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ABSTRACT
THE IMPACT OF CONVERSION ON THE DURABILITY OF CALCIUM
ALUMINATE CEMENT CONCRETE SYSTEMS

by
Marwa Mohsen Korayem

The deterioration of infrastructure in North America has resulted in a significant need for
concrete repair materials that can be used to maintain service life of these structures.
Hydraulic cement based rapid repair materials can be used to repair pavement and bridge
deterioration with minimal impact on economic activities such as freight handling or public
transportation. While there are many options for use in repair situations, calcium aluminate
cements have become more popular recently, particularly in situations where repairs must
be completed rapidly.

Calcium aluminate cement (CAC) is a cement characterized by its rapid strength
gain, even at low temperatures approaching 0°C. This key feature has made CACs
extremely useful in certain concrete repair applications, particularly in cold regions. CAC
systems undergo a unique process known as conversion, in which metastable hydrates
convert to stable hydrates, resulting in an increase in porosity and strength loss.
Understanding the time at which this conversion occurs, and the magnitude of strength loss
is important for long-term design decisions involving repaired concrete systems. There has
been significant previous research work on the kinetics of the conversion process in the
CAC systems. However, there is very little information available on the impact of

conversion on long-term concrete durability.



This dissertation discusses the capability of using electric resistivity measurements
in order to assess conversion in CAC systems in the field. A rapid procedure is
recommended to detect when conversion occurs in different aspects. The validity of this
approach is studied on CAC systems with various robustness factors including different
cement formulations, different types of aggregates, different water to cement ratios, and
different time to convert. This work also studies the relationship between converted and
unconverted CAC concrete in terms of drying shrinkage; focusing on understanding the
impact of conversion on CAC systems long term durability. A discussion is presented on
various CAC systems using different water to cement ratios, different cement formulations,
and different time to convert.

This work shows a proof-of-concept that the electric resistivity measurement may
be a promising tool to assess time to conversion in CAC systems. The presented data shows
a significant reduction in electric resistivity correlating with a reduction in the compressive
strength, which indicates that full conversion has occurred. This work also studies the
impact of conversion on long term durability in CAC systems in terms of drying shrinkage.
The presented data shows a much higher total shrinkage and mass loss in samples after
conversion occurs than in unconverted ones. This work shows that it will be essential to
ensure that the CAC system will gain enough strength and they should be prevented from

converting at an early age, before it builds up stresses that occur due to drying shrinkage.
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CHAPTER 1

INTRODUCTION

1.1 Background

The deterioration of infrastructure in North America has resulted in a significant need for
concrete repair materials that can be used to maintain service life of these structures [1].
Hydraulic cement based rapid repair materials can be used to repair pavement and bridge
deterioration with minimal impact on economic activities such as freight handling or public
transportation. While there are many options for use in repair situations, calcium aluminate
cements have become more popular recently, particularly in situations where repairs must
be completed rapidly.

Calcium aluminate cement (CAC) is a cement characterized by its rapid strength
gain, even at low temperatures approaching 0°C [2]. This key feature has made CACs
extremely useful in certain concrete repair applications, particularly in cold regions [3]. In
the early 20™ century, it was used to quickly construct gun emplacements during WWI in
France because of its rapid strength gain properties [4]. Other uses included wearing
surfaces to provide scour resistance in dam spillways [2], [5], as a temperature resistant
material in refractory applications [2], [6]-[11], and as an acid resistant material in
manufactory and wastewater applications [12]-[18]. CAC is a specialty cement that can be
used in a wide range of applications and has led to an increase in interest in concrete rapid
repair applications. Despite the higher cost of CAC (about 4-5 times of ordinary portland
cement, OPC), it can provide solutions to specific rapid repair applications where the use

of ordinary portland cement may not be feasible. CAC is favorable to be used where there



is an intensive need for rapid return to service, especially in industrial applications when
several severe conditions are present [19].

Even though CAC hydration has been studied significantly in the past, specifically
its microstructure, it’s not quite understood within the general construction practice.
Previous research studies have focused on studying the kinetics of conversion, a process
that will be explained later in Section 2.3. There has been very limited work done to
understand the long-term durability of CAC and what impact this conversion may have on
it.

There has been significant previous research work on the kinetics of the conversion
process in the CAC systems. However, there is very little information available on the
impact of conversion on long-term concrete durability. There are concerns over how the
increase in porosity may impact the transport properties of aggressive chemicals through
the system. In particular, given its limited use in field applications up to now, there is not
sufficient data on how CAC concrete may perform in the field after conversion, particularly
when exposed to the harsh conditions seen on our nation’s roadways. This work studied
the capability of using electrical resistivity measurements as a tool to assess conversion in
situ. The work presented examined the impact of conversion in CAC systems on drying
shrinkage. It also focused on understanding the relationship between converted and

unconverted CAC concretes in terms of drying shrinkage.



1.2 Scope and Objectives
This dissertation consists of a literature review, experimental methods, two chapters
derived from papers (under press) submitted to CAC UK proceedings, October 2020, and
a conclusion. The layout of this dissertation is as follows:

Chapter 1 Introduction. This chapter provides an introduction and background on
calcium aluminate cement concrete (CAC) systems. It also presents the motivation and
objectives for this research work. This chapter also presents a detailed literature review
presenting CAC history and its uses. Additionally, it includes a review of CAC hydration
process, concrete properties, durability issues, promoting conversion procedures.

Chapter 2 Means and Methods. This chapter provides an overview of the
experimental methods used throughout this dissertation.

Chapter 3 Electric Resistivity Measurement as a Tool to Assess Conversion. This
chapter discusses the potential of using electric resistivity as an indication of conversion in
CAC systems under different variables. These variables included different water to cement
ratios, different cement formulations, different aggregate sources, and different time to
convert.

Chapter 4 Impact of Conversion on Drying Shrinkage in CAC Systems. This chapter
provides an understanding of the impact of conversion on drying shrinkage. A comparison
is presented between converted and unconverted systems. Also presents the impact of
different variables including different water to cement ratios, different time to convert, and

using small dosages of finely ground limestone (FGLS).



Chapter 5 Conclusions and Recommendations. This chapter provides a unified
conclusion to the presented work; summarizing the key findings. Future work is also
recommended based on this work.

Chapter 6 References. This chapter provides a list of all the references used
throughout this dissertation.

The main objectives of the work presented in this dissertation are as follows:
1- Determine if the electric resistivity test can be used to detect conversion in the field.

2- Understand the effect of conversion on the durability of CAC in terms of its drying
shrinkage.

These objectives will help support use of CAC by increasing understanding of how CAC

can be used in aggressive environments.



1.3 Literature Review

1.3.1 History of CAC
Calcium aluminate cement (CAC) also known as ‘“ciment alumineux” in French and
“cemento aluminoso” in Spanish [2], is a rapid hardening cementitious material that rapidly
gains strength, even at temperatures approaching freezing. It was developed in the late
19th and early 20th century as an alternative to portland cement for situations where the
latter may not perform well [5], [20]. By the end of the 1800s many researchers had begun
to examine cements with high alumina contents [21]. In the 1840s, Louis Vicat determined
that by combining silica and alumina ratio greater than one to magnesia and calcium would
result in a highly sulfate resistant cement that would be an “indestructible” material [20],
[22]. However, the increase in silica content led to a less reactive material with no strength
development and the increase of alumina content led to flash setting. Building on Vicat’s
work, Jules Bied was able to develop high alumina cement with very good cement
properties that did not undergo flash setting [23]. The motivation for this discovery was
due to the need for a sulfate resistant material to be used in various areas in France where
sulfate attack was a major deterioration issue [19], [23]. In 1908, Bied patented the
manufacture of cements with alumina and low silica contents through the use of a fusion
furnace rather than the more standard cement manufacturing process of clinkering [24].
Bied’s cement product was eventually manufactured while working at J and A Pavin de
Lafarge by 1913 under the name of “Ciment Fondu Lafarge” (CFL) [2], [20], [25].

This evolution of CACs was extremely important at that time because it was found

that CACs could resolve issues of rapid degradation of mortars and concrete placed in areas



where the ground had high-sulfate content [2]. Unlike the OPC, CAC doesn’t contain
calcium hydroxide (CH) which dissolves rapidly in the presence of acids allowing for more
ingress of corrosive chemicals. However, the aluminates in CAC are stable to low pH
levels which make it more resistant to acid attack. This proved useful in tunnel linings,
some of which have shown very good durability over time. An example is the durability of
the “tunnel des Valois” located in southern France and subjected to harsh environment.
This tunnel used CAC cement Fondu to reinforce it. It has shown a good durability over a
90 years of service period [26]. Cements containing high percentages of Al.O3z within a
range lof 30-40 % were named as “high-alumina cement” (HAC) and were used in UK
after WWI [5], [20], [25]. Later other alumina cements were produced with higher alumina
percentages ranging from 50-90 % which were mainly used in refractory applications [2],
[27]-[30]. These cements have become to be known as calcium aluminate cements (CAC).

The centenary of the first patent on CAC was celebrated in 2008; however, since
its original inception, the use of CACs has gone through several ups and downs [20]. In
addition to the above mentioned uses of CAC, CACs were also used in structural
applications. In the 1940, the U.K. building code was modified to allow uses of CAC in
structural applications. In the 1950s, CAC was used extensively in precast concrete
construction due to its rapid strength gain properties, which made it an economical choice
for precast plants. CAC was in use for structural concrete applications through the 1960s,
until it fell out of favor because of three major structural collapses. A collapse of
prestressed beams made of CAC occurred at the University of Leicester (built in 1965), the
Camden school of girls (built in 1955), and Sir John Cass school [2]. It was concluded

later that the collapse in some of the roof beams at the Sir John Cass school was due to the



lack of knowledge of conversion process, a process unique to CACs which causes strength
loss but was not well understood in the construction industry [2]. The collapses at the
University of Leicester and the Camden School of Girls were found to be due, in part, to
improper structural steel detailing which then was exacerbated by the strength loss
associated with conversion[25] [2]. At the time, these collapses changed the perception of
the use of CAC and led to significant limitations in its structural use [2], [25]. Despite this,
many years of CAC use have shown that with proper design a good quality and good
performance concrete system can be created. Design guides today note that the use of CAC
should be based on the converted strengths for structural design to ensure long term
performance [2]. The conversion phenomenon, however, makes it more prone to misuse
than Portland cement, emphasizing the importance for better design guides and education
on the use of the product.

Compared to OPC, CAC materials are often more expensive. The cost difference
has limited the use of CAC to niche applications where the specific properties of the
material are required [5]. These unique characteristics of CAC also expands the range of
applications of using cementitious materials [5], [19]. Concrete has always been thought
of as a highly durable construction material, yet an additional perspective would be taken
when looking into the versatility of CAC. It can be used as the only binder or as one
component in a mixture of cement, which would extend the range of its applications [31],
[32]. The impact of temperature, moisture and type of aggregates on mechanical properties
of CAC concretes have been extensively studied [33]-[36] [37]. Lamour et al. studied and
compared some mechanical properties other than compressive strength in converted and

unconverted states on CAC concrete at w/c ratio of 0.4 [37]. The authors inferred that the



elastic properties, ductility and resistance to crack propagation were less affected by

conversion than are the tensile and compressive strengths.

1.3.2 Composition and Microstructure of CAC

1.3.2.1 Composition of CAC Calcium aluminate cement composition differs
significantly from ordinary Portland cement as shown in Figure 1.1 and Table 1.1 [2], [31].
CAC contains mainly alumina and calcium oxides and little to no silica while OPC contains
mainly calcium and silica oxides and little alumina. CACs are produced by fusing a mixture
of limestone and bauxite (a pure source of alumina) which due to its high cost makes CAC
more expensive than OPC [2], [19]. The composition of CAC varies according to its grade
and applications. Table 1.2 shows the approximate chemical compositions for the standard
grades of CAC. It can be seen that typical CAC with standard alumina content contains 36-
42% of AL, Oz and small amounts of ferric or ferrous oxides up to 20%. The purer materials

(medium and high alumina) contains 65-80% with less than 0.3% of iron oxides.
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Figure 1.1 Comparison in composition of CAC and OPC.

Source: [31].

Table 1.1 Range of Hydrates Formed by OPC and CAC

Silicates ~|:

rdinar alcium
Phase Hydrate Port(l)a:d (alle)r/nent Aclzurgi :ate
.S 50--70 0
C,S 15--30 <10
CA 5--10 0
C.AF 5--15 10--40
CA 0 40--50

Aluminates
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1.3.2.2 Unhydrated constituents of CAC CAC consists of several unhydrated phases
of which monocalcium aluminate (CaAl:0s or CA) is the main phase. CA typically
constitutes 40% or more of the CAC system depending on its type [2]. The composition of
this phase takes place in the general form of CaxAlyFe;SitOx+3/2¢y+z)+2t Where the variables
are within the following ranges : 4.4<x<4.8, 4.7<y<5.0, z< 2.13 and t<0.1 [38]. Calcium
dialuminate (CaAlsO7 or CA>) also exists in large quantities in CAC systems, and its
amount is proportional to the amount of CaO in the system. Dodecalcium heptaaluminate
(Ca2Al14033, C12A7, manyenite) may also be present in CACs and will increase the
reactivity of the system when present, playing a vital role in the setting time of CACs.
Some other minor constituents may also be found in the CAC system such as dicalcium
aluminate (C2A) and hibonite (CAs) which mainly form in higher alumina CACs [2]. A

summary table of these unhydrated phases is shown below in Table 1.3.

Table 1.3 Calcium Aluminate Cement Unhydrated Phases

Unhydrated component | Standard chemical notation | Cement chemistry notation
Monocalcium Aluminate CaAl, 0, CA
Calcium Dialuminate CaAL,0O, CA,
Dodecalcium
Heptaaluminate(Manyenite) CaAlLOz Crfy
Dicalcium Aluminate 2Ca0-Al,04 CA
Hibonite (Ca,Ce)(Al,Ti,MQg),,049 CA
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1.4 Hydration and Conversion of CAC

The chemical process in which cements react with water to produce solid materials is called
“hydration”. The main phase in CAC is monocalcium aluminate- CaO-Al,03 (CA) [23].
CAC hydration has been extensively studied for over a century since they were originally
developed [2], [5], [23], [39] [40]-[43]. The hydration of CA initially produces CAH10 and
C2AHgwhich are metastable hydrates. These metastable hydrates undergo a process known
as conversion in which the two stable hydrates, C3AHs and AHs, are formed. This
conversion process is accompanied by the release of water, which will react with the
remaining unhydrated CA, forming new hydrates and reducing long-term porosity that was
formed from conversion. The formation of metastable or stable hydrates from the hydration
of calcium aluminates depends strongly on temperature, unlike the hydration of calcium
silicates which produce the similar hydrates at all temperatures below 100°C [2]. The
preference of which hydration product will form during CAC hydration depends
significantly on the temperature at which the system is cured. If the temperature is below
15°C the initial -metastable hydrate CAHzo is formed, while if the temperature is above
30°C the initial metastable C2AHg is formed. If the temperature lies between 15 °C and 30
°C, then neither is preferred between the two metastable hydrates regarding the order to be
formed [2], [5], [44], which can result in a delay of setting time.

The hydration of CAC is a highly exothermic chemical reaction and the rapid
precipitation of its hydrates may result in self-heating in the CAC system. Gosselin et al.
studied the heat evolution in pure CACs at different w/cm ratio at 20°C. As shown in Figure
1.2, a single sharp peak occurs within the first few hours of CAC hydration which is

attributed to the precipitation of its hydrates [45]. This peak is followed by an induction
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period which is associated by small heat flow and low activity. It was observed that lower

w/cm will slightly reduce the induction period due to the early ionic concentration in the

solution [45].
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Figure 1.2 Heat evolution for pure CAC hydrated at 20°C for several w/cm.
Source: [45]

Gosselin also studied the heat evolution in pure CAC system hydrated at 38°C for
0.4 w/cm. The calorimetry of CAC at 38°C has shown different patterns than that at 20°C
with and without the presence of lithium sulfates as shown in Figure 1.3 [45], [46]. In the
presence of Li>SQOg, there was an early peak and all heat evolved ended in the first 5 hours.
However, in the absence of LioSO4 the hydration of CAC showed a high peak followed by

a lower one which is correlated to the dissolution of C2AHg during conversion [46].
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Figure 1.3 Heat evolution for pure CAC hydrated at 38°C with or without Li>SOa4.
Source: [46]

The time of conversion depends on the temperature history of the concrete. Fryda
et al. showed that the CAC concrete that was placed into a heated tub at 100 °C directly
after casting reached its converted strength only within 15 minutes. The specimens that
were placed in a water tub at temperature 30 “C reached their minimum strength at 20 days
[47]. This work explains the impact of the temperature history to which CAC concrete is
subjected on the time of its conversion. For that reason, it is extremely important to monitor
the temperature history of CAC and to record specific temperatures when dealing with
specifications for use with CAC.

The hydration equations for CAC were given in literature as shown below [2], [19],

[23],[48].
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CA+ 10H — CAH1o 11

2CA + 11H - C2AHs + AH3 1.2
2CAH1p - C2AHg+AH3+9H 1.3
3C,AHg - 2C3AHs+AH3+9H 14

All these reactions take place “through solution” which means that the reactants dissolve
to form products which are precipitated from solution [19], [49].

The speed of the reaction in the conversion process depends upon temperature,
moisture content and water to cementitious ratio. These hydration reactions are exothermic.
The rapid hydration in CAC leads to a higher and faster heat evolution than that in calcium
silicate cement (CSC) systems. Further temperature increase is noted to accelerate the
hydration process [2], [19], [50].

During the conversion process, the metastable hydrates are converted to stable
hydrates as mentioned above. This formation of these denser hydrates within the paste
matrix increases the porosity in the system and thus decreases the compressive strength
[37]. The densification of the hydrates during conversion results in a change in volume.
The amount of water needed for hydration depends mainly on the nature of the hydrates
being formed [2]. Adams et al. examined the microstructures of CAC concrete specimens
showing backscatter scanning electron images (BSEM) images before and after conversion
as shown in Figure 1.4 [51]. The images taken on day 1 showed a dense structure with
some porosity, indicating unconverted CAC paste. The images taken on day 14 showed

higher level of porosity in the cement paste compared to the unconverted sample.
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Figure 1.4 BSEM images of KRC sample at w/cm 0.40 for unconverted (left) and
unconverted (right) samples.
Source: [51]

The hydration reactions can strongly be affected by the different morphology and
particle size of the hydrates [52]. The metastable hydrates, formed at lower temperatures,
nucleate easily due to its non-isotropic crystal structure. CAHaqis poorly crystallized, while
C2AHzg with its hexagonal morphology is more crystalized [46]. Also the CsAHg hydrates
are formed of cubical crystals, while the AHs is poorly crystallized gel [19]. The metastable
hydrates, CAH1o and C>AHg, have higher solubility than the stable hydrates Cz3AHs and
AHz. Thus once the stable hydrates nucleate, the metastable phases dissolve [46].
Therefore, the C3AHe precipitates from solution which is driven by the dissolution of
metastable hydrates. It will nucleate directly from the unhydrated CA once it has already
formed. This elucidates the reason that the a second conversion is not observed in CAC

systems despite continued hydration of anhydrate cement [37], [45].
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1.5 Strength Development in CAC
The strength development in CAC systems is different than that of CSC systems due to the
conversion process from metastable hydrates to stable hydrates. When conversion occurs
in CAC systems the dense stable hydrates C3AHs and AH3 are formed from the less dense
metastable hydrates. This densification of the hydrates in the CAC system causes the
absolute volume of the system to decrease without an accompanied macroscopic volume
change in the whole system. Therefore, porosity opens up within the system resulting in a
decrease in strength over time [2], [39]. After the conversion process occurs a minimum
strength is reached. However, the water released through the conversion process continues
to hydrate any remaining and available anhydrate cement grains. This results in continuous
long term strength gain [23]. The metastable hydrates CAH1o and CoAHg are responsible
for the early strength gain while the stable hydrates CsAHg and AHz are responsible for the
long-term strength gain. The effect of conversion on strength of CAC can be shown in
Figure 1.5 [2], [5]. The graph shows the strength development of CAC cured at ambient
temperature and at higher temperatures. The system cured at ambient temperatures shows
a transient high strength before 28 days. Then due to conversion and porosity of the system
a gradual decrease in strength is observed till it reaches a minimum strength value. Later
additional strength is gained over time due to further hydration. However, the other system
cured at elevated temperatures had continuous strength gain as the high temperature caused
rapid conversion to stable hydrates where it was for a large section. That is why it didn’t
reach its minimum converted strength even after about 100 years [2]. That is quite different

than the hydration of OPC where it continues to gain strength over time.
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Figure 1.5 Schematic diagram for strength development for CAC and OPC adapted
from Scrivener et al.
Source: [2]

1.6 Heat Generation and Internal Heat in CAC
As mentioned previously, conversion in CAC from metastable hydrates to stable hydrates
are affected by temperature and humidity. The rate of heat dissipation from CAC is then
important to know the temperature reached during its hydration. Fryda et al. examined the
impact of concrete size on internal heating [53]. The authors observed high internal
temperatures about 40° C and 58°C that occur in smaller elements within 3 hours of curing.
Larger elements can generate high internal temperatures of 9°C within the first 9 hours.
The temperature profiles for the tested elements can be shown in Figure 1.6. This may have
suggested that a larger element may have fully converted at an earlier stage than smaller

sections due to high internal temperatures generated.
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Figure 1.6 Internal heat temperatures for CAC in different size elements.
Source: [53]

1.7 Factors Affecting Setting Time of CAC
As discussed in section 1.4, the temperature influences speed of conversion in CACs.
Earlier studies have shown that the setting time of CACs are significantly impacted by
temperature. The set time of CAC systems is retarded between 18°C and 30 °C, where it
decreased again when temperature gets higher than 30 °C [54]. This was in contrast to what
Robson observed, where he stated that the set time of high alumina content cement retards
when the temperature is between 18°C and 30 °C, but accelerates when the temperature gets
higher than 30 °C [54]. Bushnell-Watson’s and Sharp’s work agreed with this, indicating
that the setting time of CACs is directly proportional with the temperature and it reaches
its maximum between 26°C and 30 °C followed by a decrease in set time above or below
these temperature limits [29]. The authors illustrated this relationship on two different
grades of CAC as shown in Figure 1.7 [29]. The authors discussed several theories that

were earlier reported which may explain the unusual behavior of the setting time. They
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suggested that the retardation in setting time between the temperatures 20°C and 30 °C is
due to difficulty of the nucleation of C,AHg and noted the importance to state the
temperature when quoting the set time for CAC [29]. Campas have returned this retardation
due to the difficulty of nucleating of CAH1o as temperature increases, until it becomes
almost impossible to nucleate when temperature gets above 29°C [55].

An earlier theory stated that the unusual behavior of set time was attributed to the
presence of C»S in the CAC [56]. However, Bushnell-Watson and Sharp were not in total
agreement with that observation. The authors observed the same setting behavior to CAC
pastes that do not contain CA», and suggested that the retardation is associated with the CA

hydration [29].
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Figure 1.7 The impact of temperature on setting time of CAC samples.
Source: [29]

1.8 Hydration of CAC in the Presence of Calcium Carbonate
Previous work has shown that the hydration of CAC occurs at an earlier stage in the
presence of calcium carbonate compared to pure CAC systems [57]. Fentiman has observed
that conversion of CAC was delayed in the presence of CaCO3 [58]. A minimum converted
strength was observed after six months for such mix which was similar to the minimum
strength on days 5-7 in pure CAC as shown in Figure 1.8. Both systems were cured at 20°C
for 24 hours followed by long term curing at 38°C. The author attributed that delay in

conversion to the formation of a secondary metastable hydrate monocarboaluminte
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(C4ACHz11) that will eventually convert to stable hydrate (C3AHs); at a slower rate,

however.
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Figure 1.8 Compressive strength for pure CAC (aluminous cement) and
70% CAC & 30% CaCOg (carbo-aluminous cement).
Source: [58]

Later, Adams et al. showed that using smaller dosages of finely ground limestone
(FGLS) can be beneficial to CAC systems [51]. The authors observed that incorporating
5% to 10% of FGLS will mitigate the minimum converted strength without delaying the
time to convert. The compressive strength for different mixes with different cement
replacement levels is shown in Figure 1.9. These systems were cured at ambient
temperatures for 24 hours, then placed in heated water at 50°C until the day of testing to

promote conversion.
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Figure 1.9 Compressive strength for CAC with different replacement levels of FGLS.
Source: [51]

1.9 Durability of CAC

The durability of CAC, as with OPC, is a function of its quality in addition to the intensity
of the environment being exposed to. Almost all deteriorations are determined by the
chemical ingress into the concrete and the resistance to that ingress. The resistance of CAC
is assessed through its pore structure and pore connectivity. CACs are well known for their
high early strength gain, however, those materials should also survive for the remaining
life of the structure [59]

As mentioned above, amongst the earlier applications of CAC was the external
sulfate resistance. The durability of CAC concrete in aggressive environments is
considered one of its major benefits of the material. It was used in south of France where

the severe deterioration of OPC in the Paris-Lyon-Marseille railway tunnel occurred due
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to CaSO4 formation [60]. The OPC failed after five years, where a 20% loss of strength in
5 years and 50% in 10 years was observed [2]. CAC was also used to anchor haulage cables
in a sulfate mine which was completely immersed in a saturated solution of gypsum. The
absence of free lime during CAC hydration allows the material to be a highly resistant to
sulfate attack [54], [61]. However, the resistance to alkalis (especially strong alkalis) is
weak [39].

It was a common belief that concrete rich in alumina content would have a high
chemical resistance to sulfate attacks. For that reason, CACs were used in sulfate bearing
soils. However, few collapses that occurred in early 1970s [62], [63] raised some red flags
for the use of precast high alumina cement concrete components. Some of these failures
were attributed to poor detailing and practice, but others were a direct result of excessive
strength loss of CAC [2], [63]. In 1990, Crammond conducted some tests on CAC
specimens of precast cylinders and in-situ piles buried in sulfate bearing soils at Northwick
Park in London [63]. He noted that the low permeability of good quality unconverted
concrete is the reason that CAC cement has good sulfate resistance properties [63].
However, sulfate attack will occur in poor quality converted concrete as the concrete has
high permeability to sulfate solutions and also the additional free water in the system create
mobility of sulfate anions. Some other long term performance tests [2], [62] came to the
same conclusions which states that “a good quality high alumina cement concrete not
subjected to higher temperatures performed very well in sulfate rich environments”. The
term “good quality” is discussed in the next paragraph.

In 1973, the British Standards Institution (BSI) mandated in its code of practice that

CAC cement materials to be used should keep its w/c to 0.4 or below [56]. This ratio
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requires using sufficient cement to achieve the desired workability so that the minimum
content is 400 kg/m®. Later, Lafarge Fondu International adopted this approach as well
[56], [64]. Adding to those guidelines, it recommended to keep the cast concrete cool and
prevent surface drying.

Some difficulties are posed within the compositions of very strong chloride mine
waters. Kurdowski et al. observed a very dense layer of AHz on the surface of CAC cubes
(immersed in strong chloride solutions) accompanied with a large amount of salt [65]. They
also found higher concentration of C3AHs in the inner paste, while higher concentration of
CAHyo in the outer layer. The authors attributed the high resistivity of CAC concrete to
corrosive solution to the low porosity of the outer layer that hinders the mobility of the
chloride ions into the inner paste. Earlier it was suggested that the reason for the low
porosity was due to the presence of AH3[66]. In addition to that, some authors attributed
the durability of CACs to corrosion to the decomposition of hydrates and aggregate
materials which is followed by the dissolution of salts that are formed [67]. Additionally,
Dunster et al. observed O permeability on 60-year old CAC concretes exposed to sea water
in two different cases [68]. For samples with w/c around 0.6 the permeability for the outer
shell (denser) was different to that of the inner paste. On the other hand, for samples that
met the guidelines of keeping the w/c below or equal to 0.4 with cement content more than

400 kg/m® had same permeability values with respect to various depth levels [2], [68].
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1.10 Reinforcement Corrosion and Carbonation in CAC
The converted CACs hydrates are characterized by their high porosity; however, they can
still have a reasonable low permeability level when adhering to the recommended wi/c ratio
of 0.4 or lower [23].
CACs have a pH of about 11.97 for the stable phase and 12.13 for the metastable phase
[69].

Although CACs have low alkalinity, it is released into the pore solution and
concentrated during hydration [2]. However due to the lower binding capacity of CAC to
alkali ions, the pH level (about 12.50) of CAC is very similar to that of OPC. Field and
experimental work have confirmed that the conversion of CAC has very little impact on
the passive layer on steel reinforcement [69], [70]. Thus, conversion of CAC doesn’t
change its capacity to protect reinforcement against corrosion. Adams et al. showed that
the pH can be significantly impacted by the aggregate type [44]. As the chemical analysis
of the CAC pore solution showed that the pH of the carbonate limestone was significantly
higher than that of siliceous aggregates due to more dissolution of unhydrated cement in
the limestone carbonate system.

In 1993, a series of laboratory tests were conducted at the BRE on CAC to provide
a comprehensive understanding on the rate of carbonation and corrosion of its
reinforcement. Dunster et al. observed that the carbonation in CAC spreads in the same
way as in OPC with similar design mix [71]. Mammoliti et al. conducted short term
experiments on CAC cylinder samples and stated that the steel corroded for fully converted

CAC at a higher rate factor (~ 50%) than with unconverted ones [72].
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1.11 Volume Reduction and Drying Shrinkage in CAC
As discussed previously, CAC systems will undergo conversion when metastable hydrates
convert to stable hydrates. This is accompanied by a significant release of water and
densification in the system [2]. After conversion, CAC systems experience a significant
reduction in its strength which may adversely impact its long-term durability. The change
in pore structure may drastically impact drying shrinkage.

Drying shrinkage in concrete is the loss of water from its pore structure to the
environment. It occurs when the ambient relative humidity is less than within the concrete.
It will continue to occur until the relative humidity inside concrete stabilizes with the
external humidity [73]. The loss of this water creates pressure, which eventually causes
these pores to collapse [74]. As drying shrinkage occurs in hardened concrete after setting
due to the loss of capillary water, its volume decreases. A rapid rate of volume reduction
begins for the first few months and then decreases over time and starts to stabilize. If
concrete is not restrained, it can shrink freely with no impact due to drying shrinkage. In
condition concrete is used in deck slab, being a part of a bridge structure, will be restrained
from adjacent structures such as a pier. A restrained concrete that undergo drying shrinkage
will build up tensile stress which can eventually lead to crack propagation [75]. These
cracks are undesirable as they create paths to aggressive chemicals which can cause
corrosion and can impact the sustainability and life cycle cost of the structure. There are
many factors that affect drying shrinkage such as water to cement ratio, aggregate types,
aggregate size, and curing regimes [76].

Previous work has shown that the total drying shrinkage in CAC is similar to that

in OPC [2]. However, drying shrinkage occurs in CAC at a more rapid rate compared to
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OPC system [2], [77]. This can be attributed to conversion in CAC systems and water
movement in its pore structure. No previous study was done to understand the drying
shrinkage before and after conversion in CAC. It is important to study the impact of
conversion in CAC on drying shrinkage and to understand how different cement
formulations, different w/cm, and different time to conversion may affect the drying
shrinkage. The volumetric change due to drying shrinkage is an important durability issue
that need to be studied in CAC systems. In particular when used as a rapid repair material
which requires to maintain volumetric stability without cracking when bonded to an

existing substrate.

1.12 Electric Resistivity for CAC
Measuring the electrical resistivity of concrete has gained popularity especially for in situ
applications due to its easiness and rapidness in running the test. Based on the speed of the
electric current, it measures its electric resistivity, which is a quantitative measurement that
is impacted by moisture content, permeability, tortuosity, and pore size within the concrete.
Various techniques have been studied for measuring the electric resistivity in concrete such
as bulk and surface resistivity. The bulk resistivity of concreted is measured by using the
uniaxial method, standardized by ASTM C1760 [78]. The surface resistivity has been
adopted by the American Association of State Highway and Transportation Officials
(AASHTO), which is a standard test method outlined in AASHTO T 358-17 [79]. While
both methods have proven giving consistent results, the latter is more convenient for in-
situ measurements. The electrical resistivity of concrete can be described as its ability to

resist the flow of ions through its structure. Thus, the properties of the microstructure of
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concrete that is will impact its durability which may be correlated to the electrical
resistivity measurements. This is related to the pore structure of concrete, its distribution,
and the interconnection between its pores. For instance, the more porous the structure with
high degree of interconnectivity; the higher its porosity. When measuring electrical
resistivity, the higher the porosity the more interconnectivity between pores which will
result in lower electrical resistance measurements. That is because the pores in concrete
allow the movement of ions between them and thus make it more conductive to electric
current.

The electric resistivity of concrete can be correlated to corrosion because higher
resistivities generally mean that there is less likelihood that chloride (or other aggressive
elements) can transport easily through the concrete [80]. Another application for electric
resistivity measurements is using it to detect the concrete ability to withstand chloride
penetration. This method was used as an alternative test to the Rapid Chloride Penetration
Test (RCPT) [81], [82]. Electric resistivity of concrete is considered to be a qualitative test
that can detect the porosity of concrete according to the ions movement but cannot quantify

its compressive strength.

1.13 Promoting Conversion in CAC
This section is derived from the following paper: M M Korayem and M P Adams;
“Methods for promoting conversion and determining converted strength of calcium
aluminate cement concrete”[83], Bridge Engineering Institute Conference 2019 (BEI-

2019) Honolulu, Hawaii, USA, July 22-25, 2019.
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1.13.1 Synopsis

Rapid repair materials have become commonplace for bridge and pavement repairs since
the need to reduce lane closure times has become more important to local economies and
users. Rapid repair materials can vary in chemistry, and often, standard test methods do not
apply for testing the quality of these materials. Calcium aluminate cement (CAC) concretes
are high early strength systems that are particularly useful in cold environments where the
system will still rapidly set and gain strength at temperatures near freezing. CAC systems
undergo a unique process known as conversion, in which metastable hydrates convert to
stable hydrates, resulting in an increase in porosity and strength loss. Understanding the
time at which this conversion occurs, and the magnitude of strength loss is important for
long-term design decisions involving repaired concrete systems. Methods promoting
conversion for quality assurance testing are discussed including immediate submersion in
38°C and 50°C water baths, delayed submersion in 50°C water bath, and self-heating with
the use of a semi-adiabatic box. Mechanical properties testing is discussed with a review
of required modifications to existing test methods. Finally, determination of time to
conversion through a concrete maturity method, non-destructive testing, and destructive
testing techniques is discussed with a presentation of a novel method of using electrical

resistivity to detect conversion of CAC concrete.

1.13.2 Introduction

Calcium aluminate cement (CAC) is characterized by its rapid strength gain, even at low
temperatures approaching 0°C [2]. This key feature has made CACs extremely useful in
certain concrete repair applications, particularly in cold regions (Banfill 2014). CAC is a

specialty cement that can be used in a wide range of applications and has led to an increase
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in interest in concrete rapid repair applications. Despite the higher cost of CAC (about 4-5
times of ordinary portland cement, OPC), it can provide solutions to specific rapid repair
applications where the use of ordinary portland cement may not be feasible [19]. CAC has
also performed well as a corrosion resistant material and has been widely used in sewer
pipe lining and repair [17], [18], [23].

CAC composition differs significantly from ordinary portland cement (OPC). CAC
contains mainly alumina and calcium oxides and little to no silica while OPC contains
mainly calcium and silica oxides and little alumina [23],[31]. The hydration of
monocalcium aluminate (CA, the main phase in the unhydrated CAC cement) initially
produces CAH1o and C2AHg which are metastable hydrates. These metastable hydrates
undergo a process known as “conversion” in which the two denser stable hydrates, C3AHe
and AHs, are formed. This conversion process is accompanied by the release of water, an
increase in porosity, and significant reduction in its strength. Whether metastable or stable
hydrates form during the hydration of CAC depends strongly on temperature, unlike the
hydration of calcium silicates which produce the similar hydrates at all temperatures below
100°C [2]. If the temperature is below 15°C the initial metastable hydrate CAHzo is formed,
while if the temperature is above 30°C the initial metastable C2AHsg is formed. If the
temperature lies between 15°C and 30°C, then neither is preferred between the two
metastable hydrates regarding the order to be formed and a reduced setting time is observed
[2], [5], [44]. The time to conversion varies and depends mainly on the temperature history
to which concrete is subjected. Previous work has shown that CAC concrete has converted
within 15 minutes from being cast when placed directly in a 100°C water bath. When placed

in a water bath of 30°C, CAC was shown to not reach its minimum converted strength until
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30 days after casting [47]. Some systems have lasted up to 70 years without undergoing
conversion [84] It is important to note that the conversion process only occurs in systems
that contain only CAC as the binding material. As additions are made to create binary or
ternary binder systems, different hydrates will form, and conversion will not occur.

The conversion process has a significant impact on the strength of CAC systems.
Due to the densification of hydrates during conversion, pore space opens up inside the bulk
cement paste reducing compressive strength of the concrete [37] Once a minimum
compressive strength is reached (i.e., the system has full converted) the strength will again
increase as the remaining unhydrated cement grains continue to hydrate [2], [23] It should
be noted that despite the loss in strength, good quality concrete of acceptable compressive
strengths can be achieved after conversion with acceptable mixture design. The minimum
converted strength should be used as the design strength for the system, however, to ensure
that the system is not structurally deficient.

The standard method used for curing hydraulic cement concrete for compressive
strength testing, ASTM C31[85] in the US, mandates that cylinders are to be cast on site
and allow to cure for up to 48 hours. Then these cylinders can be placed in a water bath at
23°C £ 2°C until the day of testing. This method is not applicable to CAC as this curing
regime will not allow for reaching the minimum converted strength within a convenient
time at this given temperature. Therefore, alternative methods of curing must be used that
will promote conversion. This method should ensure that the minimum converted strength
that is used for design can be measured within a reasonable time period (i.e., within 28

days). This paper reviews the current methods used for promoting conversion such that the
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minimum compressive strength in CAC systems that are used for rapid repair of pavements

and transportations structures can be measured.

1.13.3 Existing Methods of Promoting Conversion to Determine Design Strength

There are two existing methods that are used to promote conversion of CAC and to obtain
the minimum converted compressive strength within a reasonable time. The first method,
described in European committee for standardization, calcium aluminate cement-
composition, specifications, and conformity criteria (EN 14647), is used primarily in
Europe. This method states that to achieve the minimum converted strength of CAC
concrete rapidly, the test specimens should be submerged directly in a 38°C water bath
after cast. According to this standard, the minimum converted strength will occur at the

fifth day after being cast [86]. Figure 1.10 shows the effect of temperature on the speed of

conversion.
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Figure 1.10 The impact of temperature on time to convert in CAC systems.
Source: [47], [51], [53]
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The second method is described by standard SS-4491 used by the Texas
Department of Transportation, in Texas, U.S.A. This method states that the specimens
should be placed immediately in a heavily (semi-adiabatic) insulated box after casting. The
insulated box takes advantage of the high heat of hydration produced during CAC
hydration which is captured to encourage “self-heating” of the specimens [87]. These
samples that are stored in the insulated box will in turn generate heat to promote the rapid
conversion of the metastable hydrates. A heavily insulted box similar to that suggested by

the Texas DOT can be seen in Figure 1.11 [88].

Exterior of Insulated Box Interior of Insulated Box

. Exteriorof Closed Insulated
with Samples 3

Box

’l L a4
e —

Figure 1.11 Semi-adiabatic insulated box for curing CAC.
Source: [88]

These test methods are useful for determining the converted strength of CAC
concrete within a reasonable time; however, they are not field-friendly and are not practical
to be used for infrastructure applications. That is because these methods do require bulky
equipment, or equipment that requires a power source. It is not easy to be transported to
the site, so samples can be directly placed into the heated water bath or the insulated box
directly after being cast. Additionally, it is not clear if these curing methods produce a
conservative estimate of the design strength. When the system is encouraged to convert
even before the system has completely hardened, this may result in a different

microstructure compared to a system that converts after the concrete has reached final set.
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1.13.4 Proposed Method of Promoting Conversion to Determine Design Strength

Fryda et al. [53] proposed a test method that overcomes these challenges by allowing the
CAC concrete specimens to cure on site at ambient temperatures for up to 48 hours. Then
the specimens can be transported to the laboratory and placed in a heated water bath at
50°C [53]. Adams et al. suggested a modification to the method to reduce the time on site
to 24 hours, and also studied the robustness of the test method with various parameters
(aggregate types, curing time, w/cm ratio and the temperature of curing) in order to
examine the robustness of this test [51], [88]. The proposed method suggests that when
cured on site at normal ambient conditions for 24 hours, and then transported to the
laboratory and placed into a water bath at 50°C, minimum converted strength will be
reached at 48 hours after casting. This proposed method is convenient to be used on site as
it permits the curing of the cylinders in the field at ambient temperatures and then they can
be transported to the laboratory at a later time for curing till the day of testing. Therefore,
no additional equipment will be required on site beyond the standard concrete sampling
tools. A heated water tank for curing the CAC samples at temperature 50°C = 2°C in the
laboratory is shown in Figure 1.12. This system uses two submersible heaters in a horse
trough tank filled with water, a submersible circulation pump, and a programmable
temperature relay to maintain temperature. The tank is then covered with insulation to

better maintain temperature. Such a system can be made for as little as $600 USD.
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Figure 1.12 Heated curing tank at 50°C (left) and temperature relays set at temperature
of 50°C+2°C (right).

CAC concrete systems can be very useful in bridge and road repairs as they are
known to gain early strength at very low temperatures approaching freezing. CAC systems
undergo a unigque process known as conversion that results in an increase in porosity and
strength loss. It is crucial then to know when conversion occurs and to get the minimum
converted strength for design. Different existing methods for promoting conversion
including immediate submersion heated water baths and self-heating with the use of a semi-
adiabatic box have shown good results. However, they are not field-friendly for repair
situations and it may be difficult to have all cylinders well sealed when placed in the water
tank. A recently developed accelerated method to promote conversion by allowing to cure
samples for 24 hours at ambient temperatures followed by submersion in a heated water

tank at 50°C is recommended instead.
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1.14 Summary
This chapter summarized a literature for CACs including its features, properties, and
applications. This literature review presented CAC history, microstructure, cement
hydration, strength, conversion, durability issues, promoting conversion procedures, and
curing methods.

In conclusion, previous research has extensively studied the kinetics of CAC
conversion. Very limited work has been done to understand how this conversion may
impact the CAC durability. CAC is a specific material and is useful for some niche
applications (low temperature rapid repair material, harsh acidic environments). However,
there is a lack of understanding of CAC durability after conversion. In response to the
above mentioned research gaps, this work is intended to help to improve the understanding
of CAC durability after conversion to help engineers to better assess this material in its
special applications. It is also intended to help as a guidance on long term properties of

CAC and to propose a preliminary test method to detect conversion easily in the field.
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CHAPTER 2

MEANS AND METHODS

This chapter describes the experimental methods used throughout this work.

2.1 Mixture Design and Mixing Procedures
2.1.1 Mixture design
The European standard for CAC has set recommendations for the design of CAC concrete
systems in order to ensure a feasible strength after conversion. These guidelines suggest a
minimum cement content of 400kg/cm and maximum water to cement ratio of 0.40 [86],
[87]. The cement and concrete mixtures used in this research are described in detail in the
following chapters.
2.1.2 Mixing procedures

A Marshalltown 600CM mixer, as shown in Figure 2.1, was used for all the mixtures

done throughout this dissertation.

.&- 2

'uy.‘bt

Figure 2.1 The mixer drum used for CAC concrete mixes.
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All concrete mixtures were done following the procedures used in previous work by Adams
et al. [51] as follows:

1. All coarse then fine aggregates with half of the mixing water are added to the mixer,

2. Cover the mixer and allow to mix for 1 minute,

3. While mixing add the fondu retader and the superplasticizer,

4. Then add the cement and the remaining water,

5. Continue to mix for three more minutes,

6. Finally, discharge all the mix and cast the specimens.
The total mixing time was 4.5 minutes £10 seconds. All aggregates were brought near to
their SSD conditions before mixing. The total mixture water was then adjusted to ensure
that the required water to cement ratio was reached.

Concrete mixtures were done in the laboratory ambient temperature of 23 + 2°C

and the relative humidity was not controlled. For each mix the concrete temperature, unit
weight and slump were measured directly after mixing. Unit weight was measured as per

ASTM C138 [89] and the slump was measured as per ASTM C143 [90].

2.2 Aggregate Properties Testing
Aggregate properties were measured for all coarse and fine aggregates used in this work.
These properties included assessing specific gravity and absorption capacity for all
aggregates. Specific gravity and absorption capacity were measured according to ASTM
C128 for fine aggregates [91] and ASTM C127 for coarse aggregates [92]. All sieve

analyses were done according to ASTM C136 [93].
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2.3 Curing Procedures
Curing procedures varied for different experiments done throughout this work. Each curing
method is explained in detail in the following chapters for both unconverted and converted

systems.

2.4 Compressive Strength Testing
Compressive strength testing was measured for 4 in. diameter by 8 in. height (100 mm by
200 mm) cylinders. The compression testing presented in this dissertation was performed
using testing machine FHS-700 B-T PILOT as shown in Figure 2.2. Compressive strength

testing for cylinders followed ASTM C 39 [94].

Figure 2.2 FHS-700B-T PILOT compressive strength testing machine.

40



2.5 Free Drying Shrinkage Testing
Drying shrinkage in concrete occurs when water in the pore structure is lost to the
environment. This will occur if the ambient relative humidity is less than 100%. It will
continue to occur until it equalizes with the relative humidity inside the concrete. As water
leaves the capillary pores, it creates pressure and build up tensile stresses in the system [2],
[74]. This will eventually lead to the formation of cracks. These cracks are undesirable as
they increase the maintenance repairs and shorten the service life of the structure. Drying
shrinkage and mass loss measurements were taken on CAC hardened specimens of 3 in. x
3in.x11.25in. (75 mm x 75 mm x 285 mm). The measurements were taken for a set of 3
prisms for each mixture and was measured according to ASTM C 157 [95]. All prisms
were cast into steel molds and allowed to cure for 24 hours at ambient temperatures. Then
they were demolded and kept in the drying shrinkage controlled room at temperature 23 +
4°C and RH 50%, where change in length and mass were measured over time. A detailed
description of the curing procedures is explained in chapter 4 for each mixture. Figure 2.3
illustrates the comparator set up for measuring length change of prisms over time. Using
the comparator, a comparison is made to a rod of fixed length. This rod is made of invar; a
material that is well known for its low coefficient of thermal expansion. Therefore, it
relatively does not undergo expansion or contraction due to temperature changes. That
feature makes it a viable material for length change measurement comparison over longer

time periods.
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Figure 2.3 Drying shrinkage comparator setup.

2.6 Electrical Resistivity Testing
Electrical resistivity for concrete resembles its ability to withstand the ionic mobility in its
pore structure. There are various techniques in measuring both the bulk and surface
resistivity. In the work presented, only surface resistivity measured for concreted is of
interest. Surface resistivity is measured using the wenner probe as shown in Figure 2.4.

This measurement procedure is standardized by AASHTO T 358-17[79].
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Figure 2.4 The wenner probe for electrical surface resistivity measurement.

The wenner probe has four equally spaced probes, where upon contact to concrete surface,
the outer probes apply electric current (1) to the concrete and the inner ones measure the

electric voltage (V) as illustrated in Figure 2.5.

Figure 2.5 The wenner probe setup.
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The electrical resistivity testing method is a non-destructive test which can be
performed on concrete cylinders, similar to the ones used in compression testing. Despite
the easiness and rapidity of the surface resistivity measurements, the composite structure
of concrete makes it challenging to get reliable resistivity measurements. For instance, a
dry sample would give a higher electric resistivity than when placed in a moist condition.
Not only the saturation condition may impact the resistivity measurements in concrete, but
the temperature fluctuation as well. As the temperature affects the movements of the ions
and therefore impact the resistivity measurement. As temperatures get higher, the electric
resistivity readings will decrease. It was reported that a change of 1°C in temperature can
result in a 3% change in electric resistivity measurements[82]. For these reasons, user
should be very cautious with curing conditions and ambient temperatures to mitigate any
possible variables. Additionally, as mandated by standard test method multiple readings

are taken for each sample in order to get a reliable average electric resistivity measurement.
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CHAPTER 3
USING ELECTRIC RESISTIVTY MEASUREMENTS TO ASSESS
CONVERSION
This work is being prepared for submission to ASTM Advances in Civil Engineering
Materials Journal. Part of this work has been accepted for publication in Calcium
Aluminates: Proceedings of International Conference, Cambridge, England, October 2020

[96].

3.1 Synopsis
Calcium aluminate cement (CAC) systems are used for a wide range of applications
including rapid concrete repair, scour resistance, protection of sewage systems, and
refractory applications. Concrete, mortars, and pastes using 100% CAC as the binder
undergo a process known as conversion, in which metastable hydrates initially formed
during hydration convert into denser, stable hydrates. The densification of the hydrates
causes increased porosity in the cement paste matrix which results in a loss of strength.
Determining when conversion occurs is generally completed through ongoing compressive
strength tests until a minimum concrete strength is reached. The rate of conversion is
dependent on the temperature history of the concrete, and therefore determining when
conversion happens through specimens in the lab will not necessarily relate to when
conversion happens in the field. In situ measurements of concrete using electric resistivity
have gained ground due to the ease and rapidity in doing the test. The objective of this
research was to determine if there is a distinct trend between the electric resistivity and

higher porosity to detect conversion in CAC systems. A comparison was made between

45



converted and unconverted systems with respect to strength. The electric resistivity
measurements were done on same mixtures on the same days. Initial work to validate the
robustness of this test and its universal applicability, was done on systems with different
mixture design variables including different w/c ratio, different types of aggregates, and
different cement replacement levels. A significant decrease in electrical resistivity was
observed to be correlated with conversion and associated with strength reduction. The CAC
systems that were prevented from converting showed a steady increase in electrical
resistivity measurements, indicating that the conversion process results in changes that will
show a significant change in electrical resistivity. Results presented indicate that electrical
resistivity measurement may be a useful tool for determining time to conversion in CAC
systems in situ.

Keywords: assess conversion, calcium aluminate cement, electric resistivity, strength

testing.

3.2 Introduction

The deterioration of infrastructure in North America has resulted in a significant need for
concrete repair materials that can be used to maintain service life of these structures [1].
Hydraulic cement based rapid repair materials can be used to repair pavement and bridge
deterioration with minimal impact on economic activities. While there are many options
for use in repair situations, calcium aluminate cement (CAC) has become more popular,
particularly in situations where repairs must be completed rapidly and at low temperatures.
CACs have unique properties as they have high early strength even at temperatures

approaching freezing [2], [3].
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The chemical composition of CAC systems differs significantly from Portland
cement (PC). CAC contains mainly aluminium and calcium oxides and little to no silica
while PC contains mainly calcium and silicon oxides and only small amounts of alumina
[19], [31]. CAC systems undergo an inevitable process called conversion. In this process
the metastable hydrates (CAH10 and C2AHs) convert to denser stable hydrates (C3AHg and
AH3). The densification of the system increases the porosity and is accompanied by a
significant reduction in the compressive strength. The minimum converted strength is the
compressive strength that should be used in the design process. The speed of the reaction
of the conversion process depends upon temperature history, moisture content, and water
to cementitious materials ratio [2], [19], [50]. Determination of when conversion has
occurred is important as during quality testing of the systems the minimum converted
strength needs to be determined to ensure the design requirements are met. Current
techniques for determining when conversion has completed involve casting many samples,
storing the samples at high temperature, and testing them in compression over a series of
days. The minimum strength of the tests is what is used as the minimum strength [51], [53],
[97] . This process is prohibitive because it is labour and material intensive.

In recent years, measuring the electrical resistivity of concrete has gained popularity,
especially for in situ applications, due to the ease and rapidity of the test. Measuring surface
resistivity of concrete has been standardized around the world, including in the United
States under AASHTO T 358-17 [79] . The electric resistivity measurement is based on
the speed of the electric current and is impacted by moisture content, permeability,
tortuosity, and pore size within the concrete. Whittington et al. showed that the electric

resistivity in different PC concrete mixes was able to be used as an indicator to its strength
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gain and degree of hydration [98]. Others concluded that there is a linear trend between
electric resistivity and compressive strength for the same PC mixing design at the same
wi/c ratio [99]. In CAC systems, it is known that conversion is associated with an increase
in porosity and is accompanied by a release of water. This will result in a significant and
sudden reduction in the resistivity of the concrete, which can be measured to determine
when concrete has undergone conversion. By doing this, one set of cylinders could be used
to monitor when conversion has occurred, and then compressive strength testing can be
completed to determine the minimum converted strength. Thus, it would be beneficial to
understand if there is a distinct relationship between the electric resistivity and time to
conversion in CAC systems. This paper presents work that was done to determine whether

this method could be used effectively in a variety of CAC systems.

3.3 Experimental Work
3.3.1 Cement
A standard grade CAC was used for all the concrete mixtures examined in this study. The
oxide composition of the CAC used is shown in Table 3.1.

Table 3.1 Oxide Composition of CAC

((;)X:SS SiO, | Al,Oz | Fe,05 | CaO | MgO | Na,O | K,O | SOz | TiO, | Mn,O5| P,Os | SrO | Loss

CAC | 50 | 382 | 154 | 375 | 0.7 | 0.03 | 0.23 | 0.06 | 2.0 0.23 | 013 | 0.02 | 0.65

3.3.2 Finely ground limestone
The finely ground limestone used in this study had 99% calcium carbonate. It had a

specific gravity of 2.70 and a Blaine fineness of 9800 m?/kg.
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3.3.3 Aggregates

A wide range of aggregates were used in this study for the concrete mixtures. Absorption
capacities and bulk specific gravities, oven dry (Gsp,op) for all aggregates were measured
according to ASTM C127 for coarse aggregates and according to ASTM C128 for fine

aggregates [91], [92]. A description of the coarse and fine aggregates used are shown in

Table 3.2.
Table 3.2 Coarse and Fine Aggregates Description
Absorption . . —
Aggregate name capacity (%6)*° Gepop Source Mineralogical description
Siliceous_Coarse 2.58 2.44 Oregon, USA Siliceous
Limestone_Coarse 0.67 2.68 |Washington, USA| Carbonate Limestone
Granite_Coarse 0.52 2.69 New Jersey, USA Crushed Granite
Siliceous_Fine 3.08 2.41 Oregon, USA Siliceous
Limestone_Fine 0.71 2.69 Washington, USA| Carbonate Limestone
Granite_Fine 0.54 2.60 New Jersey, USA Crushed Granite

2 Absorption capacity is measured as the mass percentage of water that can be absorbed into the aggregate’s
permeable pores compared to the dry mass of the aggregate

3.3.4 Concrete mixtures

The concrete mixtures prepared for this study are described below in Table 3. The w/c
presented is an effective w/c of 0.40, 0.35, or 0.45, with total water content adjusted to take
into account the moisture content of the aggregates. The maximum size aggregate for the
coarse aggregate used was 19 mm (3/4”). Mixture data are labelled as described in Table
3.3; systems that underwent the conversion promotion process have “ conv” appended to
the mixture label. Systems that did not undergo a conversion promotion process have

13

_unconv” appended to the mixture label.
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Table 3.3 Concrete Mixture Design

Fine Coarse
Aggregate | Aggregate
content content

(kgim’) | (kg/m?)

Cement | FGLS
content | content | Aggregate Type
(kg/m®) | (kgim®)

Mixture Label| w/cm

S _0.40 0.40 730 890 440 0 Siliceous
L_0.40 0.40 855 938 440 0 Carbonate Limestone
G 0.40 0.40 836 922 440 0 Crushed Granite
G 0.35 0.35 808 896 440 0 Crushed Granite
G_0.45 0.45 855 945 440 0 Crushed Granite
FGLS_3% 0.40 835 920 427 13 Crushed Granite
FGLS 7% 0.40 840 919 409 31 Crushed Granite
FGLS_10% | 0.40 852 919 396 44 Crushed Granite

3.4 Experimental Methods

3.4.1 Sample preparation

The CAC concrete was mixed and cast following the mixing procedures presented in
Adams et al. [51] . The concrete was mixed in a rotary drum mixer by first adding all the
coarse and fine aggregates and half of the mixing water to the mixer. The mixer was
covered and allowed to mix for 1 minute. Following this, while still mixing the cement and
then the remaining water along with retarder, and superplasticizing admixtures were added
over a 1-minute period. The mixer was then covered again and allowed to mix for an
additional minute before being turned off. The mixture was then deposited into a large
plastic container and concrete was scooped from here to make test specimens. Concrete
cylinders of 100 mm diameter and 200 mm height were cast for all testing completed in
this study. Cylinders were cast according to procedures specified in ASTM C39 [94] . After
casting, the cylinders were finished and sealed with plastic lids to maintain moisture in the

cylinders. Then they were covered with wet burlap and plastic cover to ensure that
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moisture loss was prevented. All samples were cured at 23°C + 5°C (laboratory ambient
temperatures) for 24 hours in the plastic moulds in which they were cast before being
demoulded. After demoulding the cylinders, they were placed either in a moist curing room
at 23°C £ 5, which would maintain the concrete in the unconverted state during the testing
period (labelled with _unconv); or they were placed into a heated water bath to promote
conversion (labelled with _conv). Figure 3.1 presents a timeline of the curing procedure
for both specimens that were maintained in the unconverted state and specimens that were

placed in a heated water bath to promote conversion.
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3.4.2 Promoting conversion

In order to achieve conversion within a reasonable time period, a curing regime to promote
conversion at an accelerated rate was used for the concrete samples. As shown in Figure
3.1, the samples which were to undergo accelerated conversion were submerged in a heated
water bath at 50°C + 2°C after they were demoulded from the plastic moulds; after 24 hours
from casting. This curing procedure for converted samples was proposed by Fryda et al.
[47] in order to reach the minimum converted strength on the third day after casting, this
method has been confirmed through an extensive research program undertaken by Adams
et al. [44], [51] . These samples were kept in the water bath till the day of testing. Previous
work has shown that this method is effective for producing concrete with a minimum
converted strength at 3 days after casting [44], [47], [51] , as such examination of the
hydrates to confirm conversion on these samples was not necessary. A set of three
specimens from all mixture types were put through the conversion promotion process. A
subset of these mixtures had a set of three specimens that were maintained at 23°C + 5°C
to prevent conversion from occurring for comparison. Systems that had specimens that

were prevented from converting were the G_0.40, G_0.35, and G_0.45 systems.

3.4.3 Electrical resistivity testing

Electrical resistivity measurements were collected on CAC cylinders throughout the testing
program. Electrical resistivity measurement was done per AASHTO T358-17 [100]using
a surface resistivity measurement device known as a wenner probe. Measurements were
taken on cylinders on days 1, 3, 7, 14, and 28 after casting. A set of three cylinders was

cast for each mixture and conversion combination and surface electrical resistivity
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measurements were taken on these same cylinders throughout the testing program. After
removing the samples from the plastic moulds, all samples were kept in the moisture curing
room at temperature 23 £ 2°C until tested. Prior to being placed in the curing room or water
baths, the cylinders were kept sealed and under wet burlap and plastic to prevent any
moisture loss. For each cylinder, two perpendicular axes were marked on the circular face
marking the 0, 90, 180 and 270 degree points of the circumference [100] . These marks
were extended on the longitudinal sides of each sample to facilitate a visual reference to
ensure testing was done at the same location throughout testing. Two readings were taken
at each location for each cylinder and then the total eight readings were averaged. The
surface resistivity readings were measured for a set of 3 prisms using a four-point wenner
probe as shown in Figure 3.2. Per AASHTO T358, a curing condition correction factor of
1.0 was taken for the surface resistivity measurements for both moist room and the water
tank. Each sample was kept moist during testing as well as the probes’ tips to reduce testing
variability. The samples that were placed in the heated water bath were removed were
removed from the heated water bath and were left to cool to 23 + 2°C while covered with
wet burlap and plastic prior to measurement. This was to avoid thermal shock and to refrain

from any influential factor that may impact the surface resistivity measurement.

54



—O— current [I]

potential difference [V]

\;

Figure 3.2 Electric resistivity measurement using wenner probe.

3.4.4 Compressive strength testing
The compressive strength measurements were done per ASTM C39 [94] ondays 1, 3,7,

14, and 28.

3.4.5 Robustness factors

In order to understand whether this test method may be valid across mixture types, several
robustness factors were examined to validate the test. These included using different
sources of aggregate, altering the w/c, and including small amounts of finely ground
limestone. Previous work has shown that different aggregate sources and types may have
a significant impact on converted strength for pure CAC concrete [44] . Work by Adams

et al. indicated that the CAC systems made with carbonate limestone had less porosity after
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conversion compared to those made with siliceous aggregates, which may impact the
ability of electrical resistivity to identify conversion. Additionally, their work indicated
that CAC concrete systems made with limestone may experience delayed conversion
compared to systems made with siliceous aggregates [51] .

Previous work showed that varying of w/c ratio of CAC concrete systems had a
minimal impact on the converted strength and time to reach conversion under the same
curing conditions [51] . This low impact was attributed to the choice of limestone and
siliceous aggregates. The work presented examines the impact of varying the w/c using a
higher strength concrete system with crushed granite aggregates. Thus, observing if the
change in w/c may impact the minimum converted compressive strength and the time to
convert for different concrete mixtures.

Previous work has shown that adding finely ground limestone (FGLS) as cement
replacement to CAC concrete systems may delay or disrupt conversion. This delay was
attributed to the formation of monocarboaluminate as a metastable hydrate [25], [37],
[101], [102] . Adams et al. showed that adding FGLS at 5% replacement level may increase
the converted strength without impacting the early strength gain [51]. In the presented
work, different cement replacement levels of FGLS at 10% and lower were used to
investigate the ability of electric resistivity to detect time to conversion in CAC systems.

For these reasons, the robustness variables selected to validate using electrical
resistivity measurements as a tool to assess conversion were as follows:

e Three aggregate types: a crushed granite, a siliceous river gravel, and a limestone
(coarse and fine aggregates from the same source);

e Three w/c: 0.35, 0.40, and 0.45; and
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e Different cement formulations using various replacement levels of FGLS by
mass: 0%, 3%, 7%, and 10% FGLS.

e Different time to conversion using curing procedures to promote conversion on
day 3 and day 28 after casting.
3.5 Results

3.5.1 Impact of different aggregate types
The compressive strength data for CAC concrete systems using the three different types of
aggregates (crushed granite, limestone and siliceous aggregates) is shown in Figure 3.3.
All three systems experienced signficant compressive strength reductions on day three,
consistent with conversion promotion per the curing procedure noted above. The CAC
systems made with siliceous or granite aggregates had lower minimum converted strengths
compared to the limestone. The strength reduction percentage from day 1 to day 3 ranged
from 10% in limestone, 65% in siliceous and 44% in granite. The G_0.40_unconv system
was observed to have increased strength development over the first 28 days, indicating that
it had not undergone conversion, as observed in the systems that were submitted to the

conversion promotion procedure.
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Figure 3.3 Compressive strength for different aggregates types for converted CAC
samples and unconverted crushed granite samples.

Electric resistivity measurements for the G_0.40 _conv, L_0.40 conv, and
S_0.40_conv are shown in Figure 3.4a. All specimens that were subjected to the conversion
promotion procedure experienced a significant reduction in electric resistivity on day 3,
this is correlated to the time of conversion per the compressive strength results in Figure
3.2 and the conversion promotion procedure described above. The crushed granite and
limestone aggregate systems exhibited a higher reduction in their electric resistivity than
that of the system made of siliceous aggregates. The electric resistivity of the systems made
with granite and limestone showed a reduction of 82% and 73% respectively, while the
siliceous system showed a reduction of 30% from day 1 to day 3. After day 3, the electric
resistivity for both the granite and the limestone systems remained almost constant while
that of the siliceous system increased.

The electric resistvity of the G_0.40_conv and G_0.40_unconv samples are shown

in Figure 3.4b. This graph shows a comparison between samples that were maintained in
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the unconverted state and samples that underwent the conversion promotion procedure.
The electric resistivtiy in the unconverted samples steadily increased over the testing
period. The converted samples experienced a reduction in the electric resistivity on day 3

which was correlated to conversion.
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Figure 3.4a Electric resistivity for converted samples made with all aggregate types
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Figure 3.4b Electric resistivity for unconverted samples made with crushed granite
aggregates.
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3.5.2 Impact of different w/c ratio

The second robustness factor considered was examining CAC mixtures with different wi/c.
All mixtures examined for this work used coarse and fine aggregate from the same granite
source. Compressive strength measurements for the unconverted and converted systems
are shown in Figure 3.5. The unconverted samples showed an increase in their compressive
strength from day 1 throughout day 28 for all w/c. All systems that underwent the
conversion promotion procedure reached their minimum converted strength on day 3,
regardless of w/c. The mixture with a w/c of 0.35 had a higher minimum converted strength
than that of the mixtures with w/c of 0.40 and 0.45. The mixture with w/c ratio of 0.35
showed 30% strength reduction after conversion, while those of w/c ratios 0.40 and 0.45

showed 48% strength reduction after conversion.
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Figure 3.5 Compressive strength for crushed granite aggregates with different w/c ratio
for unconverted and converted samples.
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Figure 3.6 shows the electrical resistivity data for the samples maintained in an
unconverted state and the samples that underwent the conversion promotion procedure for
all three w/c (note: the research group was unable to collect electric resistivity
measurements for mixture G_0.45 uncov due to a laboratory failure in the curing
environment). The electrical resistivity data of the three different mixtures were collected
on the same corresponding days. All mixtures showed significant reductions in electric
resistivity on day three. The mixture with a w/c ratio of 0.35 showed the highest resistivity
reduction 82%, compared to 79% for 0.40 w/c ratio system, and 65% for 0.45 wi/c ratio
system. The unconverted samples showed an increase in electrical resistivity over the
testing period. The G_0.35_unconv systems showed a higher electric resistivity than the

G_0.40_unconv system.
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Figure 3.6 Electric resistivity for crushed granite aggregates with different w/c ratio
for unconverted and converted samples.
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3.5.3 Impact of different cement compositions

The third robustness factor considered in this work was the impact of different replacement
levels of finely ground limestone (FGLS) as a replacement for cement. A comparison
between the behaviour of electric resistivity of four different mixtures with 0%, 3%, 7%,
and 10% FGLS as a replacement of cement, by mass. All samples were subjected to the
conversion promotion procedure and their compressive strength measurements over the
testing period are shown in Figure 3.7. All samples were made with fine and coarse crushed
granite aggregates from the same source.

The compressive strengths of the mixtures with 0%, 3%, and 7% FGLS were
observed to have a decrease in compressive strength on day three, which is correlated to
conversion. However, the mixture with 10% FGLS exhibited no strength reduction from
day 1 to day 3. This mixture showed a minimal reduction after day 7 over the 28-day testing

period.
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Figure 3.7 Compressive strength for crushed granite aggregates with different levels of
replacement of FGLS for converted samples.
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The electrical resistivity measurements for all mixtures with different levels of
FGLS can be seen in Figure 3.8. All mixtures, including the 10% FGLS, experienced a
significant reduction in resistivity on day 3. For all but the 10% FGLS, this reduction in

electrical resistivity corresponded to the time to conversion as observed in Figure 3.7.
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Figure 3.8 Electric resistivity for crushed granite aggregates with different levels of
replacement of FGLS.

Additionally, compressive strengths were measure for mixes prevented from converting
with different replacement levels of FGLS, these mixes are having the suffix of
“ Unconv”. The mix with 0% FGLS was denoted as G_0.40 for consistency. The strength
showed an increase in strength over the curing time period of 28 days. All mixes were
made of crushed granite aggregates. The mix with 0% FGLS showed the lowest strength,

while that of 10% FGLS showed the highest as shown in Figure 3.9.
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Figure 3.9 Compressive strength for crushed granite aggregates with different levels of
replacement of FGLS for unconverted samples.

Note: Strengths for day 28 were not measured for mixes with FGLS 7% and 10% due to
COVID-19 shutdown.

The electric resistivity for these unconverted samples were measured as well on the same
corresponding days as in compression testing (1, 3, 7,1 4, and 28). The mix with 0% FGLS
showed the highest values for resistivity. The electric resistivity in all mixes did not
experience any significant reduction over the 28 days period but continued to increase over

time. Only for mix with 3% FGLS there was a minor reduction of about 15% between day

14 and day 28.
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Figure 3.10 Electric resistivity for crushed granite aggregates with different levels of
replacement of FGLS for unconverted samples.

Note: Electric resistivity measurements for day 28 were not measured for mixes with
FGLS 7% and 10% due to COVID-19 shutdown.

3.5.4 Impact of different time to conversion

The final robustness factor was to promote conversion at different times from casting other
than on day 3. The same curing regime as mentioned above in section 4.3.1 was followed
where all samples used fine crushed granite for fine and coarse aggregates. These systems
were promoted to convert on day 28 after casting instead of day 3. The samples that were
promoted to convert on day 28 were placed in a heated water bath at temperature 50 + 2°C
on day 26 (two days prior day 28 compression testing). This was to replicate the same
procedure and follow same duration of curing that was confirmed in literature [51], [53].
The compressive strengths of these cylinders were measured on days 1, 3, 7, 14, 28, and
56. Figure 3.11 presents a timeline for the curing procedures for unconverted and converted
systems that were promoted to convert 28 days after casting. These systems were denoted

here in this work as G_0.40_Unconv_Day 28 and G_0.40_Conv_Day 28.
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The compressive strength was measured for both unconverted and converted
systems which were promoted to convert on day 28. Figure 3.12 shows an increase in
compression values for G-0.40_Unconv_Day 28 throughout the curing period of 90 days.
About an 8% decrease was observed for compressive strength between day 28 and day 56.
As for the samples promoted to convert, a significant reduction of about 35% was observed

on day 28 which elucidates conversion of samples on that day.
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Figure 3.12 Compressive strength for crushed granite aggregates unconverted and

converted on day 28.

The electrical resistivity was measured as well on companion samples on the same
corresponding days as in compressive strength. Figure 3.13 presents a comparison between
systems maintained in the unconverted state and systems promoted to convert on day 28.
The unconverted systems showed an increase in its electric resistivity from day 1 to day
90, except for a slight decrease on day 56. The converted systems that had undergone
conversion showed a significant reduction in its resistivity on day 28 and then continued

to be almost steady throughout the 90 days period.
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Figure 3.13 Electric resistivity for crushed granite aggregates unconverted and converted
on day 28.

3.6 Discussion
Electrical resistivity of concrete is, in part, related to the overall permeability of concrete.
A more porous concrete will have a lower electrical resistivity (assuming that the pores are
filled with water). Dry systems, which have high levels of porosity may present high levels
of resistivity because of the difficulty for a charge to pass through the system [99], [103],
[104]. Since CAC conversion results in the opening of porosity and flooding of the system
with water, electrical resistivity measurements are a good candidate for a non-destructive
test method to determine if a CAC concrete system has undergone conversion. The
presented work indicates that conversion is associated with a significant decrease in the
electrical resistivity that can be observed through simple surface resistivity measurements.
The reduction in electrical resistivity was correlated to the decrease in compressive strength
associated with conversion. While this work did not directly examine the hydrates to ensure

conversion, the conversion promotion procedure used is a well-established method for
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promoting conversion in system [51], [53]. The decrease in compressive strength at day 3
for systems subjected to the heated curing procedure indicates that conversion has
occurred. The only system where a significant strength reduction was not observed was the
system made with 10% FGLS, which may be due to the formation of monocarboaluminate.
The time to conversion matched with the time to the significant decrease in electrical
resistivity.

All samples placed into the heated water tanks experienced significant decreases in
electrical resistivity after being placed into the water tanks. There may be some concern
that the submersion in water may have flooded the system resulting in higher resistivity
that would not be correlated to conversion; or, alternately that the samples kept in the moist
curing room to prevent conversion may be drier than the samples placed in the water bath.
However, the samples kept in the moist curing room were kept in the saturated condition,
as the room was always maintained at a > 95% relative humidity and the specimen surfaces
were remoistened just before testing to ensure a good connection of the probe to the surface.
Additionally, unconverted CAC samples have extremely dense microstructures with very
low permeability [44] . This means that the specimens that were unconverted would not
lose any water in the system, and even if they were submerged, would not have been able
to uptake too much water to impact the resistivity measurements. Nonetheless, it is
recommended that further work on this test examine the impact of saturation state on the
reliability of the test method to confirm these results. All samples were tested at standard
room temperatures to remove any impact of water content or temperature variations. Given
this information, the results indicate that the decrease in resistivity was due to the opening

of porosity due to conversion. The resistivity stayed relatively constant for most samples
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after conversion occurred. Therefore, this test method may be useful for detecting
conversion in CAC systems.

The variance in aggregate types had an impact on the compressive strengths, but not
the time to conversion. It has been shown previously that the siliceous aggregate mixtures
had higher strength reductions compared to limestone [44]. The work presented showed
that the limestone system had less strength reduction compared to both the crushed granite
and siliceous systems. The CAC system made of limestone aggregates had a higher
converted strength on day three compared to systems made of siliceous or crushed granite.
The three types of systems, however, had similar early compressive strengths one day after
mixing. The siliceous, limestone, and granite aggregate systems experienced a significant
reduction in electric resistivity values on day three which matched with the time to
conversion. Both limestone and crushed granite aggregate systems had relatively constant
electric resistivity values after day three. Whereas the siliceous aggregate system saw
increased electric resistivity over time, which may indicate more rapid hydration of this
system after conversion compared to the other two systems.

When examining the impact of w/c ratio on whether electrical resistivity could
determine time to conversion, no significant impacts were observed. The system using a
0.35 w/c had a higher compressive strength compared to the 0.40 and 0.45 w/c systems.
The w/c did not appear to have any impact on the time to conversion as all systems showed
significant decreases in electrical resistivity on day three, when conversion was complete.
It has been shown that w/c impacts strength of CAC systems similar to calcium silicate

cement systems: a higher w/c will result in lower strengths [102]. The 0.35 w/c system
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showed a spike in resistivity on day 7, for which the research team was unable to find an
explanation. Further work should be completed to confirm whether this was an anomaly.

The amount of FGLS in the system also did not seem to impact the ability of the
electrical resistivity measurement to detect time to conversion for systems with 7%
replacement and below. No reduction in strength was observed for the system using 10%
FGLS over the testing period, however a significant decrease in resistivity was noted
starting at day three. Systems with high amounts of FGLS have been shown to form
calcium monocarboaluminate instead of converting to Cz3AHes [101]. This may result in a
reduced resistivity while maintaining a higher strength. Further work needs to be done to
investigate the hydrates that were formed in these systems to determine whether the 10%
FGLS actually converted or formed a different hydrate.

The varying of time to convert didn’t seem to have an impact on the efficacy of
electric resistivity to assess conversion in CAC systems. Systems that were promoted to
convert 3 days after casting, denoted here as G-0.40-Conv, showed a resistivity reduction
on the same day as it converted. The systems that were allowed to convert after 28 days
from casting were denoted here as G_0.40 Conv_Day 28. These systems showed a
significant reduction in electric resistivity on day 28 which was correlated to the minimum
converted strength on the same day. Upon comparing systems that converted on different
times; on days 3 and 28, the electrical resistivity was able to assess conversion by showing
a significant reduction on their corresponding days. However, it will be important to further
investigate this factor and its impact on resistivity readings by elongating the time to

convert.
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No trend was observed that would allow for linking specific electric resistivity
measurements to compressive strength magnitudes. There was a distinct trend between the
electric resistivity and indication of higher porosity in order to assess conversion in CAC
systems. Electric resistivity of concrete is a qualitative test that can detect the porosity of
concrete according to the ions movement but cannot quantify its compressive strength.
When measuring electrical resistivity, the higher the porosity the more interconnectivity
between pores which will result in lower electrical resistance measurements. That is due to
the pores in concrete allowing for the movement of ions between them and thus a more
conductive system. However, the trend that electrical resistivity shows a significant
decrease correlated to the time of conversion indicates that this test method may be a
valuable tool for detecting conversion in CAC concrete systems. This will help limit the
number of specimens needed to test for converted strength in CAC or allow for monitoring
of systems in situ.

Further work needs to be completed to verify these results, particularly when
examining longer times to conversion; other than two or twenty-seven days after casting.
Additional analysis needs to be completed to understand how the storage conditions may
impact electrical resistivity measurements on CAC concrete. Additionally, confirmation of
the hydrates in all systems will be necessary before full acceptance of this test method,
however current work indicates that there is promise for this test method. Users should be
careful to use the method only on systems that will convert to CsAHs, as indicated by the
systems using high levels of FGLS. Extended work on the hydrate structures present in

these systems is required to confirm that conversion occurred.
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3.7 Conclusion

This work has shown a proof-of-concept that the electric resistivity measurement may be
a promising tool to assess time to conversion in CAC systems. The presented data showed
a significant reduction of electric resistivity correlated with a reduction in compressive
strength three days after mixing, which indicated that full conversion had occurred. All
samples showed a decrease in electric resistivity that matched with the same time to
conversion. All samples tested were maintained at high relative humidity and at standard
room temperatures to hold constant any variables that may impact the electric resistivity
measurements.

In order to validate the electric resistivity method as a reliable tool to assess
conversion, several robustness factors were used. The granite, limestone and siliceous
aggregates have shown a significant decrease in their electric resistivity three days after
mixing which matched the same day of conversion. The electric resistivity of limestone
and granite remained almost constant after the significant reduction, while that of the
siliceous kept gaining higher resistivity values over time. Further investigation to such
behaviour in the CAC made with siliceous aggregates need to be examined. The variance
in w/c ratio showed no significant impact on the time to convert. All samples showed
significant drops in electric resistivity on day 3 correlated with the same day when full
conversion occurred. Further tests may be needed to find a reason for the spike in electric
resistivity in w/c of 0.35 on day 7. The impact of adding different replacement levels of
FGLS of 7% and below showed no impact on the using the electric resistivity method in
order to detect conversion. However, a higher amount of 10% was used and no strength

reduction was shown on day three. The factor of varying time to convert on days 3 and 28
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seemed to have no impact on the capability of electric resistivity measurements to assess
conversion. Electric resistivity showed a significant reduction for both mixes that were
promoted at different times corresponding to same day when conversion occurred.
Conversion was confirmed by a reduction in compressive strength on days 3 and 28.
Further work will be needed to examine if the 10% FGLS systems have reached the
full conversion or just formed a different hydrate. Extended work is planned to validate the
proposed test by examining samples that are allowed to convert on a longer time to
conversion other than two days and 27 days after mixing as well as examining different

sources of CAC.
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CHAPTER 4

THE IMPACT OF CONVERSION ON DRYING SHRINKAGE

This work is to being prepared for submission to the ASCE Materials Journal. Part of this
work has been accepted for publication in the Calcium Aluminates: Proceedings of

International Conference, Cambridge, England [105].

4.1 Summary
Calcium aluminate cement concrete (CAC) systems are characterized by their high early
strength gain while maintaining similar setting times to portland cement systems. During
their lifetime, CAC systems will undergo conversion during which metastable hydrates are
converted into denser stable hydrates. This densification of the stable hydrates increases
the porosity in the system and decreases its strength. The rate of this process depends
mainly on temperature and humidity. There has been significant previous research work
on the kinetics of the conversion process in the CAC systems. However, there is very little
information available on the impact of conversion on long-term concrete durability.
Volume change due to drying (drying shrinkage) is an important durability issue for
concrete, and in particular for rapid repair systems which need to maintain volumetric
stability without cracking when they are bonded to an existing substrate. Drying shrinkage
is significantly impacted by porosity changes in the cement matrix which are correlated
with conversion in CAC systems. The objective of this work was to examine the impact of
conversion in CAC systems on drying shrinkage. Shrinkage measurements and mass

change of CAC concrete systems were measured for CAC systems with (i) different wic,
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(ii) different time to convert, (iii) and systems containing small amounts of finely ground
limestone (FGLS). Results indicate that conversion will result in higher levels of drying
shrinkage and mass loss in concrete. These results are discussed and potential
improvements for construction techniques are provided. A comparison between

unconverted and converted systems is presented for each robustness factor.

4.2 Introduction

Calcium aluminate cement (CAC) concrete systems are a specialty type of cement due to
their unique features [23]. CAC is often used as a rapid repair material in infrastructure
settings because of its ability to gain strength rapidly at temperatures approaching freezing
[2], [3], [83]. While CACs are also used heavily in building chemistry, refractory, and pipe
lining applications [17], [18], drying shrinkage is a particular concern for rapid repair
situations. In most construction settings, proper curing can be completed to ensure that the
system gains strength quick enough to prevent cracking during shrinkage. Many rapid
repairs, however, are cast and allowed to harden and gain strength with no curing.
Therefore, temperature changes and moisture loss are all but guaranteed. These both can
have significant impacts in CAC systems and change the microstructure significantly.

The composition of CAC hydrates is quite different than that of ordinary portland
cement (OPC). The main phase in CAC is monocalcium aluminate- CaO-Al>03 (CA) [23].
CAC hydration has been extensively studied for over a century since they were originally
developed [2], [5], [23], [39]. The hydration of CA initially produces CAH1o and C2AHs
which are metastable hydrates. These metastable hydrates undergo a process known as

conversion in which the two stable hydrates, CzAHgs and AHs, are formed. This conversion
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process is accompanied by the release of water, which will react with the remaining
unhydrated CA, forming new hydrates and reducing long-term porosity that was formed
from conversion [40]-[43]. The formation of metastable or stable hydrates from the
hydration of calcium aluminates depends strongly on temperature, unlike the hydration of
calcium silicates which produce the similar hydrates at all temperatures below 100°C [2].
The preference of which hydration product will form during CAC hydration depends
significantly on the temperature at which the system is cured. If the temperature is below
15°C the initial -metastable hydrate CAHzo is formed, while if the temperature is above
30°C the initial metastable C2AHg is formed. If the temperature lies between 15 °C and 30
°C, then neither is preferred between the two metastable hydrates regarding the order to be
formed [2], [5], [44], which can result in a delay of setting time. The strength loss
associated with conversion can sometimes be quite severe, depending on w/cm, cement
content, and aggregate type [44]. Recent work has shown that small doses of finely ground
limestone (FGLS) can help mitigate the strength reduction associated with conversion
without changing the hydrate structure of the system [51]. Previous studies have shown
that the addition of FGLS to CAC systems may have may result in the formation of
monocarboaluminate [25], [37], [102]. However, more Adams et al.’s work indicated that
small doses may not result in significant changes to the microstructure, but instead that it
may behave as a filler material reducing porosity [51]. Its impact as a possible filler or the
formation of additional hydrates from the addition of FGLS may also impact the rate and
magnitude of shrinkage that the concrete may undergo is unknown.

Guidelines have been set by the European Standards and CAC manufacturers for

the optimum w/c to be at 0.40 or lower to achieve a viable converted strength [86]. Recent
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work by Adams et al. [51] has shown a minimal impact for varying w/c on conversion time.
The authors stated that when using siliceous aggregates for CAC systems, higher w/c
systems showed lower strengths, but long term strength increase. The impact of w/c on
conversion when using higher strength CAC systems is note quite understood, however.
One of the concerns for concrete deterioration is the drying shrinkage. This
durability issue results in significant levels of cracking which can provide fast paths for
aggressive chemicals and water which can initiate corrosion or freeze/thaw damage.
Drying shrinkage occurs when the water in the pore structure is lost to the environment and
continues till the internal relative humidity (RH) stabilizes with the ambient RH [106].
Drying shrinkage will occur as long as the RH outside the concrete is lower than the RH
humidity within the concrete [107]. Since drying shrinkage is a result of water moving
through pores, and its loss to the environment, the conversion of CAC and the changes that
causes to pore structure and water availability means that converted concrete may be more
susceptible to drying shrinkage [77]. Although drying shrinkage may not impact the
concrete strength, it will certainly impact its long-term durability [75]. In patch repairs,
where CAC products are often used, it can result in volume change which may disturb the
integrity of the patch or result in worse damage than what was repaired. In overlays, the
bond between the repair layer and the old concrete forms an external constraint. During
drying, volumetric changes in the concrete around this bond induce tensile stresses which
will eventually cause cracking in the system [108]. The amount of drying shrinkage that
will occur and its rate depends on the size of the specimens and the surrounding conditions
[106], [109]. The free drying shrinkage test determines how much free shrinkage an

unrestrained system will undergo, not necessarily if the system may crack or not. However,

78



in industry it is used as a proxy for that; i.e., the more a prism of concrete exposed to dry
conditions shrinks the more likely it is to crack.

The conversion process can result in significant changes in porosity and since
drying shrinkage is impacted by both the amount, size, and interconnectivity of pores in
concrete, it is important to study how conversion may impact drying shrinkage in CAC
systems. As discussed above, the temperature at which the concrete cures will change the
speed of conversion. If CAC concrete is cured at high temperatures (or self-heats in a larger
element) it will result in rapid conversion [53] and the concrete will have more porosity.
Therefore, understanding the impact of conversion on drying shrinkage is an important
factor for determining proper curing procedures and construction practices when using
CAC. Presented are the results of a study that examined the drying shrinkage of CAC
concrete systems that have and have not undergone conversion. Samples were also cast
using small amounts of FGLS (up to 10% cement replacement) to reduce overall porosity
and lower the shrinkage in systems. Other sets of samples had different w/c and others

were promoted to convert at varied times.

4.3 Materials
4.3.1 Cement
A standard grade CAC was used for all the concrete mixtures examined in this study. The
oxide composition of the CAC used is shown in Table 4.1.

Table 4.1 Oxide Composition of CAC

(?A)XIVc\jlte) SIOZ A|203 FeZOg CaO MgO Nazo Kzo 503 T|02 Mn203 P205 SrO Loss

CAC | 498 | 38.23| 154 | 3753 | 0.71 | 0.03 | 0.23 | 0.06 | 1.8 | 0.23 | 0.13 | 0.02 | 0.65
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4.3.2 Aggregates

Crushed granite aggregates were used in this study for the concrete mixtures. Absorption

capacities and specific gravities (Gsh.op) for all aggregates were measured according to

ASTM C127 for coarse aggregates and according to ASTM C128 for fine aggregates[91],

[92]. A description of the coarse and fine aggregates used are shown in Table 4.2.

Table 4.2 Coarse and Fine Aggregates Description

4.3.3 Concrete Mixtures

Absorption . . .
Aggregate name capacity (%) Gsb, OD Source Mineralogical description
Granite_Coarse 0.34 2.72 New Jersey, USA Crushed Granite
Granite_Fine 0.536 2.604 | New Jersey, USA Crushed Granite

The concrete mixtures prepared for this study are described below in Table 4.3. The w/cm

presented is an effective w/cm of 0.40 for all mixtures with total water content adjusted to

take into account the moisture content of the aggregates.

Table 4.3 Concrete Mixture Design

Fine Coarse Cement | EGLS
. Aggregate |[Aggregate

Mixture Label| w/cm content | content conter;t conter;t Aggregate Type

ka/m®) | (kg/m?) (kg/m?) | (kg/m”)
FGLS 0% 0.40 836 922 440 0 Crushed Granite
FGLS 3% 0.40 835 920 427 13 Crushed Granite
FGLS 7% 0.40 840 919 409 31 Crushed Granite
FGLS 10% 0.40 852 919 396 44 Crushed Granite
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4.4 Experimental Methods

4.4.1 Sample Preparation

The CAC concrete was mixed and cast following the mixing procedures presented in
Adams et al.[51]. Concrete prisms of 75 mm x 75 mm x 285 mm were cast for all testing
completed in this study. Prisms were cast according to procedures specified in ASTM C
57/C157M-17 [95]. Concrete was placed into steel molds in approximately two equal
layers. After casting, the prisms were finished, and excess material was patted off the
surface using a straight edge. The molds were then covered with wet burlap to prevent
moisture loss. All samples were allowed to cure at ambient temperatures for 24 hours in
the steel molds. Companion compressive strength specimens were also cast using plastic
molds to create 100 mm diameter x 200 mm high concrete cylinders. Molds were spaced
apart to allow adequate airflow to prevent self-heating and conversion during curing.
Cylinders used for compressive strength testing were cast and cured according to the

procedures presented in Adams et al. [51].

4.4.2 Promoting Conversion

In order to achieve conversion within a reasonable time period, a curing regime to promote
conversion at an accelerated rate was used for the concrete samples. The samples which
were to undergo accelerated conversion were submerged in a heated water bath at 50°C +
2°C after they were demolded from the steel molds. The curing procedure for converted
samples was proposed by Fryda et al. [47] in order to reach the minimum converted
strength on the third day after casting, this method has been confirmed through an extensive

research program undertaken by Adams et al. [44], [51]. In addition to promoting
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conversion on the third day after casting, other samples were also promoted to convert on
days 28 and 90. Following the same curing procedures samples were first cured in the moist
curing room at 23 + 2°C after demolding and were then moved to the heated water tank.
Each set of prisms and cylinders was placed in the 50 = 2°C two days prior the desired

converted time.

4.4.3 Drying Shrinkage Testing

The Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and
Concrete ASTM C157/C157M-17 [95] was followed to measure the change in length of
concrete specimens in a controlled environment; without being impacted by a change in
temperature or applied external forces. Mass change was also measured to know how much
water was lost to the environment. This was done on different cement combination of CAC
samples using different levels of replacement of finely ground limestone (FGLS), different
wi/c, and systems converted at different times. The unconverted prisms were cured in a
moist curing room at 23°C + 2°C after being demolded for 28 days and then were moved
to the drying curing room. The converted prisms were placed in the heated water tank at
50°C + 2°C two days prior the desired converted time to promote conversion as previously
mentioned. Before moving them to the dry curing room they were removed from the heated
water tank and left to cool down in a bucket filled with water at the same temperature for
24 hours to avoid thermal shock. All specimens were then stored in a dry curing room set
at temperature 23°C + 2°C and RH of 50% =+ 4% as specified in ASTM C157/C157M-17
[95]. The specimens were placed on racks allowing air circulation and had a clearance of
at least 25 mm on all sides as shown in Figure 4.1a. The length change was calculated for

each specimen and averaged for each set (set of three prisms per mixture) with respect to
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the initial comparator reading as shown in Figure 4.1b. Mass of the prisms was also

recorded.

Figure 4.1a Drying shrinkage prisms cured in a Figure 4.1b Length change
controlled chamber at temperature 23°C £ 2°C measurement using comparator.
and RH of 50% + 4%.

4.4.4 Compressive Strength Testing

Compression testing for the concrete cylinders were done as per ASTM C39/39M-18-
Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens [94].
The compressive measurements were collected for days 1, 3, 7, 14, and 28 for systems with
different w/c and different cement formulations. This period was extended to day 56 for

systems promoted to convert on day 28. The curing conditions were done following the

guidelines set in Adams et al. [51].
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4.5 Results
4.5.1 Impact of different replacement levels of FGLS
The compressive strength results were recorded for CAC cylinders for different mixtures
with 0%, 3%, 7% and 10% FGLS. Samples denoted herein as G_0.40 represents the 0%
FGLS. The compressive strength data for converted samples are shown in Figure 4.2. All
converted samples for 0%, 3%, and 7% showed conversion, represented by the, minimum
strength on day 3 and then continued to increase again. Only the CAC samples with 10%

FGLS showed a minimal reduction after day 7.
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Figure 4.2 Compressive strength for converted CAC systems using different levels of

FGLS.

Drying shrinkage was monitored along with the mass change for the concrete
prisms. The percentage of length change and mass change were calculated for the
specimens for both converted and unconverted CAC systems. The specimens were at
different replacement levels of finely ground limestone (FGLS) as a replacement for

cement. A comparison between the behavior of drying shrinkage of four different mixtures
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with 0%, 3%, 7%, and 10% FGLS, for unconverted and converted systems is shown in
Figure 4.3. All converted systems showed higher levels of drying shrinkage than the

unconverted ones.
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Figure 4.3 Percentage of length change for unconverted and converted CAC systems

using different levels of FGLS.
Note: The drying shrinkage data for 7% FGLS_Conv on day 112 was not taken due to laboratory shutdown
due to COVID-19.

For the unconverted systems, the 7% FGLS and 10% FGLS showed almost same
levels of shrinkage which were less than the shrinkage in systems with 0% FGLS and 3%
FGLS systems. In the converted systems, systems with 0% FGLS observed the highest
shrinkage at 112 days followed by the 3% and 10% FGLS systems. The variability in all

systems was relatively high, however.
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Figure 4.4 shows the mass loss of all drying shrinkage specimens out to 112 days
of dry curing. Similarly to the drying shrinkage results, the converted specimens showed
significantly higher mass loss than the unconverted specimens. However, the trends within
the converted and unconverted specimens do not match what was seen in the drying

shrinkage.
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Figure 4.4 Percentage of mass change for unconverted and converted CAC systems

using different levels of FGLS.
Note: The drying shrinkage data for 7% FGLS_Conv on day 112 was not taken due to laboratory
shutdown, which was due to COVID-19.

The unconverted prisms all had similar levels of mass change with the 10% FGLS
systems having the highest mass loss, and the 3% FGLS system having the lowest till day

28. By day 112, the 10% FGLS had the least mass loss and the 0% FGLS the highest. In
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the converted systems the 0% FGLS system had the highest level of mass loss while the
3% FGLS and 7% FGLS systems had the lowest.

The difference in values between the drying shrinkage in microstrains (u€) was
calculated for the four different mixes between uncoverted and unconverted specimens.
Also a comparison was made for the same mixes with repect to the mass change in grams

(9) as shown in Table 4.4,

Table 4.4 Summary of Drying Shrinkage and Mass Change Values at 56 Days for
Converted and Unconverted Samples at Different FGLS Percentages

D;:::Z:;e Difference between
. Day 56_ Drying Day 56_Mass unconverted and
Mix Name . unconverted and
Shrinkage (uE€) Change (g) converted samples
converted ()
samples (uE)
0% Unconv -90 -0.5
0%_Conv -407 317 -2.9 23
3% Unconv -137 -0.4
= 227 2.3
3 % Conv -363 -2.7
7 % Unconv -67 -0.5
7% _Conv -360 293 -2.7 2.2
10 %_Unconv -67 -0.4
N 7 2.8
10 % Conv -253 18 -3.2

CAC with 0% FGLS showed 70% higher shrinkage difference between
unconverted and converted samples compared to those with 10% FGLS. While the mass
change difference between unconverted and converted samples for 10% FGLS were about
17% higher compared to the 0% FGLS. For each mix, the unconverted specimens showed
much higher values than converted ones. These values varied in range from 187 u€ to 317
n€ in drying shrinkage and 2.2 g to 2.8 g for mass change. No trend was observed in the

amount of difference in shrinkage in relation to the amount of FGLS in the system.
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4.5.2 Impact of varying w/c

The compressive strength results were recorded for CAC cylinders for different mixtures
with varied w/c ratios. The compressive strength data for converted samples are shown in
Figure 4.5. All converted samples for w/c 0.35, 0.40, and 0.45 showed conversion

represented by a minimum strength on day 3 and then continued to increase again.
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Figure 4.5 The compressive strength for unconverted and converted CAC systems
at different w/c ratios.

Drying shrinkage was monitored for all the samples in unconverted and converted
conditions at various wi/c ratios. As shown in Figure 4.6, at day 56, the unconverted samples
with w/cm 0.4 showed the least amount of shrinkage while that with w/c 0.45 showed the
highest. At the same time interval, a different trend was observed for the converted

samples. The systems with w/c 0.35 and 0.40 had a closer amount of shrinkage which was
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higher than in systems with 0.45 w/c ratio. At the same w/c, the drying shrinkage for

unconverted systems was a bit higher than the unconverted ones.
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Figure 4.6 Percentage for length change for unconverted and converted CAC systems
at different w/c ratios.

Note: The drying shrinkage data for w/c 0.35_Unconv and 0.45_Unconv on day 112 were not taken due to
laboratory shutdown, which was due to COVID-19.

Upon observing the mass loss in systems with varied wi/c, the converted systems
showed a higher values than unconverted ones. For unconverted systems the w/c of 0.35
and 0.40 showed similar mass loss, while that of w/c 0.45 showed the lowest as shown in

Figure 4.7. For converted systems, the system with w/c 0.45 showed the highest level of

mass loss followed by 0.40 and 0.35 respectively.
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Figure 4.7 Percentage for mass change for unconverted and converted CAC systems
at different w/c ratios.

Note: The mass change data for w/c 0.35_Unconv and 0.45_Unconv on day 112 were not taken due to
laboratory shutdown, which was due to COVID-19.

The difference in values between the drying shrinkage in microstrains (u€) was
calculated for the three different mixes between uncoverted and unconverted specimens.
Also, a comparison was made for the same mixes with repect to the mass change in grams
(9) as shown in Table 4.5. The difference in shrinkage between converted and unconverted
systems was about 32% higher in systems with w/c 0.40 compared to systems with 0.35.
The system with 0.45 w/c showed a minimal difference between its unconverted and
converted systems of 27u€, compared to the other two systems. The mass change
difference between unconverted and converted samples was very similar in all mixes,

which varied between 2.2g and 2.3g. For each mix, the unconverted specimens showed
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higher values than converted ones. No trend was observed in the amount of difference in

shrinkage in relation to the varying of wi/c.

Table 4.5 Summary of Drying Shrinkage and Mass Change Values at 56 Days for
Converted and Unconverted Samples with Various w/c Ratios

Diff
!;e:;ee:;e Difference between
—_ Day 56_ Drying Day 56_Mass unconverted and
wakelinme Shrinkage (u€) DN Change (g) converted samples
ge (W and converted € (®) P
samples (n€)
; -177 -0.
w/c 0.35 Unconv 1 217 0.5 23
w/c 0.35 Conv -393 -2.9
x| -87 04
w/c 0.40_Unconv 8 320 0 23
w/c 0.40_Conv -407 -2.7
w/c 0.45 Unconv -297 27 -0.5 23
w/c 0.45 Conv -323 -2.7

4.5.3 Impact of different time to convert
In this robustness factor, it was required to understand the impact of changing time to
converting on days other than day 3. For that reason, systems were promoted to convert on
day 28. To attain this, systems were placed in heated water bath at 50°C = 2 °C two days
prior the targeted converting time. This was following the previous curing procedures
studied by Fryda et al.[53] and confirmed by Adams et al.[51]. Companion prisms for each
mix were prepared and were kept in moist curing condition at 23°C + 2°C and RH >95%
in order to prevent conversion. These samples had the suffix “ Unconv’ and were labelled
with their corresponding day they were moved to the drying curing room (day 3, 28 or 90).
Drying shrinkage was monitored for all the samples in unconverted and converted
conditions at different time to converting other than day 3. For unconverted prisms, the
Unconv_Day 3 showed the lowest shrinkage, while the Unconv_Day 90 showed the

highest one. The difference between the level of shrinkage between the three unconverted
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mixes was very little, however. For converted mixes, Conv_Day 28 showed higher amount
of shrinkage, after day 28, compared to Conv_Day 3. The converted samples showed
higher levels of shrinkage than the corresponding unconverted ones. That was true for
systems promoted to converted on day 3 and day 28. Measurements for Conv_Day 90 were

not taken due to failure in curing conditions in the laboratory.
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Figure 4.8 Percentage for length change for unconverted and converted CAC systems

at different converting times.
Note: The drying shrinkage data for “Conv_Day 90” due to failure in curing conditions.

As for the mass loss in systems at different times to converting, the converted
systems showed much higher values than unconverted ones. The unconverted systems for
the three mixes showed relatively similar levels of shrinkage. For the converted systems,

Conv_Day 3 showed more shrinkage compared to Conv_Day 28 as shown in Figure 4.9.
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Figure 4.9 Percentage for mass change for unconverted and converted CAC systems

at different converting times.
Note: The mass change data for “Conv_Day 90” due to failure in curing conditions.

The difference in values between the drying shrinkage in microstrains (n€) was
calculated for the two different mixes between uncoverted and unconverted specimens.
Also a comparison was made for the same mixes with repect to the mass change in grams
(9) as shown in Table 4.6. The difference in shrinkage between converted and unconverted
systems was about 24% higher than in systems converted on day 28 compared to systems
converted on day 3. The mass change difference between unconverted and converted
samples varied between 1.7g and 2.5g. For each mix, the unconverted specimens showed
higher levels in drying shrinkage than converted ones. No trend was observed in the amount

of difference in shrinkage in relation to the different time to converting.
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Table 4.6 Summary of Drying Shrinkage and Mass Change Values at 112 Days for
Converted and Unconverted Samples with Different Time to Converting

Difference .
Difference between
. between
N Day 112_ Drying Day 112_Mass unconverted and
Afix Name Shrinkage (uE) wmcowweried Change (g) converted samples
ge i and converted ® (&) P
samples (uE)
Unconv_Day 3 -87 337 0.8 25
Conv_Day 3 -423 -3.2
Unconv_Day 28 -140 -1.3
= 443 1.7
Conv_Day 28 -583 -3.0

4.6 Discussion
Mass loss and shrinkage in the converted systems were characterized by a large amount of
change early on with much lower rates of mass loss and volume change after that. That is
attributed to the high porosity in the converted system with more voids opened to the air.
This rapid mass loss and shrinkage slow down after day 3, with much slower mass loss
continuing out to 112 days. The unconverted CAC systems showed a steady rate of
shrinkage and mass loss throughout the 56 days in systems with w/c_0.35, w/c_ 0.45 and
throughout the 112 days in the remaining samples, with no early period of rapid mass loss.
This can be attributed to the dense microstructure of the unconverted system which resulted
in less shrinkage. That was true for long term curing periods out to 112 days in terms of
mass-loss and shrinkage. This is a key finding in terms of construction when using CAC
systems as a rapid repair material. It will be extremely important to ensure that the CAC
system does not convert early on, so as to reduce the amount of mass loss and thus to slow
down the drying shrinkage. This slow rate of mass loss will allow more time for the CAC

system to gain strength before it develops more stresses that occur due to shrinkage. If the
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CAC system undergoes conversion instantly during hydration, it will then lose a lot of water
and develop a lot of stress. This is undesirable as it will develop more cracks making the
CAC system more prone to chloride penetration that would lead to corrosion and freeze
thaw deterioration. As shown in Fryda et al. [53], even fairly thin sections can self-heat
rapidly to a temperature which may promote earlier conversion. Care should be taken to
understand the heat gain that will be experienced in all placements where drying shrinkage
may be a concern.

It was noticeable that the addition of FGLS with different percentages had minimal
impact on drying shrinkage behavioral pattern for both converted and unconverted systems.
While the 10% FGLS system had less shrinkage than the 0% FGLS the amount of difference
was minimal and within variability for the systems. The CAC with 0% FGLS showed the
highest difference in mass change. The addition of FGLS helped to reduce the water loss
amount in the CAC system. This small amount of difference may be due to a mineral filler
effect filling porosity and making a more tortuous path for water to escape from the system.
As for the compressive strength, the CAC systems with 10% FGLS showed about 20 MPa
more than that with 0% FGLS for the minimum converted strength. This pattern continued
over time until they all reached almost the same value on day 28. This matches with previous
studies by Adams et al. [51] which showed that the addition of FGLS to CAC systems helps
improve the strength. However, the system with 10% FGLS did not see a significant loss of
strength due to conversion. This may indicate that the system did not convert and instead
formed monocarboaluminate. Further microstructural studies will need to be completed to
determine if this occurred. If so, the system may undergo conversion at a later, unpredictable

date [58].
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It was also observed that the w/c had a minimal impact on the drying shrinkage and
mass loss. The mass loss was higher in systems with 0.45 w/c compared to systems with
0.35 w/c throughout the 112 days curing period. The higher the w/c the more mass loss in
the system. That was true in converted and unconverted systems. As for the drying shrinkage
in the unconverted samples, systems with 0.45 w/c showed higher level than that of 0.35.
The unconverted systems with w/c 0.40, showed the lowest amount of shrinkage. In the
converted samples, systems with w/c 0.35 had lower shrinkage than that of 0.40 and 0.45
until day 28. After that the systems with w/c 0.35 experienced a higher level of shrinkage
that exceeded the other two converted systems. The reason for such trend is not quite
understood why exactly samples behaved in this manner. CAC systems have high
variability, and this may impact the average values showing a larger increase in shrinkage
[51]. The samples might have got wet and the pores may have been filled with water. Further
work needs to be done to study the microstructures of these samples for further
investigation.

It was observed that changing time to converting did not significantly impact much
the drying shrinkage. For the converted samples, systems converted on days 3 and 28
showed close levels of shrinkage till day 28 of curing time in the drying controlled curing
chamber. After that, samples converted at day 28 showed higher shrinkage than systems
converted on day 3 up to day 112. The difference between the systems was still within the

variability of the CAC.
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4.7 Conclusion

The work herein presented a study on the impact of conversion on the drying shrinkage in

CAC systems. The following can be concluded:

The total shrinkage for converted systems were much higher than the unconverted
ones. That shows that the special curing systems should be considered for larger
sections which may self-heat rapidly promoting conversion. This will be imperative
in order to prevent conversion from occurring early on; giving better performance
of drying shrinkage in rapid repair materials applications.

The converted systems experienced a significant rapid mass loss, whereas the
unconverted systems experienced a much slower rate of shrinkage and mass loss.
The lower amount of shrinkage in the unconverted systems may be attributed to
their lower porosity. The pore structure of a converted system which have more
water has driven that increase in drying shrinkage. When CAC is used in
construction, a restrained system will build up stresses rapidly but not necessarily
giving enough time to gain enough strength. As converted systems have more pores
that are ready to collapse and are prone to higher amount of drying shrinkage. It
will be essential to ensure that the CAC system will gain strength and do not convert
at an early age, before it builds up stresses that occur due to drying shrinkage.

Further work should be completed to examine the microstructure of converted and

unconverted CAC. A detailed SEM analysis can help to understand the interconnectivity

between the pores and to compare the pore size as well. In particular examining what

hydrates formed through the use of FGLS will be key to understanding if it behaves as a

mineral filler or participates in hydration.

97



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Calcium aluminate cement concrete system is a specialty type of concrete with unique
features. They are characterized by gaining rapid strength at very low temperatures
approaching freezing. A reason for which CACs have gained more grounds recently to be
used as a rapid repair material. CACs have been also used in wide range of applications
such as an acid resistant material in wastewater applications, scour resistant material in
dam spillways, and high temperature resistant material in refractory kiln applications.

CACs are known to undergo an inevitable process known as “conversion”. In this
process metastable hydrates convert into stable hydrates. A process that is accompanied by
release of water and significant reduction of strength. Literature review has studied
extensively the hydration process and kinetics of the conversion process in CAC systems.
Very little information was, however provided studying the impact of conversion on the
concrete long term durability.

The work presented pushed forward a method that showed promise to be used in
the field in order to assess conversion. It studied the impact of conversion on the long term
durability of CAC in terms of its drying shrinkage. It also addressed recommended future

work that need to be done building on the key findings.
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5.1 Key Findings
The key findings in this research include following:

e Electric resistivity measurement can be a promising tool to detect conversion in the
field.

o This work was done testing several robustness factors in order to test
variabilities to validate this test. These factors included using different wic,
different cement formulations using FGLS, different aggregate types, and
different time to converting.

o Using different variables, a significant reduction in electric resistivity was
observed correlated with the reduction in compressive strength. This
reduction in strength represented when full conversion occurred in the
system.

e Understanding the impact of conversion on long-term CAC durability in terms of
drying shrinkage.
o This work observed a much higher drying shrinkage and mass loss in
converted CAC systems compared to unconverted ones.
o This study was held on CAC systems with different variables such as
different wi/c, different cement formulation, and different time to convert.
o Special curing procedures should be considered for larger sections which
may self-heat rapidly. This is essential in order to prevent conversion to
occur early on, before it builds up stresses due to drying shrinkage. This is
imperative in order to ensure better performance in CAC when used as a
rapid repair material.

5.2 Future Work

e Further investigation needs to be done on siliceous aggregates in order to examine
why they kept gaining higher electric resistivity measurements after significant
reduction. As it was observed that siliceous aggregates didn’t keep relatively
constant after time correlated to conversion as in other types of aggregates.

e SEM analysis need to be done on systems with 10% FGLS in order to understand
the reason for not showing strength reduction when promoted to convert two days
after casting. This work will help to understand if the systems fully converted or
just formed a different hydrate.

e Testing the validation of the electric resistivity measurement as a tool to assess
conversion with extended time to converting. This will be other than promoting
conversion two days or 27 days after casting. This will be to observe if the electric

99



resistivity will continue to show reduction on times correlated to reduction in
strength.

Further examination needs to be done to investigate the microstructure of the
converted and unconverted CAC systems to better understand the impact of
conversion on drying shrinkage. SEM analysis can help better understand the
porosity in these systems and how well they are interconnected. Understand if these
pores are filled with air or water.
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