereas the potential of the other electrodes decreased; therefore potentials of all
electrodes converged in the range between -50 and 50 mV vs SCE. Finally, in the repeated
exposure condition at 20°C and 80% R.H., the potential of electrodes increased slightly, reaching 0
mV vs SCE.
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Figure 3.33 Monitoring of a) corrosion potential (Ecr VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (Et; vs SCE) of reinforced specimens made with SLO5 NF
binder during exposure conditions at different relative humidity (R.H.) and temperature.
(Reinforced specimens with carbon and galvanised steels are indicated respectively with
black and red symbols)
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Figure 3.34 shows the results of electrochemical tests on alkaline reinforced specimens made by
SLO5 NF cement with the addition of CaO.

The evolution in time of corrosion potential of both carbon steel and galvanised steel bars (Figure
3.34a) embedded in SLO5 NF+CaO concretes was very similar to that shown in Figure 3.33a,
except that galvanised steel bars embedded in concrete with wi/c ratio of 0.55 (specimens “526-22”
and “5627-Z4") showed a significant fell of potential, being around -700 mV vs SCE in immersion

condition.

Figure 3.34b shows the evolution in time of corrosion rate of both carbon steel bars and
galvanised steel bars, which is very similar to the trend shown in Figure 3.33b (i.e. in SLO5 NF
mixtures); only the corrosion rates of galvanised steel bars in 0.55 w/c ratio concrete with and
without chloride (specimens “526-Z2” and “527-Z4”) in immersion condition reached values of
around 2 mA/m? slightly higher than that measured in SLO5 NF mixtures. The corrosion rate of
galvanised steel bars in specimens “526-Z2” and “527-Z4” was higher than 2 mA/m?, in fact, which

corresponds to corrosion potential values lower than -550 mV vs SCE as shown in Figure 3.34a.

The trend of potential of titanium electrodes embedded in SLO5 NF+CaO concretes (Figure 3.34c¢)
was similar to the trend shown in Figure 3.33c; except that the potential of these two electrodes
embedded in 0.47 w/c ratio concrete without chloride (specimens “525-1” and “525-2") did not
show different trend with that of the other electrodes during the 20°C and 95% R.H. exposure

condition.
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Figure 3.34 Monitoring of a) corrosion potential (Ecor VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (Ern vs SCE) of reinforced specimens made with SLO5
NF+CaO binder during exposure conditions at different relative humidity (R.H.) and
temperature. (Reinforced specimens with carbon and galvanised steels are indicated
respectively with black and red symbols)
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Figure 3.35 shows the results of electrochemical tests on alkaline reinforced specimens made by
SLO5 cement with the addition of CaO.

It can be noticed that the evolution in time of corrosion potential of carbon steel bars in SLO5+CaO
concretes (Figure 3.35a) was very similar with the evolution in time of corrosion potential of carbon
steel bars in SLO5 NF+CaO concretes (Figure 3.34a). Likewise, the potential of galvanised steel
bars in SLO5+CaO concretes showed the similar trend as in reference ordinary concrete, except
that the potential value of reinforced specimen “530-Z4” was around -350 mV vs SCE in immersion

condition .

The evolution in time of corrosion rate of both carbon steel bars and galvanised steel bars (Figure
3.35h) is very similar with that in Figure 3.34b (i. e. in SLO5 NF+CaO mixtures); only the corrosion
rate of galvanised steel bar in reinforced specimen “530-Z4” increased up to around 5 mA/m? in the
beginning of exposure condition at 40°C and 95% R.H.; the corrosion rate of all steel bars were

below 1 mA/m? in immersion condition.

Figure 3.35c shows the potential of titanium electrodes embedded in SLO5+CaO concretes. It can
be noticed that the trend of potential of titanium electrodes embedded in SLO5+CaO concretes was
similar to the potential of titanium electrodes embedded in SLO5 NF+CaO concretes (Figure
3.34c).
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Figure 3.35 Monitoring of a) corrosion potential (Ecor VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (Et; vs SCE) of reinforced specimens made with SL05+CaO
binder during exposure conditions at different relative humidity (R.H.) and temperature.
(Reinforced specimens with carbon and galvanised steels are indicated respectively with
black and red symbols)
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Figure 3.36 shows the results of electrochemical tests on alkaline reinforced specimens made with
SRO03 cement (pure CSA).

The corrosion potential of carbon steel bars in SR03 concretes (Figure 3.36a) was around -200
mV vs SCE after casting and increased slowly, reaching the value around -130 mV vs SCE at the
end of self-desiccation period. Subsequently, a very stable potential was observed during the
subsequent exposure conditions at 20°C (80% and 95% R.H.). In immersion condition, the
corrosion potential of all carbon steel bars fell down to around -450 mV vs SCE. Galvanised steel
bars showed a trend similar to corrosion potential of carbon steel bars but with a reduction of
around 400 mV in terms of potential during the whole exposure cycle, except that the reinforced
specimen “5632-Z4” with respect to galvanised steel bar showed a fall of potential (around 100 mV)
during the exposure condition at 20°C and 95% R.H..

Figure 3.36b shows the corrosion rate of carbon steel bars which was slightly higher than 1 mA/m?
after casting and subsequently decreased. Until the middle of self-desiccation period, when the
corrosion rate of carbon steel bars increased again and reached close to 1 mA/m? at the end of
self-desiccation period. Subsequently, the stable corrosion rates (slightly lower than 1 mA/m?) were
maintained during the following exposure condition at 20°C and 80% R.H., but a slight decrease
was observed in the subsequent exposure condition at 20°C and 95% R.H.. In immersion
condition, the corrosion rate of carbon steel bars was slightly lower than 1 mA/m?. Galvanised steel
bars showed high corrosion rate (around 6 mA/m?) after casting and decreased quickly during the
self-desiccation period, being around 0.1 mA/m? at the end of self-desiccation period. The low
corrosion rate state was maintained during the following exposure condition at 20°C and 80% R.H..
In the subsequent exposure condition at 20°C and 95% R.H., the corrosion rate of galvanised steel
bars increased gradually, but did not reach 1 mA/m?. In immersion condition, the corrosion rates of

galvanised steel bars was slightly higher than 1 mA/m?.

The potential of titanium electrodes embedded in SR03 concretes (Figure 3.36¢) ranged between
-100 and -50 mV vs SCE after casting and soon reached around -50 mV vs SCE. Subsequently,
the potential of all electrodes maintained also in the subsequent exposure condition at 20°C and
80% R.H.. The potential of all electrodes increased up to around 0 mV vs SCE in exposure
condition at 20°C and 95% R.H..
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3.3.2.2 Carbonated reinforced specimens

As far as this research is concerned, corrosion tests were also carried out on reinforced specimens
subjected to accelerated carbonation for around 70 days after 7 days curing. In order to study the
corrosion behaviour of both carbon steel and galvanised steel in carbonated CSA-based concretes
(w/c=0.55) without or with chloride, the carbonated reinforced specimens were exposed to the
same exposure conditions considered for comparable specimens in alkaline state. The corrosion
potential and corrosion rate of both carbon steel and galvanised steel embedded in carbonated
CSA-based concrete were monitored during the whole test period; in addition, the potential of

titanium electrode embedded in carbonated CSA-based concrete was recorded as well.

Figure 3.37 shows the results of electrochemical tests on carbonated reinforced reference

concrete made with ordinary cement (CEM II/A-L 42.5R).

As shown in Figure 3.37a, after 7 days curing, the corrosion potential of carbon steel bars (Ecorr (VS
SCE)) were around -280 mV vs SCE; after subsequent 70 days accelerated carbonation, the
potential of carbon steel bars increased up to around 30 mV vs SCE, except for the specimen
“521-8” (with 0.4% CI) which showed a slight drop of corrosion potential (around 100 mV). If
carbonation front has reached the steel bar and corrosion has initiated, the propagation stage of
corrosion begins. Since the propagation time depends on the moisture content of concrete, all
reinforced specimens were exposed to different humidity conditions. At the beginning of exposure
to 20°C and 95% R.H., the corrosion potential of carbon steel bars quickly decreased to around -
600 mV vs SCE by maintaining steady corrosion potential during the rest of this exposure condition
and the subsequent condition at 40°C and 95% R.H.. In the following 20°C and 80% R.H.
exposure condition, the corrosion potential of carbon steel bars increased gradually by reaching
the limit of -200 mV vs SCE except for specimen “521-8" (with 0.4% CI). In immersion condition,
the corrosion potential of carbon steel bars in concrete without and with chloride (specimens “520-
57, “5620-6” and “521-8") were around -600 mV vs SCE.

Embedded in the same concrete, galvanised steel bars showed values of corrosion potential
around -500 ~ -600 mV vs SCE and around 0 mV vs SCE respectively, before and after
accelerated carbonation. At the beginning of 20°C and 95% R.H. exposure condition, the corrosion
potential of galvanised steel bars steeply decreased to around -480 mV vs SCE in concrete without
chloride (specimen “520-Z3”) and to around -900 mV vs SCE in concrete with chloride (specimen
“621-25”), and then maintained comparable lower potential during the rest of this exposure
condition. The corrosion potential of the two galvanised steel bars increased gradually during the
subsequent conditions at 40°C and 95% R.H. and at 20°C and 80% R.H., attaining -166 mV vs
SCE for the former (specimen “520-Z3”) and -529 mV vs SCE for the latter (specimen “521-Z5") at
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the end of 20°C and 80% R.H. exposure condition. In immersion condition, their potential values
reached around -800 mV vs SCE.

In terms of corrosion rate (ico), it can be observed (Figure 3.37b) that, after 7 days curing, the
corrosion rate of carbon steel bars ranged between 1 and 2 mA/m?; after 70 days of accelerated
carbonation, all reinforced specimens were exposed at 20°C and 95%R.H., as a consequence, the
corrosion rate of carbon steel bars reached stable values of 4 and 20 mA/m? respectively in free-
chloride concrete and in concrete with 0.4% of chloride. Comparable values of corrosion rate was
maintained when temperature was increased from 20°C to 40°C (95% R.H.). It can be observed
that the corrosion rate decreased below 1 mA/m? as the temperature and humidity decreased to
20°C and 80% R.H. except for carbon steel embedded in concrete with 0.4% of chloride (2~3
mA/m?). In immersion condition, the corrosion rate of specimens “520-5” and “520-6” (without
chloride) were around 15 mA/m?, whereas for carbon steel embedded in concrete with chloride,

corrosion rate reached value around 30 mA/m?.

After 7 days curing, the corrosion rate of galvanised steel bars were around 2 mA/m? after
subsequent 70 days accelerated carbonation, the corrosion rate of galvanised steel bars
decreased below 1 mA/m? Galvanised steel bar embedded in free-chloride carbonated concrete
showed, when exposed at 20°C and 95% R.H., corrosion rate of 0.4 ~ 0.5 mA/m?, lower than that
of carbon steel in the same mixture and exposure condition. When temperature was increased
from 20°C to 40°C, galvanised steel bar reached in steady condition with comparable values in
terms of corrosion rate. Galvanised steel bar exposed at 20°C and 80% R.H. showed a further
decreasing of corrosion rate until value of 0.04 mA/m? whereas in immersion condition, corrosion
rate reached around 10 mA/m?. Galvanised steel bar embedded in concrete with 0.4% of chloride

(specimen “521-Z5”), maintained value higher than 1 mA/m? in all exposure conditions.

Figure 3.37c shows that potential of titanium electrodes ranged between -150 and 0 mV vs SCE,
typical of alkaline condition in the first 7 days after curing. Due to accelerated carbonation, the
potential of titanium electrodes which is known to be pH-dependent, increased up to 250 ~ 300 mV
vs SCE, as confirmed by all specimens made with CEM II/A-L 42.5R cement. Since this electrode
is also sensitive to the changes of temperature and oxygen concentration, its potential deceased to
0 ~ 100 mV vs SCE and 200 mV vs SCE when specimens were exposed at 95% R.H. and 80%

R.H. respectively.
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Figure 3.37 Monitoring of a) corrosion potential (E.o.r VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (E+ vs SCE) of carbonated reinforced specimens made with
ordinary cement (CEM II/A-L 42.5R) during exposure conditions at different relative humidity
(R.H.) and temperature. (Reinforced specimens with carbon and galvanised steels are
indicated respectively with black and red symbols)
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Figure 3.38 shows the results of electrochemical tests on carbonated reinforced SLO5 NF concrete
made with SLO5 NF cement.

The corrosion potential of carbon steel bars embedded in carbonated SLO5 NF concrete (Figure
3.38a) is similar to that of carbon steel bars shown in Figure 3.37a. However, it's noticed that the
potential of carbon steel bars in free-chloride SLO5 NF concrete (specimens “523-5" and “523-6")
was steady and close to -200 mV vs SCE during 20°C and 80% R.H. exposure condition whereas
in ordinary concrete reached values below -200 mV vs SCE. Corrosion potential of galvanised
steel bars in SLO5 NF concrete increased from -700 mV vs SCE to -550 mV vs SCE and -400 mV
vs SCE respectively, depending on whether chlorides were added or not after 70 days accelerated
carbonation. It can be noticed that, galvanised steel bars in SLO5 NF concrete reached corrosion
potential lower than that in ordinary concrete. During the exposure to 95% R.H. (at 20°C and 40°C)
and immersion condition, galvanised steel bar embedded in concrete with 0.4% of chloride
(specimen “524-75") showed corrosion potential of -900 ~ -1000 mV vs SCE. Galvanised steel bar
embedded in concrete without chloride (specimen “523-Z3”) showed in dry condition (80% R.H.)
higher corrosion potential (up to -400 mV vs SCE) than measured in the same mixture with 0.4% of

chloride.

In terms of corrosion rate (icor), Figure 3.38b shows both carbon steel bars and galvanised steel
bars embedded in carbonated SLO5 NF concretes (with or without chlorides) exposed to 95% R.H.
(at 20°C and 40°C) and immersion conditions values above 1 mA/m? (up to 70 ~ 90 mA/m? in
presence of chloride). When reinforced specimens were exposed to 20°C and 80% R.H., corrosion
rate of carbon steel bars and galvanised steel bars decreased below 1 mA/m?, except embedded

in mixtures with chlorides.

After exposure to accelerated carbonation process, the corrosion potential of titanium electrodes
embedded in carbonated SLO5 NF concrete (Figure 3.38c) showed a certain variability with values
ranged between 250 and 500 mV vs SCE. After subsequent exposure at 95% R.H. (at 20°C and
40°C), the corrosion potential of titanium electrodes decreased to values comparable with those
measure in ordinary concrete. A slight increase of corrosion potential was measure at 20°C and
80% R.H..
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Figure 3.38 Monitoring of a) corrosion potential (Ecr VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (E+ vs SCE) of carbonated reinforced specimens made with
SLO5 NF binder during exposure conditions at different relative humidity (R.H.) and
temperature. (Reinforced specimens with carbon and galvanised steels are indicated

respectively with black and red symbols)
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Figure 3.39 shows the results of electrochemical tests on carbonated reinforced SL0O5 NF+CaO

concrete made by SLO5 NF cement with the addition of CaO.

The corrosion potential of carbon steel bars in carbonated SL0O5 NF+CaO concrete (Figure 3.39a)
showed the similar trend as in carbonated SLO5 NF concrete. However, it's noticed that the
corrosion potential of carbon steel bar in carbonated SLO5 NF+CaO concrete with 0.4% of chloride
(specimen “527-8") reached -222 mV vs SCE after 70 days accelerated carbonation. The corrosion
potential of galvanised steel bar in carbonated SLO5 NF+CaO concrete without chloride (specimen
“627-Z3”) showed the similar trend as in carbonated SLO5 NF concrete without chloride, reaching
around -200 mV vs SCE at 20°C and 95% R.H. exposure condition. But the corrosion potential of
galvanised steel bar in carbonated SLO5 NF+CaO concrete with 0.4% of chloride (specimen “527-
Z5”) increased when exposed to 95% R.H. (at 20°C and 40°C) and maintained a stable value of
around -550 mV vs SCE at 20°C and 95% R.H. exposure condition. In immersion condition, the
corrosion potential values of galvanised steel bars in carbonated SL0O5 NF+CaO concretes were
below -800 mV vs SCE.

It's interesting to notice that the difference in terms of corrosion rate between carbon steel bars and
galvanised steel bars in carbonated SLO5 NF+CaO concretes without chloride (Figure 3.39b) is
not significant, also in carbonated SL0O5 NF+CaO concretes with 0.4% of chloride in all exposure
conditions. When exposed to 95% R.H. (at 20°C and 40°C), the corrosion rate of all reinforced
specimens were higher than 1 mA/m?, while if exposed to the exposure condition at 20°C and 80%
R.H. it was lower than 1 mA/m?. It's necessary to point out that the corrosion rate of steels in

concrete chloride was lower than that of steels in concrete with 0.4% of chloride.

Figure 3.39c shows the potential of titanium electrodes in carbonated SLO5 NF+CaO concrete,

demonstrating a similar trend as shown in carbonated ordinary concrete.
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Figure 3.39 Monitoring of a) corrosion potential (Ecor VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (E+ vs SCE) of carbonated reinforced specimens made with
SLO5 NF+CaO binder during exposure conditions at different relative humidity (R.H.) and
temperature. (Reinforced specimens with carbon and galvanised steels are indicated

respectively with black and red symbols)
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Figure 3.40 shows the results of electrochemical tests on carbonated reinforced SLO5 concrete
made by SLO5 cement with the addition of CaO.

The evolution in time of corrosion potential of carbon steel bars in carbonated SL0O5+CaO concrete
(Figure 3.40a) is similar to that in carbonated ordinary concrete (Figure 3.37a). The corrosion
potential values of galvanised steel bars in carbonated SL0O5+CaO concrete, after 70 days
accelerated carbonation were not higher than -550 mV vs SCE, but reached values around -1000
mV vs SCE when exposed to 20°C and 95% R.H.. Their corrosion potential gradually increased at
95% R.H. condition (at 20°C and 40°C). The corrosion potential of galvanised steel bar in
carbonated SLO5+CaO concrete without chloride (specimen “529-723") reached around -200 mV vs
SCE at the 20°C and 80 % R.H. exposure condition. Whereas the corrosion potential of galvanised
steel bar in carbonated SLO5 NF+CaO concrete with 0.4% of chloride (specimen “530-Z5”)
maintained a stable value of around -700 mV vs SCE at 20°C and 80% R.H. exposure condition. In
immersion condition, the corrosion potential values of galvanised steel bars in carbonated
SL05+CaO concretes were below -800 mV vs SCE.

In terms of corrosion rate (icorr), @s shown in Figure 3.40b, both carbon steel bars and galvanised
steel bars in carbonated SL0O5+CaO concrete showed similar trend as in ordinary concrete.
However, it's observed that the corrosion rate of all reinforced specimens were higher than 1
mA/m? at 95% R.H. condition (at 20°C and 40°C), but the corrosion rate of all reinforced
speciemens were lower than 1 mA/m? or close to 1 mA/m? when exposed to 20°C and 80% R.H.
exposure condition. It's noticed that the corrosion rates of both carbon steel and galvanised steel
bars increased in concrete with 0.4% of chloride. Interesting, galvanised steel bars shower slightly

lower corrosion rate values than carbon steel bars in concrete without and with chloride.

The corrosion potential of titanium electrodes in carbonated SLO5 concrete (Figure 3.40c) showed

no significant difference with that in carbonated ordinary concrete.
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Figure 3.40 Monitoring of a) corrosion potential (Ecor VS SCE), b) corrosion rate (icor) and c)
potential of titanium electrode (E+ vs SCE) of carbonated reinforced specimens made with
SL05+CaO binder during exposure conditions at different relative humidity (R.H.) and
temperature. (Reinforced specimens with carbon and galvanised steels are indicated
respectively with black and red symbols)
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3.4 Tests on cement-stabilised rammed earth

To study the corrosion protection of carbon steel in cement-stabilised rammed earth (CSRE), the
results obtained by several tests including density, electrical resistivity, compressive strength and
carbonation resistance, were described in this section. Moreover, the results obtained in terms of
the corrosion potential and corrosion rate of carbon steel bar embedded in CSRE under self-

desiccation and immersion conditions are also described.
3.4.1 Properties of cement-stabilised rammed earth

In Table 3.7, the properties of CSRE are shown. Density of replicate CSRE specimens, measured
after demoulding (1 day after casting), was around 1950 kg/m®. As expected, after curing, the
density of CSRE slightly decreased. The compressive strength of all CSRE specimens after 28
days curing ranged from 3.38 MPa to 4.08 MPa. It can be noticed that the electrical resistivity of
CSRE in moist condition increased with time; however, the electrical resistivity of all CSRE
specimens at 28 days curing age was not more than 20 Qem; lower than that of ordinary concrete.

The carbonation depth reached 40 mm just after 47 days exposure in laboratory condition.

Table 3.7 Properties of cement-stabilised rammed earth studied.

. 3 Electrical resistivity Compressive

Density (kg/m”) Q'm) strength Exposure Carbonation

Sample (MPa) time depth (mm)
1 14 22 28 14 22 28 28 days (days)
day* days days days days days days

RE-81 | 1946 1935 1919 1910 558 869 8.88 3.38 7 3.3
RE-82 | 1975 1949 1932 1920 7.38 1199 15.64 4.08 22 16.5
RE-33 | 1927 1913 1894 1872 5,76 11.14 19.51 3.44 47 40
RE-34 | 1962 1938 1929 1912 6.11 10.63 13.89 3.58 - -

* After demoulding.

3.4.2 Corrosion behaviour of carbon steel embedded in cement-stabilised

rammed earth

The corrosion potential and corrosion rate of CSRE specimens reinforced with carbon steel bars
were monitored under self-desiccation condition. Figure 3.41 shows the evolution of corrosion
potential (E.or VS SCE), potential of titanium electrode (Er; vs SCE) and corrosion rate (icor) Over
around 60 days in self-desiccation condition. The corrosion potential of carbon steel bars increased
progressively, until reached stable values around 0 mV vs SCE for specimens “RE-2”, “RE-3" and
“RE-4”; differently, carbon steel bar embedded in “RE-1”" specimen showed a maximum corrosion
potential (-100 mV vs SCE) lower than other reinforced specimens. All reinforced specimens
reached the corrosion limit of -200 mV vs SCE within 15 ~ 20 days, except for “RE-1”" specimen

that spent about one month to reach passive condition. A confirmation of passive condition of
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carbon steel bars embedded in CSRE was found on the base of corrosion rate measurements
(Figure 3.41b). Although few days after casting, reinforced specimens showed corrosion rate of
around 6 ~ 9 mA/m?; this corrosion parameter decreased with time in self-desiccation condition to
values ranged between 0.02 and 0.1 mA/m? at 7 days after casting; during the following period, the
corrosion rate of steel bars in CSRE show a quick decrease; at 24 days, the corrosion rate of steel
bars in all specimens were lower than 1 mA/m?. The potential of titanium electrode depends on pH-
dependent of solution and oxygen availability. So a certain variability of the measurements of the
potential of titanium electrodes (Figure 3.41c) should be attributed to their different sensitivity at
oxygen available if differently compacted. A slight difference in terms of compaction effort should
be hypothesized for these reinforced specimens. The potentials of titanium electrodes showed a

trend of quick increase except that specimen “RE-1" showed a slow increase.

After around 60 days of self-desiccation, all the reinforced CSRE specimens were fully immersed
in tap water for 48 hours. During the first hours of the immersion phase, corrosion rates of carbon
steel bars in CSRE were dispersed (Figure 3.42); only the corrosion rate of carbon steel bar in
specimen “RE-4" was lower than 1 mA/m?, whereas the corrosion rate of steel bars in the
specimens “RE-1" and “RE-3" were around 3.5 mA/m?. At the end of immersion test, the corrosion
rate of carbon steel bars in all specimens converged to around 2 mA/m?. Corrosion potential of
carbon steel bar in specimen “RE-4" was higher than -200 mV vs SCE at the beginning of
immersion; however, at the end of immersion test, only the corrosion potential of steel bar in

specimen “RE-1" was more than -200 mV vs SCE, attaining around -160 mV vs SCE.
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Figure 3.41 Monitoring of a) corrosion potential (Eqr VS SCE), b) corrosion rate (icr), and c)
potential of titanium electrode (Ey; vs SCE) as function of time for reinforced cement-

stabilised rammed earth under self-desiccation condition.
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Figure 3.42 Monitoring of corrosion potential (Eqr Vs SCE, red symbols) and corrosion rate (icor,
black symbols) as function of time for reinforced rammed earth specimens during the period

of 48 hours immersion.
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Discussion

Corrosion protection of steel in new sustainable cementitious materials depends on the capacity of
these new materials to passivate steel and it has the utmost importance for the potential durability
of reinforced concrete structures made with these new sustainable cementitious materials. If steel
embedded in these new materials reaches passive state, the corrosion rate of steel is negligible
due to the formed passive film on steel surface. In highly alkaline environment provided by ordinary
concrete, steel is covered with a protective oxide film (passive layer) so that under ideal conditions
the corrosion rate is typically less than 1 mA/m?(i.e. 1 um/year for steel). Conversely, the complex
and variable nature of new sustainable cementitious materials could affect the passivation and
corrosion of steel embedded in them; in particular, the pH of pore solution around the steel bar but
also the physical and chemical properties of these new sustainable cementitious materials could
influence the corrosion behaviour of reinforcement. Key factors affecting the depassivation and
corrosion of steel in new sustainable cementitious materials include also the surface properties and
the chemical composition of the steel. However, carbonation and chlorides penetration can lead to
the depassivation of steel embedded in sustainable cementitious materials. Once it happens, the
corrosion behaviour of active steel embedded in sustainable cementitious materials under different
relative humidity and temperature or chloride environment is needed to be investigated in order to

provide information about the propagation stage of steel corrosion.

This chapter is dedicated to discuss the results that have been presented and described in the
previous chapter in terms of corrosion protection of steel in new sustainable cementitious
materials. Firstly, the results of alkalinity tests carried out on new sustainable concrete studied in
this research and the results in terms of characterisation of carbon steel bars with different surface
conditions are discussed. Secondly, the passivation of carbon steel bars with different surface
conditions embedded in ordinary concrete is evaluated. Moreover, the passivation of carbon steel
embedded in new sustainable cementitious materials is discussed. The effect of carbonation and
chlorides on the corrosion behaviour of carbon steel bars with different surface conditions
embedded and of carbon steel in CSA-based concretes when exposed to different environments is
also discussed. Finally, use of corrosion-resistant rebars (such as galvanised steel) embedded in

CSA-based concretes has been discussed.
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4.1 The factors influencing passivation of steel

The factors influencing the passivation of steel in in new sustainable cementitious materials could
include the pH of the solution contained in the pores of new sustainable cementitious materials,
and the presence of surface layers on steel (such as the mill scale due to manufacturing process,
or trace of rust covered by atmospheric exposure or a zinc coating produced by galvanising
process). Depletion of oxygen, carbonation of concrete cover and chlorides penetration have to be
considered since they might also cause modifications to chemical composition of concrete. In
particular, carbonation decreases the alkalinity of concrete cover and fails passive film of steel.
Chloride ions can also break down passive film of steel when its concentration close to steel
surface reaches a certain amount. When the alkalinity of new sustainable cementitious materials is
not enough to passivate carbon steel, it might be necessary to use corrosion-resistant steel such
as galvanised steel. In this section, the alkalinity of sustainable concretes made with the new
sustainable cementitious materials studied in the framework of this thesis and the characterisation
of carbon steel bars with different surface conditions are discussed, in order to help understand the

passivation of carbon steel in these new sustainable cementitious materials.
4.1.1 pH of new cementitious materials

In order to investigate on the actual pH of the pore solution of the different sustainable
cementitious materials studied in this research, pH measurements were carried out. As far as the
results obtained in this research and reported in other research, Figure 4.1 shows the pH of
reference concrete made with CEM II/A-L 42.5R cement and CSA-based concretes cast with w/c
ratio of 0.55. For comparison, also the pH of a waste glass powder mortar and cement-stabilised
rammed earth comparable with those studied in this research, is reported. Clearly, it can be seen
that the pH of reference concrete and CSA-based concretes is close to 12.6 except pure CSA
concrete made with SR03 cement (slightly lower than 11), whereas glass powder mortar has a pH
value slightly higher than 13 and the pH of cement-stabilised rammed earth (made with crushed
limestone) is around 12. As expected, pure CSA concrete has a low pH due to the fact that its main
phase hydration product is ettringite that cannot provide high concentrations of alkali ions (Na and
K) and calcium ion (Ca) compared to the blending cements based on the combination of 30% pure
CSA clinker, 10% anhydrite and 60% of respectively CEM | 52.5R (SLO5 NF) and CEM II/A-L
42 .5R (SLO5). However, blending with ordinary cement can modify its phase assemblage and
therefore increase its pH comparable with that of reference concrete. The high pH of mortar made
with glass power might be due to the release of alkali from glass powder. Apparently, the pH value
of around 12 of cement-stabilised rammed earth should be ascribed to the hydration of the cement

used as stabiliser.
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115 |
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Figure 4.1 pH of alkaline reference concrete (CEM II/A-L 42.5R) and CSA-based concretes (SL05
NF, SLO5 NF+CaO, SL05+Ca0 and SR03) cast in this research and the pH of glass mortar
(G6) and cement-stabilised rammed earth (CL+CM) measured in other research. (Glass
mortar studied in this research is comparable with “G6” mortar in terms of type of mineral
addition and mix proportions used in [63], pH data provided by mCD lab; pH data of cement-
stabilised rammed earth from [143], CL= crushed limestone, CM=cement.)

Furthermore, Figure 4.2 shows the evolution of pH of a reference mortar and CSA-based mortars
(w/c=0.5) as a function of the curing up to 145 days. It can be observed that each type of mortar
reaches their highest pH value within 4 ~ 7 days after casting, subsequently decreases between 7
days and 28 days, and maintains a stable value beyond 28 days. In fact, the trend of pH evolution
of all types of mortar reflects the process of cement hydration and the release of ions from the
binder to the solution. The pH of blended CSA-based mortars (made with ordinary cements),
including SLO5 NF, SLO5 NF+CaO and SL05+CaO, have not shown significant difference with that
of reference concrete regardless curing age. This might be due to the fact that a high amount of
ordinary cement was used. During all curing age, the pH of pure CSA mortar (SR03) is lower than
that of other mortars as observed before. However, the results of pH measured on pure CSA
mortar are not in agreement with the results reported in [108], [115]; this could be due to the
scattering of composition of CSA cements as highlighted also from literature survey.
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Figure 4.2 pH of reference mortar and CSA-based mortars (w/c=0.5) at different curing ages.

4.1.2 Steel surface condition

It's well known that steel passivation could be influenced from the surface conditions. For this
reason, different surface conditions of rebars have been also considered in this research. In
particular, carbon steel rebars manufactured at the same plant and characterised by different
degree of pre-rusting caused by outdoor exposure up to 1 year have been considered. Typically
reinforcing bars are used in the as-received condition after manufacturing at the production plant
and thus rebars coated with only a layer of mill scale have been also taken into account. For

comparison purpose, comparable sandblasted bars were also studied.

As an example, Figure 4.3 compares the appearance of 18 mm diameter steel bars with different
surface conditions by visual observations and the analysis of surface oxides with scanning electron
microscope. The mill scale, which is on the surface of as-received steel, appears dark-grey and
compact. Actually, it is not always adhered with steel substrate and has some cracks. Therefore,
it's not a uniform protective layer. As a consequence of atmospheric corrosion, red-brown oxides
were formed on the surface of steel bar; these corrosion products had a porous morphology when
compared with the mill scale. The thickness of the oxide layers was estimated on metallographic
section of each type of steel bar. Figure 4.4 shows the trend of the average thickness of the oxide
layers and its range of variation in terms of exposure time. The thickness of the mill scale of both
10 and 18 mm diameter steel bars ranged between 5 and 20 ym. After 1 year of atmospheric
exposure, the average thickness of oxide layers of both 10 and 18 mm diameter steel bars was
around 100 pm (with a maximum value for 18 mm steel bar up to 190 ym). As far as the

mineralogical composition of the oxides is concerned, XRD analysis detected typical products due
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to atmospheric corrosion of iron such as lepidocrocite (y-FeO(OH)) and goethite (FeO(OH)). The
detected magnetite is likely due to the remaining mill scale that may have not been completely

replaced by rust.

6 months (B

As-received (Al) 6 months (B) 1 year (C2) | 1 year (C1)

Figure 4.3 Comparison of the visual appearance of surface condition and oxide layers of steel
bars with 18 mm diameter.
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Figure 4.4 Thickness of oxide layers present on steel bars with different diameters a) 10 mm and
b) 18 mm exposed to several conditions. (A2:sandblasted; Al:as-received; B:exposed for 6
months; C, C1 and C2:exposed for 1 year)
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4.2 Passivation of carbon steel in alkaline ordinary concrete

In order to detect possible critical conditions for passivation due to steel surface, corrosion tests
were carried out in concrete and the behaviour of steel was studied in relation of concrete

moisture.

In general, the passivation of carbon steel bar embedded in ordinary concrete can be
characterised by corrosion potential higher than -200 mV vs SCE and corrosion rate value lower

than 1 mA/m?, which indicates the formation of stable passive film on steel surface.

The influence of steel surface condition on passivation of steel in ordinary concrete was
investigated under three different relative humidity conditions; namely self-desiccation (at 23°C),
80% R.H. (at 20°C) and immersion (at 20°C). In particular, reinforced specimens were maintained
in self-desiccation conditions for 2 months; subsequently they were exposed to a relative humidity
of 80% for other two months; finally, they were immersed in tap water for a period of one month.
Figure 4.5 summarises the corrosion potential and corrosion rate measured on all types of steel
embedded in a typical structure concrete at the end of each condition. The corrosion rate was
monitored with the polarisation resistance method. The results clearly reveal that the corrosion
potential value of steel depends on the relative humidity of concrete, showing positive values (0 ~
90 mV vs SCE) in 80% R.H. condition but negative ones (-150 ~ -100 mV vs SCE) in self-
desiccation and immersion conditions. It can be observed that almost all the negative values were
above -200 mV vs SCE, which indicates that all steel bars are in passive state. The negative
potential of steel should be attributed to the fact that oxygen is less available to the surface of steel
under high humidity conditions. According to Figure 4.5b, it can be observed that the corrosion
rate of all 10 mm diameter steel bars was very low, showing no sign of corrosion, regardless with
exposure condition. The corrosion rate of 18 mm steel bars without rust (i. e. as-received and
sandblasted) was below 1 mA/m?in all exposure conditions; in contrast, all the pre-rusted 18 mm
diameter steel bars showed corrosion rate higher than 1 mA/m? (in particular, specimens reinforced
with bars in C1 condition). However, it can be observed that the humidity to which the specimens
were exposed did not have any significant effect. These results support the hypothesis that also

steel bars with pre-rusting are in passive conditions.

In order to confirm the condition of passivation of steel, the further anodic polarisation test was
carried out on reinforced specimens at the end of both self-desiccation and immersion conditions
by means of imposing a potential of +200 mV vs SCE on steel embedded in ordinary concrete. At
the potential of +200 mV vs SCE, if the steel is passive, the measured steady polarisation current
density (i,o) that is required to maintain the imposed potential would be negligible; otherwise, the

steady value of iy, would be significant. The corresponding principle is depicted in Figure 4.6.
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Figure 4.5 Corrosion potential (Ecor VS SCE) and corrosion rate (icor) Of Steel bars with different
surface conditions and different diameters: a) and b) for 10 mm and c) and d) in case of 18
mm embedded in ordinary concrete measured at the end of each exposure condition (self-
desiccation, 23°C, 80% R.H., 20°C and immersion, 20°C).
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Figure 4.6 Scheme of the polarisation current (i) of passive a) and active b) steel at +200 mV vs
SCE.
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Figure 4.7 and Figure 4.8 show respectively, after self-desiccation and immersion conditions, the
corrosion potential of each type of steel bar in terms of its corrosion rate before and at the end (24
hours) of anodic polarisation test. Corrosion rate (i.,r) Mmeasured before starting potentiostatic
polarisation test (i.e. in free corrosion conditions) was obtained with the polarisation resistance
method by applying a potentiostatic variation of respectively +10 mV and -10 mV versus the free
corrosion potential. Conversely, during the potentiostatic polarisation test, a steel potential of +200
mV vs SCE was imposed to the steel and the current density require to maintain this potential (ipo)
was monitored. At this value of potential, in case the rebars were not passive, a substantial
increase in the corrosion rate is expected, which can be detected by a significant increase of
polarisation current density (ip.). Figure 4.7-4.8 show that at the end of all potentiostatic tests the
polarisation current density (corresponding to a corrosion potential of +200 mv vs SCE) had
negligible values (lower than 1 mA/m?) for all types of surface conditions. The contradictory results
obtained in terms of corrosion rate between anodic polarisation test and polarisation resistance test
could be explained by the hypothesis that polarisation resistance technique may overestimate the
actual corrosion rate due to the presence of rust oxide at the interface of steel/concrete that may
cause non-ideal capacitive effect. The hypothesis is also supported by [26] in which the authors
found that, when the rusting degree of steel is high, the corrosion rate measured by
electrochemical test is higher than that obtained by gravimetric loss. In fact, the corrosion rate (ipo)
and corrosion potential measured at the end of potentiostatic polarisation tests showed in all
humidity conditions (after self-desiccation and immersion) a comparable corrosion behaviour with
negligible corrosion rate between the sandblasted bars and the bars with mill scale and with
different degrees of pre-rusting, confirming that the pre-rust present on the surface of the steel was

not detrimental to the passivation of the rebars in the concrete.
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Figure 4.7 Corrosion potential (E.,r Vs SCE) as function of corrosion rate (icory) measured on a) 10
mm and b) 18 mm diameter steel bars with different surface conditions embedded in ordinary
concrete, before and at the end of anodic polarisation test carried out at the end of self-
desiccation condition.
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Figure 4.8 Corrosion potential (E.,r Vs SCE) as function of corrosion rate (i¢o) measured on a) 10
mm and b) 18 mm diameter steel bars with different surface conditions embedded in ordinary
concrete, before and at the end of anodic polarisation test carried out at the end of immersion
condition.

4.3 Passivation of carbon steel in sustainable cementitious materials

The effects on passivation of carbon steel in concrete may be even more serious when binders
alternative to ordinary Portland cement (OPC) are considered, due to the different nature of

hydration products and composition of the pore solution.

In this section, the passivation of carbon steel embedded in the different sustainable cementitious
materials studied in this research is discussed. Before discussing the passivation of steel, the main
properties of these sustainable cementitious materials (i. e. glass powder mortar, CSA-based

concretes and cement-stabilised rammed earth) are illustrated.
4.3.1 Properties of sustainable cementitious materials
4.3.1.1 Properties of waste glass mortar

The use of waste glass in construction materials appears among the most sustainable options
considering that glass has a chemical composition compatible with that of sand and cement and its
use could reduce in turn the environmental cost of concrete. The effects of the combined use of
waste glass as a potential replacement of cement and/or expanded aggregates on durability and
performance of the mortars studied in this thesis work are discussed in this section. Different
mortars with w/c ratio equal to 0.5 and mix proportion of 1:3:0.5, respectively of binder (CEM II/A-L
42.5R cement, also in partially replacement with recycled glass powder), aggregates (standard
sand or expanded glass) and water, were performed. Table 4.1 summarises the properties of

waste glass mortar studied.
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Table 4.1 Summary of properties of waste glass mortar (according to average value of two or
three replicated specimens).

Waste glass . Electrical resistivity ASR

Mortar (%) Consistence dl;rsssi? Compressive strength (MPa) Q'm) expansion (%)

Glass Expanded (%) (K /m% 7 28 90 180 28 100 500 14 70

powder glass 9 days | days | days | days | days | days | days | days days
M134 - - 134 2273 53 | 58 | 68 | 67 | 45 58 57 | 0.20 | 0.57
M135 30 - 150 2244 38 | 49 58 | 71 | 103 | 310 | 380 | 0.07 | 0.38
M136 30 100 139 1177 14 | 16 15 14 | 67 | 135|149 | 0.02 | 0.11
M137 - 100 131 1206 18 | 17 17 15 | 36 49 64 | 0.06 | 0.09

Consistence and fresh density

A waste glass powder with specific surface of 600 m?%kg was considered in this research. Mortars
were made also with a commercial expanded glass aggregates with particle size in the range of 2
~ 4 mm. Consistence results, as shown in Table 4.1, showed that fine glass powder was beneficial
for improving the consistence of mortar, whereas coarse expanded glass slightly decreased the
consistence of mortar. Glass powder particles can fill the interstices between cement particles and
lead to more water to be released, which facilitates the lowering of the friction between particles
[73]. Besides, the low water absorption and smooth surface of glass powder may contribute to
improve the consistence of mortar. However, expanded glass particles can increase the friction
between particles due to its coarse surface with negative effects on consistence. Also the high
water absorption of expanded glass aggregates due to high porosity can cause the fluidity loss of
fresh mortar made with them. The mortar made with glass powder in partial replacement of OPC
showed comparable fresh density with reference mortar made with CEM | 52.5R cement.
Conversely, mortars with expanded glass aggregates led to decrease the density to around 1200
kg/m?.

Compressive strength

Owing to the occurrence of pozzolanic reaction of glass powder at later age, the compressive
strength of normal mortar made with glass powder (71 MPa) was higher than that of reference
mortar (67 MPa) after 6 months curing, as confirmed from the results reported in [50], [71]. In
contrast, lightweight mortar made with expanded glass (M137) showed a compressive strength of
15 ~ 18 MPa and no enhancement of strength during the curing process, which should be
attributed to the high porosity and low resistance of expanded glass particles [69]. The lightweight
mortar made with glass powder (M136) showed a compressive strength of 14 ~ 16 MPa,

comparable with that of lightweight mortar without glass powder (M137).

Electrical resistivity

To evaluate changes in the capillary porosity during hydration process of the different glass mortar
studied in this research, electrical resistivity was measured on water curing specimens. Specimens

of reference mortar (M134) together with that of mortar with comparable cement and expanded
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glass in replacement of standard sand soon reached stable values around 50 Qem, showing no
significant increase during 500 days curing, as shown in Table 4.1. Conversely, mortars with glass
powder reached values of 135 Qsm and 310 Qem, respectively if made with expanded glass and
standard sand, after 100 days water curing. These high electrical resistivity values of mortars with
glass powder can be attributed to the well-known effect of pore refinement brought about by the
pozzolanic reaction [72]. Also, a minor effect due to reduction in ionic content in the pore solution

induced by pozzolanic reaction can be considered.
ASR expansion

Based on the obtained results of ASR expansion of waste glass mortars, both glass powder and
expanded glass are useful for suppressing effectively ASR expansion. In fact, lightweight mortars
made with expanded glass aggregates (M136 and M137, Table 4.1) showed a negligible
expansion (lower than 0.1%), even after 70 days of exposure in 1 M NaOH solution. Conversely,
reference mortar without waste glass (M134) showed a sharp increase of ASR expansion, as

summarised in Table 4.1, reaching 0.2% and 0.57% after 14 and 70 days test respectively.

The phenomenon that fine glass powder is helpful to reduce ASR expansion has been reported by
many researchers [50], [55], [65], [71], [76], [144]. A common explanation refers to the pozzolanic
reaction of fine glass powder in cementitious materials, allowing the dissolved reactive silica and
alkali in glass powder to be largely consumed to form C-S-H gel before ASR reaction initiation [145].
Whereas the excellent ability of expanded glass particles to suppress ASR expansion, as also
reported in [80], [146], should attribute to the porous structure of expanded glass that is able to
accommodate the large amount of ASR gel produced [68]. The cracks occurred on the surface of
mortars made with expanded glass (M136 and M137) might be due to the reason that the space
inside expanded glass particles was not enough to accommodate the progressively produced ASR
gel, as seen in Figure 4.9, and that the tensile strength of expanded glass was too low to resist

cracking stress.

Figure 4.9 Cracked surface of expanded glass mortar (specimen M137) subjected to ASR test.
M137:100% standard sand replaced by expanded glass.
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4.3.1.2 Properties of CSA-based concrete

Also the interest on innovative binders based on calcium sulfoaluminate (CSA) cement has
increased mainly in relation to sustainability issues. In this research, different CSA-based cements

(shown in Section 2.1) have been considered and their role on concrete performance was studied.
Workability and hardened density of CSA-based concrete

The low workability (1 cm) of pure CSA concrete (SR03) was the result of the quick formation of
ettringite that can typically occur within 15 ~ 20 mins after casting [104]. Differently, for all other
concrete obtained by blending sulfoaluminate cement with ordinary cement or with the addition of
Ca0O, a comparable workability of consistence class S4 (16 ~ 21 cm) was measured. The

hardened density of CSA-based concretes was not different with that of ordinary concrete.
Mechanical properties of CSA-based concrete

The compressive strength of reference concrete (made with CEM II/A-L 42.5R cement) and CSA-

based concretes at different curing ages (1, 7, 28 and 90 days) was listed in Table 4.2.

By comparing mixtures made with w/c ratio equal to 0.55, it can be observed that concrete with
pure CSA cement (SR03) showed highest compressive strength already after 1 day of curing (56
MPa), as shown in Table 4.2; this mechanical performance has to be attributed to different
hydration products, mainly ettringite, formed at the early age. Although, blended CSA concretes
achieved compressive strength (28 ~ 35 MPa, at 1 day) lower than that of pure CSA concrete; their
performance were higher if compared with ordinary concrete. The addition of CaO slightly reduced
the compressive strength of CSA-based concretes when comparing the compressive strength
between SLO5 NF and SLO5 NF+CaO CSA-based concretes, which could be due to the reason
that the increased quantity of lime, especially free lime, may influence the hydration of ye’elimite
[106]. The difference of dynamic elastic modulus between CSA-based concretes and reference

concrete was not so significant as that measured in terms of compressive strength.

Table 4.2 Compressive strength of CSA-based concretes (according to average value of two
replicated specimens).

Binder type R.1 (MPa) R.7 (MPa) Rc2s (MPa) Rco0 (MPa)
Wic 0.47 0.55 0.47 0.55 0.47 0.55 0.47 0.55
CEM Il/A-L 42.5R 15.8 26.2 46.7 46.5 54 53 59.9 58.8
SLO5 NF 40.5 35.6 57.4 52.7 70.4 53.1 79.2 72.9
SLO5 NF+CaO 37 27.9 57.4 45.6 67.6 49.3 73.6 57.5
SL05+CaO 43 31.5 53.4 43.2 59.1 57.6 69.9 65.9
SRO3 - 56.4 - 66 - 72.3 - 72.9

Electrical resistivity

Figure 4.10a-b shows the electrical resistivity of the different concrete (w/c = 0.47 and 0.55) as a

function of time (28 days, 90 days and 1 year) after mixing on specimens in water curing. CSA-
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based concretes with w/c ratio of 0.55 showed no significant difference in terms of electrical
resistivity if compared with reference concrete after 28 and 90 days of water curing. However, after
a prolonged curing up to 1 year, CSA-based concretes showed higher electrical resistivity than
reference concrete (71 Q+m); especially CSA-based concrete made with SLO5 NF cement and the
addition of CaO reached about 210 Q+m. This could be attributed to the denser microstructure of
CSA concrete [104]. In general, higher electrical resistivity values were founded with decreasing of
w/c ratio (Figure 4.10b). Adding CaO can noticeably enhance electrical resistivity, due to its
influence on hydration process as confirmed by monitoring the conductance of specimens under
self-desiccation conditions since the first minutes after casting (Figure 3.26). During the first hours
of hydration process, a peak of conductance can be observed inn all concrete. This is due to the
initial increase in the conductance as a result of ions from the binder to the solution, followed by
decrease caused by the development of hydration products. The addition of CaO slightly delayed
the appearance of peak of conductance and resulted in higher conductance, which could be

because that CaO may influence the hydration of ye’elimite [106].

250 - 250 ~
]| @28 days, w/c 0.55 1| @28 days, w/c 0.47
—~200 1 590 days, w/c 0.55 200 4 090 days, w/c 0.47
g #1 year, w/c 0.55 € E B 1 year, wic 0.47
150 & 150 ]
£ ] > ]
> ] h= 1
Z 100 1 = 100 ]
n ] K] ]
g 1 g
50 - @ 50 - ’, ’,
0 o+ == [ | b [ [ = 11
CEMIIA-L SLO5NF SLO5NF+ SLO05+CaO CEMIIA-L SLO5NF SLO5NF+ SLO05+CaO
42.5R CaO 42.5R CaO
Binder type Binder type
a) b)

Figure 4.10 Electrical resistivity (average value of two or three replicate specimens) of reference
concrete and CSA-based concretes made with w/c ratios of a) 0.55 and b) 0.47 after 28
days, 90 days and 1 year of water curing.

Capillary absorption and water absorption

The sorption coefficient S (kg/(m*h%®)) of capillary absorption was calculated for all CSA-based

concretes and reference concrete studied in this research.

Figure 4.11 shows the average sorption coefficient of each type of concrete made with two w/c
ratios (0.47 and 0.55). At both w/c ratios (0.47 and 0.55), reference concrete showed the highest
sorption coefficient (0.62 and 1.13 kg/(m*h%?), confirming again that CSA-based concretes
developed denser microstructure than ordinary concrete. The addition of CaO slightly increased

sorption coefficient of CSA-based concrete.
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Figure 4.11 Sorption coefficient (average value of two replicate specimens) of reference concrete
and CSA-based concretes made with 0.47 and 0.55 w/c ratios.

The water absorption test at atmospheric pressure can reflect the open porosity of concrete.
Figure 4.12 shows the total water uptake of reference concrete (4.8% and 5.9% respectively for
wi/c ratios of 0.47 and 0.55) and CSA-based concretes at the end of test. CSA-based concretes
showed only a slightly higher open porosity than reference concrete. The addition of CaO had no
influence on the open porosity of concrete. Considering the fact that “SL05” cement was the blend
of limestone cement (CEM II/A-L 42.5R) with CSA clinker (30%), it might be deduced that CSA
clinker leads to higher open porosity of concrete.
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Figure 4.12 Absorption (average value of two replicate specimens) of reference concrete and
CSA-based concretes made with 0.47 and 0.55 w/c ratios under fully immersion for 52 days.
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Carbonation resistance

In relation to service life of reinforced structures, the concrete resistance to the penetration of
carbonation should be assessed (both in accelerated and natural carbonation).

Figure 4.13 compares the carbonation coefficients of reference concrete and CSA-based
concretes subjected to accelerated carbonation (4% CO,, 65 + 5% R.H. and 20°C). CSA-based
concretes made with “SL05 NF” and “SLO5 NF+CaQ” binders showed the comparable carbonation
resistance with reference concrete regardless of w/c ratio, ranging between 33 and 40 mm/year®®.
However, CSA-based concrete made with “SL05+CaO” binder had weaker carbonation resistance
(47 mmlyear®®) than reference concrete. Considering the fact that “SL05” cement is the blend of
limestone cement (CEM II/A-L 42.5R) with CSA clinker, this result confirms that CSA clinker has
weaker carbonation resistance when compared to ordinary concrete, as has been reported in [97],
[103], [111]. This is because ettringite is susceptible to carbonation [103]-[105].
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CEM Il/A-L 42.5R SL 05 NF SLO5NF+CaO  SL 05+ CaO
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Figure 4.13 Accelerated carbonation coefficient (average value of two replicate specimens) of
reference concrete and CSA-based concretes (cured 28 days) made with different w/c ratios
(0.47 and 0.55) after around 70 days accelerated carbonation (4% CO,, 65 + 5% R.H. and
20°C).

Figure 4.14 shows the carbonation coefficients of reference concrete and CSA-based concretes
cured for different time (7 and 28 days) under natural carbonation. It seems that curing time has no
significant influence on carbonation resistance of both reference concrete and CSA-based
concretes. CSA-based concrete made with “SLO5+CaO” binder had the worst carbonation
resistance (around 7 mm/year®®). Whereas CSA-based concretes made with “SL05 NF” and “SL05
NF+CaOQ” binders did not show significant carbonation resistance when compared to reference

concrete (around 4.5 mm/year®?).

- 118 -



Chapter 4

Discussion

10 + 10 +

9 E Ow/c 0.47 mw/c 0.55| 9 ] Ow/c 0.47 mw/c 0.55
2 : T ]
IS 7 € 7
é ] é ]
= 6 = 6
2 o 1
g 0 g 5
[} 1 (b} ]
S 47 8 47
S 31 S 31
E £
c 2 1 1 |
§ g 2
& 1 4 = 1 1
O ] O 1

0 - ‘ ‘ ‘ 0 - ‘ ‘ ‘

CEM II/A-L SL 05NF SL 05 NF + SL 05 + CaO CEM II/A-L SLO5NF SLO5NF+ SLO5+
425R CaO 425R Ca0 CaO
Binder type Binder type
a) b)

Figure 4.14 Carbonation coefficient of reference concrete and CSA-based concretes made with

different w/c ratios (0.47 and 0.55) a) cured 7 days, and b) cured 28 days, after 1 year
outdoor exposure.

Chloride penetration resistance
Also, the resistance to chlorides penetration of CSA-based concretes was studied.

Figure 4.15 shows the chloride diffusion coefficients of reference concrete and CSA-based
concretes with different w/c ratios (0.47 and 0.55) measured after immersion for 7 months in 3.5%
NaCl solution. CSA-based concretes showed the better resistance to chloride penetration when
compared to reference concrete, which is in agreement with the results reported in [113]. In
particular, the lowest diffusion coefficients were measured for concrete made with SLO5 NF cement
and with w/c ratios of 0.47 and 0.55, respectively equal to 6 and 8 x 10™ m?%s. concretes with
blended CSA cements (such as SLO5 NF and SLO5) and an addition of CaO showed an
intermediate behaviour in terms of resistance to chloride penetration between ordinary concrete
and concrete with SLO5 NF cement. Addition of CaO contributed to increase the diffusion
coefficient of blended CSA concrete. Moreover, the role of w/c ratio was more evident in concrete
made with addition of CaO. High AFm/AFt ratio (AFm:monosulphate (C,AS;H;,), AFt:ettringite
(C¢AS3H3,)) is helpful for enhancing the chloride penetration resistance of CSA-based concretes,
owing to the chloride binding ability of AFm [109]. The presence of CaO can help form more AFt
according to Reaction 1.17, therefore, decreases the AFm/AFt ratio.

C4A3S + 8CSH, + 6CH + 74H — 3C4AS;Hs, (1.17)
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Figure 4.15 Apparent chloride diffusion coefficient of reference concrete and CSA-based

concretes made with different w/c ratios immersed in 3.5% NacCl solution for 7 months.
4.3.1.3 Properties of cement-stabilised rammed earth

Rammed earth has been used for thousands of year also in many historic building placed around
the world but in recent decades it has stimulated many interests due to increasing environmental
concerns. While the technique has changed little since its origin, it's now common practise to
stabilise rammed earth with small quantities of cement, making it a sustainable cementitious
materials. Steel reinforcement embedded in cement-stabilised rammed earth (CSRE) is a further
example of adaptation of this traditional technique. The main properties of the CSRE studied in this
research has discussed in order to evaluate its protection capacity to the embedded steel.

The composition of cement-stabilised rammed earth (CSRE) studied in this research was designed
in order to obtain a target dry density of 1827 kg/m®. This low density measured for CSRE studied
in this research (below 2000 kg/m?®) is reasonable in relation to the modest dosage of cement and
to high w/c ratio which have been considered. The compressive strength of CSRE highly depends
on the cement dosages as well [118]. Higher cement dosage can result in more cementitious
materials available to form water insoluble bond with sand particles and enhance the strength of
CSRE [138]. Due to the low cement dosage (5% by soil mass) considered in this research, the
compressive strength of CSRE ranged between 3 and 4 MPa. The electrical resistivity measured
for ordinary concrete was around 60 Q-m after 28 days curing (Table 3.1), whereas the electrical
resistivity of CSRE was below 20 Q-m at the same curing time (Table 3.7). The low electrical
resistivity of CSRE suggests that CSRE may have a porous microstructure, considering the low
cement dosage in CSRE that means no enough cement paste is available to fill sufficiently the void

between sand particles or bond sand particles. Due to the high porosity of CSRE, the reaction of
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carbonation in CSRE exposed in atmosphere took place quickly with time. In fact, carbonation
depths of about 3 mm, 17 mm and 40 mm were measured respectively after 1 day, 3 weeks and 7
weeks of exposure in the laboratory. The relationship between carbonation depth and exposure
time is described by linear trend.

4.3.2 Effect of glass powder on corrosion protection of carbon steel

The corrosion behaviour of embedded steel bars was studied in order to investigate whether steel
bar can passivate in waste glass mortar similarly as in ordinary mortar. For this purpose, the
corrosion conditions of steel bars embedded both in glass and standard mortar were monitored
during self-desiccation conditions by measuring the corrosion potential (Figure 3.41a) and
corrosion rate (Figure 3.41b). The passivation state was reached for negligible corrosion rate
below 1 mA/m? The time need to embedded steel to reach this passivation condition was

evaluated starting from the casting of reinforced specimens and it was defined as passivation time.

Figure 4.16a-b respectively show the passivation time and steady corrosion rate of carbon steels
embedded in reference mortar and glass powder mortar under self-desiccation condition. After 6 ~
7 days, the carbon steel bars embedded in both reference mortar and glass powder mortar
reached the passive state. The passivation of carbon steel in mortar could be affected by such
factors as pH, electrical resistivity and capillary porosity of concrete which are influenced by the
hydration process of cement [147]. As shown in Figure 4.1, pH of glass mortar reached 13.
Moreover, it's all known that the pozzolanic reaction can help refine the microstructure of concrete
or mortar, which benefits for capillary porosity [148] and electrical resistivity [63], [72] of concrete or
mortar. Therefore, using glass powder in mortar is beneficial for the passivation of steel. As a
consequence, the steady corrosion rate of carbon steels embedded in glass powder mortar (0.17

mA/m?) was even lower than that in reference mortar (0.47 mA/m?).
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Figure 4.16 Comparison of a) passivation time and b) steady corrosion rate (icorr) Of carbon steels
embedded in reference mortar and glass powder mortar made with 0.5 w/c ratio under self-
desiccation condition. (M134:0PC; M135:30% OPC replaced by glass powder.)
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4.3.3 Effect of CSA-based cement on corrosion protection of carbon steel

4.3.3.1 Passivation of carbon steel and galvanised steel in CSA-based concrete

Figure 4.17a-b compares respectively the passivation time and steady corrosion rate of carbon
steel in various CSA-based concretes with different w/c ratio (with or without 0.4% chloride) under
self-desiccation condition. It can be seen that the carbon steel bars embedded in CSA-based
concretes without chloride showed shorter passivation time of few days when compared to that of
carbon steel in reference concrete without chloride ranged between 7 and 10 days. This might be
attributed to the fast kinetics of hydration of CSA clinker and to its denser microstructure at the
identical w/c. As a confirmation of the passive state, steel embedded in CSA-based concrete
reached low values of corrosion rate ranged between 0.3 and 0.5 mA/m? except for in concrete
made with pure CSA cement SR03 (0.9 mA/m?, Figure 4.17b). However, it's necessary to point
out that pure CSA concrete was able to passivate carbon steel even if its pH was lower than those
of blended CSA-based concretes as shown in Figure 4.1. The alkalinity of pure CSA concrete was
enough to guarantee the passivity of carbon steel. Moreover, when carbon steel bars were
embedded into concretes with 0.4% chloride, the passivation time of carbon steel was delayed,
especially for CSA-based concretes with CaO addition. Anyway, it’s clearly seen that the corrosion
rate of carbon steel bars embedded in CSA-based concretes with 0.4% chloride was comparable
to that in concrete without chlorides.
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Figure 4.17 Comparison of a) passivation time and b) steady corrosion rate (icorr) Of carbon steels
embedded in alkaline reference concrete and CSA-based concretes made with different w/c
ratios and chloride content under self-desiccation condition.

4.3.3.2 Effect of exposure condition

In order to study the effect of exposure condition on the stability of passivation of carbon steel

embedded in CSA-based concretes, reinforced specimens were subjected after self-desiccation

-122 -



Chapter 4
Discussion

condition to several exposure conditions with different temperature (20°C or 40°C) and relative
humidity (80% or 95%).

Figure 4.18 compares the average values of corrosion potential and corrosion rate of carbon steel
bars embedded in reference concrete and CSA-based concretes with different w/c ratio (with or
without 0.4% chloride), measured in different exposure conditions. The average value was
calculated considering only steady values after the transients due to changes in temperature or
relative humidity. Regardless w/c ratio and the presence or not of 0.4% chloride, corrosion
potential of carbon steel bar embedded in all types of concrete, including pure CSA concrete
(SR03), was above -200 mV vs SCE under all exposure conditions. Particularly, when the relative
humidity was 80%, the corrosion potential of carbon steel bars maintained in the proximity of 0 mV
vs SCE, which might be attributed to the fact that at lower relative humidity, the oxygen was more
available in the steel/concrete interface. According to the results of corrosion potential, all carbon
steel bars were in passive state. It was in line with the fact that the corrosion rate of carbon steel
bar embedded in all types of concrete was lower than 1 mA/m? under all exposure conditions,
showing the typical values of the conditions of passivity. Therefore, it was certain that the
passivated carbon steel bar embedded in CSA-based concretes maintained its passivation state
under all exposed conditions, even in 95% relative humidity and 40°C. Although the pH of pure
CSA concrete was not more than 11, as shown in Figure 4.1, the low corrosion rate (< 1 mA/m?) of
carbon steel in pure CSA concrete, even in 95% R.H., may thank to the higher electrical resistivity

of pure CSA concrete [97].
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Figure 4.18 Comparison of a), ¢) and e) corrosion potential (E.,r Vs SCE) and b), d) and f)
corrosion rate (icor) Of carbon steel bars embedded in reference concrete and CSA-based
concretes made with different w/c ratio and chloride content measured at the end of each
exposure condition.

4.3.4 Effect of cement-stabilised rammed earth on corrosion protection of

carbon steel

Figure 4.19a-b show respectively the passivation time and steady corrosion rate of carbon steel
bars embedded in cement-stabilised rammed earth (CSRE) specimens (5% cement by soil mass)
under self-desiccation condition. All the reinforced rammed earth specimens reached the passive
state in 22 ~ 24 days. This could be due to the low cement dosage in CSRE which cannot provide
adequate alkalinity to passivate carbon steel quickly. At the end of self-desiccation condition, all
carbon steel bars showed corrosion rate below 0.2 mA/m?. However, considering the fact that the
carbonation depth of CSRE was 40 mm after 47 days of exposure in laboratory condition, it's
reasonable to infer that CSRE might rapidly fail to offer corrosion protection to embedded steel due
to the fast alkalinity loss caused by carbonation. This hypothesis was confirmed by the low
corrosion potential (below -200 mV vs SCE) and slightly high corrosion rate (around 2 mA/m?) of
carbon steel bars measured at the end of 48 hours immersion test carried out after 100 days from

the manufacture of reinforced specimens, as shown in Figure 4.20.
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Figure 4.19 Comparison of a) passivation time and b) steady corrosion rate (ic,r) Of carbon steel
bars embedded in cement-stabilised rammed earth specimens (5% cement by soil mass)
under self-desiccation condition.
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Figure 4.20 Comparison of a) corrosion potential (Eqr Vs SCE) and b) corrosion rate (icor) Of
carbon steel bars embedded in cement-stabilised rammed earth specimens (5% cement by
soil mass) at the end of immersion test (48 hours).

4.4 Corrosion behaviour of pre-rusted steel in ordinary concrete

Based on the previous results (Section 4.2), the rust present on the surface of carbon steel bars
was not detrimental to the passivation of rebars in the ordinary concrete. However, it's necessary
to know if rust oxide layers on steel surface can influence the duration of initiation or propagation of
corrosion induced by carbonation or chloride penetration. In this section, the corrosion behaviour of
pre-rusted steel in carbonated ordinary concrete and in ordinary concrete subjected to chloride

penetration are discussed.
4.4.1 In carbonated ordinary concrete

Figure 4.21 shows the corrosion potential and corrosion rate measured on carbonated specimens
reinforced with steel bars with different surface conditions at the end of 48 hour of immersion tests.
In order to carbonate the reinforced specimens, the reinforced specimens were exposed to
accelerated carbonation (4% CO,, 65 + 5% R.H. and 20°C). It can be observed that the corrosion
potential values of both 10 mm and 18 mm diameter steel bars with different surface conditions in
carbonated ordinary concrete were very low (below -400 mV vs SCE) except for 18 mm diameter
as-received bar (A1) (Figure 4.21). The low corrosion potential of steel bars should be ascribed to
the alkalinity loss of concrete contact with steel bars due to carbonation. Accordingly, the high
corrosion rate (ranging between 5 and 9 mA/m? for 10 mm steel bars and around 10 mA/m? for
18mm steel bars) of reinforced specimens confirmed that all steel bars in carbonated concrete
were depassivated except 18 mm diameter as-received bar (A1) which had not been depassivated
yet, showing only a corrosion rate of 0.8 mA/m?. It can be noticed that no significant difference of
corrosion potential and corrosion rate can be found between all these active steel bars even if they
present different surface conditions. Therefore, pre-rusting of steel bar did not lead to more serious

corrosion in carbonated ordinary concrete than “as-received” steel bar or sandblasted bar.
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Figure 4.21 Corrosion potential (Ecor Vs SCE) and corrosion rate (icor) Of steel bars with different
surface conditions and different diameters: a) and b) 10 mm and c) and d) 18 mm embedded
in carbonated ordinary concrete measured at the end of immersion test (48 hours).

4.4.2 In ordinary concrete subjected to chloride penetration

Figure 4.22 shows the chloride threshold values of steel bars with different surface conditions
embedded in ordinary concrete in terms of their corresponding number of ponding cycles. All the
reinforced specimens were immersed in 3.5% NacCl solution for 1 day and dried in laboratory for at
least 6 days in each cycle. In case of specimens reinforced with 10 mm steel bars, as shown in
Figure 4.22a, the chloride threshold value is sequenced by Al (as-received) < B (exposed 6
months) < A2 (sandblasted) < C (exposed 1 year). Particularly, the highly rusted bars have
significantly higher chloride threshold value than other steel bars with different surface conditions.
The result is in agreement with the finding in [12] that sandblasting can increase chloride threshold
value of steel; the authors attributed it to the bare surface of sandblasted steel favouring the
formation of a fresh and dense passive film. The results proved also the observation that rust layer
can help increase chloride threshold value as reported in [16], [29]. Figure 4.23 shows the surface
condition of steel bars (10 mm diameter) with different initial surface conditions removed from
splitted reinforced specimens. It can be clearly seen that each steel has a pitting spot which is
typical pitting corrosion induced by chloride. It's necessary to point out that pre-rusted bar labelled
as “B” has similar surface condition like as-received bar, showing no visible rust on surface except
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pitting spot. However, it seems there still remained a red-brown rust layer on the “C” steel except
pitting spot. Thus, the high chloride threshold value of “C” steel might be attributed to the weak
physical barrier of rust layer between steel and cement hydrates [28].

Reinforced specimens with 18 mm sandblasted steel bars “A2” and lowly rusted steel bars “B”
showed some variations of chloride content, as shown in Figure 4.22b. For this reason, the order
of chloride threshold value of 18 mm steel bars is not very clear. However, the chloride threshold
value of 18 mm as-received steel bars (around 0.5%) was much higher than that of 10 mm as-
received steel bars (around 0.2%). This might be due to the defects of mill scale present on 10 mm
as-received steels (Figure 3.3). Both lowly rusted steel bars “B” and intermediately rusted steel
bars “C1” showed lower chloride threshold value when compared to as-received steel bars. Highly
rusted steel bars “C2” had the highest chloride threshold value. Figure 4.24a-b compares the
surface condition of steel bar “B-3” before casting and after splitting. The surface of bar “B-3” is
apparently not covered by rust layer (pitting spot on the other side). However, it seems the initial
rust layer still remained on the surface of bar “C2-3”, as shown in Figure 4.24d. Again, the high
chloride threshold value of “C2” steel (highly rusted) might be attributed to the weak physical
barrier of the remained rust layer. Most of steel bars just showed on single pitting spot as shown in
Figure 4.24d. However, it's been noticed that pre-rusted bar “C1-3” showed also a series of small

corrosion spots along with its longitudinal rib, as shown in Figure 4.24c.

In addition, It's also observed in Figure 4.22 that the corrosion of 18 mm diameter steel bars
initiated after all 10 mm diameter steel bars had shown clear sign of corrosion initiation, although
the concrete cover of specimens reinforced with both 10 mm steel bars and 18 mm steel bars was
25 mm. The reason behind this is not clear, it might be due to different dimension of specimen; but
this is out of the scope of this research. It's necessary to point out that the number of exposure
cycle did not seem to be correlated with the chloride threshold values. It should be borne in mind
that that the occurrence of pitting corrosion is stochastic [9].
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Figure 4.22 Chloride contents (by concrete mass) needed for corrosion initiation measured on
concrete samples collected close to steel surface of reinforced specimens with a) 10 mm
steel bars and b) 18 mm steel bars with different surface conditions as a function of number
of ponding cycles.
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Figure 4.23 The surface condition of 10 mm diameter steel bars with different initial surface
conditions removed from the splitted reinforced specimen. (Al:as-received; A2:sandblasted,;
B:exposed for 6 months; C:exposed for 1 year)

Figure 4.24 Surface condition of steel bars with 18 mm diameter labelled “B-3” a) before casting
and b) after splitting (pitting spot on the other side), ¢) “C1-3” and d) “C2-3”. (B:exposed for 6
months; C1 and C2:exposed for 1 year)
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45 Corrosion behaviour of carbon steel in carbonated CSA-based

concretes

Once the concrete cover of reinforced specimen is entirely carbonated (and hence steel is
depassivated), the propagation stage of steel corrosion begins. In order to evaluate the corrosion
behaviour of the steel in the different types of concrete during the propagation stage, reinforced
specimens made with CSA-based concretes were exposed to the same cycles of relative humidity
and temperature described for the alkaline reinforced specimens. In fact, the corrosion behaviour
of steel in carbonated concrete strongly depends on relative humidity as illustrated in Figure 4.25.
When the moisture content in concrete is less than 80%, the effect of ohmic drop must be taken
into account [5]. In this section, the corrosion behaviour of carbon steel in carbonated CSA-based
concretes subjected to exposure conditions with different temperature (20°C or 40°C) and relative
humidity (80% or 95%) are discussed.
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Figure 4.25 Schematic representation of the corrosion conditions of steel in carbonated concrete
under environments with different humidity [5]. (@ symbol represents anodic curve, ©

symbol represents cathodic curve.)

Figure 4.26 shows the average values of corrosion potential and corrosion rate of carbon steel
embedded in carbonated CSA-based concretes (w/c=0.55) made with different binders, without
and with chloride (0.4%), measured in different exposure conditions. The average value was
calculated considering only steady values after the transients due to changes in temperature or
relative humidity. Due to the alkalinity loss caused by carbonation, thus the corrosion potential of
carbon steels in carbonated CSA-based concrete is much lower than that of carbon steels in
alkaline concrete. In the condition of 95% relative humidity (at both 20°C and 40°C), regardless the
presence of 0.4% chloride, the corrosion potential of carbon steel bars in carbonated CSA-based
concrete was lower than -200 mV vs SCE whereas their corrosion rate values were higher than 1
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mA/m?, confirming that all carbon steel bars were in active state. It can be observed that the
addition of CaO can slightly decrease the corrosion rate of carbon steel, accompanied with the
slight increase of corrosion potential of carbon steel, which should be ascribed to the increase of
electrical resistivity of concrete. Without the addition of CaO, the corrosion potential and corrosion
rate of steel bar embedded in CSA-based concrete was comparable with that in reference
concrete. Under 20°C and 80% R.H. exposure condition, the corrosion potential of carbon steels in
CSA-based concretes without chloride was above -200 mV vs SCE, accompanied with corrosion
rate lower than 1 mA/m?. This should be attributed to the effect of ohmic resistive control, as shown
in Figure 4.25. However, by adding 0.4% chloride, the corrosion potential of carbon steel
decreased while the corrosion rate of carbon steel increased. Again, the addition of CaO can

decrease the corrosion rate of carbon steel and increase the corrosion potential of carbon steel

slightly.
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Figure 4.26 Comparison of a) and c) corrosion potential (E., vs SCE) and b) and d) corrosion
rate (icor) Of carbon steel bars embedded in carbonated reference concrete and CSA-based
concretes (w/c=0.55) without and with chloride measured at the end of each exposure
condition.
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The corrosion condition of carbon steel was verified by visual examination after splitting all the
reinforced specimens at the end of electrochemical tests. As an example, Figure 4.27 shows the
surface condition of carbon steel embedded in 0.55 w/c ratio carbonated CSA-based concrete
made by SLO5 NF binder without and with chloride after splitting reinforced specimens. It can be
seen that the surface of carbon steel bars shows the typical general corrosion induced by
carbonation. The carbon steel bars embedded in other type of concrete showed the similar

appearance.
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Figure 4.27 The surface condition of carbon steel in 0.55 wi/c ratio carbonated CSA-based
concrete a) without chloride and b) with 0.4% chloride made with SLO5 NF cement.

In order to check if all types of carbonated concrete were carbonated completely, the pH of pore
solution was estimated on powder samples of carbonated concrete close to steel surface after
splitting reinforced specimens. Figure 4.28 shows the pH of carbonated concrete pore solution
was approximately around 9.3 without significant difference between the different types of

concrete. Clearly, it can be seen that all types of concrete are carbonated completely.
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Figure 4.28 pH of carbonated reference concrete and CSA-based concretes (w/c=0.55) made
with different binders (free-chloride) measured at the end of electrochemical tests.
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4.6 Passivation of galvanised steel in CSA-based concretes and its

corrosion behaviour in carbonated CSA-based concretes

If the alkalinity of CSA-based concrete is not enough to passivate carbon steel, it could be used an
alternative type of reinforcement, i. e. galvanised steel which is a type of corrosion-resistant steel.
Moreover, if galvanised steel can have low corrosion rate when embedded in carbonated CSA-
based concretes, it can help prolong the propagation time of steel corrosion. In this section, the
passivation of galvanised steel in CSA-based concretes and its corrosion behaviour in carbonated
CSA-based concretes are discussed.

4.6.1 Passivation of galvanised steel in CSA-based concrete

Figure 4.29a-b compare the passivation time and steady corrosion rate of galvanised steel in
various CSA-based concretes with different w/c ratios (with or without 0.4% chloride) under self-
desiccation condition. Galvanised steels in all types of concrete took longer (more than 2 weeks in
general) to reach passivation state if compared with carbon steel discussed before. Especially, the
galvanised steel bars in CSA-based concrete made with SLO5 NF binder took much longer to be
passivated when compared with the galvanised steel bars in reference concrete. This behaviour
could be attributed to the dissolving of zinc layer at high pH caused by cement hydration. Higher
passivation time for galvanised steel bars reflects the difficultly of zinc with respect to carbon steel
to reach passivity in highly alkaline concrete solution. Although more time was required,
passivation occurred also with galvanised reinforcement as confirmed in terms of negligible
corrosion rate (Figure 4.29b) comparable to that obtained for carbon steel bars. However, the
addition of CaO showed a significant benefit to the passivation of galvanised steel, which might be
ascribed to the reason that the formation of passive film on galvanised steel depends on also the

concentration of calcium ions in concrete, as indicated in Reaction 1.5 [36], [37].

2Zn + Ca(OH), + 6H,0 — CaZn,(OH)4 - 2H,0 + 2H, (1.5)
It can be observed that the corrosion rate of galvanised steel in CSA-based concrete was
comparable to that of galvanised steel in reference concrete (0.2 mA/m?). Especially, galvanised
steel in CSA-based concrete made with SL0O5+CaO binder showed slightly lower corrosion rate. It
can be also seen that the corrosion rate of galvanised steel in pure CSA concrete (SR03) was
slightly lower than in other concretes. This could be due to the low pH of pure CSA concrete, as

shown in Figure 4.1, which decreases the corrosion rate of zinc layer of galvanised steel.
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Figure 4.29 Comparison of a) passivation time and b) steady corrosion rate (i) Of galvanised
steel embedded in alkaline reference concrete and CSA-based concretes with different w/c
ratios and chloride content under self-desiccation condition.

4.6.2 Effect of exposure conditions

In order to study the effect of exposure condition on the stability of passivation of galvanised steel
embedded in CSA-based concretes, reinforced specimens were subjected to exposure conditions
with different temperature (20°C or 40°C) and relative humidity (80% or 95%) after self-desiccation

condition.

Figure 4.30 shows the average values of corrosion potential and corrosion rate of galvanised steel
bars embedded in reference concrete and CSA-based concretes with different w/c ratios (with or
without 0.4% chloride), measured in different exposure conditions. The average value was
calculated considering only steady values after the transients due to changes in temperature or
relative humidity. When compared to carbon steel as discussed before, the corrosion potential
values of galvanised steels were much lower (in general below -400 mV vs SCE). The low potential
values are due to the presence of zinc layer on steel surface [149]. It's clearly seen that in 95%
relative humidity and 20°C condition, the corrosion potential of galvanised steels was lowest (< -
650 mV vs SCE), accompanied with the highest corrosion rate (1~2 mA/m?), as shown in Figure
4.30a-b. However, when temperature increased to 40°C, the corrosion potential of galvanised steel
bars increased slightly and corrosion rate of galvanised steel bars was slightly lower than 1 mA/m?2.
The corrosion of galvanised steel embedded in concrete is due to the dissolving of zinc layer at
high pH caused by cement hydration. It's not clear whether the alleviation of corrosion of
galvanised steel at 40°C is related to the rate of dissolving of zinc layer. Under 80% relative
humidity and 20°C condition, galvanised steels in all types of concrete showed corrosion potential
greater than -550 mV vs SCE and corrosion rate less than 1 mA/m?. This might be related to the
effect of ohmic resistive control. It's also noticed that the corrosion degree of galvanised steel bars

in reference concrete is lower than that in CSA-based concretes. The effect of the addition of CaO
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and 0.4% chloride is not significant. In general, the corrosion rate is significantly increased in all
specimens due to exposure to high humidity (95%, 20°C) while no significant increasing has been
observed when temperature was increased to 40°C at the same relative humidity. It has been
observed some difficulties during the monitoring of corrosion potential (Ec.r VS SCE) and corrosion
rate (icorr) (Figure 3.34-35) to obtain constant values for each type of exposure; this should be due
to the considerable transformations of the composition of the protective layer of the galvanised

reinforcement which could require also long time.
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Figure 4.30 Comparison of a), ¢) and e) corrosion potential (E.,r Vs SCE) and b), d) and f)
corrosion rate (icor) Of galvanised steel bars embedded in alkaline reference concrete and
CSA-based concretes made with different w/c ratios and chloride content measured at the
end of each exposure condition.
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4.6.3 Corrosion behaviour of galvanised steel in carbonated CSA-based

concrete

Figure 4.31 shows the mean values of corrosion potential and corrosion rate of galvanised steel
embedded in carbonated reference concrete and CSA-based concrete (w/c=0.55) made with
different binders without and with chloride (0.4%), measured in different exposure conditions. The
average value was calculated considering only steady values after the transients due to changes in
temperature or relative humidity. Regardless of w/c ratio and the presence or absence of 0.4%
chloride, the corrosion rate of galvanised steel bars in carbonated CSA-based concrete was
significantly lower than that of carbon steel in carbonated CSA-based concrete. This should be
ascribed to the phenomenon that galvanised steel can maintain in passive state even when the
concrete is carbonated [37], [40]. The 95% relative humidity (20°C and 40°C) and the presence of
0.4% chloride had a significant effect on the corrosion of galvanised steel bars in all types of
carbonated concrete. The presence of 0.4% chloride can significantly increase the corrosion rate of
galvanised steel bars in carbonated concrete. Although, it's reported that the chloride threshold of
galvanised steel is much higher than carbon steel [42], [49], it is noticeably decreased in
carbonated concrete [40]. Again, the addition of CaO cannot benefit to the corrosion of galvanised

steel in carbonated CSA-based concrete.
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Figure 4.31 Comparison of a) and c) corrosion potential (E.,r vs SCE) and b) and d) corrosion
rate (icor) Of galvanised steel bars embedded in carbonated reference concrete and CSA-
based concretes (w/c=0.55) without and with chloride at the end of each exposure cycle.
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Conclusions and future work

The corrosion protection of steel embedded in new sustainable cementitious materials, such as
waste glass mortar (made with glass powder and expanded glass), calcium sulfoaluminate-based
concretes and cement-stabilised rammed earth, was studied. The pH of pore solution of these new
sustainable cementitious materials around the steel rebar but also their physical and chemical
properties have been considered in order to evaluate the passivation and the corrosion behaviour
of steel embedded in them. Moreover, the effect of carbonation and chloride penetration on the

corrosion behaviour of steel rebar in new sustainable cementitious materials has been studied.

The experimental tests have confirmed that alkaline chloride-free ordinary concrete made with
limestone Portland cement (CEM II/A-L 42.5R cement) could passivate carbon steel bars in not
more than 3 ~ 7 days by reaching corrosion rate less than 1 mA/m®. The ability of steel to reach
passive conditions was studied also in presence of oxide layers such as rust, caused by

atmosphere exposure, and the mill scale due to manufacture process on steel surface.

Characterization of rust layer of steel bars suggested that the rust layer formed on steel surface
has a porous morphology and it is not a uniform protective layer; its average thickness increased
when exposure time increased, reaching around 100 um after 1 year outdoor exposure. Moreover,
the dark-gray mill scale on newly manufactured rebars, although it appeared compact at the naked
eye, it was indeed not always adhering to the steel and it was considerably cracked.

Anyway, the results of corrosion tests revealed that the rust layer and the mill scale on the surface
of carbon steel bars are acceptable and not detrimental to the passivation of steel in ordinary
concrete (made with CEM II/A-L 42.5R cement); pre-rusted steel bars (both 10 and 18 mm
diameter) reached passivation state in ordinary concrete, showing stable passivation in all humidity
conditions (self-desiccation, 80% R.H. and immersion). The corrosion behaviour of pre-rusted steel
bars with 10 and 18 mm diameter embedded in carbonated ordinary concrete did not show
significant difference than that of steel rebars in “as-received” and sandblasted bars, both
considered for comparison purpose. Also the role of chloride penetration on the stability of passive
state of pre-rusted steel have considered. Based on the experimental results, the highly rusted
steel bars (exposed for 1 year) showed the highest chloride threshold values regardless of steel
diameter. However, lowly rusted steel bars (exposed for 6 months) showed slightly lower chloride

threshold values when compared to sandblasted steel bars.

The durability-related properties of concrete or mortar performed with these studied new binders,
have been studied. Based on the experiment results, glass powder improved the workability of

mortar, while expanded glass led to a slight decrease. In the early age (7 days), replacing OPC
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with 30% glass powder, the compressive strength of mortar with standard sand decreased around
15 MPa; however, glass powder mortar reached a slightly higher strength (71 MPa) after 6 months
curing if compared to reference OPC mortar, due to its delayed pozzolanic reaction. Mortars
containing expanded glass showed a noticeable strength loss when compared with reference
mortar, and maintained their compressive strength around 16 MPa without any strength increase

during 6 months curing.

Glass powder, due to the pozzolanic reaction, noticeably increased the electrical resistivity of
mortar with standard sand, reaching stable value around 350 Qem. Electrical resistivity of
expanded glass mortar without glass powder was slightly lower than that of reference mortar
(around 50 Q+m) while for the mortar with glass powder and expanded glass electrical resistivity of
around 150 Q+m was reached. Glass powder, thanks to the pozzolanic reaction, increased also the
resistance to alkaline-silica reaction (ASR) expansion. Lightweight mortars with expanded glass
(density about 1300 kg/m®) demonstrated extremely good resistance to ASR expansion during
accelerated tests. However, the expanded glass mortars made without and with glass powder
showed crack on the surface respectively at about 30 days and 70 days of accelerated ASR tests

as a confirmation their susceptibility to ASR.

In alternative to supplementary cementitious materials (SCMs) such as glass powder, it could use
new type of cement such as calcium sulfoaluminate (CSA). Both pure CSA cement (composed by
78% CSA clinker) and blended CSA-based cements (consisting of 30% CSA clinker and 60%
ordinary cement) have been studied. Based on experimental results, CSA-based concretes (w/c =
0.47 and 0.55) showed higher compressive strength both at early and later age when compared to
reference concrete made with Portland limestone cement (CEM II/A-L 42.5R); in particular, a
compressive strength of 56 MPa was reached by pure CSA concrete (w/c = 0.55) already 1 day
after casting, confirming that their high performance of strength at early age was due to the rapid
formation of ettringite. The presence of 0.4% chloride (by cement mass) added into the mixtures
didn’t induce any significant influence to compressive strength. The addition of 2.5% CaO powder

(by cement mass) slightly decreased the compressive strength of CSA-based concrete.

In initial stage, i.e. in the first 24 hours after casting, the conductance of CSA-based concretes
(both 0.47 and 0.55 wi/c ratios) varied drastically; in particular, CSA-based concretes showed sharp
peaks just after few hours due to the quick release of ions produced by the hydration of cement.
The peaks appeared at the very early stage revealed the faster reaction kinetics of CSA clinker

and explained the high early strength of CSA-based concretes.

CSA-based concretes (w/c = 0.47 and 0.55) immersed into water have exhibited much higher
electrical resistivity in time when compared to reference concrete. The addition of 2.5% CaO in

CSA-based concretes enhanced its electrical resistivity noticeably.
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Both in natural and accelerated carbonation test, SLO5 NF concretes (with and without CaO) made
by blending 30% CSA clinker with 60% of CEM | 52.5R showed a similar carbonation resistance to
reference concrete made with CEM II/A-L 42.5R cement; SLO5 concrete (with CaO) made by
blending 30% CSA clinker, with 60% of CEM II/A-L 42.5R performed lower carbonation resistance.
In case of natural carbonation, the carbonation coefficients of SLO5 NF concretes (with and without
Ca0) and SLO5 concrete (with CaO) were around 4.5 and 7 mm/year’® respectively. Under the
condition of accelerated carbonation, the carbonation coefficients of SLO5 NF concretes (with and
without CaO) ranged between 35 and 40 mm/year®® while for SLO5 concrete (with CaO) the
carbonation coefficient reached 47 mm/year®>.

CSA-based concretes at both 0.47 and 0.55 w/c ratios showed lower capillary absorption. Low wi/c

ratio of 0.47 noticeably decreased the capillary absorption of concretes.

The chloride resistance of CSA-based concretes outperformed that of reference concrete.
Especially, SLO5 NF concrete showed the lowest chloride diffusion coefficient (around 7 x 10™2
m?/s). The addition of 2.5% CaO (by cement mass) increased the chloride diffusion coefficient.
CSA-based concretes SLO5 NF and SLO5 with CaO were susceptible to the change of wi/c ratio;

increasing w/c ratio from 0.47 to 0.55 significant increased their chloride diffusion coefficients.

Cement-stabilised rammed earth is a further example of sustainable cementitious materials to be
used as construction materials even it's necessary to consider some differences with respect
ordinary concrete or other new cementitious materials. Based on experimental results, cement-
stabilised rammed earth with 5% ordinary cement (by mass of soil) showed a dry density around
1900 kg/m?® and modest compressive strength around 4 MPa after 28 days moist curing. Electrical
resistivity of cement-stabilised rammed earth just reached values around 20 Qem after 28 days
moist curing. Due to the high porosity of cement-stabilised rammed earth, the carbonation reaction
took placed quickly with time. As a consequence, the carbonation resistance of cement-stabilised
rammed earth was very low, based on the fact that carbonation depth reached 40 mm just after 47

days exposure in laboratory condition.

The results from pH tests showed that blended CSA-based mortars (w/c=0.5) had values of pH
similar to that reference concrete made with Portland limestone cement (CEM II/A-L 42.5R),

ranging between 12.5 and 13. The pH of pure CSA mortar was between 11.2 and 12.

The corrosion behavior of steel embedded in these new sustainable cementitious materials was
studied in order to investigate whether steel can reach stable passive conditions regardless from
the difference in terms of alkalinity. Based on corrosion tests of steel bars embedded in these new

sustainable cementitious materials under self-desiccation condition (23°C), the main findings are:
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The results of corrosion tests on carbon steel bars embedded in reference mortar made with CEM |
52.5R cement and glass powder mortar (replacing 30% OPC) indicated that the passivity of carbon
steel bar embedded in glass powder mortar was similar as in reference mortar. The passivity
conditions of carbon steel bars embedded in glass powder and reference mortars was achieved
around 7 ~ 8 days after casting, when their corrosion potential reached values above -200 mV vs
SCE and their corrosion rate had values below 1 mA/m?.

The passivation of both galvanised and carbon steel bars is guaranteed in CSA-based concretes,
even in pure CSA concrete. The average passivation time of carbon steel bars in CSA-based
concretes was less than one week after casting, slightly shorter than that of reference concrete
regardless of w/c ratio and the addition of CaO. The presence of 0.4% chloride (by cement mass)
delayed more than one week the passivation of carbon steel bars in CSA-based concretes with the
addition of 2.5% CaO (by cement mass). Longer time was required for the passivation of
galvanised steel bars in CSA-based concretes and reference concrete. The average passivation
time of galvanised steel bars in CSA-based concretes with CaO was slightly faster than that in
reference concrete, less than 17 days regardless of wi/c ratio. Nevertheless, SLO5 NF CSA-based
concrete (without CaO) took more than 40 days in case of w/c ratio of 0.55 and around 70 days in

case of w/c ratio of 0.47 to passivate galvanised steel bar respectively.

The presence of 0.4% chloride was observed no effect to the passivation time of galvanised steel,
except in SLO5 CSA-based concrete (with CaO). The corrosion rate values measured on carbon
steel bars in all studied alkaline concrete in alkaline condition were negligible (0.2 ~ 0.7 mA/m?) in
all exposure conditions with different relative humidity (80% or 95%) and temperature (20°C or
40°C), confirming the stability of the passive film. Galvanised steel bars in all studied alkaline
concrete showed passivity condition regardless of exposure condition as well; only slightly higher

values (around 1mA/m?) were observed at higher relative humidity (95%).

Carbon steel bars embedded in cement-stabilised rammed earth made with 5% ordinary cement
(by mass of soil) can be passivated within around 3 weeks; however, the carbon steel bars
became active after around 2 months exposure in laboratory condition due to the fast carbonation
of rammed earth specimens; however, the corrosion rate of carbon steel bars maintained at low

level if the specimens were not wetted.

For the study of the corrosion behaviour of carbon steel and galvanised steel in carbonated CSA-
based concretes subjected to exposure conditions with different relative humidity (80% and 95%)

and temperature (20°C and 40°C), the major conclusions can be draw below:

Carbon steel bars embedded in carbonated CSA-based concretes (w/c=0.55) without chloride
showed corrosion rate around 7 mA/m* when exposed to 95% R.H. (20 and 40°C), negligible

corrosion rate was observed in 80% R.H. and 20°C exposure condition. Differently, galvanised
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steel bars in carbonated concrete showed corrosion rate around 1 mA/m? at exposure conditions
with high humidity (95%) but below 0.1 mA/m?at condition of 80% R.H..

In presence of 0.4% chloride (by cement mass), the corrosion rate of both carbon steel and
galvanised steel in all studied carbonated concretes increased. In particular, carbon steel bars
embedded in carbonated concrete made with SLO5 NF CSA-based cement reached corrosion rate
up to 40 mA/m? by increasing the relative humidity and temperature until 95% R.H. and 40°C; in
comparison, galvalised steel bars in the same conditions had lower corrosion rate around 10
mA/m?. The addition of 2.5% CaO (by cement mass) in CSA-based concretes can improve the
corrosion protection of active steel in carbonated CSA-based concretes (absence and presence of
chloride), but unfortunately, it cannot prevent the carbonation of blended CSA-based concretes.

Overall, the results presented in this thesis show that there is a great potential for the use of the

studied cementitous materials since able to guarantee passivation of steel rebars.

Anyway, as shown based on the obtained results, the corrosion protection of steel embedded in
cementitous materials highly depends on the pH of pore solution and the composition and
microstructure of such cementitious materials. In fact, their pore microstructure can strongly
influence durability-related properties. Moreover, the chemical composition and mix proportion of
these new sustainable cementitous studied by different researchers in literature can be a lot of
different, particularly for CSA-based cements and cement-stabilised rammed earth (also due to the
combined use of supplementary mineral addition such as fly ash and ground blast furnace slag).
Anyway, the literature papers dealing with the durability of the new sustainable cementitous
materials studied in this research are scarce, not to mention the corrosion protection of steel bars

embedded in them.

Owing to inherent relationships among constituents, microstructure and properties of new
cementitious materials, more efforts are needed to reveal microstructural features of hardened

cement paste.

Consequently, a possible future work could include more detailed microstructural observations on
CSA-based concretes, waste glass mortar and cement-stabilised rammed earth by using SEM or
other microstructural techniques. It should be useful to determine the pore size distribution and

possible pH variation occurring during the hydration process of studied cementitous materials.
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Microstructure observations of reference concrete and CSA-based concretes

Appendix A
Microstructure observations of reference concrete and CSA-based
concretes

A.1 Concrete with CEM II/A-L 42.5R
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Figure A.1 SEM images at different magnifications a), b) and c) and EDS analysis d) of concrete
made with CEM II/A-L 42.5R (w/c=0.55) after 28 days of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes

A.2 Concrete with SLO5 NF binder
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f) 9)

Figure A.2 SEM images at different magnifications a), b), c), d), e) and f) and EDS analyses Q)
and h) of concrete made with SLO5 NF binder (w/c=0.55) after 1 day of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes
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Figure A.3 SEM images at different magnifications a), b), c¢), d) and e€) and EDS analyses f) and
g) of concrete made with SLO5 NF binder (w/c=0.55) after 7 days of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes
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Figure A.4 SEM images at different magnifications a), b) and c¢) and EDS analysis d) of concrete
made with SLO5 NF binder (w/c=0.55) after 28 days of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes

A.3 Concrete with SLO5 NF+CaO binder
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f)

Figure A.5 SEM images at different magnifications a), b), ¢), d) and e) and EDS analysis f) of
concrete made with SLO5 NF+CaO binder (w/c=0.55) after 1 day of moist curing.
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100 pm
H

& Ca
C ]
M K Fe

1 2 3 4 5 5 7 g 9
Full Scale 633 cts Cursor; 0.015 (1067 ct=) ke

d)

Figure A.6 SEM images at different magnifications a), b) and c) and EDS analysis d) of concrete
made with SLO5 NF+CaO binder (w/c=0.55) after 7 days of moist curing.

- 157 -



Appendix A
Microstructure observations of reference concrete and CSA-based concretes

’ Ca
Si
cfl M z K \ﬂ

T T T T T T T T T
1 2 3 4 5 g 7 g 9
Full Scale 533 cts Cursor: -0.004 (400 ct=) ket

d)

Figure A.7 SEM images at different magnifications a), b) and c) and EDS analysis d) of concrete
made with SLO5 NF+CaO binder (w/c=0.55) after 28 days of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes

A.4 Concrete with SLO5+CaO binder
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Figure A.8 SEM images at different magnifications a), b), ¢) and d) and EDS analyses e) and f) of
concrete made with SL0O5+CaO binder (w/c=0.55) after 1 day of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes
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Figure A.9 SEM images at different magnifications a), b) and c) and EDS analysis d) of concrete
made with SL05+CaO binder (w/c=0.55) after 7 days of moist curing.
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Microstructure observations of reference concrete and CSA-based concretes
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Figure A.10 SEM images at different magnifications a), b) and c) and EDS analysis d) of concrete
made with SLO5+CaO binder (w/c=0.55) after 28 days of moist curing.
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Appendix A
Microstructure observations of reference concrete and CSA-based concretes

A.5 Concrete with SR03 binder
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Figure A.11 SEM images at different magnifications a), b), c), d) and e) and EDS analyses f), g)
and h) of concrete made with SR03 binder (w/c=0.55) after 1 day of moist curing.
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