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ABSTRACT 

Rapid-set concretes are currently used to repair structures such as bridge decks, 

substructure elements on bridges (e.g. piers and columns), pavements, and components 

of buildings. As the name implies, rapid-set concrete results in a high strength in a short 

period of time (e.g. ≥ 20 MPa in 3 hours) in order to minimize construction times and 

disruption to the travelling public. Although they are capable of reaching a high-early 

strength, they are not only meant to be a short-term solution but to survive the life of the 

structure.  

Unlike ordinary Portland cement (PC) based systems, where ettringite 

(C3A·3C$·H32) is a minor constituent, the hydrates in rapid-set concrete systems are 

primarily composed of ettringite, which forms within the first few hours of hydration. 

The formation of ettringite is achieved through the use of cementitious systems that are 

rich in calcium and aluminum bearing oxides, which include binders that contain 

calcium aluminate cement (CAC) or calcium sulfoaluminate cement (C$A), together 

with calcium sulfate (C$).  

High-early strength Portland cement (HEPC) with high doses of set accelerator 

and calcium sulfoaluminate cements (C$A) are currently being used in rapid-repair 

products, however, there exists limited information concerning their long-term durability 

in aggressive conditions often encountered in service. 

A new rapid setting concrete composed of a ternary blend (PC-CAC-C$) of 

Portland cement (PC), calcium aluminate cement (CAC), and calcium sulfate (C$) has 

been developed and is expected to achieve both mechanical and durability characteristics 

similar to that of concrete produced with either HEPC or C$A cement.   
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This dissertation presents mechanical and durability performance data, from both 

laboratory and field studies, of ettringite systems based on the new ternary cement (PC-

CAC-C$) and two commercially-available cements that utilize calcium-sulfo-aluminate 

(C$A) cement. As a comparison, the performance was compared to that of portland 

cement based systems including high-early strength portland cement.  

The effect of carbonation on both the mechanical and durability properties of the 

various systems was also studied to determine the stability of ettringite under various 

environments. The use of X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) coupled with energy dispersive spectroscopy (EDS) was used to investigate the 

microstructural properties.  

In addition to studying the durability performance of these systems, 

modifications were made to an existing chloride-penetration model to allow for the 

impact of carbonation on chloride ingress to be assessed. This included making 

adjustments for the changes in the physical (pore-structure) and chemical (chloride 

binding) resistance to chlorides.  
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Chapter 1 

Introduction 

1.1 Problem Definition  

Rapid-set (ettringite-based) concretes are used in a variety of applications 

including areas which require a high-early strength within the first few hours of 

hydration. Unlike ordinary Portland cement (PC), which does not result in setting until 

after approximately 4-8 hours, ettringite-based systems are designed to reach strength in 

excess of 20 MPa in the first three hours of hydration.  

High-early strength Portland cement (HEPC) with a high dose of set accelerator 

and calcium sulfoaluminate (C$A) cements are currently being used in rapid-repair 

concretes, however, there exists limited information concerning the long-term durability 

of such concrete in the aggressive conditions often encountered in service (Glasser and 

Zhang, 2001).  

This research was part of a scientific network group, which consisted of the 

University of New Brunswick (UNB), Oregon State University (OSU), University of 

Texas at Austin (UTA) and École Polytechnique Fédérale de Lausanne (EPFL). The 

microstructural, durability and mechanical properties of a newly developed ternary 

system composed of PC, calcium aluminate cement (CAC) and calcium sulfate (C$) was 

studied and compared to a number of currently available ettringite-based systems (C$A 

blended systems) in addition to ordinary Portland cement (PC) and high-early Portland 

cement (HEPC).  
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1.2 Research problems  

In order to study the performance of the newly developed ternary system (PC-CAC-

C$) and to compare it to commercially available ettringite-based systems (based on 

C$A), the research was divided into the following phases.  

• The first phase was to develop a ternary mix comprised of Portland cement (PC), 

calcium aluminate cement (CAC) and calcium sulfate (C$) in order to achieve a 

compressive strength of at least 20MPa in three hours, while maintaining a 

suitable working time.  

• The second phase consisted of studying the durability performance of the various 

ettringite-based systems both in the laboratory under controlled environments as 

well as in the field.   

• The third phase was to study the effect of carbonation on the durability and 

mechanical properties of the various ettringite-based systems.  

• Finally, an existing model was modified to study the effect of carbonation on the 

chloride penetration of ettringite-based systems.  

1.3 Research scope and limitations 

The work conducted within this research was limited to the durability 

performance of ettringite-based systems primarily based on calcium aluminate cement 

(CAC) and calcium sulfoaluminate (C$A) cements. Although there currently exists a 

number of products capable of achieving high-early strength in the first hours of 

hydration, the scope of this research was limited to a select few.   

A number of assumptions were necessary during the research work. Firstly, it was 

assumed that the performance of systems in the laboratory were similar to that observed 
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in the field in order for comparisons to be drawn between the two environments. 

Secondly, it was assumed that the preparation of specimens in the laboratory was similar 

to what is conducted in practice. Finally, it was assumed that cementitious materials 

received at various increments of time contained the same constituents and were 

manufactured in the same way.  

1.4 Objectives 

The following objectives were set in place to achieve the research scope previously 

presented: 

a) To determine a mix design for a ternary systems composed of ordinary Portland 

cement (PC), calcium aluminate cement (CAC) and calcium sulfate (C$) capable of 

achieving a high-early strength and a suitable working time by modifying the: 

 - water-to-cementing-materials ratio (W/CM) 

 - cement content and proportions of components 

 - admixture doses (water-reducers, set-modifiers and air-entrainers)  

 - mixing procedure (batching sequence and mixing times) 

b) To analyze the durability performance in both the laboratory and field of various 

ettringite-based systems in addition to Portland-cement-based systems.  

c) To study the microstructure characteristics of the various systems using both the 

scanning electron microscope (SEM) coupled with energy dispersive X-ray spectroscopy 

(EDS) analysis and x-ray diffraction (XRD), and study the effect of both chloride 

ingress and binding as influenced by carbonation.   
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d) To conduct a sensitivity analysis (using a modified chloride-penetration model) to 

study the performance of ettringite-based systems as a result of a carbonation front 

penetrating as a function of time and its effect on the ability of these systems to bind and 

resist the ingress of chlorides.   

 
1.5 Outline of dissertation  
 

This dissertation was written according to the articles-format as outlined by the 

UNB School of Graduate Studies and is broken down into five articles which introduce 

and present the performance of ettringite-based systems under both laboratory and 

natural environments.   

Chapter II is an introduction and literature review of ettringite-based systems 

which includes the history, manufacturing and hydration characteristics of ettringite-

based systems based on calcium aluminate cement (CAC) and calcium sulfoaluminate 

cement (C$A). The chapter also includes a review of the durability performance of 

ettringite-based systems in comparison to PC blended systems.  

Chapter III is the first of five articles, which comprise the dissertation. This 

chapter introduces ettringite-based systems by presenting strength development, 

hydration evolution and microstructural characteristics 

Chapters IV-VII present the durability performance of a number of ettringite-

based systems under both laboratory and field conditions.  

Chapter IV presents the durability performance under laboratory conditions, and 

includes abrasion, carbonation, chloride penetration, corrosion and salt scaling data.   
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Chapter V presents the performance of ettringite-based systems exposed to a 

natural harsh marine environment. Reinforced concrete specimens placed at the high-

tide level on an island in the Passamaquoddy Bay for three years were studied to 

determine the resistance to chloride penetration and corrosion.   

Chapter VI presents the effect of carbonation on the durability performance of 

ettringite-based systems under controlled environments in the laboratory. The chapter is 

similar to Chapter IV although in this chapter, the durability performance is measured on 

previously carbonated specimens to determine the effect of carbonation on chloride 

penetration, corrosion, abrasion, and scaling as well as microstructural properties.  

The last of five articles is presented in Chapter VII and presents a sensitivity 

analysis to determine the impact of carbonation on the rate of chloride ingress and the 

time to corrosion. Modifications were made to an existing chloride-penetration model to 

allow the effects of carbonation on the chloride diffusion and binding characteristics to 

be accounted for as the carbonation front penetrates into the concrete with time.  

Finally, Chapter IIX summarizes the research conducted within this dissertation 

and lists a number of recommendations that could be studied in order to learn more 

about ettringite-based systems and possibly improve their durability performance.  

1.6 Summary of papers 

Of the five articles found within this dissertation a number have or will be 

published as conference proceedings whereas the remainder are currently under peer-

review for publication in refereed journals. All papers were written by the candidate and 

were reviewed by the co-authors(s).  
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The first of five articles entitled “Strength Development of Ettringite-Based 

Concrete” is currently not in press although it will be submitted in the near future. This 

paper is an introduction to ettringite-based systems in terms of hydration characteristics, 

microstructural analysis and strength evolution and presents the advantages of ettringite-

based systems as an alternative to ordinary Portland cement (PC). The candidate 

conducted the writing of this paper and collected all data except for the hydration 

evolution of the various systems; the latter was conducted by Dr. Julien Bizozero 

(Bizzozero and Scrivener, 2014).  

The second article entitled “Durability of Rapid-Strength Concrete Produced 

with Ettringite-Based Binders” was published in the Proceedings of the Calcium 

Aluminates International Conference and presented in Avignon, France in the summer 

of 2014 (Moffatt and Thomas, 2014). Since then, the data have been updated to include 

results up to and including the time that this dissertation was written. The durability 

performance of the various systems was studied by examining the effect of abrasion, 

carbonation, chloride penetration, corrosion, and salt scaling under a controlled 

environment in the laboratory. An updated version of this paper has been submitted to 

Cement and Concrete Composites. 

The third paper entitled “Performance of Rapid-Repair Concrete in an 

Aggressive Marine Environment” was published in the 2015 International Congress of 

Cement and Concrete Proceedings and was presented in Beijing, China in October, 

2015; the paper was peer-reviewed. Additional data have been added since the time that 

the article was submitted. This paper describes the performance of reinforced concrete 

specimens placed at the high-tide level on Treat Island, which is an island in the 
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Passamaquoddy Bay  (part of the Bay of Fundy). Treat Island experiences the highest 

tides in the world (up to 6m) and approximately 100 freeze-thaw cycles a year making it 

one of the harshest concrete environments in the world. Corrosion measurements were 

conducted by the candidate on a yearly basis up until three years. Scanning electron 

microscopy (SEM) coupled with energy dispersive x-ray (EDX) was used to investigate 

the penetration of chloride ions into the various systems. An updated version of this 

paper has been submitted to Construction and Building Materials. 

The fourth article entitled “Effect of Carbonation on the Durability Performance 

of Ettringite-based Concrete” has yet to be published but will be submitted for 

publication in a peer-reviewed journal by April 2016. This article is similar to the second 

article as it presents the durability performance of various ettringite-based systems 

although in this case the testing was conducted by the candidate on specimens that were 

carbonated prior to test. 

The durability performance was studied by examining the effect of chloride 

penetration, corrosion, abrasion and salt scaling of specimens placed under a controlled 

laboratory environment. The stability of ettringite as a result of carbonation was 

analyzed using both scanning electron microscopy (SEM) and X-ray diffraction (XRD).  

The final paper entitled “A Sensitivity Analysis on the Effect of Carbonation on 

Chloride Ingress in Ettringite-Based Systems” was conducted using a modified version 

of a model developed by Riding et al. (2013). The performance of two ettringite-based 

systems (PC-CAC-C$ and C$A-C2S) in comparison to a Portland cement (PC) was 

studied using a two-phase model representing carbonated and non-carbonated concrete 

with different chloride diffusion and binding characteristics (determined from results of 
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Chapter IV, V and VI). The rate of chloride ingress and the time to corrosion was 

predicted using this model.  

1.7 Significance of study 

Prior to this research being conducted there existed limited published durability 

performance data on ettringite-based systems; the intention of this study was to provide 

such data.  

One of the major contributions by the candidate from this research was the 

evolution of a new ternary (CAC-based) system, which was able to meet if not exceed 

the durability performance of commercially-available C$A-based systems. In many 

cases the durability performance (chloride penetration, corrosion resistance, salt scaling, 

marine and natural exposure) of a number of the ettringite-based systems was 

comparable with PC-based systems.   

The durability data attained from these systems was then used to develop a 

sensitivity analysis to determine the effect of carbonation of ettringite-based systems on 

chloride diffusion and binding, and the time to corrosion of reinforced concrete. 

 

 

 

 

 

 

 

 



 

  9 

Chapter 2  

                   Literature Review 

The purpose of this chapter is to give a comprehensive review of the literature 

associated with ettringite-based systems in terms of their hydration characteristics and 

durability performance.  

2.1 Rapid-set (ettringite-based) concrete 

With the ongoing deterioration of our surrounding infrastructure, there is a 

constant need for concrete repair materials to not only repair, but also maintain the 

service life of structures. In locations where time is of the essence, rapid-set concrete is 

used to minimize disruption to the travelling public.  

Unlike ordinary Portland cement (PC) concrete, where compressive strength is 

typically not measured until 24-hours, rapid-set concrete is able to achieve a high early 

strength in the first few hours of hydration making it ideal for repair of structures such as 

bridge decks, substructure elements on bridges (e.g. piers and columns), components of 

buildings and pavements, where a rapid turnaround time is required.  

Figure 2.1 shows typical strength-gain curves for rapid-repair and PC concretes. 

Whereas PC concretes are often characterized (or compared) on the basis of 28-day 

compressive strength, rapid-strength concretes are usually characterized by the strength 

at much earlier ages, typically 3 to 6 hours.  
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Figure 2.1- Strength development 

Rapid-hardening hydraulic cements are characterized according to ASTM C1600 

(2007), which specifies the compressive strength requirement of a number of cements 

including Ultra Rapid Hardening (URH), Very Rapid Hardening (VRH), Medium Rapid 

Hardening (MRH) and General Rapid Hardening (GRH). Table 2.1 shows the strength 

criteria used in ASTM C1600 together with limits on setting time and drying shrinkage. 

Although not specifically stated in ASTM C 1600, an industry-standard often applied to 

rapid-set concrete is the ability to attain a compressive strength of 20 MPa in three 

hours.   

ASTM C1600 characterizes these systems in terms of compressive strength 

(MPa), drying shrinkage (%) and setting time (min). URH, VRH, MRH and GRH 

systems require strengths of 7, 10, 15 and 28 MPa, respectively, within the first three 

hours of hydration.   
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There are a variety of high-strength cement systems available with a range of 

different formulations including magnesium phosphate, calcium aluminate, calcium 

flouro-aluminate and even finely-ground Portland cement with a set-accelerating 

admixture. However, this thesis is concerned with the performance of ettringite-based 

cements. In these cements high-early strength is achieved through the rapid formation of 

ettringite (C3A·3C$·H32), within the first few hours of hydration. Ettringite-based 

systems are abundant in ettringite in comparison to PC systems, where ettringite is only 

a minor constituent. Ettringite is produced using systems composed of calcium 

aluminate cement (main phase CA; CaAl2O4) with a source of calcium sulfate (C$) or 

systems, which consist of calcium sulfoaluminate cement (C$A) whose main phase is 

Ye’eleminite (C4A3$) plus calcium sulfate (C$) (Chen et al., 2012; Pelletier et al., 2010). 

Typical strength gain curves for CAC systems are compared with PC concrete in Figure 

2.2. Plain CAC may result in high-early strength with the addition of an accelerator; 

however, CAC undergoes a phenomena known as conversion which results in later age 

strength loss. The addition of PC to CAC (PC-CAC) also results in high-early strength 

although little later-age strength gain is observed due to the “blocking-ettringite” 

forming around unhydrated C3S preventing further hydration. The addition of calcium 

sulfate (C$) to form a ternary system results in both high-early strength as a result of 

ettringite formation within the first few hours of hydration followed by later age strength 

as a result of PC hydration.  
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Figure 2.2- Strength development of PC and CAC based systems 

High-early strength concrete can also be achieved using finely-ground high-

earlystrength (Type HE) Portland cement in combination with a high dosage of 

superplasticizer (to achieve low W/CM) and a high dosage of a chemical set-

accelerating admixture.  

2.2 Calcium Aluminate Cement (CAC) 

Calcium aluminate cement (CAC), also known as ‘aluminous cements’ in French 

and ‘cemento aluminoso’ in Spanish, is a rapid hardening hydraulic cementitious 

material that is used in a number of applications including rapid hardening, sewer 

linings, refractory applications and building chemistry. The following sections outline 

the history, manufacturing process, hydration reactions and a detailed summary of its 

applications.  
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2.2.1 History 

The discovery of calcium aluminate cement (CAC) occurred in the early 1900’s 

when J.J. Bied, who at the time was part of the J. & A. Pavin de Lafarge company at Le 

Teil, France, discovered that alumina-rich calcium aluminate had very good cementing 

properties (Scrivener and Capmas, 2003). The motivation for this discovery was to 

develop a sulfate-resistant material that could be used in various locations around 

France, where sulfate attack had previously been known to take place                       

(Scrivener and Capmas, 2003; Scrivener, 2008; Midgley, 1990).  

In 1908, the very first patent for the manufacturing process of CAC was created. 

Approximately ten years later, the material became readily available to the general 

public under the name ‘Ciment Fondu Lafarge’ (CFL). At the time, CFL was known for 

its rapid-hardening characteristics as well as its ability to be placed in harsh sulfate 

environments. Early uses of CFL included the repair of gun emplacements during WWI 

(Scrivener, 2008) and, for its sulfate resistance properties, for the construction of a 

tunnel passing through an area of anhydrite (CaSO4) for a railway running between 

Paris-Lyon-Marseille (P-L-M).  

During the 1950’s and 60’s CAC was being used in many locations across 

Europe as well as being adapted by various building codes in the United Kingdom to 

allow for its use in structural applications. In the 1970’s, the conversion of CAC 

(discussed in section 2.2.3) was discovered as a result of three structural collapses. Since 

then, CAC has been limited in structural applications although it has been used in a 

number of other applications.  
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2.2.2 Manufacturing and Materials Used 

Calcium aluminate cement (CAC) is produced by fusing or sintering together, 

suitable proportions of limestone and bauxite. Bauxite, which is rich in aluminum 

oxides, is the only suitable material available and, due to its high cost, results in the 

material being significantly more expensive than ordinary Portland cement.  

CACs are graded in terms of their alumina content as presented in Table 2.2 

(Scrivener and Capmas, 2003): the table also contains the typical oxide analysis for 

Type I/II PC and a calcium sulfoaluminate (C$A) cement (which will be discussed in 

section 2.3). CACs range in alumina contents anywhere from 35 to 80% whereas the 

standard grade of CAC contains a content of approximately 36 to 42% Al2O3. For the 

purpose of this dissertation, any mention of CAC will be in reference to the standard 

grade, commonly referred to as “Fondu”.  



  
 

16 

 

Ta
bl

e 
2.

2-
 C

om
po

si
tio

ns
 o

f v
ar

io
us

 c
al

ci
um

 a
lu

m
in

at
e 

ce
m

en
ts

 (S
cr

iv
en

er
 a

nd
 C

ap
m

as
, 2

00
3)

 

 
 

C
om

po
sit

io
n 

R
an

ge
 (%

) 

Ty
pe

 
C

ol
or

 
A

lu
m

in
um

 
C

al
ci

um
 

Si
lic

on
 

Ir
on

 
Ti

ta
ni

um
 

M
ag

ne
siu

m
 

So
di

um
 

Po
ta

ss
iu

m
 

O
xi

de
 

O
xi

de
 

D
io

xi
de

 
O

xi
de

s 
O

xi
de

 
O

xi
de

 
O

xi
de

 
O

xi
de

 

 
 

A
l 2O

3 
C

aO
 

Si
O

2 
Fe

2O
3+

 F
eO

 
Ti

O
2 

M
gO

 
N

a 2
O

 
K

2O
 

St
an

da
rd

 lo
w

 
G

re
y 

36
-4

2 
36

-4
2 

3-
8 

<2
 

<2
 

1 
0.

1 
0.

15
 

al
um

in
a 

C
A

C
 

to
 b

la
ck

 

Lo
w

 a
lu

m
in

a,
 

lo
w

 ir
on

 C
A

C
 

G
ra

y 
to

 
48

-6
0 

36
-4

2 
3-

8 
<2

 
<2

 
0.

1 
0.

1 
0.

05
 

w
hi

te
 

M
ed

iu
m

 a
lu

m
in

a 
W

hi
te

 
65

-7
5 

25
-3

5 
<0

.5
 

<0
.5

 
<0

.0
5 

0.
1 

<0
.3

 
0.

05
 

C
A

C
 

H
ig

h 
al

um
in

a 
W

hi
te

 
>8

0 
<2

0 
<0

.2
 

<0
.2

 
<0

.0
5 

0.
1 

<0
.2

 
0.

05
 

C
A

C
 

Ty
pe

 I/
II

 
G

re
y 

5 
63

 
20

 
4 

0.
2 

0.
9 

0.
3 

0.
3 

PC
 

C
$A

 
W

hi
te

 
14

 
52

 
12

 
1 

0.
9 

2 
0.

01
 

0.
9 



 

 

 

 

 

17 

The composition of CACs in comparison to ordinary Portland cements (PC) is 

presented in the ternary (CaO-SiO2-Al2O3) diagram in Figure 2.3. Portland cements, 

which are primarily composed of calcium oxide (CaO) and silicon dioxide (SiO2) with 

the addition of aluminum oxide are in a different region of the ternary diagram. CAC is 

typically produced using a reverberatory open-hearth furnace and in certain cases 

produced using a rotary kiln or a top-loader kiln as shown in Figure 2.4. 

 
Figure 2.3- Ternary CaO-SiO2-Al2O3 systems (Lamberet, 2005) 

 

Figure 2.4- Reverberatory furnace (Scrivener and Capmas, 2003) 
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Bauxite and limestone are loaded in a tall vertical stack, which is fired by 

pulverized coal, oil or other suitable materials. Water and carbon dioxide are driven off 

as the materials begin to melt at which point they are dropped from the vertical stack 

into the hearth of the furnace. Molten cement then pours out of a tap hole into molds in 

order to cool. Once dried, the clinker is crushed in ball mills until the desired particle 

size is achieved. Unlike ordinary Portland cement, where gypsum is added to avoid flash 

setting, gypsum is not added to CAC (Srivener and Capmas, 2003).  

2.2.3 Unhydrated constituents   

Unhydrated CAC consists of a number of phases with the main one being 

monocalcium aluminate (CaAl2O4 or CA) which constitutes approximately 40% of the 

system depending on the type of CAC (Srivener and Capmas, 2003). CA takes the 

general form CaxAlyFezSitOx+3/2(y+z)+2t where x can range between 4.4-4.8, y from 4.7-

5.0, z<=2.13 and t<=0.1 (Pöllman, 2012).  

Calcium dialuminate (CA2, CaAl4O7) is also abundant in CAC where its content 

increases with increased levels of calcium oxide within the system. The presence of 

dodecacalcium heptaluminate (Ca12Al14O33, C12A7, manyenite) increases the reactivity 

of the system. In addition, a number of minor constituents may be present which include 

dicalcium aluminate (C2A) and hibonite (CA6), which typically are present in higher 

grades of CAC (Srivener and Capmas, 2003). 

2.2.4 Hydration of CAC  
 

The hydration of CAC systems is significantly different than calcium silicate 

systems since it is primarily dependent on the temperature history during hydration. Due 
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to the speed of nucleation, the hydration of CA results initially in the formation of 

metastable hydrates (CAH10 and C2AH8) followed by the formation of stable phases 

(C3AH6 and AH3) in the lowest energy state. Hydration is dominated by a phenomenon 

known as conversion, where metastable hydrates convert into stable ones as time 

increases and the concrete matures. (Odler, 2000; Pollman, 2012; Scrivener and Capmas, 

2003; Taylor, 1997) 

The formation of CAH10 and C2AH8, forms at temperatures of approximately 30-

35°C and 35-65°C, respectively, as presented in equations 2.1 and 2.2 (Scrivener and 

Capmas, 2003). 

CA + 10H à CAH10      Eq. 2.1 

6CA + 60H à 3C2AH8 + 3AH3  + 27H2O   Eq. 2.2 

Both CAH10 and C2AH8 are metastable hydrates and will eventually transform 

into stable hydrates. The transformation process is thermodynamically inevitable 

although the speed that the process occurs depends on the temperature and moisture 

(w/cm) within the system.  

Conversion rapidly takes place at temperatures above 65°C resulting in the 

formation of stable hydrates (C3AH6 and AH3) as presented in equations 2.3 and 2.4 and 

Figure 2.5. (Scrivener and Capmas, 2003). 

2CAH10 à C2AH8 + AH3 + 9H    Eq. 2.3 

C2AH8  à C3AH6 + AH3 + 9H    Eq. 2.4 
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Figure 2.5- CAC Conversion (Scrivener and Capmas, 2003) 

 

Since the formation of stable hydrates is temperature dependent, it has been 

found that curing CAC specimens at higher temperatures result in the conversion 

process to occur at a much faster rate. Indeed, at sufficiently high temperature (above 

approximately 70°C), CA will hydrate to form the stable hydrates (C3AH6 and AH3) 

directly as shown in Figure 2.6.  

3CA + 12Hà C3AH6 + 2AH3  +3H    Eq. 2.5 

              
Figure 2.6- Conversion as a result of time and temperature                                     

(Scrivener and Capmas, 2003) 
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As observed in reactions 2.3 and 2.4, the formation of stable hydrates results in 

the release of water that was bound by metastable hydrates. This release in water results 

in an increase in porosity, which may result in the further hydration of unhydrated 

phases but also results in a significant reduction in strength as presented in Figure 2.6.               

Conversion has the largest impact on CACs produced with a w/cm greater than 0.5. As 

conversion occurs, there is a significant reduction in solid volume and an increase in 

porosity. It has been found that decreasing the w/cm below approximately 0.4, 

significantly decreases the solid volume loss due to water taking up less space (Scrivener 

and Capmas, 2003).  

Although conversion can be detrimental if not accounted for, it can be avoided 

by the addition of PC, calcium sulfate (C$) and supplementary cementing materials 

(SCMs) (Ideker et.al, 2013).  CACs can also be used as a source in order to form 

ettringite, monosulfoaluminates and calcium-silicate-hydrates as will be discussed in 

section 2.4 (Ideker et.al, 2013).  

2.2.5 Heat of hydration of CAC systems 

The hydration of CAC is an exothermic process, which results in approximately 

the same total heat (500kJ/kg) generated by PC systems although at a much faster rate as 

shown in Table 2.3 (Scrivener and Capmas, 2003).  
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Table 2.3- Cumulative heats of hydration of CAC and PC (kJ/kg) (Capmas, 1998) 

 
 

The heat flow under isothermal calorimetry of standard calcium aluminate cement at 

20°C at varying w/cm ratios is presented in Figure 2.7a and with the addition of an 

accelerator in 2.7b (Gosselin, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7- Heat flow curve of CAC at 20C (Top: without accelerator, Bottom: with 
accelerator) (Gosselin, 2009). 

 

 

(a) 

(b) 
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The initial peak is associated with the dissolution of the cement, which is 

followed by the induction period; typically no exothermic process occurs in this region. 

The duration of the induction period is significantly decreased as a result of the addition 

of an accelerator as observed in Figure 2.7b. It can also be observed that a decrease in 

w/cm decreases the induction period. The sharp peak represents the rapid precipitation 

of hydrates followed by a decline in reactivity.  

2.2.6 Applications of CAC concrete 

Since its development in the early 1900’s, CAC has been used in a variety of 

applications and, although only produced in certain regions, it is beginning to be used in 

all areas of the world.   

Properties of Calcium aluminate cement (CAC) include rapid hardening, 

abrasion and impact resistance, use at low temperatures, pipes, mines and tunnels, 

building chemistry, environmental applications, and heat-resistant and refractory 

concretes (Odler, 2000; Scrivener and Capmas, 2003). 

Iron-rich CACs which contain 38-40% Al2O3 are typically used for infrastructure 

repair applications whereas low-iron CACs which contain appreciably higher amounts 

of alumina (60-80% Al2O3) are currently being used in refractory applications (Ideker et. 

al, 2013).  

One of the most popular uses of CAC is its use in applications such as tile 

adhesives, tile grouts, rapid floor screeds, floor leveling compounds and water-stop 

mortars.  
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As will be presented in section 2.4 and discussed in great detail in the remainder 

of this dissertation, the newly developed ternary system, PC-CAC-C$, comprised of 

Portland cement, calcium aluminate cement and calcium sulfate is growing in 

popularity. Accelerated PC systems are currently being used in rapid-repair applications, 

which require a high-early strength within a few hours of hydration and a suitable 

working time to ensure proper placement. This system is currently being used as repair 

materials in structures such as bridge decks, parking structures, sub-structural elements 

such as bridge columns and pavements.  

2.3 Calcium Sulfoaluminate (C$A) Cement 

Calcium sulfoaluminate (C$A) cement portrays similar strength-gain 

characteristics to CACs and is used in applications to achieve rapid hardening and rapid 

drying as well as sulfate resistance and freeze-thaw performance (Zhang and Glasser, 

2004; Canonico et al., 2012). The following section describes C$A cement in terms of 

its history, materials, hydration characteristics and applications.   

2.3.1 History 

Calcium sulfoaluminate (C$A) cement was initially developed and produced in 

China in the late 1960’s and was initially designed as an addition to PC due to its 

expansive (or shrinkage-compensating) characteristics (Odler, 2000). C$A is primarily 

composed of tetracalcium trialuminate sulfate (4CaO.3Al2O3.SO3, C4A3$), also known 

as “Klein’s compound” after the American inventor Alexander Klein of the University 

of California, Berkeley (Odler, 2000). The production of C$A concrete worldwide is in 
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excess of 1.0x106 tons/year compared to 3.3x109 tons/year of PC (Glasser and Zhang, 

2001; Winnefeld and Lothenbach, 2010). Although it has only been in use for less than 

50 years it is one of the most commonly-used cements in China and is beginning to be 

used in all areas of the world.  

2.3.2 Manufacturing and Materials Used 

Similarly to CAC, C$A is produced by burning a raw meal consisting of various 

amounts of limestone, bauxite and anhydrite in a rotary kiln at a maximum temperature 

of approximately 1300°C. Upon completion, gypsum is intergound in various amounts 

ranging anywhere from 16-25% depending on the application and type of C$A. The 

oxide analysis of a standard grade C$A before and after the addition of gypsum is 

presented in Table 2.4 (Glasser and Zhang, 2001).  

Table 2.4- Analysis of commercial calcium sulfoaluminate cement 
(Glasser and Zhang, 2001) 
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Similarly to CACs, C$A is primarily composed of calcium and aluminum based 

oxides although it has a much lower content of aluminum than the standard grade of 

CAC as presented in Table 2.4. 

2.3.3 Unhydrated constituents  

Klein’s compound, also known as Ye’elimite (C4A3$ or 4CaO.3Al2O3.SO3) is the main 

phase in C$A cement and forms at approximately 1250°C (Eq. 2.6) and is stable up to 

approximately 1350-1400°C (Odler, 2000).   

3CaCO3 + 3Al2O3 + CaSO4.2H2O à 4CaO.3Al2O3.SO3 + 3CO2 + 2H3O  Eq. 2.6  

Klein’s compound belongs to the tetragonal system and consists of a three-dimensional 

framework with corners consisting of AlO4 tetrahedra, Ca2+ and SO4
2 (Odler, 2000; 

Sharp et. al., 1999; Zhang et al., 1999).   

Calcium sulfosilicate (5CaO.2SiO2.SO3, C5S2$) is the second most abundant phase 

present in C$A cement and is stable up to approximately 1100-1180°C although has 

little effect on the hydration kinetics of the system.    

The lower burning temperature of C$A in comparison to PC reduces energy 

consumption and CO2 emissions making it an environmentally friendlier alternative. 

Similarly to CACs, the cost of C$A is very high in comparison to PC and production is 

limited due to the increased cost of bauxite; in China, bauxite deposits are generally 

reserved for aluminum production (Chen, 2009).  

There exist various types of C$A cement based on the systems constituents. Calcium 

sulfoaluminate-belite (C$A-C2S) cement is a non-expansive/ dimensionally stable 

cement, which is primarily comprised of belite (C2S) and Klein’s compound. For the 
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purpose of this dissertation, the use of C$A cement will refer to this type of system.  

There also exist Type K cements, which are generally referred to as expansive Type K 

cements. Expansive systems are typically rich in aluminum (C3A, C12A7, CA and C2AS) 

and may contain anhydrite or gypsum and free lime.  

Calcium sulfoauminate-belite (C$A-C2S), sometimes referred to as sulfobelite 

cement, is primarily composed of belite (≈35-45%), Ye’elimite or Klein’s compound 

(≈25-35%), a source of calcium sulfate (≈10-15%), and other minor phases. Calcium 

sulfoauminate-belite systems do not contain tricalcium aluminate (C3A) or alite (C3S) 

although they may contain various amounts of calcium aluminate ferrite (C4AF). The 

level of calcium sulfate is higher than that observed in ordinary PC although low enough 

to eliminate the possibility of expansion. Other minor constituents that may be present 

include CA, C12A7, C2AS (gehlenite), and C5S2$ (sulfopurrite) (Odler, 2000). A 

comparison between C$A-C2S and PC is presented in Table 2.5 (Glasser and Zhang, 

2001).  

Table 2.5- PC vs. C$A phases (Glasser and Zhang, 2001) 

 

Belite (dicalcium silicate; C2S), which is the most abundant phase in C$A-C2S 
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systems is typically present as β-C2S although it may also be present in its α 

modification. Belite (C2S) contributes very little to early strength although it is 

responsible for later age development and overall strength.    

Tetracalcium trialuminate sulfate (Klein’s compound, C4A3$) is responsible for early 

strength formation and occupies between 30-40% of the system.   

The absence of alite (C3S), allows for the production of an environmentally 

friendlier material due to the higher burning temperature required to produce it. Alite 

results in approximately 1.80 g CO2/ml of cementing phases during production 

compared to 0.56 g CO2/ml required to produce C4A3$ (Winnefeld and Lothenbach, 

2010). The energy and carbon emissions of systems abundant in C$A-C2S and PC is 

presented in Table 2.6.  

Table 2.6- Energy and CO2 production (Glasser and Zhang, 2001) 

 

2.3.3 Hydration of C$A 

The hydration of tetracalcium trialuminate sulfate (C4A3$) is primarily dependent 

on the presence of calcium sulfate and/or calcium hydroxide. Pure C4A3$ and water, 

hydrate to form monosulfate (C4A$H12) and aluminum hydroxide (AH3) as presented in 

equation 2.7. 

C4A3$ + 18H à C4A$H12 + AH3      Eq.2.7 
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The addition of calcium hydroxide (CH) and gypsum (C$H2) result in the formation of 

ettringite (C6A$H32) and monosulfate if the molar ratio is at least 1:2. This is the most 

abundant reaction, which dominates the early stages of hydration. The reaction may be 

written as:   

2C4A3$ + 2C$H2 +52H à C6A$H32 + C4A$H12 + 4AH3   Eq. 2.8  

Wang et al. (1992) found that 60-70% of C4A3$ reacts within the first 24 hours of 

hydration whereas all C4A3$ reacts by 28 days. Systems interground with PC and 

gypsum result in the formation of ettringite alone (Mehta, 1973; Winnefeld and 

Lothenbach, 2010) as shown in equation 2.9.   

C4A3$ + 8C$H2 + 6CH + 74H à C6A$H32     Eq. 2.9  

The type of calcium sulfate (Table 2.7) depicts the value for x where x = 0 for anhydrite, 

x = 0.5 for hemihydrate or plaster and x = 2 for gypsum. For the purpose of this 

dissertation, C$ will be referred to as anhydrite.  

Table 2.7- Type of Calcium Sulfate (Barriac et. al, 1987) 

 

Systems where the dissolution of C4A3$ is greater than that of calcium sulfate 

(C$) may still result in the formation of ettringite through the presence of aluminum 

hydroxide and calcium hydroxide.   
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AH3 + 3C$H2 + 3CH + 20H à C6A$H32     Eq. 2.10 

In contrast, systems where the level of calcium sulfate is too low for complete 

conversion of aluminum oxide required for the continued hydration of ettringite result in 

the formation of monosulfate (C4A$H12)  

C6A$H32 + AH3 à C4A$H12  + 2H      Eq. 2.11 

Belite (β-C2S), results in very little hydration within the first seven days and only 5-40% 

is found to hydrate within the first 28 days (Wang et al., 1992). Later age hydration 

results in the formation of C-S-H as well as ettringite and possibly monosulfate (Odler, 

2000; Wang et al., 1992).  

2.3.4 Applications of C$A concrete 

C$A cements were originally developed as expansive systems although rapid 

hardening and dimensionally stable cements were developed in the 1970s and have been 

used in a number of niche applications. As of 2012, C$A cements were not classified 

cements according to EN 197-1 and, therefore, cannot be used in structural applications 

in Europe although they are currently being used for self-leveling floors and in high-

early strength specialty applications. (Canonico et al., 2012).   

Due to their higher cost in relation to PC-based cements, C$A cements are typically 

blended with PC and anhydrite to not only accelerate the hydration of PC based systems 

but to also decrease the carbon footprint of the system due to the environmental benefits 

of C$A cements (Winnefeld and Lothenbach, 2010). 
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2.4 Accelerated ordinary Portland cement systems 

The hydration of ordinary Portland cement based systems is accelerated through 

the use of non-expansive ettringite-based systems containing calcium aluminate cement 

(CAC) and calcium sulfate or calcium sulfoaluminate (C$A) cement and calcium 

sulfate. The addition of such systems to PC results in the early formation of ettringite 

resulting in a decreased setting time compared to that of ordinary PC. The formation of 

ettringite (C3A·3C$·H32) throughout the bulk of the matrix forms as hexagonal prismatic, 

acicular or needle-like crystals approximately 1-2µm in length with a density of 

approximately 1.775 g/cm3 a presented in Figure 2.8 (Stark et al., 1992). This section 

presents the hydration characteristics of accelerated PC based systems.  

 

Figure 2.8- Ettringite (C3A·3C$·H32) (Stark et al., 1992) 

2.4.1 Accelerated PC system with CAC and calcium sulfate (PC-CAC-C$)  

Ternary PC-CAC-C$ systems are produced in one of two ways as presented in 

Figure 2.9. Systems found in area 1 are rich in PC (≈ 70%) and low in CAC, and are 



 

 

 

 

 

32 

used in rapid-repair applications as well as shrinkage compensation due to the relatively 

low amount of calcium sulfate. 

 

Figure 2.9- PC-CAC-C$ applications (Lamberet, 2005) 

Systems found in area 2, where CAC and C$ are the main constituents have very 

fast hardening kinetics, self-drying capacity and size variation control characteristics 

(Lamberet, 2005). They are used in applications such as self-levelling screeds, tile 

adhesives and rapid-repair mortars.  

Lamberet (2005) studied the performance of a number of ternary systems as 

presented in Figure 2.10. A level of uncontrolled expansion was observed by increasing 

the level of hemi-hydrate. 
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Figure 2.10- Ternary PC-CAC-C$ formulation (Lamberet, 2005) 

The hydration characteristics of systems produced with PC, CAC and C$ is 

significantly different than that of pure CAC or PC. Due to the presence of PC and 

additional C$, metastable and stable hydrates formed in pure CAC are not formed.  

CAC and C$ result in the formation of ettringite and aluminum hydroxide as a 

result of the reaction between monocalicum aluminate (CA) and calcium sulfate as 

presented in Eq. 2.12 (Odler, 2000; Lamberet, 2005), whereas the addition of calcium 

hydroxide results in ettringite as the only hydration product (Eq 2.13) (Mehta, 1973). 

Ettringite forms in the bulk of the paste rather than at the surface of the C3A grain, and 
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this is responsible for the early strength of the systems (Bizzozero and Scrivener, 2014; 

Mehta, 1973). 

3CA + 3C$Hx + (38-3x)H à C3A·3C$·H32 + AH3    Eq. 2.12 

3CA + 9C$Hx + 6CH +(90-9x)H à 3C3A·3C$·H32    Eq. 2.13 

Depending on the type of calcium sulfate (C$) used; x = 0 for anhydrite, x = 0.5 for 

hemihydrate or plaster and x = 2 for gypsum (Mehta, 1973) 

If the level of calcium sulfate (C$) becomes depleted, monosulfoaluminate 

(3C3A·C$·H12 often referred to as AFm) may be formed as a result of the interaction 

between ettringite and unreacted tricalcium aluminate (C3A) as follows: 

3C3A·3C$·H32 + 2C3A + 4H à 3C3A·C$·H12    Eq. 2.14 

The hydration of PC results in the formation of C-S-H (density of 1.2-2.3 g/cm3), 

CH (density of 2.22 g/cm3) and other minor constituents such as AFt and AFm as 

presented in reactions 2.15-2.18 (Mehta, 1973; Scrivener, 1984),   

C3S + (y + 1.3)H à C1.7SHy + 1.3H      Eq. 2.15 

C2S + (y + 0.3)H à C11.7SHy + 0.3H               Eq. 2.16 

C3A + 3C$Hx + (32-3x)H à C3A·3C$·H32                                     Eq. 2.17 

3C4AF + 12C$Hx + (134-12x)H à 4C3(A,F) ·3C$·H32 + 2(A,F)H3  Eq. 2.18 

Aluminum hydroxide (AH3) and calcium hydroxide (CH) cannot co-exist 

thermodynamically resulting in the formation of ettringite (Eq. 2.19) if there is calcium 

sulfate, monocarboaluminate (C3A·CČ·H11) (Eq. 2.20), if calcium carbonation is present 

and hydrogarnet (C3AH6) (Eq. 2.21), if no other phases are participating in the reaction. 

Alite (C3S), which is present from the addition of PC, can react with AH3 to form 
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strätlingite (C2ASH8) and CH (Eq. 2.22). If calcium carbonate is present, consumption 

of ettringite and precipitation of monocarboaluminate (Eq. 2.23) and 

hemicarbonaluminate occur (Eq. 2.24) 

AH3 + 3CH + 3C$Hx + (26-3x)H à 3 C3A·3C$·H32    Eq. 2.19 

AH3 + 3CH + CČ + 5H à 3C3A·CČ·H11     Eq. 2.20 

AH3 + 3CH à C3AH6        Eq. 2.21 

AH3 + C3S +6H à C2ASH8 + CH       Eq. 2.22 

3C3A·C$·H32 + 2C3A + 3CČ + 7H à 3C3A·CČ·H11 +3C$H2  Eq. 2.23 

3C3A·C$·H32 + 2C3A + 1.5CČ + 10H à3C3A·CČ0.5·H12 +3C$H2  Eq. 2.24 

The stability of ettringite, monosulfoalumiante and C-S-H of a ternary system 

containing 85.9% PC, 6.9% C$ and 6.9% CAC after 28 days and 1 year measured using 

backscattered electron imagery (BSE) coupled with energy dispersive x-ray (EDS) 

analysis is presented in Figure 2.11a and b, respectively.  

       

Figure 2.11-(a) BSE image of after three years where red circles indicate ettringite 
deposits (b) EDS after both 28 days and 1 year (Lamberet, 2005). 

 

(a) (b) 
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2.4.2 Accelerated PC system with C$A and calcium sulfate (PC-CAC-C$)  

The hydration characteristics of PC-C$A-C$ are very similar to that of PC-CAC-

C$, where early hydration is dominated by the formation of ettringite.  

C4A3$ + 8C$H2 + 6H + 74H à 3C3A·3C$·H32    Eq. 2.25 

The presence of both calcium hydroxide and an amount of gypsum (C$H2) to prevent 

expansion result in the formation of ettringite.  

C4A3$ + 8C$H2 + 6CH + 74H à 3C6A$3H32    Eq. 2.26 

Taczuk et al. (1992) studied ternary PC-C$A-C$ systems with contents of C$A-C$ 

ranging between 5-20% and a molar ratio of sulfoaluminate/calcium sulfate of 1:8. A 

content of 5-20% was found to exhibit no expansion whereas higher amounts resulted in 

significant expansion. Calcium sulfate was present as either anhydrite or gypsum, which 

affected the strength evolution due to the rapid evolution of gypsum in comparison to 

anhydrite (Odler, 2000). Taczuk et al. (1992) found that the presence of anhydrite tended 

to favor monosulfate precipitation at the expense of ettringite.  

2.5 Durability performance of ettringite-based binders  

Concrete is the most widely used building material in the world due to its ability 

to be placed in various environments and is typically measured in terms of its durability 

based on the way which it reacts with its environment.  

This section presents the durability concerns and data previously developed on 

ettringite-based systems in comparison to PC-based systems. A number of durability 

issues are studied including carbonation and chloride-induced corrosion, salt scaling, 

abrasion and exposure to non-chloride based deicers.  
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2.5.1 Corrosion 

Corrosion is a process where metals exposed to their natural environment revert 

back to their original oxide state. Corrosion is an electrochemical process, which results 

in a metal (M) giving up one or more of its electrons; this is referred to as an anodic 

reaction and takes the general form 

M à Mn+ + ne-        Eq. 2.27 

In order to maintain equilibrium and complete the galvanic couple, the consumption of 

electrons must take place. A cathodic reaction (Eq. 2.28) results in the consumption of 

these electrons through the evolution of hydrogen or reduction of oxygen. The transfer 

of electrons between the anodic and cathodic reactions takes place through a solution 

capable of conducting electricity (electrolyte) (Roberge, 2008).  

O + e- à R         Eq. 2.28 

One of the very first achievements in electrochemistry was the production of 

power sources (batteries) through the creation of the Daniel cell (Roberge, 2008). The 

Daniel cell consists of copper and zinc metals immersed in solutions of their respective 

sulfates (Roberge, 2008). Zinc is less noble than copper resulting in the transfer of 

electrons from the zinc metal onto the surface of copper metal. The transfer of electrons 

results in a change in potential between the two metal surfaces leading to the production 

of electricity.  

Zinc anode:   Zn(s) à Zn2+ + 2e-     Eq. 2.29 

Copper cathode: Cu2+ + 2e- à Cu(s)     Eq. 2.30 
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The anodic reaction for iron (Fe), which is the most abundant metal found in reinforced 

concrete, is as follows:  

Fe à Fe2+ + 2e-               Eq. 2.31 

Other than the presence of a metal and an electrolyte, the onset of corrosion in 

concrete structures requires the presence of both moisture (H2O) and oxygen (O2) to 

complete equilibrium. The reduction of oxygen and water acts as the cathodic reaction 

within reinforced concrete structures and results in the evolution of hydroxyl ions as 

follows: 

½O2 + H2O + 2e- à 2(OH) –       Eq. 2.32 

Corrosion can also occur in the absence of O2 and this results in the following cathodic 

reaction: 

2H2O + 2e- à H2 + 2(OH) –       Eq. 2.33 

The half-cell reactions taking place at the surface of the reinforcement in concrete results 

in the formation of iron oxide (Fe(OH)2), more commonly known as rust, which forms 

through the interaction between Fe2+ and 2(OH) – ions (see Eq. 2.35). This reaction is 

satisfied through the presence of the reinforcement acting as an electric circuit and the 

pore solution acting as an electrolyte (ACI 222R, 1996; Roberge, 2008). 

Fe2+ + 2OH- à Fe(OH)2
        Eq. 2.34 

Further oxidation may result in a range of ferrous and ferric oxides and 

hydroxides, of which some may occupy up to six times the original volume of metal as 

shown in Figure 2.12. The growth of the corrosion product results in forces being 



 

 

 

 

 

39 

exerted on the concrete, which may result in cracking and, eventually, spalling once the 

concretes tensile strength is exceeded.  

 

Figure 2.12- Relative volume of corrosion products (Roberge, 2008) 

Due to the high alkalinity environment (pH > 13.0) found in concrete, a very thin 

(≈ 10-2 µm) passive layer of iron oxide (γ-Fe2O3) is formed around the reinforcing steel 

as a result of the interaction between the steel (Fe) and hydroxyl ions abundant in the 

pore solution (Hinds, 2012). The formation of the passive layer can be represented by 

Equations 2.36 – 2.38.   

Fe à Fe2+ + 2e-       Eq. 2.35 

Fe2+ + 2OH- à Fe(OH) 2
       Eq. 2.36 

Fe(OH)2
 + O2

 à Fe2O3 + H2O     Eq. 2.37 

The passive layer is dense, impermeable and well-adhered to the steel surface 

and acts to protect the steel from further corrosion.  
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If the concentration of hydroxyl ions drops below approximately 9.2 as a result 

of a carbonation front reaching the surface of the reinforcement, the passive layer is 

destroyed and this may result in the initiation of corrosion if there is sufficient oxygen 

and water available in the vicinity of the reinforcement (Roberge, 2008).  

The Pourbaix diagram is used to present areas of passivity and corrosion of 

metals at standard temperature and pressure (STP). The Pourbaix diagram for iron at 

STP conditions is presented in Figure 2.13, which presents areas of passivity or 

corrosion based on pH and potential (V).  

 
Figure 2.13- Pourbaix Diagram (Fe at STP) (Roberge, 2008) 

 

Passivity is shown to take place at a potential of 0V (relative to a standard 

hydrogen electrode (SHE)) and a pH of approximately 9-12, which typically exists in 

newly placed concrete. The onset of corrosion takes place as both the potential and pH 

decrease. 
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Figure 2.14- Polarization curve (Roberge, 2008) 

 

The ability of a system to form a passive layer is also presented in terms of a 

polarization curve presented in Figure 2.14. As will be discussed in more detail in the 

following sections, a corroding metal in solution takes up a potential, referred to as the 

corrosion potential. As the passive layer is destroyed, the potential increases (becomes 

more negative) to a point where active corrosion initiates.   

2.5.1.1 Mechanisms of Corrosion  

Corrosion of reinforcement is the leading cause of premature deterioration of 

concrete structures in North America, and occurs due to exposure to CO2 and/or a 

chloride environment such as a marine environment or areas where road salts are 

applied.   

In order for corrosion to occur, four requirements must be met: 

1. Available metal: in order to form a location for the anodic reaction 

2. Moisture: in order to drive the cathodic reaction and for the electrolyte 

3. Oxygen: in order for the cathodic reaction to take place 
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4.  Electric circuit: in order to provide continuity between the anodic and cathodic 

reactions 

Carbonation-induced corrosion   

Carbonation-induced corrosion arises from the chemical reaction between carbon 

dioxide (CO2) from the environment and calcium bearing hydrates such as CH, C-S-H, 

ettringite (AFt) and monosulfate (AFm). Carbonation occurs when CO2 , which is 

abundant in our atmosphere, dissolves in water and reacts with hydrates to form calcium 

carbonate (calite, CaCO3) (Roziere et. al, 2008). A relative humidity (RH) of 

approximately 40-85% is required for carbonation to occur; the reaction is represented 

by the following equations:   

CO2 + H2O à H2CO3        Eq. 2.38 

H2CO3 + Ca(OH)2 à CaCO3 + 2H2O                   Eq. 2.39 

Note that other calcium-bearing phases carbonate in a similar manner; when, for 

example, C-S-H carbonates it produces calcite (CaCO3) and silica gel. If the carbonation 

front reaches the surface of the reinforcement, the passive layer, which was originally 

present due to the high alkaline environment is destroyed and, if sufficient moisture and 

oxygen are present, corrosion will initiate.  

Unlike ordinary Portland cement which contains calcium hydroxide as a major 

hydration product, the carbonation of calcium aluminate cement (CAC) results in the 

carbonation of hydrogarnet which leads to the formation of calcite and alumina gel 

according to Eq. 2.40.  

C3AH6 + 3CO2 à 3CaCO3 + AH3 + 2H2O     Eq. 2.40 
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The conversion of calcium-bearing hydrates into calcium carbonate, results in a 

solid volume increase of approximately 11% (Lamberet, 2005; Ngala and Page, 1997; 

Parrott, 1987), which in PC-based systems results in the densification of the surrounding 

microstructure and a decrease in porosity often leading to improved mechanical 

properties. Chang et al. (2003) concluded that the increase in strength could also be 

attributed to the formation of stronger calcite, which replaces weaker calcium hydroxide 

as the carbonation front penetrates. Ngala and Page (1997) found a decrease in total 

porosity due to carbonation on a number of paste samples including, straight ordinary 

Portland cement (OPC), OPC/30% Fly Ash and OPC/65% blast furnace slag at W/CM 

of 0.5, 0.6 and 0.7. Chang et al. (2003) also studied the effect of carbonation on the 

mechanical properties of various Portland cement systems produced with water-to-

cementitious-material ratios of 0.4, 0.5 and 0.6. They found that carbonation enhanced 

the concrete’s mechanical properties such as compressive strength, splitting tensile 

strength and elastic modulus.  

Unlike PC systems where a decrease in permeability occurs, the opposite effect 

has been found to take place in ettringite-based systems. A drop in pH below 

approximately 10.6 results in the dissolution of ettringite, leading to the formation of 

calcite, gypsum and alumina gel (Lamberet, 2005) 

C3A·3C$·H32+ 3CO2 à 3CaCO3 + 3C$H2 + AH3 + 23H2O   Eq. 2.41 

The formation of calcite, gypsum and alumina gel, occupy less volume than ettringite 

resulting in an increased porosity and decreased mechanical properties. The minimal (if 
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not absent) amount of portlandite (CH) found in ettringite-based systems results in a 

faster carbonation rate compared with PC systems (Odler, 2000).  

Scrivener (2003) found unconverted and converted CAC to have pH values of 12.3 and 

11.97, respectively, which although lower than that in freshly hydrated PC, is high 

enough to maintain a passive layer.  

Wang et al. (1992) found C$A to have a significantly lower pH of 

approximately, 9.5-10, which is of concern considering corrosion initiates at a pH of 

approximately 10.  

Chloride-induced corrosion  

Chloride-induced corrosion as the name implies occurs as a result of a sufficient 

concentration of chloride ions reaching the surface of the reinforcement; the chlorides 

may be introduced to the concrete system both internally or externally.  

Chloride may be cast into the concrete as a result of: (Broomfield, 1997): 

- use of chloride set accelerators (calcium chloride) 

- use of sea water in the mix 

- use of chloride contaminated aggregates (unwashed sea-dredged aggregates) 

External chlorides may penetrate into the concrete during service as a result of: 

- exposure to a marine environment 

- application of deicing salts 

- exposure to brackish water or saline groundwater. 

- exposure to chemicals 
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The resistance of concrete to chloride penetration is controlled predominantly by 

the pore structure of the concrete (i.e. the size, connectivity and tortuosity of the pores) 

and, to a lesser extent, the ability of the cement hydrates to bind chloride ions. This 

resistance can be increased by reducing the water-to-cementitious material (W/CM) 

ratio, the appropriate use of supplementary cementing materials (such as fly ash, slag, 

silica fume and natural pozzolans), and by adopting proper practices to ensure adequate 

consolidation, curing and measures to minimize cracking. Although the ingress of 

chlorides can be slowed, it is inevitable that chlorides will eventually reach the 

reinforcement when exposed to such an environment (Boddy et al., 1999). 

The initiation of corrosion results in the breakdown of the passive layer once a 

sufficient concentration of chloride ions has reached the surface of the reinforcement. 

Unlike carbonation, where the passive layer is destroyed due to a decrease in pH, it is 

the presence of chloride ions at the surface of the reinforcement that results in the 

passive layer being destroyed. The destruction of the passive layer is a result of the 

incorporation of chloride ions in the passive film, which replace the oxygen and increase 

both its solubility, permeability and ionic conductivity (Roberge, 2008). Chloride ions 

are rarely distributed homogeneously over the steel surface but instead destroy the 

passive layer at isolated locations which may lead to the formation of pits; this is known 

as pitting corrosion. 

A chloride threshold of 0.05% by mass of concrete for the initiation of corrosion 

is a commonly-used value for standard black steel whereas higher values of 
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approximately 0.5% are used for stainless steel (Roberge, 2008). As the quality of the 

steel increases, the threshold value increases.  

Chloride diffusion into concrete is controlled by Fick’s First law, which states: 

J! =  −D!w!
!!!
!!         Eq. 2.42 

where Jc is the flux of chloride ions, Dc is the apparent diffusion coefficient, Cf is the 

free chloride concentration, we is the evaporable water content and x is the position or 

depth. Fick’s first law is only useful in steady-state conditions where the concentration 

does not change relative to time. In reality, non-steady state conditions exist and are 

expressed according to a modified Fick’s Second Law: 

!"!
!" =

!
!"  !! ∗ !! ∗

!"!
!"        Eq. 2.43 

which accounts for a changing concentration relative to time (t) and is solved using the 

following boundary conditions (Stanish et. al, 1997) : 

- C(x=0, t>0) = Co (the surface concentration is constant at Co),  

- C(x>0, t=0) = 0 (the initial concentration in the concrete is 0) and,  

- C(x=∞, t>0) = 0 (far enough away from the surface, the concentration is 0) 

which results in:  

! (!,!)
!!

= 1− !"# !
!!!!

       Eq. 2.44 

where erf(y) is the error function and can be solved using suitable math tables or 

spreadsheets. In the laboratory, the apparent diffusion coefficient (Da), which takes into 

account the effect of physical and chemical chloride binding, can be determined 

according to ASTM C1556, where saturated concrete discs are covered in epoxy on all 
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sides except one flat surface and placed in 165g/L NaCl for at least 35 days. The 

specimen is then ground in 1-2mm intervals and the resulting dust samples are tested to 

determine the chloride content. This results in a chloride profile (chloride concentration 

(C) vs. depth(x)). Equation 2.44 is fitted to the profile and the best fit value of Co and Da 

are found using least squares. (ASTM C1556, 2004). 

 

Chloride binding  

Chloride binding is a process where chloride ions are chemically or physically 

removed from the pore solution. The process is beneficial since it decreases the 

concentration of ions from reaching the surface of the reinforcement, thus prolonging the 

time until corrosion takes place.  

Chemical binding results in the chemical interaction between chloride ions and 

certain cement phases, which results in the formation of phases such as calcium 

chloroaluminate hydrate (C3A. CaCl2.10H2O), or Friedel’s salt. Calcium 

chloroaluminate hydrate results from the interaction between free chloride ions and 

phases such as CH and C3A (Mehta, 1977). Ben-Yair (1974) presents the process as 

follows: 

Ca(OH) 2 + 2NaCl à CaCl2 + 2Na- + 2OH-       Eq. 2.45 

C3A + CaCl2 + 2H2O à C3A.CaCl2.10H2O     Eq. 2.46 

Verbeck (1968) studied 22 Portland cement concrete systems exposed to sea-water and 

found a decrease in steel corrosion with an increase in C3A content. The presence of 

sulfates such as in ettringite-based systems create a competition for the available C3A 
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between the chlorides and the sulfate ions (Glasser, 1999; Richartz, 1969; Zibara, 2001). 

Glasser (1999) found that ettringite and monosulfate remained unchanged with the 

presence of external impeding chlorides. The formation of Friedel’s salt has also been 

found to take place through ion exchange, where hydroxyl ions within the AFm phase 

are replaced by chloride ions. Chlorides have also known to substitute for sulfate in the 

AFm phase (C3A.CaSO4.12H2O) to form Friedel’s salt (Zibara, 2001). Due to the 

important role of C3A in binding chlorides, CSA A23.1 adopted a minimal content of 

4% C3A in cementitious systems for concrete placed in a marine environment.  

Physical binding results in the physical absorption of chloride ions onto the 

surface of C-S-H hydrates as a result of van der Waals forces between charged particles. 

The surface of the hydrated cement particles is negatively charged and, due to the 

absorption of cations (Ca2+, Na+) from the alkaline pore solution, this results in the 

formation of a Stern-layer, which is an electrical, diffuse double layer (Larsen, 1998). 

The positive layer results in the absorption of negatively charged chloride ions to satisfy 

the electro-neutrality (Ramachandran, 1971; Diamond, 1986). Diamond (1986) found 

that chloride ions may also reside as layers within the C-S-H if chlorides are present 

during the time of mixing.  

The ability of cementitious systems to bind externally applied chlorides is 

determined by establishing chloride-binding isotherms. Chloride-binding isotherms are 

mathematical models used to fit the data attained from various laboratory-binding 

experiments including the equilibrium method, pore solution extraction and leaching 

methods. 
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In the equilibrium method, as developed by Tang and Nilsson (1993), thin paste 

disks are placed in various concentrations of NaCl, ranging from 0.1-3M. It is assumed 

that after a prolonged period of time the chloride concentration within the pores of the 

paste is equal to that of the host solution. The amount of bound chlorides is then 

assumed to be proportional to the decrease in concentration of the host solution. The 

concentration of the host solution is measured by potentiometric titration using 0.01M 

AgNO3 and a silver-silver chloride (Ag/Ag-Cl) reference electrode. The amount of 

bound chloride can then be estimated based on the difference in concentration:  

Cb = 35.453V(Ci-Ce)/Wd       Eq. 2.47 

where Cb is the amount of bound chlorides in mg of chloride per g of sample (mg/g of 

sample), V is the volume of solution (mL), Ci is the initial chloride concentration of the 

solution (mol/L), Ce is the equilibrium or final chloride concentration of the solution 

(mol/L), and Wd is the mass of the dry sample (g).  

The relationship between free and bound chloride can then be plotted in terms of 

various free chloride concentrations as presented in Figure 2.15. Tang and Nilson, 1993 

used the equilibrium method to determine the binding capacity of various PC systems 

with varying W/CM ratios.  
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Figure 2.15- Chloride binding isotherms of various OPC pastes and mortars (Tang and 
Nilsson, 1993) 

 

In the pore solution extraction technique, paste or mortar specimens are exposed 

to various levels of chlorides after which the pore solution is expressed under high 

pressure and the free chloride content is determined. Although beneficial, it has been 

determined that pore solution extraction may overestimate the level of free chloride by 

potentially releasing bound chloride (Zibara, 2003).  

Similarly to the pore squeezing method, the leaching method involves grinding a 

sample to powder with a solvent and determining its chloride concentration. Solvents 

such as ethyl alcohol have found to underestimate the free chloride content by leaching 

out chlorides (Ramachandran, 1971).  

The ability of systems to bind chloride is determined by fitting binding isotherms 

to the data attained from one of the methods previously discussed. Binding data is 
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typically fitted using one of four isotherms which include: linear, Langmuir, Freundlich, 

and the Brunauer, Emmett, Teller (BET) method.  

The linear binding relationship as proposed by Tutti (1982) is expressed as:  

!! =  !!!         Eq. 2.48 

where Cb is the concentration of bound chlorides, α is the slope of the line and Cf is the 

concentration of free chlorides. The linear relationship as presented in Figure 2.16, is 

often used for modeling purposes, although it is an oversimplification, since it 

overestimates chloride binding at high concentrations and underestimates binding at low 

concentrations (Tang and Nilsson, 1993). Tuuti (1982) found the relationship fitted very 

well for systems with a chloride concentration below 0.5M.  

      

Figure 2.16- Chloride binding isotherms 

The Langmuir isotherm was adopted from physical chemistry and assumes 

monolayer absorption to occur as the concentration of chlorides increase as presented in 

Figure 2.16 where the isotherm approaches a slope of zero. The Langmuir isotherm is 

expressed as:  
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!! =
!!!

(!!!!!)
         Eq. 2.49 

where α and β are binding constants and vary depending on the binder composition. 

Tang and Nilson (1993) found that binding below a concentration of 0.05M is best 

described by the Langmuir isotherm. Sergei et al. (1992) found α and β values of 1.67 

and 4.08 respectively for an OPC paste with a w/cm ratio of 0.5.   

The Freundlich isotherm is similar to that of the Langmuir in that physical absorption 

takes place at low concentrations although becomes more complex at higher 

concentrations. The Freundlich isotherm is expressed as: 

!! =  !!!!         Eq. 2.50 

where α and β are binding constants. Unlike the Langmuir isotherm, which fits data very 

well below a concentration of 0.05M, Tang and Nilson (1993) found that the Freundlich 

isotherm has a better fit at higher concentrations between 0.01M and 1M. Zibara (2001), 

who determined binding isotherms of various systems exposed to concentrations of 0.1-

3M found a better correlation with the Freundlich isotherm.  

Finally, the Brunauer, Emmett, Teller (BET) isotherm, which was originally applied to 

model gas adsorption, is expressed as: 

!!
!!"

=
! !
!! !!(!!!)(!!!

!
!!)
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      Eq. 2.51 

Limited published literature exists on the BET method although Tang and Nilson (1993) 

found a good correlation below a concentration of 1M. 
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The effect of carbonation on the ability of systems to bind chlorides was studied 

in great detail by Zibara (2001) as well as Kayyali and Haque (1998). Both showed a 

significant increase in chloride concentration of specimens exposed to an accelerated-

carbonation environment. Ettringite-based systems contain very little, if any, Ca(OH)2, 

and this results in CO2 reacting with more complex hydration products such as ettringite. 

The presence of carbonation is also known to result in the release of previously bound 

chloride ions due to solubility of Friedel’s salt in a low pH environment (Kayyali and 

Haque, 1998). Suryavanshi and Swamy (1996) also found that the higher degree of 

carbonation resulted in the lower amount of Friedel’s salt.   

2.5.1.2 Types of Corrosion  

Once the passive layer is destroyed, corrosion takes in one of two forms: 

microcell or macrocell corrosion. Microcell corrosion exists when the corresponding 

half-cell reactions take place at adjacent locations on the metal surface as presented in 

Figure 2.17 and is the most common case observed in concrete structures (Hanson et. al, 

2006).  

Chloride contaminated corrosion typically results in pitting corrosion as a result 

of the concentration of chloride ions at a centralized location instead of being 

homogeneously distributed along the length of the reinforcement.   



 

 

 

 

 

54 

 

Figure 2.17- Microcell corrosion (Hansson et al., 2006) 

 

Macrocell or galvanic corrosion (Figure 2.18) takes place on two distinct but connected 

pieces of reinforcement (Hanson et. al, 2006). A difference in potential arises due to the 

half-cell reactions taking place in different environments. Macrocell corrosion may take 

place in a parking structure or bridge deck, where the top mat of reinforcement is 

corroding due to chloride ions reaching the top layer of reinforcement whereas the 

bottom layer remains in a passive state, but has more oxygen available than the top steel 

because the concrete in the soffit is less saturated.  The transfer of electrons between the 

anodic and cathodic regions is a result of the connectivity between the two mats due to 

the presence of vertical (shear) reinforcement tying the two layers together. 
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Figure 2.18- Macrocell corrosion (Hansson et. al., 2006) 

 

Macrocell corrosion is measured in the laboratory using a test configuration similar to 

that used in test method ASTM G109-99 as shown in Figure 2.19.  

 
Figure 2.19- ASTM G109 specimen configuration (ASTM G109, 1999) 

 

Specimens are alternatively ponded with a 3% NaCl solution and then allowed to dry in 

two-week increments to allow for both chloride ions and oxygen to reach the top layer of 

reinforcement while the bottom layer remains in a passive state. The voltage drop across 

a 100-ohm resistor used to connect the layers of reinforcement is measured periodically. 
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At the same time, the potential difference between a reference electrode placed on the 

concrete surface and the top layer of reinforcement is measured. Once it has been 

determined that a sufficient degree of corrosion is taking place, the samples are broken 

and the top layer of reinforcement is examined to determine the degree of corrosion 

(ASTM G109, 2005). In addition, the chloride content in the vicinity of the top steel can 

be determined as an estimate of the chloride threshold value.  

2.5.1.3 Measuring corrosion  

Corrosion results from the interaction between a metal and its surrounding 

environment, which in many cases results in the degradation of the metal. Properties of 

such reactions can be described through the thermodynamic properties of the system 

through the Gibbs Energy of reaction (ΔGrxn). The Gibbs Energy of reaction is related to 

the equilibrium of a system through the equilibrium constant (Keq): 

ln !!" = !∆!!"#!

!"         Eq. 2.52 

where R is the universal gas constant (8.314 J/mol K) and T is the absolute temperature.  

In non-equilibrium systems, the free energy can be related to its standard Gibbs Energy 

and the reaction quotient (Q).  

∆! =  ∆!!"#! + !"#$(!)        Eq. 2.53 

The reaction quotient results in the difference in activities of the reaction when the 

system is not in equilibrium (Hansson et. al., 2006; Roberge, 2008).  

The Gibbs Energy change is also related to the work done by the system and can be 

written in terms of the transfer of charge, electrons (q) across an electrical potential, E: 

∆! = −!!"!#$%&#'" = −!"       Eq. 2.54 
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The Gibbs Energy of a reaction (ΔGrxn) can also be expressed in terms of the exchange 

of electrons (n), where the Faraday constant (F) is expressed as the number of Coulombs 

associated with 1 mole of change, where F = 96,485 C/mol (Hansson et. al., 2006; 

Roberge, 2008).  

∆!!"# = −!!"!#$%&#'" = −!"#             Eq. 2.55 

Rearranging in terms of standard potential (Eo) results in the reaction in terms of Gibbs 

Free Energy.  

!! = !∆!!"#!

!"          Eq. 2.56 

Combining the Gibbs Free Energy expression with the expression describing electrical 

work results in the Nernst equation and this is used to determine the potential of a 

system once it has been removed from its standard state (Roberge, 2008).  

! =  !! − !"
!" ln

!!"#$%"#
!!"#$#%&$

       Eq. 2.57 

 

Half-Cell Potential Technique 

Half-cell potential monitoring is the most widely used corrosion monitoring 

technique and the procedure most commonly used in concrete is outlined in ASTM 

C876 “Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in 

Concrete” (ASTM C876, 2009).  Half-cell potential measurements are conducted by 

measuring the potential (voltage) difference between the reinforcement (working 

electrode) and a reference electrode placed on the surface of the concrete above the 

reinforcement.  The actual potential of any single electrode cannot be measured directly; 

therefore it must be measured relative to a suitable reference.  The standard hydrogen 



 

 

 

 

 

58 

electrode (SHE) is the benchmark of reference electrodes and consists of hydrogen gas 

bubbled over a platinum electrode immersed in a solution with a known concentration of 

hydrogen ions. The equilibrium potential of the SHE is set as 0 V and other types of 

electrodes being measured relative to the SHE. Due to the cost and impracticality of 

bubbling hydrogen gas associated with using a SHE, a number of other reference 

electrodes are used, including the silver/silver-chloride (Ag/AgCl), standard calomel 

electrode (SCE) and copper/copper-sulfate (Cu/CuSO4). A silver/silver-chloride 

reference electrode consists of solid silver chloride deposited on a silver wire. According 

to the Nernst equation, the potential of Ag/Ag-Cl electrode is 0.2221 V relative to the 

SHE.  

In reinforced concrete, the potential is measured according to ASTM C876, as 

illustrated in Figure 2.20, and compared to a known standard potentials shown in Table 

2.8 based on the type of reference electrode being used (Broomfield, 1997).  

 

Figure 2.20- Half-cell measurements (ASTM C876, 2009) 
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Table 2.8- ASTM C876 criteria for corrosion 
Copper/Copper 

sulfate 

Silver/silver 

chloride / 4M KCl 

Standard hydrogen 

electrode 

Calomel Corrosion 

condition 

>-200 mV > -106mV > +116mV > -126mV Low (10% risk) 

-200 to -350mV -106 to -256mV +116 to -32mV -126 to -276mV Intermediate risk 

< -350mV < -256mV < -34mV < -276 mV High (<90% risk) 

< -500mV < -406mV < -184mV < -426 mV Severe corrosion 

 

Linear Polarization Resistance (LPR) Technique 

Although half-cell potential measurements are beneficial in determining whether 

or not corrosion is taking place, the linear polarization resistance (LPR) technique is a 

rapid and non-destructive technique used to determine the instantaneous corrosion rate 

of the reinforcement.  

The mass loss (m) attributed to corrosion is determined according to Faraday’s law  

! = !!"∙!!"##∙!
!∙!          Eq. 2.58 

where Mwt is the molecular weight of the metal(g/mol), Icorr is the corrosion current 

(Amps), t is the time over which the current/potential is applied (seconds), n is the 

number of electrons transferred in the half-cell reaction and F is the Faraday constant.  

The electrons released as a result of metal dissolution (anodic reaction) must be 

consumed (cathodic reaction) in order for the system to remain in equilibrium, therefore: 

Icorr = Ia = -Ic         Eq. 2.59 

Polarization is the term used when the system (electrode) is shifted in a way that 

its potential is removed from equilibrium. This shift in potential, known as the 
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overpotential (η), results in a change in current, which is expressed through the Butler-

Volmer equation as follows: 

! = !! !"# ! !"
!" ! − !"# −[1− !] !"!" !     Eq. 2.60 

where R is the gas constant (8.413 J/mol K), T is the absolute temperature, n is valency, 

F is the Faraday constant (96485 C/mol), β is the symmetry coefficient (≈0.5) and io is 

the exchange current density which describes the current passed between half-cell 

reactions at equilibrium. The Butler-Volmer equation is separated into two parts where 

the first describes the anodic reaction and the second describes the cathodic reactions. 

The Butler-Volmer equation can also be presented graphically as shown in Figure 2.21. 

(Roberge, 2008).  

 

 

Figure 2.21- Butler-Volmer Curve  
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Corrosion occurs at a potential away from equilibrium (overpotential) as 

indicated by location 1 in Figure 2.21. A high-field approximation of the Butler-Volmer 

equation is typically used since the cathodic portion of the equation is negligible and can 

be rewritten as:  

!! = !!!"# ! !"
!" !!   or !! = !!!"# !

!!
     Eq. 2.61 

where ba is the Tafel coefficient (2.303 RT / βnF).   

The Butler-Volmer plot can also be used to present coupled reactions, as 

presented in Figure 2.22, where the cathodic reaction (oxygen reduction) is found above 

the anodic curve (dissolution of iron). It should be noted that the anodic and cathodic 

regions labeled on the x-axis are not representing the half-cell reactions but the anodic 

and cathodic evolution of for example iron as Fe à Fe2+ + 2e- and Fe2+ + 2e- à Fe, 

respectively.  

                          

Figure 2.22- Butler-Volmer Curves (coupled reactions) (Roberge, 2008) 
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Coupled reactions presented graphically using the Butler-Volmer graph show 

key features such as the mixed potential (Ecorr), which occurs at a point where the 

currents are equal (icorr = ia = -ic).  Although the Butler-Volmer diagram is beneficial in 

describing coupled reactions, the Evans diagram is more useful since it only takes into 

account the anodic portion of the anodic curve and the reduction portion of the cathodic 

curve.  

The Evans diagram is presented in Figure 2.23, which is typically plotted in 

terms of log (i) versus potential (E). The intersection of tangents to the curves (Tafel 

slopes), results in the equivalent potential (Eeq) and exchange current density (io) for the 

particular redox reaction. The tangents are referred to as the Tafel regions and are 

designated as ba and bc for both the anodic and cathodic reactions, respectively.  

                   
Figure 2.23- Evans Diagram (Roberge, 2008) 
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LPR is conducted to determine the rate of corrosion by perturbing the working 

electrode away from its equilibrium potential (Ecorr) and measuring the change in current 

associated with this overpotential (Roberge, 2008). LPR consists of a three electrode 

system which includes: 1) working electrode (reinforcing bar), counter electrode 

(typically stainless steel) and a reference electrode (as discussed previously) as 

illustrated in Figure 2.24.  

 

 

 

 

 

Figure 2.24– Linear polarization technique (LNP) 

A perturbation of approximately 10mV (±ΔE ≈ 10mV) around Ecorr is typically 

used which results in a current being passed between the working and counter 

electrodes.  Shifting the potential within a range of ± 10mV has minimal effect on the 

overall potential of the system and allows the system to revert back to its equilibrium 

potential once the perturbation has been conducted. The perturbation of the system is 

within a linear section, which is designated as the polarization resistance (Rp):    

!! = ∆!
∆!          Eq. 2.62 

where ΔE is the change in potential relative to the equilibrium potential and Δi is the 

change in current within this region.  

Counter 
Electrode 
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The corrosion current is then related to the polarization resistance:  

!!"## = !
!!

         Eq. 2.63 

where B, the Stern-Geary coefficient, relates to the Tafel coefficients for both the anodic 

and cathodic reactions, βa and βc respectively. Values of 26 to 52mV are typically used 

for systems in either a passive or corrosive state. The Stern-Geary coefficient (B) can 

also be derived knowing the Tafel slopes (βa and βc).  

! =  !!!!
!.!"!(!!!!!)

        Eq. 2.64 

The corrosion current density (icorr) can then be determined by knowing the surface area 

of the reinforcement under study which in most cases in the area directly below the 

counter electrode.  

!!"## = !!"##
!"#$         Eq. 2.65 

Similar to Table 2.8, Table 2.9 is used to determine the rate of corrosion based on the 

corrosion current density using a Ag/Ag-Cl reference electrode (Broomfield et al., 1993, 

1994).  

Table 2.9- LNP Corrosion criteria (Broomfield et al., 1993, 1994) 
Corrosion current 

density (icoor) 

Corrosion 

condition / rate 

< 0.1 µA/cm2 Passive condition 

0.1 to 0.5 µA/cm2 Low to moderate 

0.5 to 1.0 µA/cm2 Moderate to high 

>1 µA/cm2 High  
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2.5.2 Salt Scaling 

Salt scaling results in the flaking or peeling of the finished surface of concrete as 

a result of freezing and thawing in the presence of deicing salt solutions (Pigeon and 

Pleau, 1995). In laboratory tests, scaling is initiated by the ponding of a moderately 

concentrated saline solution on the surface of the concrete. Verbeck (1968) found that a 

concentration of 2-4% by mass of solute caused the maximum amount of scaling with a 

reduction in scaling with increasing concentration above or decreasing concentration 

below this level. It has also been found that scaling is not observed when the solution is 

not present on the sample during the freezing period. After a sufficient freeze-thaw 

cycles take place, the concrete surface will begin to disintegrate. This disintegration 

leads to the removal of paste or mortar from the surface and in some cases the removal 

of pieces of aggregate. Although scaling results in mainly aesthetic issues and may 

decrease the concrete cover over an extended period of time, it does not affect the 

material’s bulk mechanical properties.  

The scaling performance of concrete is also affected by surface-finishing. If 

finishing takes place while bleed water is still on the surface, bleed water will be worked 

back into the concrete resulting in a higher water-to-cementitious ratio on the surface, 

therefore a lower surface strength. Also, overworking the surface will result in the 

removal of air from the near-surface concrete making it susceptible to freezing and 

thawing.  

It has been well established that the water-to-cementitious ratio (w/cm) is one of 

the most influential parameters in controlling the mechanical properties and durability 
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performance of concrete materials and it has been well established that a reduction in 

w/cm leads to a decrease in salt scaling damage (Sorensen, 1983, Foy, 1988). Reducing 

the w/cm results in a decrease in porosity and increase in strength, which has shown to 

improve the scaling resistance in OPC and blended-cement systems.  

The composition of cementitious materials has also been shown to play a role in 

the resistance to scaling. Cements containing very low levels of C3A and a low alkali 

content have shown to have increased resistance (Jackson, 1958) to scaling as a result of 

forming a stable air-entrainment system in fresh concrete.  Calcium sulfoaluminate  

(C$A) based systems, where the content of C3A is relatively low could potentially 

perform very well under such circumstances.  

The performance of concrete containing supplementary cementing materials 

(SCMs) has been studied by many with varying results. Thomas (1997) conducted a 

survey of fly ash structures (pavements, sidewalks, bridge decks, driveways, and barrier 

walls) in Ontario, Alberta, Michigan, Minnesota and Wisconsin. He found both SCM 

content and method of placing had a significant effect on the scaling resistance. 

Although concrete with moderate to high levels of fly ash performed well if properly 

proportioned, placed, finished and cured, the scaling resistance of fly ash concrete is 

very sensitive to poor practices. For example, severe scaling was observed in concrete 

paving with 40% Class F fly ash, which was placed by hand and finished using a 

vibrating screed; however low-slump, slip-formed fly ash concrete performed well. The 

scaling resistance of various concrete systems tested after 50 cycles according to ASTM 
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C672 is presented in Figure 2.25 (Thomas, 2013). Mixes were compared based on the 

addition of SCMs and finishing technique.  

 
Figure 2.25- Scaling resistance of concrete with fly ash and slag (Thomas, 2013) 

 

In all cases, the addition of fly ash or slag resulted in increased mass loss in comparison 

to the control mix, especially when poor practices were adopted.   

2.5.3 Abrasion  

Abrasion results in the removal of the concrete surface when it is exposed 

vehicular traffic, flowing water (especially if solids are suspended in the water), ice or 

other agents.  Abrasion resistance is dependent on the strength of the concrete and the 

type of aggregate used. Calcium aluminate cement (CAC) concretes are known to have 

superior resistance to abrasion compared to Portland cement concretes. The improved 

resistance is attributed to the better particle packing in the interfacial transition zone 

(ITZ) between the aggregates and cement hydrates (Scrivener, 2003). The factors 

determining abrasion resistance are not fully understood. In systems other than CAC, 
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there is a strong relationship between compressive strength and abrasion resistance 

(Witte and Backstrom, 1951).  

Others have shown that both surface finishing techniques and types of curing 

practice also have a strong influence on the abrasion resistance of concrete (Nanni, 

1988; Ytterburg, 1971). Naik et. al (n.d.) studied the effect of fly ash replacement on 

abrasion according to ASTM C944 test method. They found that replacement levels up 

to 30% have no effect up until one year whereas replacement levels up to 70% showed 

an decrease in abrasion resistance.  

There are no data available on the abrasion resistance of ettringite-based systems. 

Also, carbonation of the surface of concrete produced with ettringite-based cements is 

likely to negatively impact the mechanical properties in the carbonated zone including 

the abrasion-resistance of the surface; however, this has not been investigated.  

2.6 Service-Life modeling  

Determining the remaining life of a reinforced concrete structure or designing a 

new structure for a specific design life can be conducted with the help of service-life 

prediction models.  

The idea behind service-life modeling was originally thought of in detail by 

Tuuti (1982), whose model is schematically presented in Figure 2.26. Tuuti (1982) 

presents the service life as two periods including the initiation and propagation periods. 

The initiation period, ti, defines the time it takes for a sufficient concentration of chloride 

to reach the surface of the reinforcement to cause corrosion, or the time until the passive 

layer is destroyed as a result of a carbonation front reaching the steel surface. The length 
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of this period is dependent on the concrete quality, depth of cover, exposure conditions 

(geographic location and surface concentration), and the chloride threshold 

concentration. The propagation period, tp, defines the time necessary for sufficient 

corrosion to occur to cause an unacceptable level of damage. The length of this period is 

dependent on the rate of corrosion, which may lead to the loss of the structure or the end 

of the useful service life if repairs are not conducted.  

               
Figure 2.26- End of service life (Tuuti, 1982) 

 

A number of mathematical models currently exist which have adopted the two-

stage service life model developed by Tuuti (1982). Clifton (1991) created a number of 

models to determine the service life of deteriorated concrete structures as a result of 

corrosion, sulfate attack, leaching, and freezing-and-thawing damages. In 1990, Clifton 

(1991) introduced a model to predict the service life by considering variables of chloride 

ion diffusion. Recently, a number of models have been developed to take into account 

multimechanistic transport, chemical binding and the time-dependent nature of concrete 



 

 

 

 

 

70 

properties. Boddy et al. (1999) developed a model to account for a number of factors 

including: 

- initial chloride profile due to sorption or prior history 

- initial diffusion value (D) for concrete 

- time-dependent reduction of D 

- nonlinear chloride binding isotherms 

- superposition of a hydraulic head on an external salt water environment 

- varying surface concentration with time 

- monthly variations in temperature during the year, and  

- chloride build up due to wicking (evaporation form inside face) 

In 1998, the Strategic Development Council (SDC) as part of the American 

Concrete Institute (ACI) created the first standard model, although concerns were raised 

in relation to its early results. In 2000, ‘Life-365 Service Life Prediction Model’ was 

created and since then, a number of models have been created which are based on these 

early developments (Ehlen et al., 2009).  

Life-365 was designed as a computer program for predicting the service life and 

life-cycle costs of reinforced concrete exposed to chlorides.  

The initiation period, which defines the time for a sufficient concentration of chlorides 

to reach the reinforcement, is based on Fickean diffusion which accounts for time-

temperature changes as shown in Eq. 2.64: 

! !,! =  !!"#
!!"#
!

!
∙ !!"# ∙ !"# !
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!      Eq. 2.66 
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where  D(t, T) = diffusion coefficient at time t and temperature T 

 Dref  = diffusion coefficient at some reference time tref and temp Tref 

 U = activation energy of the diffusion process (35,000 J/mol) 

 R = gas constant (8.314 J/mol/L) 

 T = absolute temperature (K) 

In Life-365, tref = 28 days,  Tref = 293K (20C) and T varies with time based on 

the geographic location of the structure.  

The diffusion coefficient after 28 days (Eq. 2.67) is dependent on the water-to-

cementitious ratio (w/cm) of the concrete and was developed using unpublished data 

from tests conducted at the University of Toronto for w/cm ratios ranging from 0.20 to 

0.80 (Sandberg and Tang, 1994; Frederisksen et al., 1997; Stanish, 2000).  

!!" = 10(!!".!"!!.!"
!
!" )        Eq. 2.67 

The early age diffusion coefficient is also assumed to be affected by the amount of silica 

fume (Eq. 2.66) present and was also determined from unpublished data at the 

University of Toronto with silica fume contents ranging from 3 to 12%.  

!!" = !!"!(!!.!"#"!")       Eq. 2.68 

where SF represents the amount of silica fume in the system. The addition of other 

SCMs such as slag and fly ash are not assumed to affect the early-age diffusion 

coefficient of concrete although significantly influence the time-dependent nature of the 

diffusion coefficient through the decay constant (m).  

Bamforth (1999) proposed decay constant values of 0.264, 0.700 and 0.620 for 

PC, fly ash and slag concrete respectively based on more than 30 sources of data. Life-
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365 allows m to vary between 0.20 to 0.60 based on the level of fly ash (%) and/or slag 

(%) through the following relationship: 

m = 0.2 + 0.4 (%FA/50 + % SG/70)       Eq. 2.69 

Since the development of Life-365, a number of models have been developed 

based on the principles developed in Life-365 (Ehlen et al., 2009; Violetta, 2002). One 

such example is the apparent diffusivity model developed by Riding et. al (2013) which 

improves on the commonly-used Life-365 model using a more realistic equation for the 

decrease in concrete’s apparent chloride diffusivity with time.  

The model assumes that the diffusion coefficient will decrease to a point where it 

will reach an ultimate limiting factor which is assumed to be 100-years  

! ! =  !!" !!"
!

!
+ !!"# 1− (!!"! )

!       Eq. 2.70 

where D28 is the early age diffusion coefficient, m is the decay constant and Dult is the 

ultimate diffusion that is assumed to be reached after 100 years of service (36,500 days).   

!!"# = !!" !"
!",!""

!
        Eq. 2.71 

Figure 2.27 presents this proposed approach in comparison to the approach 

adopted by Life-365 and that of allowing the diffusion coefficient to decrease 

indefinitely. Life-365 assumes the diffusion coefficient reaches a plateau after 25 years 

whereas the model developed by Riding et al. (2013) allows the diffusion coefficient to 

decay asymptotically to some ultimate value.  
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Figure 2.27- Time dependence of diffusion coefficient 

The early age diffusion coefficient as a function of water-to-cementitious ratio 

was determined from both published and unpublished data from the University of New 

Brunswick (UNB) and University of Texas at Austin (UTA) using w/cm ratios of 0.20 to 

0.80. The following algorithm was determined based on data collected by conducting 

ASTM C1556 (ASTM C1556, 2004).  

!!" = 2.17 ∗ 10!!"!(
!
!")/!.!"#      Eq. 2.72 

Diffusion coefficient relationships adjusted for the presence of silica fume (SF) in the 

range of 3 to 12%, ultra-fine fly Ash (UFFA) at a replacement level of 8 to 40% and 

metakaolin have also determined using data from UNB and UTA and are presented in 

equations 2.73-2.75 (Riding et al., 2013).  

!!"
!!"

= 0.206+ 0.794!(!
!"
!.!")       Eq. 2.73 

!!"
!!"

= 0.191+ 0.809!(!
!"
!.!")       Eq. 2.74 
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!!""#
!!"

= 0.170+ 0.794!(!
!""#
!.!" )      Eq. 2.75 

The decay constant (m) is similar to that developed in Life-365 although it 

allows for a decay constant between 0.26 and 0.66 since the model developed by Riding 

et al. (2013) does not assume the diffusion coefficient plateaus at 25 years.  Similarly, 

the decay constant is dependent on the level of fly ash and slag up to a maximum of 50 

and 70% respectively.  

m = 0.26 + 0.4 (%FA/50 + % SG/70)      Eq.2.76 

 

2.6.1 Modeling Chloride Binding  

Although there currently exist a number of service life prediction models, which 

take into the account of chloride penetration, there exist only a limited number that take 

into account the effect of carbonation and chloride binding.  

The following modified version of Fick’s second law describes the diffusion in 

concrete by allowing for the phenomenon of chloride binding (Martín-Pérez et al., 

2000).  

!!!
!" =

!
!" !!∗

!!!
!"          Eq. 2.77 

with  

!!∗ = !!
!! !

!!
!!!
!!!

          Eq. 2.78 

where Dc
* is the apparent diffusion coefficient (m2/s) and !!!!!!

 is the binding capacity of 

the concrete binder (m3 of pore solution / m3 of concrete). The binding capacity of a 
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specific cementitious system is given by binding isotherm, which represents the ability 

of the system to bind chloride ions (previously discussed in section 2.5 on page 52).  

As previously mentioned, there exist a number of mathematical models (Linear, 

Langmuir and Freundlich), which describe the binding capacity of the cementitious 

system. The corresponding binding capacities and resulting apparent diffusion 

coefficients are given as follows:  

Linear isotherm 

!! = !!!           !!!!!!
= !            !!∗ =  !!

!! !
!!

     Eq. 2.79 

Langmuir isotherm 

!! =
!!!

!!!!!
             !!!!!!

= !
(!!!!!)!

            !!∗ =  !!
!! !

!!(!!!!!)!
   Eq. 2.80 

Freundlich isotherm 

!! = !!!!              !!!!!!
= !"!!!!!           !!∗ =  !!

!! !
!!!"!!

!!!   Eq. 2.81           

where α and β are binding constants.  

Martín-Pérez et al., (2000) conducted a numerical analysis on published 

mathematical models to study the effect of the binding isotherm on the chloride 

concentration profiles. The inability of a system to bind chlorides was compared to 

systems where linear and non-linear (Freundlich) binding were the dominating 

relationships. Two surface concentrations of 0.5 and 2.5 M were studied. Martín-Pérez 

et al., (2000) concluded that the incorporation of binding (Freundlich isotherm) 

significantly reduced the penetration of free chloride ions relative to depth and 

significantly increased the time to initiate corrosion.  
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Chapter 3  

   Strength-Development of Rapid-Repair (Ettringite-Based) Concrete 

Moffatt, E.G1, Thomas, M.D.A1, Bizzozero, J. 2, Scrivener, K. 2 
1. Department of Civil Engineering, University of New Brunswick, Fredericton, Canada 
2. École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 

3.1 Abstract 

Ettringite-based repair materials are used in niche applications where strength 

development is required within a very short period of time in order to minimize 

construction times and have minimal disruption to the travelling public. These 

applications include the repair of bridge decks, airfield and highway pavements, parking 

structures, and sub-structural elements of bridges such as columns and girders. Unlike 

ordinary Portland cement (PC) concretes which typically set after 6-12 hours of initial 

hydration, ettringite-based systems result in a working time of approximately 10-30 

minutes and result in early strength within the first few hours (e.g. 20 MPa in 3 hours) as 

a result of the rapid formation of ettringite (C3A·3C$·H32). The formation of ettringite is 

achieved in a number of ways although primarily through the use of cements composed 

of calcium-aluminate cement (CAC) or calcium sulfoaluminate cement (C$A) in 

addition to a source of calcium sulfate (C$). This paper presents information on a new 

ettringite-based system that uses a ternary blend of Portland cement, calcium-aluminate 

cement and calcium sulfate, PC-CAC-C$, to produce ettringite for early-age strength 

and normal Portland cement hydrates for later-age strengths. 

Keywords: Strength development, ettringite, hydration, calcium aluminate cement, 

calcium sulfoaluminate belite cement. 
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3.2 Introduction 

With the current state of our surrounding infrastructure, repairs to concrete 

structures are constantly being conducted to extend service life. In order to reduce the 

disruption to the public, rapid-repair materials are commonly used to conduct the repair 

in a timely manner. Rapid-repair ettringite-based cements can be used to produce 

concrete with a very high-early strength, typically 20 MPa in only three hours.  The high 

early-age strength that can be achieved with these cements is due to the rapid formation 

of ettringite shortly after the cement is mixed with water. The ettringite forms 

throughout the concrete, filling space, reducing porosity and thereby contributing to 

strength. Other than achieving high-early strength, these materials must be durable 

enough to withstand the environment in which they are placed; at this time there is little 

information on the durability of concrete produced with ettringite-based cements.  

Rapid-repair cementitious materials are currently specified within ASTM C 

1600, which classifies various rapid-strength cements including ultra rapid hardening 

(URH), very rapid hardening (VRH), medium rapid hardening (MRH), and general rapid 

hardening (GRH). Cements are characterized according to their setting time, working 

time, slump and strength development, which range from 7-28 MPa following three 

hours of hydration.   

Other than ettringite-based binders having early hydration characteristics, 

calcium sulfoaluminate (C$A) cements require a lower amount of energy to produce in 

comparison to PC. The production of ordinary Portland cement releases approximately 

1.80 g CO2/mL cementing phase whereas as systems based on calcium sulfoaluminate 
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(C$A) release approximately 0.56g CO2/mL cementing phase. The absence of alite 

(C3S) allows for the system to be produced at a much lower burning temperature  

(Winnefeld and Lothenbach, 2010).  

Calcium sulfoaluminate (C$A) cement has been the most widely used cement 

formulation that relies on the early rapid formation of ettringite for early-age strength 

gain. Blends of Portland cement (PC) and calcium-aluminate cement (CAC) can be 

formulated to achieve high-early strength due to the early formulation of ettringite and 

C4AH13; however, such formulations have some undesirable properties (early stiffening 

and poor long-term strength gain) and have not been widely used (Scrivener and 

Capmas, 2008). Recently, a ternary cement system (PC-CAC-C$) based on a 

combination of Portland cement (PC), calcium-aluminate cement (CAC) and calcium 

sulfate (C$) has been developed, the addition of sulfate compensating for some of the 

shortcomings in the PC-CAC system (Lamberet, 2005). A brief review of the hydration 

of PC-CAC-C$, C$A-C2S and C$A-PC in comparison to ordinary and high-early 

strength PC systems is provided here. 

Calcium sulfoaluminate (C$A) cement was developed in China in the early 

1970’s and is currently being used in areas all over the world. Unlike Portland cements 

(PC), these cements do not contain alite (C3S) or tricalcium aluminate (C3A), which 

allows production at lower burning temperatures thereby producing less CO2. They do 

however contain higher amount of interground calcium sulfate, which plays a role in 

producing high-early strengths.  
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Calcium sulfoaluminate [strictly: tetracalcium trialuminate sulfate (C4A3$)], also 

referred to as Klein’s compound or Ye'elimite, is produced by combining various 

amounts of limestone, clay, bauxite and gypsum or anhydrite, and burning them at 

maximum temperature of 1200°C (Odler, 2000). 

Calcium sulfoaluminate belite cement (C$A-C2S) is the most widely used C$A 

system; in addition to tetracalcium trialuminate sulfate (C4A3$) it contains belite (β-

C2S), which is the main constituent. Belite, as in PC systems, aids in the long-term 

strength formation of the system. In addition to C4A3$ and C2S, calcium sulfate 

(anhydrite, CaSO4; C$) is interground with the raw meal and plays a significant role in 

the early hydration properties of the system (Wang et al., 1992). Other minor 

constituents include the ferrite phase (calcium aluminate ferrite; C2(A,F)), the calcium 

aluminate phases (CA and C12A7) and free lime (CaO; C).  

C$A cements are characterized as either expansive or non-expansive based on 

the constituents of the raw meal and the behavior (volume change) of the hydrating 

system. C$A-C2S is a non-expansive, dimensionally stable cement whereas systems rich 

in aluminum (C3A, C12A7, CA and C2AS) or anhydrite, gypsum and free lime are 

expansive, and classified as Type K cements. The expansive characteristics are 

dependent on the sulfate content of the cement; 10-15% interground gypsum being 

typical for non-expansive cements and 20-25% for expansive cements.  

Calcium aluminate cement (CAC) or high alumina cement was first patented in 

1908. The product was introduced to the public in 1913 under the name ‘Ciment Fondu 

Lafarge’ and used in various applications during the First World War (Scrivener and 
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Capmas, 2008). Similar to C$A cements, calcium aluminate cements (CAC) are 

produced by combining various types of lime (limestone) and alumina (bauxite) at high 

temperatures. Monocalcium aluminate (CaO.Al2O3; abbreviation CA) is the main 

constituent in CAC and is primarily responsible for the early strength development. 

CAC is mainly used in applications to resist corrosion, abrasion and heat, but it also has 

rapid hardening characteristics especially when used with an accelerator.  

CAC undergoes a phenomenon known as conversion in which metastable 

hydrates initially formed in the early stages of hydration convert to stable hydrates as 

temperature and time increase. Stable hydrates occupy much less volume than 

metastable hydrates and conversion results in an increase in porosity and a concomitant 

decrease in strength.  

The combination of CAC and calcium sulfate (C$) results in a Type M system, 

which is typically combined with ordinary Portland cement in order to eliminate the 

effect of conversion and to produce an accelerated Portland cement system. The 

formation of metastable and stable phases is replaced by the early formation of ettringite 

followed by calcium aluminate bearing hydrates in addition to the phases abundant in 

PC systems (Ideker et.al, 2013). The addition of calcium sulfate (C$), which occupies 

approximately 10-15% by weight of cementitious material, is one of the main 

contributors to the early formation of ettringite and the avoidance of expansion 

(Lamberet, 2005).  
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Figure 3.1 presents the compressive strength development of ettringite-based 

systems in comparison to ordinary Portland cement (PC) concrete. The strength 

development of PC concrete is characterized by a relatively long setting period, with 

little to no strength development during the first 6 to 12 hours (compressive strength is 

typically not measured until 24 hours after hydration has initiated) beyond which 

strength increases with time up to about 28 days. Calcium aluminate cement (CAC) with 

the addition of an accelerator has early strength characteristics although the inevitable 

process of conversion results in a later-age loss of strength as a result of the formation of 

stable hydrates. Ettringite-based systems on the other hand result in high-early strength 

as a result of the rapid formation of ettringite within a few hours of hydration and the 

strength increases beyond this period as a consequence of the hydration of either the 

Portland cement (PC) or belite (C2S) component of the system.  

 

 Figure 3.1- Strength development of PC and CAC based systems 
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The hydration of ettringite-based systems (based on CAC and C$A) is very 

complex in comparison to PC systems. Ettringite forms within the first few hours of 

hydration as a result of the reaction between monocalcium aluminate, CA (main phase in 

CAC) and calcium sulfate or Ye’elimite, C4A3$ (main phase in C$A) and calcium 

sulfate (C$) as presented in Eq 3.1 and 3.2.  

3CA + 3C$Hx + (38-3x)H à C3A·3C$·H32 + 2AH3    Eq. 3.1 

C 4A 3$ + 2C$Hx + (38-2x)H à C3A·3C$·H32 + 2AH3   Eq. 3.2 

Most of the ettringite present in PC-CAC-C$ eventually converts to 

monosulfoaluminate (AFm), as shown in Eq. 3.3, if an excess of tricalicum aluminate 

(C3A) remains in the system. The absence of C3A in the calcium sulfoaluminate belite 

(C$A-C2S) system does not allow for the reaction to occur. Belite (C2S), which is 

present as a result of the presence of PC or abundant in C$A-C2S, results in the later age 

strength and the formation of C-S-H and portlandite (CH) as time progresses (Pelletier 

et. al, 2010).  

C3A.3C$.H32 + 2C3A + 4H à 3C3A·3C$·H12    Eq. 3.3 

Aluminum hydroxide (AH3) and calcium hydroxide (CH) cannot coexist 

thermodynamically in ettringite-based systems instead monocarboaluminate 

(C3A·CČ·H11) and/or hemicarbonaluminate (3C3A·CČ0·5.H12) will form if calcium 

carbonate is present, hydrogarnet (C3AH6) if no other phases are present and strätlingite 

(C2ASH8) if both aluminum hydroxide (AH3) and alite (C3S) are present. The formation 

of such phases is presented in equations 3.4-3.9.  

AH3 + 3CH + 3C$Hx + (26-3x)H à 3C3A·3C$·H32    Eq. 3.4  
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AH3 + 3CH + CČ + 5H à 3C3A·CČ·H11     Eq. 3.5 

AH3 + 3CH à C3AH6        Eq. 3.6 

AH3 + C3S +6H à C2ASH8 + CH       Eq. 3.7 

3C3A·C$·H32 + 2C3A + 3CČ + 7H à 3C3A·CČ·H11 +3C$H2  Eq. 3.8 

3C3A·C$·H32 + 2C3A + 1.5CČ + 10H à3C3A·CČ0.5·H12 +3C$H2  Eq. 3.9 

Although these systems are beneficial in forming high-early strength, very little 

if any portlandite (CH) is formed which may be a concern if the concrete contains 

embedded steel as the normal passive state of steel in concrete results from the normally 

high pH (> 13) in Portland cement systems. Although CH is formed as a result of the 

hydration of alite (C3S), it may be consumed as a result of the further hydration of 

ettringite presented in equations 3.10 and 3.11 for CAC-based systems.   

C3S + (y+3-x)H à CxSHy + (3-x)CH      Eq. 3.10 

CA + 3C$Hx + 2CH + (30-3x)H à C3A·3C$·H32    Eq. 3.11 

Due to the absence of CH, the alkalinity of the pore solution in C$A-based 

systems is relatively low; the pH has been reported to be in the range of 9.5-10.0 (Wang 

et. al, 1992). The presence of Portland cement (PC) in excess of 70% replacement in the 

PC-CAC-C$ system may be expected to lead to a higher pore solution alkalinity (pH) 

better enabling the formation of a passive layer on the surface of embedded steel thereby 

impeding corrosion. Due to the low alkalinity and limited availability of Portlandite in 

ettringite-based systems, there is also a concern in terms of carbonation. The carbonation 

of systems primarily composed of ettringite result in an increase in porosity and decrease 

in strength as a result of the dissolution of ettringite (Odler, 2000).  
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This paper presents the strength development and hydration characteristics of 

ettringite-based systems produced using cements composed of: (i) a ternary PC-CAC-C$ 

system, (ii) a C$A-C2S system and (iii) a binary C$A-PC system. The durability of 

concrete produced with these cements will be the subject of a subsequent paper. 

3.3 Materials and Experimental  

Three ettringite-based cements were studied along with a high-early strength 

Portland cement (HEPC) and an ordinary Portland cement (PC) as references. The first 

ettringite-based system, designated as PC-CAC-C$, is a non-expansive ternary system 

comprised of 70% PC and 30% of a blend of 2.2 parts of calcium-aluminate cement 

(CAC) to 1 part of calcium sulfate (C$). The second system is a commercially-available 

non-expansive calcium sulfo-belite cement and is designated as C$A(1)-C2S; it is 

primarily composed of Ye’elimite or Klein’s compound (C4A3$), belite (β-C2S) and 

calcium sulfate (C$). The production of C$A(1)-C2S results in both Ye’elimite and 

belite being formed in the kiln after which calcium sulfate (C$) is interground in various 

amounts depending on the application. Finally, the third system is designated as C$A(2)-

PC which is comprised of 70% PC and 30% C$A(2); C$A(2) is commercially available 

to concrete producers and the manufacturer recommends that it is combined with 70% 

PC during batching. The phase composition and chemical composition of each system is 

presented in Tables 3.1 and 3.2, respectively. The PC-CAC-C$ was not analyzed as a 

blend rather its components were analyzed separately. The ordinary PC that was used as 

a control was also used in both the PC-CAC-C$ and C$A(2)-PC systems.  
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All mixes were prepared with a 19-mm graded crushed siliceous gravel and a 

natural siliceous sand. In order to achieve maximum workability without increasing the 

water content, a liquid polycarboxylate-ether base acrylic superplasticizer was used in 

all mixes except for the control (PC). Melamine formaldehyde was also used as a water 

reducer-dispersing agent. In addition, citric acid (C6H8O7), a common natural 

preservative was used as a retarder in the PC-CAC-C$ system at a dosage of 0.38% of 

the total mass of CAC-C$ in the mix. It has been reported that additions less than 0.1% 

citric acid accelerate the hydration whereas dosages greater than 0.1% retard. Various 

levels were used in order to achieve a suitable working time without significantly 

compromising the early-age (3-hour) strength. The admixture doses were determined by 

preliminary tests on mortars to optimize the working time and 3-hour strength; these 

data are not presented here. Small adjustments were then made to the doses for concrete. 

Concrete mixture proportions are presented in Table 3.3. A water-to-cementious 

material (W/CM) ratio of 0.35 and a total cementitious material content of 530 kg/m3 

was used for all ettringite-based systems and the HEPC system whereas 0.40 and 450 

kg/m3 were used for the PC control. The higher W/CM ratio of 0.40 was selected 

because it represents a commonly used PC control mix. Due to the minimal working 

time of the rapid-repair materials as a result of the early formation of ettringite, a 

number of modifications were made to the mix designs until both an acceptable strength 

and working time were achieved. The main criteria in developing the mix designs for 

the ettringite-based systems was achieving a compressive strength greater than 20 MPa 
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at three hours as well as a suitable working time to ensure proper placement and 

consolidation. This was achieved by varying the ratio of cementitious materials and 

admixtures. The amount of citric acid (C6H8O7) was adjusted between 0.3-0.4% by mass 

of CAC-C$ until the desired properties were achieved. The HEPC concrete was 

proportioned using a high dosage of a liquid polycarboxylate-ether based acrylic 

superplasticizer and non-chloride accelerator (calcium nitrite) and is based on a 

commercially-used concrete designed to achieve a flexural strength of 2.8 MPa (400psi) 

in 4 hours. 

 
Table 3.3- Mixture proportions 

 
Mix 

Cement 
content  
(kg/m3) 

 
W/CM 

PC  
(%) 

CAC-C$ 
(%) 

HEPC 
(%) 

C$A(1)-C2S 
(%) 

C$A(2) 

(%) 

PC-CAC-C$ 530 0.35 70 30 - - - 
C$A(1)-C2S 530 0.35 - - - 100 - 
C$A(2)-PC 530 0.35 70 - - - 30 
HEPC 530 0.35 - - 100 - - 
PC 450 0.40 100 - - - - 

 

Concrete cylinders (100-mm x 200-mm) were cast for laboratory experiments. 

Cylinders were cured under wet-burlap for 24 hours after which they were placed in a 

moist curing room (100% RH at 23±2°C) until they were to be tested. Prior to 

measuring compressive strength, each end of the cylinder was ground in order to ensure 

the ends were flat and parallel (ASTM C39, 2005).  
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3.4 Results and Discussion  

Figure 3.2 presents the strength development (average of three measurements) of 

all ettringite-based systems (PC-CAC-C$, C$A(1)-C2S, C$A(2)-PC) in addition to the 

HEPC and Portland cement (PC) control systems.  

Since PC does not set until 6-12 hours, the compressive strength was not 

measured until 24 hours. PC-CAC-C$, C$A(1)-C2S and C$A(2)-PC achieved 3-hour 

compressive strengths of 33.5, 35.5 and 22.0 MPa respectively; the strength of PC-

CAC-C$ and C$A(1)-C2S at three hours was similar to that of PC based systems after 7 

to 28 days of hydration. Later-age strength (i.e. greater than 7 days) of ettringite-based 

systems is a result of the hydration of belite (C2S) in the C$A(1)-C2S system and 

Portland cement in the PC-CAC-C$ and C$A(2)-PC systems; both compounds result in 

the formation of   C-S-H.  

The ternary system (PC-CAC-C$) resulted in lower compressive strengths at all 

ages compared with the C$A(1)-C2S system; however, the ternary system generally had 

a significantly longer working time (up to 15 minutes) than the C$A(1)-C2S system (less 

than 10 minutes). It is expected that the working time is strongly affected by the kinetics 

of ettringite formation and this is likely significantly faster in the system containing 

Klein’s compound. HEPC, does not result in a compressive strength greater than 20MPa 

in three hours although it resulted in a working time significantly greater than all 

ettringite-based systems and the highest later-age strength.  
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Figure 3.2- Compressive strength (fc')  

The evolution of the hydration phases for paste samples produced using PC-

CAC-C$, C$A(1)-C2S and C$A(2)-PC up to and including 200 days is presented in 

Figure 3.3. The composition of the hydrated pastes was determined by quantitative X-

ray diffraction (Rietveld) analysis and the details have been previously reported by 

Bizzozero and Scrivener (2014) and are presented in Figure 3.3. At 1 day, ettringite is 

the predominant phase in all three systems although a small amount of CH was detected 

in both the ternary and C$A(2)-PC systems. The C$A(1)-C2S system contains 

appreciably more ettringite than both the PC-CAC-C$ and C$A(2)-PC systems and the 

ettringite content appears to remain constant until 90 days; between 90 days and 180 

days some of the ettringite converted to hemicarboaluminate (Hc). In the PC-CAC-C$ 

system the amount of ettringite decreases after 1 day, converting to monosulfoaluminate 
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(Ms, C3A.C$.H12), hemicarboaluminate (Hc) and hydrogarnet (C3AH6); a small amount 

of monocarboaluminate (Mc, 3C3A.CĈ.H11) is also detectable after 90 days. A similar 

trend is observed in C$A(2)-PC where the ettringite content decreases after one day 

resulting in the formation of similar phases although  hydrogarnet is not detected. 

Beyond 7 days, there is a slight increase in the amount of calcium hydroxide (CH) 

detected in the ternary and C$A(2)-PC systems; no CH is detected in the C$A(1)-C2S 

system at any age. 

The relatively low amount of calcium hydroxide (CH) in the ternary and 

C$A(2)-PC systems compared to PC systems and the absence of CH in the C$A(1)-C2S 

system raises concerns about the passivity of embedded steel in such systems due to the 

low pH. The low CH content may also render these systems prone to rapid carbonation 

as CH acts to buffer CO2 in PC systems. Carbonation results in the decomposition of 

ettringite resulting in the formation of calcite, gypsum and alumina gel; this is likely 

accompanied by significant changes in the pore structure and integrity of the matrix. The 

effect of carbonation on the properties of ettringite-based systems and the durability of 

such systems exposed to aggressive environments is the subject of parallel studies. 
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Figure 3.3- Phase content relative to time: 1-PC-CAC-C$, 2-C$A(1)-C2S and 3-
C$A(2)-PC (Bizzozero and Scrivener, 2014) 
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3.5 Conclusion  

The work presented here both introduces and presents the strength and hydration 

characteristics of ettringite-based systems.  

Several conclusions can be drawn from the research: 

• Ettringite-based cements are capable of very rapid early-age strength gain. Three 

ettringite-based systems were evaluated here; these were a ternary system 

composed of Portland cement (PC), calcium aluminate cement (CAC) and 

calcium sulfate (C$), a binary system composed of PC and calcium 

sulfoaluminate cement (C$A(2)-PC) and finally a calcium sulfoaluminate belite 

system (C$A(1)-C2S).  

• All three ettringite-based systems examined here are capable of achieving a 

strength of 20MPa at 3 hours and meet the strength requirements of a very rapid 

hardening (VRH) system according to ASTM C1600.  

• The new ternary system, PC-CAC-C$, has similar strength development as the 

others showing slightly increased strength compared to C$A(2)-PC and slightly 

decreased strength compared to C$A(1)-C2S.  

• Although the three systems show ettringite to be the predominant phase at 1 day, 

the ettringite in both PC-CAC-C$ and C$A(2)-PC systems starts to decompose 

after 1 day to form other sulfate and aluminate bearing phases and more than 

50% of the ettringite present at 1 day is no longer present at 180 days. This is in 

contrast to the C$A(1)-C2S system where little decomposition occurs up to 90 
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days although there is a small amount of conversion to hemicarbonaluminate 

between 90 and 180 days.  

• The various hydration paths amongst the different systems beyond 1 day do not 

lead to very different behavior in terms of strength development. It is possible 

that the pore structure, permeability and durability of these systems are quite 

different given the difference in composition of hydrates. This will be 

investigated in parallel studies.  
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Chapter 4  

             Durability of Rapid-Strength Concrete Produced with  

                                        Ettringite-Based Binders 
 
Moffatt, E.G. and Thomas, M.D.A. 
Department of Civil Engineering, University of New Brunswick, Fredericton, Canada 

4.1 Abstract 

Rapid-strength concretes are currently used to repair structures such as 

bridge decks, substructure elements on bridges (e.g. piers and columns), 

pavements, and components of buildings. Although these products gain a high 

strength in a short period of time (e.g. ≥ 20 MPa in 3 hours), it is usually intended 

that they not only provide a temporary fix, but can provide a permanent repair for 

the remaining service life of the structure. One approach for delivering high early-

age strength is through the rapid formation of ettringite using a binder that 

contains a calcium aluminate or calcium sulfoaluminate phase with calcium 

sulfate. Although it has been proven that such binders gain high-early strength and 

acceptable working time, there exists limited information concerning the long-

term durability of concrete produced with these binders in the aggressive 

conditions often encountered in service. This paper presents durability data on the 

chloride resistance, corrosion protection properties, deicer-salt scaling resistance, 

carbonation properties, and abrasion resistance of a number of concretes. These 

concretes include: Portland cement (PC) and high-early strength Portland cement 
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(HEPC) as references; a newly-developed ternary cement (PC-CAC-C$) 

consisting of a blend of Portland cement (PC), calcium aluminate cement (CAC) 

and calcium sulfate (C$); and two commercially-available calcium-sulfo-

aluminate (C$A) cement systems.  

Keywords: Calcium aluminate cement, calcium sulfoaluminate cement, chloride 

ingress, corrosion, linear polarization, carbonation, abrasion, scaling resistance.  
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4.2 Introduction 

There currently exist a number of rapid repair concrete systems used to repair 

concrete structures such as pavements, bridges and buildings. These specialty concrete 

products must be able to set and gain sufficient strength in a very short period of time so 

that the disruption to the travelling public and other users is minimized.  

High-early strength can be achieved as a result of ettringite (C3A·3C$·H32) being 

formed in the first few hours of hydration using either type M or type K non-expansive 

cements. Type M cements are composed of calcium aluminate cement (CAC, main 

phase CA) with calcium sulfate (C$) and type K cements are composed of calcium 

sulfoaluminate cement (C$A - main phase is Ye’elimite C4A3$) with calcium sulfate 

(C$). Type M or K cements are sometimes used on their own or to accelerate ordinary 

Portland cement (PC) systems as shown in equations 4.1 and 4.2 (Bizzozero and 

Scrivener, 2014; Mehta, 1973; Pelletier et al., 2010)  

3CA+ 9C$Hx + 6CH + (90-9x)H à 3C3A·3C$·H32   Eq. 4.1 

C4A3$ + 8C$Hx + 6CH + (90-8x)H à 3C3A·3C$·H32   Eq. 4.2 

Other than achieving early strength these concretes should be durable enough to 

withstand exposure to aggressive environments. Durability concerns include the ingress 

of chlorides and subsequent corrosion of embedded steel reinforcement. Premature 

deterioration of reinforcement in concrete structures typically results from corrosion 

occurring due to exposure to de-icing salts or marine environments. Chloride ions 

penetrate the concrete and eventually reach the steel; if sufficient oxygen and moisture 
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are also available, corrosion will be initiated. Chlorides penetrate concrete in a number 

of ways including diffusion, convection and absorption. Concrete continuously 

immersed in solution results in chloride ingress by diffusion through the pore solution 

whereas concrete exposed to wetting and drying results in chloride entering the concrete 

through the combined mechanisms of absorption (convection of salt-laden water) and 

diffusion (Older, 2000). Resistance to chloride penetration in concrete structures can be 

enhanced by reducing the water-to-cementitious (w/cm) ratio, the addition of 

supplementary cementing materials (such as fly ash, slag and silica fume) and the 

adoption of proper placing, finishing and curing measures to avoid cracking.  

Although it is inevitable that chloride ions will reach the reinforcement if placed 

in a harsh environment, a sufficient amount is required to initiate corrosion. As chlorides 

penetrate the concrete they may react both chemically and physically resulting in 

chlorides being bound. Chlorides that are not bound by cementitious hydrates move 

through the pore solution until they reach the reinforcement. Once the chloride 

concentration surrounding the reinforcement reaches a threshold value of approximately 

0.05% by mass of concrete (typically-used value for PC concrete), the passive layer 

surrounding the reinforcement is lost and corrosion begins. Corrosion may result in a 

loss of the reinforcement cross section, cracking and spalling of the concrete cover as 

well as a loss of adherence between the steel and concrete (Nogueira and Leonel, 2013).  

In addition to the effect of corrosion, which is known to be the leading cause of 

premature deterioration in North America, there exists a number of other durability 
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concerns including carbonation, salt scaling and abrasion. Carbonation is of concern 

because, (i) corrosion of steel may be initiated once the carbonation front reaches the 

surface of the steel; and (ii) carbonation may render the near-surface concrete less 

resistance to abrasion, salt scaling and chloride ingress (Broomfield, 1997). Only the 

first concern will be discussed within this paper while the second will be the subject of a 

separate paper.  

This paper presents the durability performance of concrete produced with three 

ettringite-based systems. Chloride ingress, corrosion, carbonation, salt scaling and 

abrasion results are presented and compared to the performance of concretes produced 

with a high-early strength Portland cement (HEPC) and a ordinary Portland cement 

(PC).  

4.3 Experimental 

4.3.1 Materials and Concrete Mixtures 
 

The durability performance of three ettringite-based systems in addition to two 

PC based systems was studied. The first is a newly-developed ternary system comprised 

of Portland cement (PC), calcium aluminate cement (CAC) and calcium sulfate (C$); 

the system, which is designated PC-CAC-C$, contains 70% PC, the remainder being a 

blend of CAC and C$, such that CAC:C$ = 2.2:1. Two commercially-available calcium 

sulfoaluminate (C$A) systems are used. The first is a calcium sulfoaluminate belite 

(C$A-C2S) system, comprised of belite (C2S) and tetracalcium trialuminate sulfate 
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(C4A3$, Klein’s compound or Ye’elimite). This system is designated as C$A(1)-C2S. 

The second is a standard calcium sulfoaluminate cement (C$A) which is used in 

combination with ordinary Portland cement (PC); the C$A is supplied to the concrete 

producer and batched at the mixer with PC (typically PC:C$A = 70:30). This system is 

designated as C$A(2)-PC. Finally, as controls, an ordinary Portland cement (PC) and a 

high-early strength Portland cement (HEPC) were used. The chemical composition of 

the cementing systems and the main phase composition (by XRD Rietveld analysis) of 

the different systems is shown in Tables 4.1 and 4.2, respectively (Bizzozero and 

Scrivener, 2014).  
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All ettringite-based systems, PC-CAC-CŠ, C$A(1)-C2S and C$A(2)-PC and 

HEPC were produced with a water-to-cementitious-material ratio (W/CM) of 0.35, 

whereas the PC control was produced with a W/CM of 0.40. 

Table 4.3 presents the mixture proportions along with compressive strength 

(MPa) results after three hours, 1 day and 28 days. PC-CAC-C$, C$A(1)-C2S and 

C$A(2)-PC reached strengths of 33.5, 35.5 and 22.0 MPa, respectively, after three 

hours. The strength of PC could not be determined at 3 hours as the concrete had not 

hardened sufficiently. C$A(1)-C2S resulted in the lowest working time of less than 10 

minutes compared to upwards of 15 minutes for the PC-CAC-CŠ and C$A(2)-PC. 

 
Table 4.3- Concrete mixtures 

 
Mix 

Cement 
content 
(kg/m3) 

 
W/C 

PC 
(%) 

CAC-
C$ 
(%) 

C$A(1)
-C2S 

(%) 

C$A (2) 

(%) 
HEPC 

(%) 
Strength (MPa) 

  3 h 1 d 28 d 
PC-CAC-C$ 530 0.35 70 30 - -  33.5 37.0 54.0 
C$A(1)-C2S 530 0.35 - - 100 -  35.5 50.0 67.0 
C$A(2)-PC 530 0.35 70 - - 30  22.0 32.0 56.0 

HEPC 530 0.35 100 - - - 100 12.0 61.5 84.0 
PC 450 0.40 100 - - -  - 19.0 55.5 

 

All mixes were prepared with a 19-mm graded crushed siliceous gravel except 

the corrosion samples (ASTM G 109) which were prepared with a 9.5-mm graded 

crushed siliceous gravel; natural siliceous sand was used for all mixes. In order to 

achieve maximum workability without increasing the water content, a liquid 

polycarboxylate-ether base superplasticizer was used in all mixes except for the control 
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(PC). In addition, citric acid (C6H8O7), a common natural preservative was used as a 

retarder in the PC-CAC-C$ system at a dosage of 0.38% of the total mass of CAC-C$ in 

the mix. Only concrete exposed to salt scaling and natural exposure were air-entrained 

with a neutralized vinsol resin to achieve an air content between 5-7%. The HEPC 

concrete was proportioned using a high dosage of superplasticizer and non-chloride 

accelerator (calcium nitrite) and is based on a commercially-used concrete designed to 

achieve a flexural strength of 400psi (2.8MPa) in 4-hours.  

4.3.2 Specimen preparation 
 

Concrete cylinders (100-mm diameter x 200-mm) and (150-mm x 300-mm) 

were cast for chloride penetration tests and abrasion resistance, in accordance with 

ASTM C 1556 and ASTM C 944, respectively. Cylinders were cured under wet burlap 

and plastic at room temperature for 24 hours and then stripped and placed in a fog room 

at ambient temperature (22 +/- 1°C) chamber until 28 days. Cylinders produced for 

ASTM C 1556 were then cut into 100-mm diameter x 50-mm thick discs and all sides 

except one flat surface were coated in a two-part waterproof epoxy. Once the epoxy had 

set, the samples were vacuum-saturated in water and then placed in a NaCl (165g/L) 

solution for 40 and 180 days. Additional concrete discs (100-mm diameter x 50-mm) 

were also cut from these cylinders for “rapid chloride permeability tests, RCPT” (ASTM 

C1202).  Cylinders produced for ASTM C 944 were cut into 150-mm diameter x 50-mm 

thick disks and allowed to dry for 24 hours. The abrasion resistance was determined by 
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rotating an abrading cutter (82.5-mm diamteter) at a speed of 200 r/min while exerting a 

force of 197 ± 2N [44 ± 0.4 lbf] on the surface of the specimen. Abrasion was conducted 

for 2 minutes after which the mass loss was determined.  

The ability of PC-CAC-C$, C$A(1)-C2S and PC to bound externally applied 

chlorides was conducted using the equilibrium method developed by Tang and Nilson 

(1993). In the equilibrium method, thin paste disks are placed in various concentrations 

of sodium chloride. After a prolonged period of time it is assumed that the chloride 

concentration within the pores of the paste is equal to that of the host solution. The 

amount of bound chlorides is then estimated from the decrease in the chloride 

concentration of the host solution. Paste disks were prepared using a water-to-

cementitious material ratio (w/cm) of 0.35. Mixing was conducted using a high-shear 

stainless steel mixer. Pastes were cast in plastic cylinder moulds (100 x 50-mm 

diameter) and then sealed and rotated end over end at 2 r/min for the first 24 hours to 

minimize segregation. Sealed cylinders were then stored under water at room 

temperature for 28 days. Samples were then demoulded and the center portion of each 

cylinder was cut into 3-mm thick disks and then placed under vacuum for three days. A 

total of 25-g in paste disks were then placed in plastic containers and filled with various 

NaCl concentrations of 0.1, 0.3, 0.5, 1.0 and 3.0M. Bottles were kept in the laboratory at 

room temperature until equilibrium was reached. Once equilibrium was reached the 

chloride concentration of the solution was measured by potentiometric titration using 

0.01 AgNO3 and a silver-silver chloride reference electrode. It is also assumed that the 
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measured concentration also represents the free chloride concentration in the pore 

solution of the paste, Cf. The bound chloride content was estimated using equation 4.3:  

Cb = 35.453V(Ci-Ce)/Wd       Eq. 4.3 

where Cb is the amount of bound chlorides in mg of chloride per g of sample (mg/g of 

sample), V is the volume of solution (mL), Ci is the initial chloride concentration of the 

solution (mol/L), Ce (=Cf) is the equilibrium or final chloride concentration of the 

solution (mol/L), and Wd is the mass of the dry sample (g).  

Five reinforced concrete specimens (280 x 115 x 150-mm) consisting of two 

layers of 10M black steel were produced in accordance with ASTM G 109 (see Figure 

4.1) for each concrete system studied. Specimens were cured at 100% RH for 14 days 

followed by 14 days of exposure to laboratory air at room temperature. A plastic dam 

(150 x 75 mm) was placed on top of the specimen and all surfaces, except that inside the 

dam and the bottom surface, were coated with a two-part waterproof epoxy. The 

samples were then subjected to repeated 4-week cycles consisting of 2 weeks ponding 

with a solution of 30g/L NaCl (placed within the dam on top of the specimen) and 2 

weeks drying in laboratory air. 

Salt scaling was conducted by studying the performance of samples cast for 

laboratory testing and natural weathering. Laboratory specimens (300-mm diameter x 

100-mm) were cast according to BNQ NQ 2621-900. These specimens were cured 

under wet burlap and plastic at room temperature for 24 hours and then stripped and 

placed in a fog room at ambient temperature (22±1°C) chamber for 14 days followed by 
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drying in laboratory air for another 14 days. A plastic dam was installed around the 

samples and the top surface was then ponded with 250 mL of 30g/L NaCl solution (5±1-

mm deep) for 7 days after which they were exposed to 50 freezing and thawing cycles. 

Each cycle had a duration of 24 hours, which consisted of a freezing period of 16 ± 1 

hours and a thawing period of 8 ± 1 hours.  

The performance of concrete under a natural salt scaling environment was 

evaluated by casting slabs (600 x 600 x 100-mm), which were demoulded after 24 hours 

and then cured under wet burlap in laboratory air for 28 days, after which they were 

placed on an outdoor exposure site at UNB. After each snowfall each slab was sprayed 

with 180 mL of 30g/L NaCl solution.   

The depth of carbonation was determined according to RILEM CPC-18 by 

casting concrete prisms (75 x 75 x 280-mm), which were cured under wet burlap and 

plastic at room temperature for 24 hours and then stripped and placed in a fog room at 

ambient temperature (22 +/- 1°C) chamber until 1 or 7 days. Specimens were then 

placed in a natural carbonation environment (0.04% CO2, 55±5% RH, 22±2°C) after 

which a fractured surface of each prism was sprayed with a 1% phenolphthalein solution 

to determine the depth of carbonation after both 91, 365 and 585 days.  

4.3.3 Testing 
 

Concrete discs exposed to NaCl solution for 40 days were profile ground in 1-

mm increments whereas samples exposed for 180 days were profile ground in 2-mm 

increments. All samples were ground until a threshold of 0.05% of Cl by mass of 
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concrete; this level of chloride is a commonly-used value as the chloride threshold 

concentration required to initiate corrosion (Broomfield, 1997). The chloride content at 

each layer was determined by digesting powder samples, obtained from profile grinding, 

in nitric acid and performing potentiometric titration with silver nitrate and a silver-

silver chloride (Ag/Ag-Cl) reference electrode. The chloride content was determined on 

the basis of total chloride percent by mass of concrete.  

In addition to measuring the penetration of chlorides, the corrosion performance 

of each system was examined using a modified version of the ASTM G109 procedure.  

 

 

Figure 4.1- ASTM G 109 configuration 

The G109 procedure uses the macrocell corrosion current between the top bar 

(anode) and bottom bars (cathode) to determine the onset of corrosion. In the modified 

tests conducted here, a linear-polarization resistance (LPR) system was used to measure 

the corrosion potential (Ecorr) and the microcell corrosion current (Icorr) of the top bar, in 

addition to the standard macrocell corrosion current testing. Linear polarization 

resistance (LPR) measurements were conducted using a Gamry Reference 600 
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potentiostat. The setup is shown below in Figure 4.2. LPR is a technique used to 

determine the corrosion rate of the reinforcement under study by forcing the potential 

away from its open circuit potential (Ecorr). Shifting the potential ±10mV away from Ecorr 

results in the following (Broomfield, 1997; Millard, 2000): 

!!"## = !!!!
!.!"!(!!!!!)

!
!!

       Eq. 4.4  

where Icorr is the corrosion current in amps, Rp is the polarization resistance, βa is the 

anodic Beta coefficient in volts/decade and βc is the cathodic Beta coefficient in 

volts/decade. Tafel coefficients (βa and βc) are usually assumed to be 120 mV for 

reinforcing steel actively corroding in concrete. The polarization resistance (Rp) is 

determined from equation 4.5: 

!! = ∆!
∆!          Eq. 4.5 

where ΔE is the amplitude of a linear scanning potential and ΔI is the change in current 

based on the change in potential. LPR assumes uniform corrosion is taking place, 

however in many concrete structures pitting corrosion is the predominant type of 

corrosion, where chlorides concentrate at a centralized location. The corrosion current 

density (icorr) is then determined from knowing the surface area of reinforcement under 

study.  
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Figure 4.2- LPR resistance technique 

Concrete specimens were also tested using the “rapid chloride permeability 

tests” (RCPT) in accordance with ASTM C 1202. Note that this test actually measures 

the electrical charge passed through the sample in a 6-hour period and, as such, the test 

provides a measure of the electrical conductivity of the concrete rather than its chloride 

resistance; however, this test is widely used as an indicator of “chloride penetrability” 

for Portland-cement concrete.  
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4.4 Results and Discussion  

4.4.1 Chloride penetration 
 

Chloride profiles of the five concrete mixtures immersed in a solution of 165g/L 

NaCl for 40 and 180 days are found in Figure 4.3.  

Assuming a chloride threshold value of 0.05% by mass of concrete for the 

initiation of corrosion (a commonly used value), it can be seen that after 40 days the 

threshold value has penetrated by approximately 24-mm for C$A(1)-C2S compared to 

approximately 17-mm for PC and only 7-mm for the PC-CAC-C$, C$A(2)-PC and 

HEPC systems. The C$A(1)-C2S system also has a significantly higher chloride content 

at the surface than the other concretes. 

Figure 4.3 shows the chloride penetration profiles after the five types of concrete 

were submerged for 180 days. Similarities can be seen between the surface 

concentration after 40 and 180 days. The concentrations in the PC-CAC-C$, C$A(2)-

PC, HEPC and PC concretes are almost identical to those submerged for 40 days, 

whereas the surface concentration of C$A(1)-C2S concrete has decreased from 

approximately 1.4 to 1.2% mass of concrete. The decrease in surface concentration is 

assumed to represent noise in the data and may not have been observed if multiple 

specimens were analyzed. 
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Figure 4.3– Chloride penetration after 40 and 180 days 

Comparing the depth of chloride ingress, the PC-CAC-C$ and C$A(2)-PC 

systems again show similar profiles with the chloride threshold (0.05%) penetration to 

approximately 15-mm whereas HEPC is slightly higher. As was seen in Figure 4.3, the 

penetration of chlorides in the CSA(1)-C2S system is far greater than the other 

concretes. The depth of penetration has increased significantly to almost 40-mm which 

is a concern considering reinforcement is typically located 50 to 70 mm below the 

surface of most concrete structures in chloride environments.  

The relationship between free and bound chlorides for the three cement systems 

tested (PC-CAC-C$, C$A(1)-C2S and PC) are shown in Figure 4.4 and are also fitted to 

a Freundlich binding isotherm. The binding capacity of C$A(1)-C2S is much lower than 

that observed for PC-CAC-C$ and PC (which are very similar) and this may be 

attributed to the abundance of ettringite and its inability to form Friedel’s salt.  
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Figure 4.4- Chloride binding isotherms (kg/m3 of concrete) 

PC and PC-CAC-C$ contain an abundance of calcium monosulfoalumiante 

(AFm) which have the ability of converting to Friedel’s salt. C$A(1)-C2S on the other 

hand is almost entirely composed of ettringite resulting in the inability of Friedel’s salt 

to form (Zibara, 2005). The ability of ettringite (AFt) to bind chlorides has been highly 

debated in the literature where many have found it to have no binding ability (Hirao et 

al, 2005). The inability of C$A(1)-C2S to form Friedel’s salt is supported in Figure 4.5, 

which presents XRD profiles of the various systems exposed to a NaCl solution for 91 

days.  
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Figure 4.5- XRD data of PC-CAC-C$, C$A(1)-C2S and PC paste samples exposed to 
3M NaCl 

 

Transport by diffusion in saturated concrete occurs in the presence of a chloride 

concentration gradient. This occurs when at least one face is continuously exposed to a 

salt solution. Diffusion coefficients are often determined for concrete by fitting chloride 

profiles to Fick’s second law, which assumes both surface concentration and diffusion 

coefficient are constant over time. Although these assumptions are not strictly valid for 

concrete exposed to chlorides, the calculated diffusion coefficients provide a useful 

means for comparing the relative performance of the concretes.  

Regression analysis was used to determine the best-fit values of surface 

concentration (Cs) and the diffusion coefficient (Dc) according to equation 4.5, which 

represents a numerical solution to Fick’s 2nd Law (under certain boundary conditions):  

!!
!!
= 1− erf !

! !!!
        Eq. 4.5 
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where Cs is the chloride concentration at the surface (%), Cx is the chloride 

concentration (%) at depth x (m) and time t (s), and Dc is the effective chloride diffusion 

coefficient (m2/s). Table 4.4 presents of the best-fit data for concrete submerged for 180 

days. Also shown in Table 4.4 is the result from the “rapid chloride permeability test” 

(RCPT) conducted after 91 days in accordance with ASTM C 1202. 

It is interesting to note that C$A(1)-C2S showed the least resistance to chloride-

ion penetration in the bulk diffusion test (ASTM C1556) as revealed by the largest depth 

of penetration and highest diffusion coefficient but also showed the lowest “chloride 

permeability” as evaluated by electrical conductivity (ASTM C 1202). It is known that 

the electrical conductivity of concrete is a function of both its pore structure and the 

composition (electrical conductivity) of the pore solution. The anomaly between the test 

results for the C$A(1)-C2S concrete is probably the result of (i) the concrete having a 

pore solution with a much lower electrical conductivity (ionic concentration) than that of 

the other concretes, (ii) the C$A(1)-C2S binder providing significantly less chloride 

binding capacity or (iii) a combination of these factors. These results highlight the need 

to exercise caution when using the RCPT to evaluate the chloride penetrability of non-

Portland-cement-based systems.  
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Table 4.4- Diffusion results after 180 days ponding and RCPT results at 91 days 

Cement type Surface concentration, Cs 
(%) 

Diffusion coefficient, Dc 
(m2/s) 

RCPT 
(Coulombs) 

PC-CAC-C$ 0.94 1.62E-12 2710 
C$A(1)-C2S 1.14 2.87E-11 1110 
C$A(2)-PC 0.93 3.49E-12 3374 

PC 
HEPC 

0.84 
0.95 

6.94E-12 
3.29E-12 

3444 
1710 

 

4.4.2 Corrosion 
 

Half-cell and linear polarization (LPR) resistance methods were used to 

determine the corrosion performance of reinforcement within each concrete mixture and 

are presented in Figures 4.6 and 4.7. 

Figure 4.6 presents half-cell potential measurements between a silver/silver-

chloride (Ag/Ag-Cl) reference electrode and the top layer of reinforcement in the ASTM 

G 109 samples. Measurements began 28 days after the specimens were cast and each 

data point represents the average of measurements taken on five concrete specimens cast 

for each type of cement. Also plotted on the figures as horizontal dashes are known 

standard values (summarized in Tables 4.5 and 4.6) used to determine the condition of 

the reinforcement. The standard values are intended for use with PC-based systems 

(Broomfield, 1997).  

From Figure 4.6 it can be seen that the steel embedded in the C$A(1)-C2S 

concrete reaches a state of severe corrosion after only eight weeks (2 cycles). 

Measurements were terminated after 16 weeks once it was assumed that severe 
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corrosion results had stabilized. The steel embedded in the remaining four systems show 

a risk of low to intermediate corrosion after 120 weeks. 

 

Figure 4.6- Half-cell measurements relative to a Ag/Ag-Cl electrode 
 

Table 4.5- Risk of Corrosion -Half-cell Potential (Broomfield, 1997) 
 

 

 

 

 

The higher potentials observed at week 0 are assumed to be the result of the 

formation of the passive layer, as this is formed by corrosion.  

 The corrosion current density  (icorr) from the five systems are presented in 

Figure 4.7. The horizontal dashed-lines (0.1, 0.5 and 1 μA/cm2) represent the degree in 

Corrosion potential (mV) Condition 
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which corrosion is taking place (Table 4.6). The results show a strong correlation with 

the half-cell measurements in Figure 4.7.  LPR measurements did not take place until 12 

weeks after initial ponding, which is the reason for the missing data points. Significant 

corrosion was already occurring in C$A(1)-C2S by the time of the first measurement at 

12 weeks and this is consistent with the potential data shown in Figure 4.7. The 

fluctuation in readings in C$A(1)-C2S between 12 weeks and when the sample was 

removed from test after approximately 20 weeks is common in corrosion readings. A 

low to intermediate risk of corrosion is observed in the other systems although there is 

some indication of an upward trend after 80 weeks for all but the HEPC concrete. 

Again, the higher current densities observed in the initial readings may still be as a result 

of the formation of the passive layer.  

 
Figure 4.7- LPR measurements (μA/cm2) 
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Table 4.6- Risk of Corrosion – Corrosion Rate (Broomfield, 1997) 
 
 
 
 

 

 

 

Once a high to severe level of corrosion was determined to be taking place in all 

C$A(1)-C2S corrosion specimens, they were removed from test. Four of the specimens 

were profile ground to determine the penetration of chlorides. Each specimen was 

ground in 2-mm increments until the top layer of reinforcement was reached (~19-mm). 

The chloride profiles for the four specimens are shown in Figure 4.8. A chloride 

concentration of approximately 0.25-0.30% (by mass of concrete) was measured at the 

depth of reinforcement. Visual inspection of the reinforcing steel bar after extraction 

from the concrete revealed evidence of significant pitting and generalized corrosion.  

 

Corrosion rate (μA/cm2) Condition 

<0.1 Passive condition 
0.1 to <0.5 Low (<10%) 
0.5 to <1.0 Intermediate (~50%) 
1.0 to <1.5 High (>90%) 

>1.5 Severe 
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Figure 4.8- Chloride penetration of ASTM G109 C$A(1)-C2S samples 

 

4.4.3 Salt Scaling 
 

The performance of each system exposed to cyclic freezing and thawing 

according to BNQ NQ 2621-900 is presented in Figure 4.9. PC-CAC-C$ and C$A(2)-

PC resulted in the highest mass loss of approximately 0.85-0.95 kg/m2 after 50 cycles 

which is just below the maximum limit of 1 kg/m2 used by a number of highway 

agencies. C$A(1)-C2S and PC showed the least amount of scaled residue of 

approximately 0.35-0.40 kg/m2. In addition to samples studied in the laboratory, slabs 

were placed on an outdoor exposure site at the University of New Brunswick (UNB) and 

were sprayed with a 30g/L NaCl solution before and after each snowfall (Figure 4.10). 

After three years, the slabs have been treated approximately fifty times. The opposite 

trend is observed in the field based on a visual observation conducted according to 

ASTM C672 and presented along with laboratory data in Figure 4.9; C$A(1)-C2S is 
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performing the worse followed by PC-CAC-C$ and C$A(2)-PC, whereas PC and HEPC 

are performing the best.   

 

 

Figure 4.9- Scaling mass loss (kg/m2) 

The difference in results observed in the laboratory and the field is assumed to be 

the result of a number of factors: (i) laboratory specimens are exposed to a very rapid 

freezing and thawing, and the depth and concentration of the salt solution has been 

optimized to maximize the damage, (ii) the laboratory samples only received 14 days 

moist curing whereas the field samples received 28 days moist curing and will further 

mature during field exposure. The minimal working time of ettringite-based systems 

results in only minutes to finish the specimens and if this is not done properly it could 

significantly affect the scaling performance.   
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Figure 4.10- UNB exposure site 

In a separate study, reinforced concrete beams were placed on Treat Island 

which is an exposure site located in the Passamaquoddy Bay just off the Bay of Fundy. 

Treat Island is known as one of the harshest environments for concrete in the world 

which experiences on average approximately one hundred freeze-thaw cycles a year. 

Reinforced beams from each of the five mixtures were placed at the high-tide level in 

order to measure corrosion performance. C$A(1)-C2S showed signs of severe corrosion 

after only one year of exposure whereas all other systems continue to perform well after 

three years of exposure. Detailed results from this study will be presented elsewhere in 

Chapter V.  
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4.4.4 Carbonation  
 

The average depth of carbonation of concrete prisms cured for either 1 or 7 days 

after being exposed to a natural carbonation environment for 91, 365 and 585 days is 

presented in Table 4.7. All three ettringite-based systems carbonate much more rapidly 

(by at least 3 times) than the two PC-based systems. C$A(1)-C2S resulted in the highest 

carbonation depth of 9.2  mm after 365 days for specimens cured for just 1 day followed 

by PC-CAC-C$ and C$A(2)-PC. The increased depth of carbonation in the C$A(1)-C2S 

system is attributed to the absence of calcium hydroxide (CH) within the system in 

comparison to PC-CAC-C$ and C$A(2)-PC which contain 70% PC, some CH and much 

less ettringite.  

Table 4.7– Carbonation depth (mm) 
 91D 365D 585D 
Mix 1 7 1 7 1 7 
PC-CAC-C$ 2.6 0.8 6.5 3.2 9.2 4.7 
C$A(1)-C2S 2.9 2.6 9.2 7.1 12.1 9.9 
C$A(2)-PC 2.4 0.7 5.6 3.4 9.0 5.1 
HEPC 1.3 0.2 1.5 1.0 3.5 2.7 
PC 0.6 0.4 1.3 1.0 3.2 2.6 

 

The relatively low amount of calcium hydroxide (CH) in the ternary and 

C$A(2)-PC systems, and the absence of CH in the C$A(1)-C2S is the result of the 

increased carbonation in comparison to PC based systems since CH acts to buffer CO2 

in PC systems. Carbonation results in the decomposition of ettringite resulting in the 

formation of calcite, gypsum and alumina gel which explains the increased depth of 

carbonation in the three ettringite-based systems (Lamberet, 2005).  
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Another factor that may contribute to the increased carbonation of the C$A(1)-

C2S compared to the other two ettringite-based systems is that it likely has a more open 

and accessible pore structure. The evidence for this is the very poor resistance to 

chloride penetration revealed by this concrete. 

The relatively high rates of carbonation observed for the ettringite-based 

concretes is a concern if they are used as patch repairs to reinforced concrete or to cast 

reinforced concrete elements. For example, if a concrete carbonates at a rate of 6 

mm/y0.5 (average for the ettringite-based concretes at 1 year) it would take just 17 to 25 

years for the carbonation front to reach steel with a cover depth of 25 to 30 mm 

(common range for cover provisions for concrete NOT exposed to chlorides). 

4.4.5 Abrasion resistance 
 

The abrasive resistance of the various systems conducted on various surfaces 

(hand, form and saw-cut) is presented in Table 4.8. 

Table 4.8– Abrasion mass loss (g) 
 Hand-

finished 
Form-

finished 
Saw-cut 

PC-CAC-C$ 5.2 4.4 2.7 
C$A(1)-C2S 4.8 4.3 2.6 
C$A(2)-PC 5.8 4.5 2.7 

HEPC 4.5 4.1 2.4 
PC 5.7 5.7 2.8 

 

The abrasion resistance was very similar for all systems when comparing the various 

surfaces. The saw-cut surface showed the least amount of abrasion compared to the 

hand-finished surface, which showed the highest. The slightly higher abrasion resistance 
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of C$A(1)-C2S and HEPC may be attributed to the increased 28-day compressive 

strength (see Table 4.3) compared to the other concretes.  

4.5 Conclusions 

This study was conducted to determine the durability performance of a number of 

ettringite-based systems in comparison to PC-based systems.  From the results presented 

within this paper, the following conclusions can be made:  

• Chloride penetration profiles were determined for cylinders exposed to a solution 

of 165g/L NaCl for 40 and 180 days. The chloride profile generated after 180 

days for C$A(1)-C2S concrete showed chlorides penetrating to a depth of 

approximately 40 mm which is significantly higher than the other systems.  

• Despite showing the worse resistance to chloride ion penetration in the diffusion 

test, C$A(1)-C2S exhibited the lowest “chloride permeability” as evaluated by 

electrical conductivity. It is conjectured that the disagreement between the two 

tests may be the result of C$A(1)-C2S having a lower pore solution conductivity 

than the other concretes and the failure of conductivity testing to account for the 

impact of chloride biding. 

• Corrosion results from half-cell and LPR were consistent with the chloride 

penetration profiles. Severe corrosion was observed in the C$A(1)-C2S system 

after only three months exposure to a saline solution. A chloride content of 

approximately 0.2-0.3% by mass of concrete at the depth of reinforcement in the 
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reinforced samples is responsible for the high corrosion rates in this concrete. 

Comparisons of chloride profiles after 40 and 180 days between PC-CAC-C$, 

C$A(2)-PC and PC show a similar performance. Corrosion results also show a 

state of low to intermediate corrosion after approximately 120 weeks.    

• The increased carbonation of ettringite-based systems (PC-CAC-C$, C$A(1)-

C2S and C$A(2)-PC) in comparison to PC based systems (PC and HEPC) is 

attributed to the absence of CH. After 1 year, C$A(1)-C2S prisms cured for 1 day 

resulted in a carbonation depth of 9.2 mm compared to 6.5 and 5.6 mm for PC-

CAC-C$ and C$A(2)-PC, respectively. 

• The scaling and abrasion performance of the various systems showed C$A(1)-

C2S to be performing very well. The scaling performance in the lab was superior 

to other systems although showed the highest degree of scaling in the field, 

which may be attributed to the carbonation of the system.  
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Chapter 5  

                     Performance of Rapid-Repair Concrete in an                                      

                              Aggressive Marine Environment 
 
Moffatt, E.G and Thomas, M.D.A 

Department of Civil Engineering, University of New Brunswick, Fredericton, Canada 

5.1 Abstract 

Rapid-repair concretes are currently used to repair structures such as bridge 

decks, substructure elements on bridges (e.g. piers and columns), pavements, and 

components of buildings. Rapid-repair concretes must not only achieve a high-early 

strength in a short period of time (e.g. >20 MPa in 3 hours) but must also survive for the 

remaining life of the structure. One way of achieving high early-age strength is the use 

of ettringite-based cements; in these cements early strength is attributed to the rapid 

formation of ettringite by incorporating, in the binder, calcium sulfo-aluminate cement 

or a combination of calcium aluminate cement and calcium sulfate. Although research 

has proven that early-strength is achievable, there exist limited published durability data 

for these systems. This paper presents data on the performance of a number of rapid-

repair materials placed at the high-tide level of a marine exposure site (Treat Island, 

Maine, USA) which experiences approximately 100 freeze-thaw cycles a year making it 

one of the harshest environments for concrete in the world. A number of concretes were 

studied including an ordinary Portland cement (PC) and a high-early strength Portland 

cement (HEPC) as references, PC accelerated by calcium aluminate cement (CAC) with 
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calcium sulfate (C$), PC accelerated by calcium sulfo-aluminate (C$A(2)-PC), and 

calcium sulfo-aluminate belite (C$A(1)-C2S) cement on its own. Reinforced concrete 

specimens were monitored on a yearly basis to evaluate the corrosion condition of the 

steel. After three years of exposure, reinforced concrete beams from each mix were 

returned to the laboratory to determine chloride profiles, and to conduct X-ray 

diffraction (XRD) and microstructural investigation using scanning electron microscopy 

(SEM) coupled with energy dispersive x-ray (EDS) analysis.  

Keywords: Calcium aluminate cement, calcium sulfo-aluminate cement, ordinary 

Portland cement, durability, chlorides, corrosion, marine exposure.  
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5.2 Introduction 

The corrosion of reinforcement is one of the leading causes of premature 

deterioration in concrete structures in North America. The penetration of chloride ions 

in concrete typically arises from concrete located in a marine environment and/or 

exposed to road salts. Although concrete is currently designed to withstand chloride 

ingress, it is inevitable that chlorides will eventually reach the surface of the 

reinforcement and initiate corrosion of the steel. Increased resistance to chloride ingress 

can be achieved by, among other things, the implementation of a low water-to-

cementitious (w/cm) ratio, the addition of supplementary cementitious materials 

(SCMs), and the application of membranes and sealers. 

Ettringite-based (rapid set) concretes are used in applications where construction time is 

limited in order to avoid the disruption of the travelling public. They are currently used 

to repair bridge decks, substructure elements on bridges (i.e. piers and columns), 

pavements, and components of buildings. Ettringite-based concretes are capable of 

achieving a very-high early strength (i.e. 20 MPa in 3 hours) and are also intended to 

last the remaining life of the structure. High-early strength is achieved by the rapid 

formation of ettringite (C3A·3C$·H32) in the first few hours of hydration by using a 

binder typically comprised of calcium sulfo-aluminate (C$A) cement or calcium 

aluminate cement (CAC) plus calcium sulfate (C$).  

Marine concrete structures are exposed to very harsh conditions. The constant 

exposure to seawater results in physical damage and strength loss as a result of corrosion 
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of the embedded steel (Thomas & Matthews, 1996). One of the harshest marine 

environments in the world is found at Treat Island, located off the coast of Eastport, 

Maine in the Passamaquoddy Bay, which is part of the Bay of Fundy. A beach located 

on the western side of the island has been used as a materials research exposure site for 

more than 75 years and specimens stored on the beach experience approximately 100 

freeze-thaw cycles a year. Reinforced concrete specimens placed at the high-tide level 

are where corrosion is at its maximum due to the wetting and drying as a result of the 

tides, which are world renown as the highest in the world, reaching elevation changes 

greater than 6 m. At this level both chlorides and oxygen are available to, respectively, 

initiate and sustain corrosion. 

The repair of concrete structures is a never-ending process. Approximately $1 

billion is spent to repair marine piles in the United States alone (Fam et al., 2003). In 

tidal areas, rapid-repair concretes are required for repair applications where time is of 

the essence and the repair must be placed and cured between tides.  

This paper presents the corrosion performance of reinforced beams placed at the high-

tide level of Treat Island for approximately three years. Corrosion measurements, 

chloride penetration profiles, x-ray diffraction (XRD) and scanning electron microscopy 

(SEM) analysis were conducted on a number of repair materials.  
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5.3 Experimental 

5.3.1 Materials 
  

Three rapid-repair (ettringite-based) binders were studied together with an 

ordinary Portland cement (PC) and a high-early-strength Portland cement (HEPC) as a 

control. The first repair system is a newly-developed ternary system composed of 

ordinary Portland cement (PC), calcium aluminate cement (CAC) and a source of 

calcium sulfate (C$) and is designated as PC-CAC-C$. A ratio of 2.2 to 1 parts of CAC 

to C$ was used whereas Portland cement accounted for 70% of the total cementitious 

content. The second cement used was a calcium-sulfoaluminate (C$A) cement with 

belite (C2S) and is designated as C$A(1)-C2S. The third system is comprised of a second 

C$A source blended with 70% PC and is designated as C$A(2)-PC. The fourth cement 

is a high-early strength Portland cement (HEPC). The fifth and final cement is a 

ordinary Portland cement (PC), which acted as a control. The chemical composition of 

these cements is presented in Table 5.1. The ordinary Portland cement (PC) used as the 

control was the same Portland cement used in both the PC-CAC-C$ and C$A(2)-PC 

systems. 

All mixes were prepared with a 19-mm graded crushed siliceous gravel and a 

natural siliceous sand. In order to achieve maximum workability without increasing the 

water content, a liquid polycarboxylate-ether base superplasticizer was used in all mixes 

except for the control (PC). In addition, citric acid (C6H8O7), a common natural 
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preservative was used as a retarder in the PC-CAC-C$ system at a dosage of 0.38% by 

mass of CAC-C$ in the mix. All mixtures were air-entrained with a neutralized vinsol 

resin to achieve an air content between 5-7% according to CSA A23.1. A summary of 

mixture proportions and properties is found in Table 5.2. Compressive strength results 

after 3 hours, 1 and 28 days are also shown. Rapid-strength cements are characterized 

according to ASTM C1600 (2007), which requires very rapid hardening (VRH) and 

ultra-rapid hardening (URH) cement types to reach compressive strengths of 15 and 28 

MPa in three hours, respectively. A commonly-used criterion in the industry is the 

attainment of 20 MPa at three hours. 
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PC-CAC-C$, C$A(1)-C2S and C$A(2)-PC reached strengths of 33.5, 35.5 and 22 MPa, 

respectively, after three hours. The HEPC concrete was proportioned using a high 

dosage of superplasticizer and non-chloride accelerator (calcium nitrite) and is based on 

a commercially-used concrete designed to achieve a flexural strength of 400 psi (2.8 

MPa) in 4 hours.  

 
Table 5.2- Mixture proportions and properties 

 
Mix 

Cement 
content  
(kg/m3) 

 
W/CM 

OPC  
(%) 

CAC-
C$ 
(%) 

HEPC 
(%) 

C$A1-
C2S (%) 

C$A2 

(%) 
Strength (MPa) 

 3-h     1-d     28-d 

PC-
CAC-C$ 530 0.35 70 30 - - - 33.5 37.0 54.0 

C$A(1)-
C2S 

530 0.35 - - - 100 - 35.5 50.0 67.0 

C$A(2)-
PC 

530 0.35 70 - - - 30 22.0 32.0 56.0 

HEPC 530 0.35 - - 100 - - 12.0 61.5 84.0 

PC 450 0.40 100 - - - - - 19.0 55.5 

 

5.3.2 Specimen Preparation  
 

Reinforced concrete prisms (150 x 150 x 530 mm) were produced with two 

(450-mm long) 10M rebars (nominally 11.3 mm diameter); a standard “black” carbon 

steel bar was placed 50-mm from the top surface and a 316 stainless-steel bar was 

placed 50-mm from the bottom surface. After curing under wet burlap for 24 hours, the 

samples were demoulded and covered in wet burlap at standard room temperature for 28 

days. The beams were then transferred to the exposure site (see Figure 5.1); some of the 
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beams were retrieved after three years for laboratory testing. Specimens were placed on 

the beach at the high tide level in order to maximize the rate of corrosion (both chlorides 

and oxygen are available to, respectively, initiate and sustain corrosion).  

     

 Figure 5.1- Specimens location during both low (left) and nearly high-tide (right)  

5.3.3 Testing 
 

Linear polarization (LPR) resistance measurements were carried out on site 

using a conventional three-electrode cell, with a silver-silver chloride (Ag-AgCl) acting 

as a reference electrode (RE) at the surface, a 316-stainless steel rod cast in the sample 

as a counter electrode (CE) and the black steel bar acted as the working electrode (WE). 

LPR was conducted by initially measuring the potential (Ecorr) of the working electrode 

(i.e. reinforcement) relative to a reference electrode and then scanning a range of ± 20 

mV about Ecorr at a rate of approximately 0.1 mV/sec. The shift in potential within this 

range (current vs. potential) is linear with units of resistance – hence the name linear 
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polarization resistance. The corrosion current is determined form the Polarization 

Resistance (Rp) plot where the relationship between Rp, the Tafel coefficients and the 

corrosion current is expressed as:  

!!
!! = !! = !!!!

!.!(!!"##)(!!!!!)
                                                     Eq. 5.1 

where Rp is the slope of the linear region, βa is the anodic Tafel constant (mV/decade of 

current), βc is the cathodic Tafel constant (mV/decade of current), 2.3 is the natural log 

of 10 and icorr is the corrosion current (μA). In this study, Tafel coefficients of 

120mV/decade were used which are commonly used values in a corrosive environment 

(Millard, 2000). In addition to conducting corrosion measurements on site, visual 

observations were conducted on a yearly basis.  

Concrete cores were extracted from some of the beams that were retrieved; the 

cores were profile ground in 1 mm increments and resulting powder samples were 

analyzed for chlorides relative to depth. The chloride content at each layer was 

determined by digesting powder samples gained from profile grinding in nitric acid and 

performing potentiometric titration with silver nitrate. Chlorides were determined for 

each layer until the concentration dropped below 0.05% by mass of concrete.  

Powder samples from various depth were also analyzed by X-ray diffraction 

(XRD), using a Bruker D8 Advance spectrometer. The X-ray source was a sealed, 2.2 

kW Cu X-ray tube, maintained at an operating current of 40kV and 30mA. Fine powder 

samples were scanned in the range of 5-80o. A step size of 0.02o and a step time of 1.0 

sec were used during the experiments.  
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Polished sections were prepared from each of the cores and analyzed with a 

JEOL JSM-6400 scanning electron microscope (SEM) equipped with an EDAX Genesis 

4000 Energy Dispersive X-ray (EDS) analyzer. Samples were carbon coated using an 

Edwards 306A carbon coater before observation in the microscope.  EDS analysis was 

performed at an accelerating voltage of 15 kV and a beam current of 1.5 nA, with a 

working distance of 14 mm.  Collection time was 50 seconds per analysis point. 

5.4 Results and Discussion  

5.4.1 Chloride penetration   
 
 

The average chloride profiles of two cores from each of the three rapid-repair 

systems and controls are presented in Figure 5.2. Profiles were established after three 

years of exposure for all systems. The spike in results in the first few millimeters is 

attributed to the wetting-drying effect taking place in the surface of the concrete exposed 

to a tidal environment. C$A(1)-C2S is found to have the lowest surface concentration of 

approximately 0.18% although a relatively constant concentration with depth is 

observed. A concentration of approximately 0.11% is found at the depth of 

reinforcement, which exceeds the commonly-used chloride threshold of 0.05% (by mass 

of concrete) for the initiation of corrosion. Although the other systems contain surface 

concentrations far greater than C$A(1)-C2S (0.5-0.7%), the concentrated threshold 

(0.05%) penetrated to lower depths (20-30mm).  
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C$A(2)-PC resulted in a surface concentration (0.6%), far greater than that of 

C$A(1)-C2S, although the threshold penetrated to just 17 mm compared to C$A(1)-C2S 

where the threshold remained above the acceptable level down to the depth of 

reinforcement. The profile observed in the C$A(1)-C2S system is attributed to its 

inability to bind externally applied chlorides; this will be discussed in more detail in 

section 5.4.3.  

The increased surface concentration observed in PC-CAC-C$, HEPC and PC 

systems is attributed to the ability of these cements to chemically and physically bind 

chlorides.  

PC-CAC-C$, resulted in a surface concentration of approximately 0.5% by mass 

of concrete and increased to approximately 0.9% within the first few mm, followed by a 

decrease until it passed the threshold around 15-20 mm.  
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Figure 5.2- Chloride penetration (%mass of concrete) relative to depth (mm) for 
concrete after 2 years marine exposure 

5.4.2 Corrosion Activity  
 

Potential and current density measurements of all systems are found in Figures 

5.3 and 5.4, respectively. Each reading represents the average of readings taken on three 

separate beams of the same mix. All samples were placed on Treat Island in August, 

2012 at which point the initial measurements were conducted followed by two sets of 

readings in 2013 and one in both 2014 and 2015. After measurements were conducted in 

2015, one beam from each mix was returned to the laboratory in order to conduct 

chloride penetration (previously discussed) and microstructural analysis.  Both potential 

and current density readings were conducted relative to a silver/silver-chloride(Ag-

AgCl) reference electrode.   
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Other than C$A(1)-C2S, most of the systems result in a potential reading of 

approximately -150 to -100mV. Broomfield (1997) found that potential readings greater 

than -106 mV result in a low (<10%) risk of corrosion whereas readings between -106 

and -256mV result in an intermediate (≈50%) risk of corrosion. A relatively high degree 

of corrosion observed in the initial readings (August, 2012) may be the result of 

corrosion taking place in order to form the passive layer.  

 

Figure 5.3- Potential (mV) measurements vs. Ag/AgCl electrode 

 

From 2012 until 2015, all systems except C$A(1)-C2S increased (more positive) 

in potential indicating little to no risk of corrosion. Readings conducted on C$A(1)-C2S 

beams in May, 2013 resulted in a potential reading of approximately -350 mV which 
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according to Broomfield is within the range of a high risk (>90%) of corrosion. 

Although the potential decreased over the years, it remained within the high risk level. 

While corrosion measurements were taking place, a visual performance was also 

conducted on each beam. After three years, little surface deterioration was observed, 

although scaling of the surface was observed on the C$A(1)-C2S beams as presented 

previously in Chapter IV.  

A similar trend is observed in the current density readings in Figure 5.4. As was 

observed above, the high current density observed in 2012 is assumed to be related to 

the corrosion process occurring in order to form the passive layer. Only the beams 

produced with C$A(1)-C2S binder showed corrosion rates in excess of 1 μA/cm2 which 

value is considered to indicate a high rate of active corrosion (Broomfield, 1997).  
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Figure 5.4- Current density, icorr (μA/cm2) measurements vs. Ag/AgCl electrode 

The poor performance of reinforced C$A(1)-C2S concrete specimens cast in the 

laboratory according to ASTM G109 is presented in Chapter IV. A high degree of 

corrosion was observed in reinforced specimens ponded in two-week wetting and drying 

intervals with a 3% NaCl solution. Corrosion was shown to take place after only three 

months of ponding with significant rust staining on the surface.  

5.4.3 Microstructural Analysis  
 

In order to study the effect of chloride binding, carbonation and overall 

performance, samples were studied using both SEM and XRD. Both PC-CAC-C$ and 

C$A(1)-C2S were selected due to the differences observed in the results for chloride 
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ingress and corrosion performance shown in the previous sections. Although not 

discussed in this section, C$A(2)-PC was shown to perform similarly to PC-CAC-C$ 

and will be discussed at the end of this section.  

The near-surface microstructure is shown in Figure 5.5a. The chloride resistance 

of PC-CAC-C$ is attributed to its ability to bind chlorides due to the formation of 

Friedel’s salt (C3A·CaCl2·H10) which is found throughout its matrix as shown in Figure 

5.5b. Justnes (1996) concluded the binding capacity of cementitious materials is 

attributed to the content of calcium aluminates and calcium aluminoferrites. Although 

the role of ettringite in chloride binding is under debate (Swamy and Suryavanshi, 1996; 

Zibara, 2000), AFm compounds are generally known to bind chlorides chemically 

whereas C-S-H is considered to bind chlorides physically. AFm-type compounds such 

as monosulfate (C3A·CaSO4·H12) result in chloride ions being substituted for sulfate to 

form Friedel’s salt. The release of sulfate is then consumed through the formation of 

ettringite, if free calcium aluminates are still available in the system.  The presence of 

Friedel’s salt in the PC-CAC-C$ system is presented in Figure 5.5b and is found 

approximately 0.5 mm below the exposed surface.  
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Figure 5.5-(a) PC-CAC-C$ near the surface and  (b) the formation of Friedel’s salt (FS) 

 

XRD patterns of PC-CAC-C$ at the surface (0-1 mm) and at the depth of 

reinforcement (48-50 mm) are presented in Figure 5.6. After being exposed to a marine 

environment for three years, the peaks representing ettringite (E) and Friedel’s salt (FS) 

are observed near the surface. The absence of FS at depth is expected since chloride ions 

have only penetrated approximately 25-mm as observed in Figure 5.2. A decrease in 

ettringite content at the surface may be attributed to the formation of Friedel’s salt and 

ettringite converting into monosulfoaluminate as calcium sulfate becomes depleted 

(Bizzozero & Scrivener, 2014).  

a 

                                 

b 
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Figure 5.6- XRD pattern of PC-CAC-C$ relative to depth where (E)- ettringite, (FS)- 
Friedel’s salt, (C )- Calcite 

 

A distinct layering effect is observed in the polished C$A(1)-C2S sample (Figure 

5.7). The sample extracted from near the surface shows a number of distinct layers at its 

surface. A further change in microstructure is observed approximately 0.5 mm from the 

surface (Figure 5.8). Most of the cracking observed in ettringite-based systems when 

observed by SEM is an artifact of the high-vacuum conditions present during sample 

preparation and examination; this results in a large amount of water loss and shrinkage 

of the ettringite (C3A·3C$·H32).   
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Figure 5.7- SEM of C$A(1)-C2S near surface 

The distinct change in microstructure near the bottom of Figure 5.8a (depth of 

approximately 0.5 mm) is assumed to represent the carbonation front. Carbonation of 

ettringite results in the formation of calcite, gypsum and alumina gel as shown in 

equation 5.2 (Lamberet, 2005).  

C3A·3C$·H32 + 3CO2 à 3CaCO3 + 3C$H2 + AH3 + 23H2O   Eq. 5.2 

As observed in Figure 5.8a, two distinct layers are observed. Initial observation could 

conclude that this rim is similar to that of brucite observed in PC samples exposed to a 

marine environment (Sosa et al., 2011).  

A higher magnification of Figure 5.8a is presented in Figure 5.8b and this shows 

a distinct change in microstructure. The cracking in the bottom left corner of Figure 5.8b 

represents the presence of ettringite whereas the absence of cracking in the top right 

hand corner is assumed to represent the carbonated region.      
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Figure 5.8– (a) C$A(1)-C2S near surface (b) Carbonation front 

The results of XRD conducted on C$A(1)-C2S at the surface and at the depth of 

reinforcement are presented in Figure 5.9. Ettringite, which is abundant in this system, is 

found at both the surface (0-1mm) and at depth (48-50mm). Friedel’s salt, which was 

present in PC-CAC-C$ is not found in this system. Hirao et al. (2005) found that 

ettringite does not have the ability to bind chlorides from an external solution. The lack 

of binding is consistent with the observations for chloride ingress and corrosion for this 

system (see Figures 5.2, 5.3 and 5.4).  
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Figure 5.9- XRD pattern of C$A(1)-C2S relative to depth, where (E)- ettringite, (FS)- 
friedel’s salt and (C)-calcite 

 

XRD and SEM analysis conducted on C$A(2)-PC, HEPC and PC showed the 

ability of these systems to bind externally applied chlorides as a result of the formation 

of Friedel’s salt within millimeters of the exposed surface. Although C$A(1)-C2S was 

unable to bind chlorides, the presence of 70% PC in the binary C$A(2)-PC system is 

assumed to be responsible for formation of Friedel’s salt.  Both HEPC and PC also 

resulted in the formation of Friedel’s salt, which is not surprising considering ettringite 

is only a minor constituent within these systems.  
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In a separate study (Chapter VI), chloride binding experiments were conducted 

on these binders in order to determine the chloride binding capacities of these systems. 

The study examined the binding capacity of PC-CAC-C$ and C$A(1)-C2S paste discs 

exposed to 0.1, 0.3, 0.5, 1.0 and 3.0M NaCl solution. Binding isotherms were 

determined based on the equilibrium method (Tang and Nilson, 1993; Zibara, 2001). 

Experimental results found that C$A(1)-C2S was only able to bind chlorides at very high 

concentrations (3M) whereas PC-CAC-C$ bound chlorides at all concentrations. The 

typical concentration of chloride in the Atlantic Ocean is approximately 3.6% by mass 

of NaCl which is equivalent to approximately 19,800 ppm, which corresponds to 0.56 

mol/L seawater (Florea & Brouwers, 2012). The lower concentration found in the 

Atlantic Ocean may be the reason why C$A(1)-C2S is unable to bind chlorides.  

The performance of the other systems discussed above (C$A(2)-PC, PC and 

HEPC) was not discussed in this section. Both PC and HEPC showed no signs of 

corrosion (see Figures 5.3 and 5.4) after three years and C$A(2)-PC is performing very 

similarly to PC-CAC-C$. The presence of PC in all systems expect C$A(1)-C2S results 

in negligible carbonation and the ability to bind available chlorides. Since C$A(1)-C2S 

is predominately comprised of ettringite; there is an absence of free calcium aluminates 

required to bind free chlorides. The presence of 70% PC in both PC-CAC-C$ and 

C$A(2)-PC resulted in accelerated strength formation as well as durability performance 

in terms of chloride ingress and corrosion.  
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5.5 Conclusions 

Based on the results found within this paper, the following conclusions can be made: 

• The formation of Friedel’s salt as a result of chloride binding was observed in all 

systems except C$A(1)-C2S.   

• C$A(1)-C2S showed significant corrosion activity after only one year of marine 

exposure. Chloride penetration results (Figure 5.2) showed that chloride levels 

were above the typical threshold value (≈ 0.05% by mass of concrete) even at 50 

mm where the steel was located; this resulted in the onset of corrosion of the 

embedded steel.  

• C$A(2)-PC showed increased resistance to chloride-ion penetration compared 

with the C$A(1)-C2S system and much lower corrosion rates. 

• After approximately three years of marine exposure PC-CAC-C$, C$A(2)-PC 

and HEPC are showing low corrosion rates (<10% risk of corrosion) when 

placed at the high tide level and are performing similarly to PC.   
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Chapter 6  

 Effect of Carbonation on the Mechanical and Durability Performance          

                                     of Ettringite-Based Binders 
 
Moffatt, E.G and Thomas, M.D.A 

Department of Civil Engineering, University of New Brunswick, Fredericton, Canada 

6.1 Abstract 

Ettringite-based binders are used in niche applications, which require a high 

compressive strength in a very short period of time in order to minimize construction 

times and disruption to the travelling public or user. High-early strength is achieved due 

to the formation of ettringite within the first few hours of hydration, which results in a 

non-expansive system capable of reaching strengths of approximately 20MPa in the first 

three hours of hydration. Although these systems have desirable early-age 

characteristics, there is concern in terms of the effect of carbonation on the properties of 

the concrete at the surface. Carbonation results in the conversion of ettringite into 

products that occupy less space, resulting in a loss of strength and increased porosity. 

Ettringite-based binders also carbonate at a faster rate than ordinary Portland cement 

(PC) based systems as a result of the limited amount or absence of portlandite (CH). The 

formation of ettringite is achieved through the use of systems comprised of calcium 

aluminate cement (CAC, main phase CaO.Al2O3) and calcium sulfate (C$, CaSO4), or 

calcium sulfoaluminate cement (C$A, main phase C4A3$) interground with calcium 

sulfate (C$). In many cases, ettringite-based binders are used to accelerate ordinary 
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Portland cement (PC) based systems in order to achieve a relatively high compressive 

strength and a suitable working time while still maintaining the hydration characteristics 

of PC systems.   

The study compared the performance of carbonated and non-carbonated concrete 

in terms of the resistance of the near-surface concrete to abrasion, deicer-salt scaling and 

chloride-ion penetration. Chloride binding tests were also conducted on the carbonated 

and non-carbonated cement paste samples. The results show that C$A based binders 

carbonate at a much faster rate than both CAC and PC based systems as a result of the 

increased ettringite content within the system. A decrease in the mechanical properties 

of carbonated ettringite-based binders is also observed as a result of the conversion of 

ettringite.   

Keywords: Carbonation, ettringite-based binders, calcium aluminate cement, calcium 

sulfoaluminate cement, durability, microstructure.  
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6.2 Introduction  

It is well established that the carbonation of Portland cement results in the 

conversion of most of the calcium-bearing hydrates (e.g. C-S-H, CH, C3A.C$.H12) to 

calcite (CaCO3), silica gel (SiO2), aluminum hydroxide (AH3) and gypsum (C$H2). 

However, the process is relatively slow due to the abundance of calcium hydroxide 

(CH), and there is little change in the strength and durability of the carbonated concrete 

because the calcite forms a strong, dense and continuous binder. Carbonation is only a 

major problem for reinforced concrete if the carbonation front penetrates to the depth of 

the steel and the concomitant reduction in pH results in depassivation and subsequent 

corrosion of the steel.  

This is in contrast to the impact of carbonation on binders rich in ettringite 

(C3A·3C$·H32), which is potentially of greater concern because of the following: 

• The rate of carbonation in ettringite-based binders is significantly faster than in 

Portland cement (PC) mainly because of the absence of CH (Lamberet, 2005; 

Odler, 2000).  

• The carbonation of ettringite-based systems can potentially lead to significant 

reductions in strength and increases in porosity as ettringite converts to solid 

products, which occupy substantially less space. This could markedly reduce the 

resistance of the near-surface concrete to abrasion and salt scaling.  

• The increase in porosity can also result in a decrease in the resistance to the 

penetration of chloride ions and this might be further exacerbated by a reduction 
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in the chloride-binding capacity of the carbonated paste. A parallel study by the 

authors, have shown significant chloride-binding capacity for these binders due, 

largely, to the formation of Friedel’s salt (C3A.CaCl2.10H2O). However, it has 

been shown that Friedel’s salt is not stable in carbonated concrete (Goni and 

Guerrero, 2002; Suryavanshi and Swamy, 1996).  

Ettringite-based binders are used in applications where rapid strength is required; the 

early strength occurs as a result of the rapid formation of ettringite within the first few 

hours of hydration. Ettringite-based binders consist of systems abundant in calcium and 

aluminate oxides and sulfates, which include calcium sulfoaluminate (C$A) cement and 

a newly-developed ternary system consisting of calcium aluminate cement (CAC) 

blended with calcium sulfate (C$) and Portland cement (PC).  

This paper presents the effect of carbonation on the durability and mechanical 

properties of ettringite-based binders in comparison to an ordinary Portland cement 

(PC). The study compares the performance of carbonated and non-carbonated concrete 

in terms of abrasion, deicer-salt scaling, chloride-ion penetration and the ability of the 

hydrates to bind chlorides. In addition, specimens were analyzed under x-ray diffraction 

(XRD) and scanning electron microscope (SEM) couple with energy dispersive x-ray 

(EDS).  
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6.3 Experimental 

6.3.1 Materials  
 

Two ettringite-based cements together with an ordinary Portland cement (PC) 

system to serve as a control were studied. The first ettringite-based system is a newly 

developed ternary blend composed of PC, calcium aluminate cement (CAC) and a 

source of calcium sulfate (C$) with a ratio of CAC to C$ of 2.2 to 1; the PC content is 

70%. This system is designated as PC-CAC-C$. The second ettringite-based system is a 

calcium sulfoaluminate belite (C$A-C2S) cement, which is primarily composed of belite 

(C2S), tetracalcium trialuminate sulfate (C4A3$) and calcium sulfate (C$). This cement is 

designated as C$A(1)-C2S. In addition, a general use (Type GU) high-alkali ordinary 

Portland cement (PC) was used. The phase composition and chemical composition of 

the systems are presented in Table 6.1 and 6.2, respectively. The same PC was used for 

the control and in the ternary PC-CAC-C$ blend. 

Table 6.1- Main phase composition (wt%)       Table 6.2- Chemical composition 

 PC CAC-C$ C$A(1)-C2S  PC CAC-C$ C$A(1)-C2S 
C3S 51 - 3 SiO2 19.2 2.92 11.82 
β-C2S 25 3 40 Al2O3 4.84 28.64 13.63 

CA - 45 - Fe2O3 2.97 1.67 1.11 
C3A 4 1 2 CaO 61.83 43.05 52.21 

C4AF 12 - 3 MgO 2.91 0.51 2.18 
C4A3$ - - 27 SO3 3.73 19.91 14.83 

C$ - 30 11 Na2O 0.18 0.15 0.09 
C$H0.5 1 - 3 K2O 0.76 - - 
C$H2 2 - - Na2Oe 0.82 - - 
CČ 3 - 2 LOI 2.38 - - 
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All concrete mixes were prepared with a 19-mm graded crushed siliceous gravel 

and a natural siliceous sand. In order to achieve maximum workability without 

increasing the water content, a liquid polycarboxylate-ether based superplasticizer was 

used in all ettringite-based mixes. In addition, citric acid (C6H8O7), a common natural 

preservative was used as a retarder in the PC-CAC-C$ system at a dosage of 0.38% by 

weight of CAC-C$. A summary of mixture proportions and properties is presented in 

Table 6.3. Water-to-cementitious ratios of 0.35 and 0.40 were used for the ternary 

systems and control, respectively. Concrete specimens that were exposed to salt scaling 

were air-entrained with a neutralized vinsol resin to achieve an acceptable air content to 

meet the requirements of CSA A23.1 for a C-2 exposure class (5-8%).  

Table 6.3 presents the concrete mixture proportions along with compressive 

strength (MPa) results after three hours, 1 and 28 days. PC-CAC-C$ and C$A(1)-C2S 

reached strengths of 33.5 and 35.5 MPa, respectively, after three hours. The strength of 

PC could not be determined at 3 hours as the concrete had not hardened sufficiently. 

C$A(1)-C2S results in the lowest working time of approximately 5-7 minutes compared 

to 10-17 minutes for PC-CAC-C$.   
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Table 6.3- Concrete mixture proportions/properties 

 
Mix 

Cement 
content  
(kg/m3) 

 
W/CM 

OPC  
(%) 

CAC-
C$ 
(%) 

C$A(1)-
C2S (%) 

Strength (MPa) 
   3-h            1-d        28-d 

PC-CAC-C$ 530 0.35 70 30 - 33.5 37.0 54.0 
C$A(1)-C2S 530 0.35 - - 100 35.5 50.0 67.0 
PC 450 0.40 100 - - - 19.0 55.5  

   

Mortar and cement paste specimens were also cast to measure the mechanical 

properties and the chloride binding capacity of the various systems. Mortars were cast 

with a cement to sand ratio of 1:1.8, while maintaining the same water-to-cementitious 

(W/CM) ratio used in the concrete mixtures. A liquid polycarboxylate-ether base 

superplasticizer was added to both ettringite-based systems until the desired workability 

was achieved.  

6.3.2 Sample preparation  
 

6.3.2.1 Durability performance of concrete 

The effect of carbonation on salt scaling resistance was evaluated by casting, 

curing and testing concrete specimens (300-mm diameter x 100-mm) according to BNQ 

NQ 2621-900. All specimens were cured under wet burlap and plastic at room 

temperature for 24 hours and then stripped and placed in a 100% relative humidity (RH) 

chamber at ambient temperature (22±2°C)  for 14-days followed by drying in laboratory 

air for another 14-days. A plastic dam was installed around all samples and the surface 

was then ponded with 400mL of 30g/L NaCl solution (which produced a depth of 

solution of approximately 5±2 mm) for 7 days after which they were exposed to 50 



 

 

 

 

 161 

freezing and thawing cycles. Each cycle consisted of a 16-hr ±1-hr freezing period and 

an 8-hr ±1-hr thawing period. Scaling residue was collected, dried and weighed after the 

5th, 10th, 15th, 25th and 50th cycle. Salt scaling resistance was also conducted on 

specimens that were exposed to accelerated carbonation (4% CO2, 22±2°C) once the 

samples had been exposed to a 100% RH chamber for 14 days. Freezing and thawing 

cycles began after approximately 90 days.  

The performance of ettringite-based concrete exposed to both chloride ingress 

and carbonation was determined by casting concrete prisms (75 x 75 x 280-mm), which 

were cured under wet burlap and plastic at ambient temperature for 24 hours and then 

striped and placed in a standard atmospheric carbonation chamber (0.04% CO2, 55±5% 

RH and 22±2°C). After approximately two years, the depth of carbonation was 

determined by spraying a freshly fractured section of concrete with a 1% 

phenolphthalein indicator solution.  

The penetration of free chlorides was then determined by epoxy coating all sides 

of the specimen except for the fractured surface. Specimens were vacuum saturated in 

water at standard room temperature for 18±2-hr before being placed in a 165g/L NaCl 

solution for 40 days. The specimen was then cut perpendicular to the fractured surface 

and thin polished sections were prepared in a manner to ensure that both the carbonated 

and non-carbonated region were represented as shown by the broken line in Figure 6.1. 

The depth of chloride ingress and formation of chloride-binding hydrates was 

determined by analyzing thin sections under the scanning electron microscope (SEM).  
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Figure 6.1- Polished thin section preparation 

The resistance to abrasion was conducted on concrete cylinders (150-mm 

diameter x 300-mm) according to ASTM C944. Cylinders were cured under wet burlap 

and plastic at room temperature for 24-h and then stripped and placed in a 100% relative 

humidity (RH) ambient temperature (22 +/- 1°C) chamber for 28 days. Cylinders were 

then cut into 150-mm diameter x 50-mm sections to determine the abrasion resistance 

on both the hand and form-finished surfaces. In order to determine the effect of 

carbonation, specimens were exposed to an accelerated carbonation (4% CO2, 55±5% 

RH and 22±2°C) environment for 90 days, once the samples had been exposed to a 

100% RH chamber for 28 days. The abrasion resistance of both carbonated and non-

carbonated concrete was determined by rotating an abrading cutter (82.5-mm diameter) 

at a speed of 200 r/min while exerting a force of 197 ± 2N [44 ± 0.4 lbf] on the surface 

of the specimen. Abrasion was conducted for two minutes before the mass loss was 

determined.  
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6.3.2.2 Mechanical properties of mortars 

The mechanical properties of both carbonated and non-carbonated mortar was 

conducted by casting mortar prims (25 x 25 x 280-mm) and standard dumbbell (dog-

bone) specimens with an inner cross section of 25 x 25-mm (meeting the requirements 

of ASTM C307). Both compressive and flexural strength were determined on mortar 

prisms whereas the tensile strength of the various systems was conducted on the dog-

bone specimens. All specimens were cured at ambient temperature under wet burlap and 

plastic for 24 hours after which they were exposed to one of three environments: 

accelerated carbonation (4% CO2, 55±5% RH and 22±2°C), atmospheric carbonation 

(0.04% CO2, 55±5% RH and 22±2°C) or a CO2-free atmosphere containing nitrogen. 

Once it was determined that the cross-sectional area of the specimen in the CO2-

enriched environment had been fully carbonated, the mechanical properties of the 

various systems was determined.  

6.2.2.3 Chloride penetration / binding  

The ability of both carbonated and non-carbonated ettringite-based systems to 

bind free chlorides was measured by determining the binding isotherms for each system 

using an experimental procedure developed by Tang and Nilson (1993). In this test, thin 

paste disk samples are placed in chloride solutions of various concentrations until 

equilibrium has been reached between the pore solution and the host solution. It is then 

assumed that the amount of bound chlorides is proportional to the decrease in 

concentration of the host solution (Arya et. al, 1989).  
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Paste samples were cast in sealed plastic containers (50-mm diameter x 100-mm) 

and then rotated end-over-end at 2 r.p.m for 24 hours in order to avoid segregation. 

Samples were then removed and cured under water for 2-months. Following curing, the 

middle section of each cylinder was cut into 3-mm thick disks and the disks placed in a 

vacuum desiccator containing silica gel at room temperature for three days. The disks 

were then broken into approximately 25-g samples and the pieces placed in sealed 

plastic vials filled with various concentrations of NaCl solution: 0.1, 0.3, 0.5, 1.0 and 

3.0 M.  Once it was assumed that equilibrium had been reached between the pore and 

host solution, potentiometric titration using 0.1M AgNO3 was used to determine the 

chloride-ion concentration of each host solution. The bound chloride content was then 

determined (Yuan et. al, 2009): 

Cb = 35.453·V· (Ci-Cf)/Wd       Eq. 6.1  

where Cb is the bound chlorides (mg Cl/g of sample), V is the volume of external 

solution (mL), Ci is the initial chloride concentration of the solution (mol/L), Cf the final 

chloride concentration at equilibrium (mol/L) and Wd is the mass of the dry sample (g).  

Binding isotherms are then established by plotting Cb versus Cf.  

Disks from the various concentrations were then analyzed by X-ray diffraction 

(XRD), using a Bruker D8 Advance spectrometer. The X-ray source was a sealed, 2.2 

kW Cu X-ray tube, maintained at an operating current of 40kV and 30mA. Fine powder 

samples were scanned in the range of 5-80o. A step size of 0.02o and a step time of 1.0 s 

were used during the experiments.  
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6.4 Discussion and Results 

6.4.1 Durability performance of concrete 
 

6.4.1.1 Salt-scaling resistance 

Figure 6.2 presents the scaled mass (kg/m2) of both carbonated and non-

carbonated concrete specimens after 50 freezing and thawing cycles. PC-CAC-C$ 

resulted in the highest mass loss of approximately 1 kg/m2 after 50 cycles, C$A(1)-C2S 

and PC resulted in significantly less loss. Carbonation had little effect on the scaling 

resistance of ettringite-based systems although a decrease was observed in the PC 

control. Following 90 days of exposure in an accelerated carbonation environment, CO2 

had reached 3.4, 5.2 and 9.1 mm in PC, PC-CAC-C$ and C$A(1)-C2S specimens, 

respectively.  

 
Figure 6.2- Scaled mass loss (kg/m2) following 50 cycles 
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The reduction in scaled mass in PC as a result of carbonation is assumed to be 

the result of the densification and decrease in porosity, which occurs as a result of the 

transformation of the Ca(OH)2 into the more dense calcium carbonate throughout the 

system.   

6.4.1.2 Abrasion resistance 

Figure 6.3 presents the mass loss (kg/m2) of the three systems both before and 

after being exposed to accelerated carbonation (4% CO2). Carbonation is shown to have 

little effect of the resistance to abrasion and very little difference is observed between 

the three systems.  

   
Figure 6.3- Abrasion mass loss (kg/m2) – Average of two specimens 

 

The increased mass loss on the hand-finished side is assumed to be related to the 

increased paste content close to the surface; the cement paste is significantly softer than 

the hard siliceous aggregates used in producing the concrete specimens.   
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6.4.1.2 Chloride penetration  

The penetration of chloride in both carbonated and non-carbonated concrete is 

presented in Figure 6.4. The concentration of chlorides (% weight) relative to depth was 

determined on thin sections presented in Figure 6.1 using the scanning electron 

microscope (SEM).  

Chlorides are found to have penetrated deeper in the carbonation region in all 

three systems, which would explain the reduced ability of the carbonated matrix to bind 

chlorides. The reduced ability of C$A(1)-C2S to bind chlorides in comparison to PC-

CAC-C$ and PC is also presented. The lower surface concentration is attributed to the 

reduced binding ability of the system in comparison to the other systems.  

 
Figure 6.4- Chloride penetration (wt%) in both carbonated and non-carbonated concrete 
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6.4.2 Mechanical properties of mortars 
 

The mechanical properties of all systems exposed to both CO2 (atmospheric or 

enriched) and CO2-free (nitrogen) environments are presented in Table 6.4. The 

dissolution of ettringite as a result of carbonation, which results in a decrease in 

strength, is shown to take place in both ettringite-based systems exposed to both 

atmospheric (0.04% CO2) and accelerated (4% CO2) carbonation environments.  

A loss in compressive strength of approximately 15% is observed as a result of 

carbonating C$A(1)-C2S specimens in an accelerated carbonation environment whereas 

a loss of approximately 5% is observed in PC-CAC-C$ specimens. The loss is more 

pronounced in the flexural and tensile strengths where a loss of approximately 50% and 

66%, respectively, is observed when exposing C$A(1)-C2S specimens to an accelerated 

carbonated environment. A flexural and tensile strength loss of 40 and 66%, 

respectively, is also observed in PC-CAC-C$ when exposed to the same accelerated 

environment. It is interesting to note that the level of strength loss increases in the order 

of compressive, flexural and tensile which may indicate that carbonation results in the 

weakening of the interfacial transitioning zone (ITZ) at the binder-sand interface.  

The difference in strength loss between the two systems is attributed to the 

presence of Portland cement (PC) in the ternary CAC system. Although the hydration of 

each system is dominated by the early formation of ettringite, which is the most 

abundant phase in the system, the presence of PC results in a denser microstructure 
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following carbonation. The increased porosity of ettringite-based binders is as a result of 

the conversion of part of the water bound within the crystalline lattice of ettringite into 

its liquid form (Odler, 2000). The limited amount, if not absence, of CH in the ettringite-

based systems results in an increased rate of carbonation compared to PC based systems.  

Unlike ettringite-based binders, which result in a decrease in strength, the opposite is 

observed in Portland cement systems where calcium-bearing phases exposed to CO2 

result in a conversion to calcium carbonate phases which occupy a greater volume and 

increased density (Ngala and Page, 1997). 

Table 6.4- Mechanical properties (MPa) 

Mix Property 
Environment   

N2 4% CO2 0.04% CO2 σ4% / σN2 σ0.04% / σN2 

PC-CAC-C$ 

Compressive 68.0±3.0 63.0±6.0 63.0±2 0.9 0.9 

Flexural 7.0±0.5 4.0±0.5 2.0±0.5 0.6 0.3 

Tensile 7.0±0.5 2.0±0.5 1.5±0.2 0.3 0.2 

C$A(1)-C2S 

Compressive 79.0±3 69.0±1.0 70.0±3.0 0.9 0.9 

Flexural 5.0±0.5 2.0±0.2 3.0±0.5 0.4 0.6 

Tensile 3.0±0.5 1.0±0.2 1.5±0.1 0.3 0.5 

PC 

Compressive 45.0±3 53.0±2.0 52.0±1.0 1.2 1.2 

Flexural 5.0±0.1 7.0±0.4 6.0±0.5 1.4 1.2 

Tensile 1.8±0.2 4.0±0.1 2.0±0.2 1.9 1.1 
 

The abundance of ettringite in C$A(1)-C2S compared to PC resulted in the 

highest compressive strength whereas PC-CAC-C$, which contains 70% PC resulted in 

a compressive strength 14% less than C$A(1)-C2S.  
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Although it may be of concern that the mechanical properties of ettringite-based 

binders decrease when exposed to CO2, the same trend may not be observed in concrete 

specimens. Although ettringite-based binders carbonate at a much faster rate than PC 

systems, a specimen of significant thickness would take significant time to carbonate 

through its cross-section.  

6.4.3 Chloride Binding  
 

Figure 6.5 presents the quantity of bound chlorides relative to free chlorides for 

the various systems. The ability of each of the three systems to bind free chlorides was 

determined on both carbonated and non-carbonated systems. The solid lines in Figure 

6.5 represents the best-fit Freundlich binding isotherm to the non-carbonated systems 

whereas the broken lines represents the fitted isotherms to the carbonated systems. The 

reduction in binding is evident in all systems exposed to CO2, which shows the 

decreased ability of carbonated systems to bind chlorides.  

The ability of non-carbonated PC-CAC-C$ to bind chlorides is similar to that 

observed in PC systems. The presence of 70% PC in PC-CAC-C$ results in both AFm 

and C-S-H phases both chemically and physically binding chlorides. The inability of 

both non-carbonated and carbonated C$A(1)-C2S to bind chloride is related to the 

abundance of ettringite within the matrix. Although C-S-H is known to form as a result 

of the presence of belite in the un-hydated system, the inability of C-S-H to physically 

bind free chloride has been observed (Florea and Brouwers, 2012; Plusquellec and 
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Nonat, 2014). The inability of C$A(1)-C2S to bind chlorides is also attributed to the 

absence of C3A and abundance of ettringite. Both C3A and C4AF phases have been 

shown to be responsible for binding chloride ions to form Friedel’s salt 

(C3A.CaCl2.10H2O) (Swamy and Suryavanshi, 1996).  

 

 

Figure 6.5- Chloride binding isotherms for both carbonated and non-carbonated PC-
CAC-C$, C$A(1)-C2S and PC systems with fitted Freundlich isotherms. Note 

carbonation significantly reduces the bound chlorides.  
 

Chloride binding isotherms were fitted to the experimental data using the least 

squares method to present the binding behaviours of the various systems. The Langmuir 

and Freundlich isotherms are theoretical curves used to describe the chloride binding in 

concrete and are presented in terms of free and bound chloride in equations 6.2 and 6.3, 

respectively (Martin-Pérez et. al, 2000; Luping and Nilsson, 1993).  
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!! =
!!!

!!!!!
         Eq. 6.2 

!! = !!!!         Eq. 6.3 

where α and β are binding constants and vary depending on the binder composition.  

Table 5 presents the binding constants of both the Langmuir and Freundlich 

isotherm for the three systems in their non-carbonated state. By conducting regression 

analysis it is clearly shown that the Freundlich isotherm shows the best fist to the data. 

The Langmuir isotherm, which is adopted from biochemistry assumes monolayer 

absorption can only occur resulting in a decrease in binding as the concentration 

increases. The Freundlich isotherm on the other hand assumes absorption increases with 

increasing concentration as observed in both PC-CAC-C$ and PC systems. The ability 

of the Freundlich isotherm to better describe the binding behavior of PC systems has 

been reported previously. (Martín-Pérez et al., 2000; Zibara, 2001).  

 

Table 6.5- Freundlich and Langmuir coefficients of non-carbonated specimens 

 
Mix α β r2 

Freundlich 
PC 8.73 0.41 0.559 

PC-CAC-C$ 10.86 0.49 0.776 
C$A(1)-C2S 4.58 0.34 0.877 

Langmuir 
PC 33.07 2.38 0.512 

PC-CAC-C$ 21.02 0.98 0.611 
C$A(1)-C2S 23.04 3.44 0.911 

 

Data from X-ray diffraction (XRD) conducted on specimens of both non-carbonated and 
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carbonated paste specimens exposed to 0.1-3.0M NaCl solution are presented in Figures 

6.6 and 6.7. Ettringite is shown to be relatively stable as NaCl concentration increases in 

the non-carbonated PC-CAC-C$ system although decreases in intensity in the C$A(1)-

C2S system. Ettringite, a minor hydration product in ordinary portland cement (PC), is 

also shown to remain stable. The diffractogram of non-carbonated PC-CAC-C$ also 

shows the presence of portlandite and C-S-H as a result of the presence of PC within the 

system. They are also observed within the C$A(1)-C2S system although at much lower 

intensities.   

The formation of Friedel’s salt is found to form in all systems and increases with 

increasing NaCl concentration although C$A(1)-C2S shows minimal binding at lower 

concentrations. The inability of C$A(1)-C2S to bind chlorides at low chloride 

concentrations is shown to take place where binding only occurs at 0.5-3.0M NaCl. The 

decreased ability of C$A(1)-C2S to physically or chemically bind chlorides is attributed 

to the absence of C3A and the abundance of ettringite in the system. The diffractograms 

of carbonated systems is presented in Figure 6.7. A decrease in ettringite is attributed to 

the solubility of the phase at a lower pH and the conversion to calcite, aluminum 

hydroxide and gypsum. The reduced ability of carbonated systems to bind impeding 

chloride ions is also shown as a result of the solubility of Friedel’s salt.  
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Figure 6.6- (1) Non-carbonated PC-CAC-C$ exposed to 0.1-3M NaCl for 90 days (2) 
Non-carbonated C$A(1)-C2S exposed to 0.1-3M NaCl for 90 days (3) Non-carbonated 

PC exposed to 0.1-3M NaCl for 90 days. Where E = ettringite, FS = friedel’s salt, CH = 
portlandite, and C-S-H = calcium silicate hydrate 
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Figure 6.7- (1) Carbonated PC-CAC-C$ exposed to 0.1-3M NaCl for 90 days (2) 
Carbonated C$A(1)-C2S exposed to 0.1-3M NaCl for 90 days (3) Carbonated PC 

exposed to 0.1-3M NaCl for 90 days. Where E = ettringite, FS = friedel’s salt, CH = 
portlandite, AH3 = gibbsite, and C = calcite 
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Friedel’s salt is shown to be formed in carbonated PC-CAC-C$ although at much lower 

intensities than was observed in the non-carbonated systems. Binding is only shown to 

take place between 0.5-3.0M NaCl in C$A(1)-C2S.  

The formation of ettringite is still pronounced in both PC-CAC-C$ and C$A(1)-

C2S although it has shown to convert to calcite, aluminum hydroxide and gypsum as a 

result of the interaction with CO2. The formation of Friedel’s salt in PC-CAC-C$ is only 

observed at 0.5-3M compared to C$A(1)-C2S, where it is only observed at 3M NaCl.  

The inability or reduction of carbonated systems to bind externally-introduced chlorides 

is attributed to the carbonated matrix which results in fewer locations to form Friedel’s 

salt due to its solubility at a low pH (Swamy and Suryavanshi, 1996). The inability of 

C$A(1)-C2S to bind impeding chlorides is attributed to absence of C3A, which is 

responsible for the binding of chloride ions to form Friedel’s salt or its ferrite analogue, 

3CaO.FeO3.CaCl2.10H2O.  

6.4.4 Microstructural analysis 
 

The depth of carbonation as a function of age for concrete prims exposed to 

natural carbonation (0.04% CO2, 55±5% RH, 22±2°C) after being cured for one or 

seven days is presented in Table 6.6. The depth of carbonation for both ettringite-based 

systems (PC-CAC-C$ and C$A(1)-C2S) is significantly greater than that of PC as result 

of the abundance of ettringite and low content of CH present in these systems. The 
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decrease in carbonation of PC-CAC-C$ in comparison to C$A(1)-C2S is thought to be 

the result of the presence of PC in the ternary system.  

 

Table 6.6– Depth of carbonation (mm) when cured for 1 or 7 days 

Mix 91D 365D 910D 
 1 7 1 7 1 7 

PC 0.6 0.4 1.3 1.0 3.4 2.1 
PC-CAC-C$ 2.6 0.8 6.5 3.2 9.4 6.4 
C$A(1)-C2S 2.9 2.6 9.2 7.1 13.5 11.1 

 

Figures 6.8-6.13 presents the microstructure of concrete prims both non-

carbonated and carbonated under a natural carbonation environment for 910 days.  Non-

carbonated PC-CAC-C$ as presented in Figure 6.8a results in a dense microstructure as 

a result of the presence of ettringite (AFt), monosulfoaluminate, monocarboaluminate, 

hemicarboaluminate, calcium hydroxide and strätlingite. The dissolution of ettringite as 

a result of the exposure to carbonation (Figure 6.8b), results in an increased porosity as 

presented in Figures 6.9b, where porosity is presented in white. These images were 

developed using a software that distinguishes between hydration products and porosity 

using a manually adjusted threshold. This increased porosity (from approximately 4 to 

15% cross-sectional area), which has an affect on the mechanical properties of the 

system, as presented in Table 6.4, also has an effect on the ingress of chlorides and 

inability to bind free chlorides. Although the dissolution of ettringite results in other 
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phases being formed (calcium carbonate, aluminum hydroxide and gypsum), the 

elimination of phases capable of binding chlorides also occurs.   

  
Figure 6.8– (a) PC-CAC-C$_910D and (b) PC-CAC-C$_0.04%CO2_910D 

           
Figure 6.9- (a) Porosity in Figure 6.8a and (b) Porosity in Figure 6.8b 

 

(a) (b) 

(a) (b) 
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Similarly to PC-CAC-C$, carbonated C$A(1)-C2S also results in an increased 

porosity as presented in Figure 6.10. Although C$A(1)-C2S results in higher mechanical 

strengths than PC-CAC-C$, an increased porosity is observed in the non-carbonated 

system in comparison to that of PC-CAC-C$ which may explain the increased ability of 

chloride ions to penetrate the system. Unlike PC-CAC-C$, which forms ettringite in 

addition to phases abundant in PC systems, C$A(1)-C2S results in a much simpler 

microstructure composed primarily of ettringite and C-S-H which when exposed to CO2 

results in an increased porosity as presented in Figure 6.11. The carbonation of C$A(1)-

C2S resembles that of pop-corn carbonation where paste is replaced by pop-corn like 

crystals of calcite throughout the matrix (Thaulow, 2001). Unlike the carbonation of PC 

based systems where calcite forms a continuous matrix, the formation of calcite in 

C$A(1)-C2S occurs in a number of localized areas.  
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Figure 6.10- (a) C$A(1)-C2S_910D and (b) C$A(1)-C2S_0.04%CO2_910D 

    
Figure 6.11- (a) Porosity in Figure 6.10 a and (b) Porosity in Figure 6.10b 

 
Unlike the two ettringite-based systems, the carbonation of PC (Figure 6.12b) results in 

the densification of the microstructure as a result of impeding CO2 reacting with 

calcium-bearing phases, such as calcium-silicate-hydrate (C-S-H) and calcium 

hydroxide (CH) which results in the formation of calcium carbonate (CaCO3). The 

(a) 

(a) (b) 

(a) (b) 
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densification of the microstructure is attributed to the increased volume of hydrates 

associated with the formation of calcium carbonate and results in a decrease in porosity 

of approximately 4% to 2.5% cross-sectional area as presented in Figure 6.13.  

  
Figure 6.12– (a) PC_910D and (b) PC_0.04%CO2_910D 

  
Figure 6.13– (a) Porosity in Figure 6.12a and (b) Porosity in Figure 6.12b 

(a) (b) 

(a) (b) 
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6.5 Conclusion 

The work conducted in this study examined the performance of ettringite-based systems 

both carbonated and non-carbonated by studying both the durability and mechanical 

properties, and the chloride-binding capacity, in comparison to an ordinary Portland 

cement (PC) concrete. Based on the work conducted, the following conclusions can be 

drawn.  

• The carbonation of ettringite-based binders results in an increased porosity as a 

result of the conversion of ettringite into calcite, gypsum and aluminum 

hydroxide. This is in contrast to PC-based systems where the porosity is 

decreased.  

• Very little difference is observed in the durability performance (scaling and 

abrasion) of ettringite-based binders both before and after being exposed to CO2.  

• A decrease in mechanical properties is observed in ettringite-based systems in 

comparison to PC based systems, which increase as a result of the exposure to 

CO2. This is attributed to the increased porosity due to the dissolution of 

ettringite.  

• The increased porosity observed in both ettringite-based binders, as shown by 

SEM, is consistent with the reduced mechanical properties of the two systems 

after exposure to carbonation. The decrease in strength is attributed to the 

conversion of ettringite, which is abundant in these systems.  
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• The formation of Friedel’s salt is shown to form in both PC-CAC-C$ and PC at 

all concentrations but only at concentrations greater than approximately 1.0M in 

the C$A(1)-C2S system.  
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Chapter 7  

A Sensitivity Analysis on the Effect of Carbonation on Chloride Ingress  

                                    in Ettringite-Based Systems 
 
Moffatt, E.G.1, Riding, K.A.2 and Thomas, M.D.A1  
1.University of New Brunswick, Fredericton, New Brunswick, Canada 
2.Kansas State University, Manhattan, Kansas, United States 

7.1 Abstract  

Ettringite-based (rapid set) binders are used in applications where high-early 

strength is required and is achieved as a result of the formation of ettringite within the 

first few hours of hydration. Recent studies have shown that the carbonation of 

ettringite-based systems render the material more vulnerable to chloride-ion penetration 

due to the increased porosity and reduced chloride binding of these systems. In order to 

determine the impact of carbonation on the service life of reinforced concrete exposed to 

chlorides, an existing service-life prediction model was modified; the modifications 

included: 

• Accounting for the influence of chloride binding in addition to Fickean 

diffusion.  

• The concrete is separated into two zones; carbonated and non-carbonated. 

• The carbonation front advances at a rate proportional to the square root of time. 

• Different diffusion coefficients and chloride-binding isotherms are used in the 

carbonated and non-carbonated zones.  
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The model was modified and used to predict the chloride penetration into concrete 

produced with ettringite-based cements and compared to a Portland cement system. The 

model was modified using carbonation rates, diffusion coefficients and binding 

coefficients of both carbonated and non-carbonated concrete from a parallel study. The 

results presented within this paper compare a newly developed ternary system composed 

of Portland cement, calcium aluminate cement and calcium sulfate (PC-CAC-C$) to a 

calcium sulfoaluminate cement (C$A(1)-C2S) system and a 100% Portland cement 

system repair acting as a control. By accounting for both carbonation and chloride 

binding, both ettringite based systems (PC-CAC-C$ and C$A(1)-C2S) result in a deeper 

penetration of chlorides compared to PC as a result of the increased carbonation rate. 

The increased penetration is attributed to the presence of ettringite, which results in an 

increased porosity and reduced binding ability when carbonated.  

Keywords: chloride penetration, carbonation, chloride binding, ettringite-based binders, 

calcium aluminate cement, calcium sulfolauminate cement and portland cement.  
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7.2 Introduction 

Chloride-induced corrosion is the leading cause of premature deterioration of 

reinforced concrete structures in North America and accounts for approximately 90% of 

deteriorated structures worldwide as a result of concrete such as bridge decks, 

substructure elements on bridges (i.e. piers and columns), pavements, and components 

of buildings and pavements being exposed to harsh environments (Angst, 2011).  

The corrosion of steel reinforcement initiates as a result of either a sufficient 

concentration of chlorides and/or the carbonation front reaching the depth of 

reinforcement. Corrosion will not occur if the relative humidity (RH) is “moderate” (i.e. 

<80% RH). Once a sufficient concentration of chlorides reach the reinforcement or the 

pH decreases as a result of carbonation, the passive ferric oxide layer that forms around 

the reinforcement as a result of the high alkaline environment during hydration is 

destroyed.  

The resistance of concrete to the penetration of chlorides is controlled 

predominantly by the pore structure of the concrete (i.e. the size, connectivity and 

tortuosity of the pores) and, to a lesser extent, the ability of the cement hydrates to bind 

chloride ions. This resistance can be increased by reducing the water-to-cementitious 

material (W/CM) ratio, the appropriate use of supplementary cementing materials (such 

as fly ash, slag, silica fume and natural pozzolans), and by adopting proper practices to 

ensure adequate consolidation, curing and measures to minimize cracking.  
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In areas where corrosion has occurred and it has been decided to repair the 

damaged concrete, rapid-repair (ettringite-based) concrete may be selected if minimal 

construction time and minimal disruption to the travelling public is required. Rapid-

repair (ettringite-based) systems result in high-strength in a very short period of time 

(≥20 MPa in 3 hours). High-early strength is achieved by the formation of ettringite 

(C3A·3C$·H32) in the first few hours of hydration using a binder typically comprised of 

calcium sulfoaluminate (C$A) cement or calcium aluminate cement (CAC) plus calcium 

sulfate (C$).  

Unlike ettringite-based binders, the penetration of chlorides and carbonation of 

ordinary portland cement (PC) depend on two main factors: 

• Environments conducive to chloride ingress and subsequent chloride-induced 

corrosion are generally “wet environments” such as marine structures and 

structures exposed to deicing salts. Also, concrete in chloride environments is 

usually designed with a relatively low w/cm (e.g. ≤ 0.40 often specified by 

codes). Under these conditions (low w/cm PC concrete exposed to moist and wet 

environments) carbonation is generally negligible.  

• Furthermore, it has been observed that the carbonation of PC concrete, while 

reducing the chloride binding capacity, does not result in a more porous or 

permeable concrete; indeed, it has been shown that carbonation of PC concrete 

leads to a densification of the microstructure.  
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As a consequence, carbonation of PC concrete as it impacts chloride ingress and 

chloride-induced corrosion is not generally deemed to be relevant as a result of the 

densification of the matrix and the decrease in permeability.   

On the other hand, ettringite-based systems are likely to carbonate relatively 

rapidly due to the absence or low concentration of calcium hydroxide and the significant 

change in the phases as a consequence of carbonation (i.e. the destruction of ettringite). 

The destruction leads to an increase in porosity (ettringite has a lower density and 

occupies a much greater space in comparison to other hydrates) and a significant 

reduction in chloride binding capacity as presented in Chapter VI (Garbrisova et al., 

1991). Thus, the impact of carbonation on the service-life of concrete exposed to 

chloride environments is possibly more significant for concrete produced with ettringite-

based systems compared with those produced with portland cement.   

The penetration of chloride ions towards the depth of reinforcement may be 

reduced by either physically or chemically binding with hydrates within the matrix. 

Chemical binding results in the interaction between free chloride ions and tricalcium 

aluminate (C3A), which results in the formation of Friedel’s salt (C3A·CaCl2·10H2O).  

Chlorides may also physically react and/or absorb onto the surface of C-S-H 

hydrates (Odler, 2000; Zibara, 2001). Page and Vennesland, (1983) found Friedel’s salt 

to be pH dependent resulting in the release of chloride ions as the pH dropped from 

approximately 14 to 11. Unfortunately, the presence of sulfate ions may result in the 

liberation of chloride ions due to the formation of calcium sulfo-aluminate hydrates. 
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Similarly, carbonation of the concrete cover may also release bound chloride ions into 

the pore solution (Anderson, 1997).  

This paper presents a sensitivity analysis that was conducted to study the effect 

of chloride penetration as a result of carbonation and chloride binding for portland 

cement and ettringite-based systems. The paper presents modifications to a model 

previously developed by Riding et al. (2013) in order to take into account the effect of 

carbonation and chloride binding.  

7.3 Service-Life Modeling   

There currently exist a number of service-life prediction models used to predict 

the time for chlorides to reach the surface of the reinforcement and initiate corrosion 

(Boddy et al., 1999; Ehlen et al., 2009; Riding et al., 2013). Although useful in 

predicting the time to initiate corrosion, very few take into account the chloride binding 

ability of the system or the effect of carbonation.  

The penetration of chlorides in a number of service life models is typically 

modeled using the apparent diffusion coefficient, which can be determined in the 

laboratory according to ASTM C1556 and fit using Fick’s 2nd law of diffusion to the 

penetration profile.  

Unfortunately, ASTM C1556 and Fick’s 2nd law assumes that the diffusion 

coefficient (Dc) and the surface concentration (Cs) is constant with time and does not 

distinguish between free and bound chlorides.  
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Life-365 (Ehlen et al., 2009), was developed as one of the very first service life 

prediction models. The model assumes a simplified approach based on Fickean 

diffusion:  

!"
!" = D ∙ !!!!"!        Eq. 7.1 

where C is the chloride content, D is the apparent diffusion coefficient, x is the depth 

from the exposed surface and t is time. Life-365 also accounts for the temperature-

dependent changes in diffusion using an Arrhenius-type equation of the form: 

D(t) = D!"# ∙ !
!

!
!!"#

− !
!       Eq. 7.2 

where D(T) is the diffusion coefficient at time t and temperature T, Dref is the diffusion 

coefficient at some reference time tref and temperature Tref, U is the activation energy of 

the diffusion process (35,000 J/mol) and R is the gas constant.  

Life-365 accounts for a number of variables including the geographic location, 

type of structure, depth of clear cover of the reinforcing steel (xd) and a number of 

protection strategies (i.e. type of admixtures or corrosion inhibitors, type of steel and 

coatings, and presence of membranes or sealer). Since the development of Life-365, a 

number of models have been developed that improve on the diffusion properties of Life-

365 resulting in a more realistic equation for the decrease in the concretes apparent 

chloride diffusivity with time. A model developed by Riding et al. (2013), assumes that 

the diffusion coefficient will likely decrease indefinitely compared to Life-365 which 
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assumes the diffusion coefficient will remain stable after 25-years. Riding et al. (2013) 

assumes the diffusion coefficient will decrease to an ultimate limiting value, Dult.  

D t = D!" ∙ !!"
!

!
+ D!"# 1− !!"

!
!

    Eq. 7.3 

where D(t) is the diffusion coefficient at a reference time, t, where in this case is taken 

as 28 days and m is the age reduction factor. The age reduction factor depends on the 

concrete mix proportions and the type of curing applied to the concrete. Bamforth 

(1998) found values of m to range anywhere from 0.264 for Portland cement based 

systems to 0.621 for granulated blast furnace slag systems (GBFS). For the purpose of 

this paper, it was assumed that PC and ettringite-based binders had age reduction factors 

of 0.26 and 0.20, respectively.  

7.4 Diffusion Model Development    

The model developed by Riding et al. (2013) was modified to account for the effect of 

chloride binding and carbonation by incorporating a modified Fick’s 2nd law equation 

presented by Martín-Pérez et al. (2000) 

!!!
!! =

!
!! D!∗ !!!!!        Eq. 7.4 

with 

D!∗ = !!
!! !

!!
!!!
!!!

        Eq. 7.5 

where Dc
* is the apparent diffusion coefficient (m2/s) and !!!!!!

 is the binding capacity of 

the concrete binder.  
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The binding properties of a specific cementitious system are typically defined in 

the form of binding isotherms with the amount of bound chlorides expressed as a 

function of free chlorides. Chloride binding isotherms are unique to each cementitious 

system and typically depend on the make up of the system. A number of theoretical 

curves exist in the literature, which are used to represent the relationship between bound 

and free chlorides (Zibara, 2001).  

For the purpose of this study, the Freundlich isotherm was selected as (i) it 

provided the best fit to the experimental data and (ii) it has been shown by previous 

researchers (e.g. Boddy et al. 1999; Martín-Pérez et al., 2000; Zibara, 2001) to best 

describe binding in portland-cement-based cementing systems. The Freundlich isotherm 

is represented as: 

!! =∝ !!!  ,    !!!!!!
= !!!!!!!  ,   !!∗ = !!

!! !
!!!"!!

!!!    Eq. 7.6 

where α and β are binding constants dependent on the cementitious system and we is the 

evaporable water content (expressed per unit volume of concrete).   

The modification to the model allows for the diffusion of chlorides to be 

modeled through a two-phase system, consisting of an ettringite-based repair material 

placed over a Portland cement concrete as presented in Figure 7.1.  
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Figure 7.1– Schematic of model 

 
The modified model is a time-step relationship where the thickness of slab 

designated by the user is broken into 1-mm increments allowing the carbonation front 

and chlorides to move in 1 mm increments. As time progresses, both chlorides and the 

carbonation front penetrate the system as described in Figure 7.2. Figure 7.2 presents 

two schematics showing the system both before and after being exposed to carbonation. 

The schematic on the left represents a concrete specimen prior to being exposed to 

carbonation (time = x). The penetration of chloride ions into this system results in 

chloride binding, as indicated by alpha and beta non-carbonated isotherm coefficients 

(αnc and βnc). As time progresses (time = x + 1), the penetration of both CO2 and 

chlorides are represented in the schematic on the right of Figure 7.2. Carbonation results 

in a lower binding capacity in the carbonated concrete than the non-carbonated concrete 

as indicated by the binding coefficients (αc and βc) and the release of chloride ions, 
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which penetrate deeper into the concrete system, which may be bound by the non-

carbonated concrete (αc and βc).  

                    

Figure 7.2- Modified Riding et al. (2013) schematic 

7.4.1 Experimental data 
 

This model was developed using data presented in Chapters IV-VI. Binding 

isotherms were determined for both carbonated and non-carbonated paste using the 

equilibrium method developed by Tang and Nilsson (1993). In the equilibrium method, 

thin paste disks are placed in various concentrations of sodium chloride. After a 

prolonged period of time it is assumed that the chloride concentration within the pores 
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of the paste is equal to that of the host solution. The amount of bound chlorides is then 

estimated from the decrease in the chloride concentration of the host solution. The 

bound chloride content is estimated using the following equation:  

Cb = 35.453�V�(Ci-Cf)/Wd      Eq. 7.7  

where Cb is the amount of bound chlorides in mg of chloride per g of sample (mg/g of 

sample), 35.453 is the molecular weight of chloride, V is the volume of solution (mL), 

Ci is the initial chloride concentration of the solution (mol/L), Cf is the equilibrium or 

final chloride concentration of the solution (mol/L), and Wd is the mass of the dry 

sample (g).  

Non-carbonated diffusion coefficients were determined according to ASTM 

C1556 (ASTM C1556, 2004), where concrete cylinders cured for 28 days were epoxy 

coated on all sides expect the finished surface and exposed to NaCl (165g/L) solution 

for one hundred and eighty days after which they were profile ground and analyzed 

using potentiometric titration and silver nitrate. The chloride profile was then used in a 

multimechanistic chloride transport model developed by Boddy et al. (1999) to 

determine the diffusion coefficient after 28 days. The effective diffusion coefficient was 

then determined using the modified Fick’s second law relationship presented by Martín-

Pérez et al. (2000) in Equation 7.6. 

The carbonated diffusion coefficient was conducted in the same way except it 

was determined on concrete prisms (75 x 75 x 280-mm), which were placed under a 

natural carbonation environment (0.04% CO2, 55±2% and 22±2°C) for approximately 
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three and a half years. A fractured section of each prism was sprayed with a 1% 

phenolphthalein solution to determine the carbonation depth and then coated with epoxy 

such that both fractured surfaces and three of the four unfractured surfaces were sealed 

leaving one unfractured surface uncoated. Specimens were exposed to NaCl (165 g/L) 

for 40 days after which they were profile ground until the depth of non-carbonated 

concrete was reached. At the same time, the rate of carbonation was determined as a 

square root time relationship by measuring the depth of carbonation after 91, 365 and 

1250 days.  

7.5 Sensitivity Analysis  

A numerical analysis was conducted using the modified model to study the effect 

of carbonation on chloride penetration and the effect of chloride binding. The analysis 

was conducted on a 304.8 mm (12 inch) slab with a clear cover of 50.8 mm (2 inch) and 

the option of repairing the slab to a depth of 152.4 mm (6 inch) using one of two 

ettringite-based binders (PC-CAC-C$ or C$A(1)-C2S). As a control, the ettringite-based 

binders were compared to a 100% PC system used as a repair material. Table 7.1 

presents the carbonated and non-carbonated properties of the various repair binders. 

Binding coefficients were determined using the technique developed by Tang and 

Nilsson (1993) where the values depend on the units used for Cf and Cb (in this case 

kg/m3 of pore solution and kg/m3 of concrete, respectively). This work was previously 

presented and can be found in Chapters IV and VI. 
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For this analysis, it was assumed that the slab was located in Portland, Maine 

which was a previously loaded location within the model developed by Riding et al., 

(2013). Portland was selected because it was the closest location geographically to Treat 

Island (as discussed in Chapter V), which is located off the coast of Eastport, Maine and 

because it is assumed that the average monthly temperature is similar.  

In order to draw comparisons between the various systems, it was assumed that 

all systems had a surface concentration of 0.8% by mass of concrete (a typically used 

value for concrete in a splash zone environment).  

To draw comparisons between the ettringite and PC binders, three cases were 

analyzed including PC-CAC-C$, C$A(1)-C2S and PC all as repair materials to a depth 

of 150 mm. As presented in previous chapters it was assumed that both ettringite-based 

binders had a water-to-cementious ratio of 0.35 whereas the PC control had a w/cm of 

0.40. It was also assumed that both ettringite-based and PC binders had a binder content 

of 530 and 450 kg/m3, respectively.   

7.5.1 Analysis Results and Discussion  
 

Figure 7.3 and 7.4 present chloride concentration profiles without and with the 

effect of carbonation, respectively and are presented after 25, 50 and 75 years. These 

curves were generated using the modified Riding et al. (2013).  

After 25 years of exposure, the penetration into the newly developed ternary 

system (PC-CAC-C$) is shown to be very similar to that of the 100% PC repair material 

as a result of the similar binding capacity and diffusion coefficients of the two systems. 
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The deeper penetration in the C$A(1)-C2S system is attributed to the reduced binding 

capacity and higher diffusion coefficient within the non-carbonated system. Chlorides 

have reached a threshold of 0.05% by mass of concrete (a typically used value required 

to initiate corrosion) at approximately 50 mm for both PC-CAC-C$ and PC and 

approximately 145 mm for the C$A(1)-C2S system. After 50 years, chlorides have 

penetrated approximately 70 mm in both PC based systems  (PC and PC-CAC-C$) 

whereas chlorides have penetrated through the C$A(1)-C2S material and have reached 

the underlying PC concrete. The drop in chloride concentration in the C$A(1)-C2S 

represents the interface between the repair and underlying PC system and the inability of 

PC to bind chlorides. Certainly in the real world this would not be the case, although in 

order to highlight the difference in binding and diffusion between the two systems, it 

was assumed that PC did not have the ability to bind chlorides or carbonate.  

The penetration is even more pronounced after 75 years, where chlorides have 

passed the chloride threshold at approximately 180 mm and chlorides have reached only 

approximately 100 mm in both PC and PC-CAC-C$ systems.  
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Figure 7.3- Effect of chloride binding not including carbonation after 25, 50 and 75 

years, respectively. 
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The effect of carbonation, chloride binding and diffusion is presented in Figure 

7.4. Again, the two ettringite-based binders are compared to a 100% PC concrete acting 

as a repair material. Unlike Figure 7.3, the addition of carbonation results in a spike in 

concentration in free chloride concentration, which is the result of bound chlorides being 

released and allowed to penetrate deeper into the system as the depth of carbonation 

increases. The difference in peak heights is attributed to the binding ability of the 

various systems. Both PC-CAC-C$ and PC repair materials have much higher peaks as 

a result of the increased binding ability compared to C$A(1)-C2S.  The linearity of the 

diffusion curve prior to this peak is attributed to the reduced binding ability of 

carbonated systems as presented in Table 7.1.  

After 25 years of exposure, the carbonation front is shown to have penetrated 

approximately 15, 40 and 60 mm in the PC, PC-CAC-C$, C$A(1)-C2S repair systems. 

The increased penetration of chlorides within the C$A(1)-C2S system is attributed to 

increased carbonation rate and diffusion coefficient in both carbonated and non-

carbonated concrete which is a result of the abundance of ettringite (C3A·3C$·H32) 

within the system. Although the penetration of chlorides in both PC and PC-CAC-C$ 

was found to be very similar in the non-carbonated system, a difference is observed in 

Figure 7.4 as a result of the higher carbonation rate of PC-CAC-C$, which is just over 

two times greater than PC.  

Both PC and PC-CAC-C$ repair materials show the lowest chloride penetration 

reaching a chloride threshold of 0.05% at approximately 65 and 75 mm, respectively. 
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The penetration into the C$A(1)-C2S system is shown to be much greater, having just 

penetrated through the repair material and into the underlying PC system at a depth of 

approximately 150 mm. Again, the drop in chloride concentration as a result of the 

inability of the underlying PC to bind chlorides and carbonate is presented.  

Following 50 years, the carbonation front has penetrated deeper into the system 

and has reached approximately 25, 60 and 95 mm in the PC, PC-CAC-C$, C$A(1)-C2S 

repair systems, respectively. Again, chlorides have yet to reach the underlying PC 

system in both PC-CAC-C$ and PC repairs, whereas a concentration of 0.2% by mass of 

concrete is observed at the interface between the C$A(1)-C2S repair and the underlying 

PC concrete.  

After 75 years, the carbonation front and chloride penetration is even more 

pronounced within the C$A(1)-C2S repair material, where the depth of carbonation has 

reached approximately 110 mm. Carbonation depths have shown to reach approximately 

30 and 70 mm in both PC and PC-CAC-C$ repair systems where chlorides have only 

penetrated 105 and 120 mm, respectively and have yet to reach the depth of repair 

material.  

The addition of accounting for carbonation in Figure 7.4 is shown to be much 

more pronounced when using ettringite-based binders, especially C$A(1)-C2S, which is 

a result of the abundance of ettringite and reduced content of C3A, results in a much 

lower binding capacity in comparison to PC-CAC-C$. The presence of 70% PC within 
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the newly developed ternary (PC-CAC-C$) system is shown to perform very similar to 

the PC repair even though it carbonates at a faster rate. 
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Figure 7.4- Effect of chloride binding including carbonation after 25, 50 and 75 years, 
respectively.  
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7.6 Conclusion  

Modifications to a previouly developed model by Riding et al. (2013) were made 

in order to study the effect of both carbonation and chloride binding.  

Based on the results, the following conclusions can be made: 

• The new model developed in this study can now be used to model the effect of 

carbonation of a concrete element comprised of two entirely different systems 

which is ideal in repair applications where two concretes are typically used.  

• By accounting for carbonation, chlorides are found to penetrate to much deeper 

depths in comparison to a system which does not take into account carbonation. 

This is useful in environments where carbonation and chloride penetration may 

be of a concern or when using ettringite-based systems.   

• The carbonation rate of C$A(1)-C2S is much faster than ordinary PC as a result 

of the abundance of ettringite, which may be disadvantageous when placing it in 

an aggressive marine environment such as that presented in this paper.   
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Chapter 8  
 

       Conclusions and Recommendations 
 
 

This chapter summarizes the work that was conducted within this dissertation 

and outlines recommendations and future work that should be conducted to learn more 

about these systems.  

8.1 Durability Performance 

The work presented herein was conducted in order to determine the durability 

performance of a newly developed ternary system (PC-CAC-C$) and compare it to a 

number of high-early strength systems currently available. From the work conducted, 

the following conclusions can be made: 

• The newly developed ternary PC-CAC-C$ system was able to achieve 

compressive strengths in excess of 20MPa (≈3000 psi) within the first few hours 

of hydration. The addition of PC and C$, eliminates the phenomenon of 

conversion and allows for an increase in strength similar to that of calcium sulfo-

aluminate (C$A) cement based systems.  

• The inability of C$A(1)-C2S to bind chlorides and form Friedel’s salt is 

supported by both chloride penetration and corrosion results presented in 

Chapter IV and V. A similar trend is also observed in specimens placed on Treat 

Island where signs of corrosion were observed after only one year of exposure. 
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• An increased rate of carbonation in ettringite-based systems in comparison to PC 

based systems is observed as a result of the abundance of ettringite and minimal 

content of CH.  

• Although C$A(1)-C2S has the inability to bind chlorides and carbonates at a 

much faster rate than other ettringite based binders studied, it showed a similar 

amount of salt scaling mass loss to PC and significantly less mass loss than PC-

CAC-C$ under both laboratory (BNQ NQ 2621-900) and field conditions.  

8.2 Effect of Carbonation on Durability 

The presence of carbonation significantly affects the durability performance of 

ettringite-based systems. Based on the research conducted within this dissertation, the 

following conclusions were drawn:  

• Unlike PC concrete, where the porosity is decreased due to the presence of 

carbonation, ettringite based systems results in an increased porosity as a result 

of the dissolution of ettringite.  

• The increased porosity results in a decrease in mechanical properties in 

comparison to the opposite effect found in PC systems.  

• Carbonation also results in a reduced ability of forming Friedel’s salt which 

results in lower chloride binding.  
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8.3 Sensitivity Analysis  

A sensitivity analysis was conducted by modifying a chloride penetration model 

developed by Kyle Riding (Riding et al, 2013) in order to study the penetration of 

chlorides and the effect of both carbonation and chloride binding as time progresses. 

The key findings from the modification of this model include: 

• The inability of C$A(1)-C2S to bind externally applied chlorides as a result of 

the minimal binding capacity and high diffusion coefficient through both 

carbonated and non-carbonated concrete.  

• The abundance of ettringite and absence of CH also results in ettringite-based 

binders to carbonate at a much faster rate than PC based concretes. The newly 

developed ternary system results in improved binding capacity compared to the 

C$A(1)-C2S based system as a result of the presence of 70% PC and results in a 

chloride penetration very similar to straight PC.  
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8.4 Future Work  

This dissertation focused on learning more about the durability performance of a newly 

developed ternary system and how is performs in comparison to ettringite-based binders 

currently available. Future research is needed that focuses on: 

• Improving the early-age workability and working time of the various systems in 

order for the binders to be used in larger scale applications without compensating 

for early strength.   

• The addition of supplementary cementing materials in order to reduce the carbon 

footprint of these systems.   

• Improving the carbonation performance by studying ways to increase the 

calcium hydroxide (CH) content.  

• Studying a number of other durability issues such as alkali-silica reaction in 

order to study and improve these systems.   

• Comparing the strength development and durability performance of these 

systems to accelerated Portland cement based systems.  

• Modeling the diffusion of chlorides using the porosity results presented in 

Chapter 6.  

• Making modifications to the modified model in Chapter 7 in order to take into 

account the penetration of chlorides in the opposite direction as the carbonation 

front penetrates.  
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