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Abstract

Sustainability and awareness of the environment are increasingly becoming important for
transportation agencies worldwide. In Canada, many agencies are interested in maximizing the
use of recycled materials into roads. The main objective of this investigation study is to examine
the effect of different treatment methods on Coarse Recycled Concrete Aggregate (CRCA) for
usage in roads. One of the key material properties related to using CRCA is the interfacial
transition zone (ITZ). ITZ characteristics particularly microcracks and intermix phases on both
sides of ITZ are calculated. Mortar properties including pore size and matrix (macro) cracks
properties: width, length and crack density are also examined. Heat treatment includes various
temperatures (250°C, 350°C and 500°C). Pre-soaking method involves the use of strong acid HCI
and weak acid C>H4O-. In order to achieve surface characterization of the ITZ region and CRCA
surface of both of the treated and untreated CRCA, different advanced techniques are used such
as Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Microanalyzer (EDAX).
The obtained results revealed that the use of heat treatment is highly successful in improving
properties of microcracks ITZ including width and length of microcracks. Heat treatment at 250°C
exhibits the best performance by considerably decreasing the Ca/Si ratio resulting in big
transformations for aggregate side, whereas the optimum behavior for mortar side improvement
is recorded at 350°C. A successful acid treatment is recorded for both types; strong and weak
acid for decreasing pore size and lowering width and length of the ITZ microcracks. However, the
weak acid appears to be more successful in terms of improving the mortar in the ITZ, whereas
the strong acid is more effective on the aggregate. The outcomes also indicated that there is a
positive influence with the heat treatment at a temperature range between (0-350°C) on lowering
pore size, whereas various negative impacts are observed at higher temperatures including width
and length of matrix cracks and pore size. The crack density on the mortar side is highly related
to properties of matrix cracks including width and length though behavior of properties is
completely different.

Keywords: Coarse Recycled Concrete Aggregate (CRCA), Heat treatment, Acid treatment,
Interfacial Transition Zone (ITZ), Microcracks, Matrix cracks, Ca/Si ratio



1. Introduction

Among various types of construction materials, concrete, being the most extensively
consumed material, is responsible for rapid depletion of natural resources as a significant amount
of its main constituent materials, especially aggregates, are drawn from nature (Mukharjee &
Barai, 2014). According to the Ontario Ministry of Natural Resources (MNR), the average
consumption of aggregate reached approximately 179 million tonnes per year in Ontario during
the period of 2000-2009, while this average is projected to amount approximately 191 million
tonnes between 2020 and 2029 (MNR, 2010). Therefore, this would lead to critical shortage of
natural aggregates in Ontario and similarly in other Canadian provinces and in other countries
worldwide. Additionally, the manufacturing process of concrete and its main constituent, the
Portland Cement (PC), releases massive amounts of various pollutants including carbon dioxide,
sulfur compounds and nitrogen compounds that are responsible for serious environmental
pollution (Mukharjee & Barai, 2014). For instance, the manufacture of one ton of Portland Cement
leads to the release of nearly one ton of carbon dioxide into the environment depending on the
production process type (Demie et al., 2013).

Simultaneously, tremendous amounts of construction and demolition waste are generated
from various activities including construction, renovation, and demolition of aged buildings and
civil engineering structures. Recently, the amount of construction and demolition waste generated
was estimated annually at 1,183 million tonnes worldwide (Purushothaman et al., 2014). The
control and management of these huge waste quantities is becoming a serious challenge
worldwide especially for large urbanized areas due to the continuous increase of waste quantities,
lack of sufficient landfills for dumping of waste materials, and cost increases in transportation and
disposal. Therefore, the current practices of the construction industry would be considered is
environmentally unfriendly and unsustainable.

All these factors highlight the urgent need to identify innovative ways of recycling and reusing
waste materials. In order to dispose of the tremendous amounts of construction and demolition
(C&D) wastes, to reduce the consumption of natural aggregate resources and to reduce the
carbon footprint of the concrete industry, an environmentally friendly and sustainable construction
material, recycled concrete aggregate (RCA), was developed to be a green solution to these
problems (Zhang et al., 2015).

2. Literature review:

Concrete is a highly complex, heterogeneous and multiphase composite material at the
microstructural level, consisting of three main phases: aggregate, bulk cement paste (matrix) and
an interfacial transition zone (ITZ) between the aggregates and the matrix (Otsuki et al., 2003;
Akgaoglu et al., 2005; Tam et al., 2005; Tam & Tam, 2008; Tam et al. 2007; Xuan et al. 2009;
Kong et al., 2010; Erdem et al., 2012; Li et al., 2012; Erdem et al., 2012). Among the constituents,
the ITZ, which is structurally and mechanically different from the matrix and aggregate, is
essentially composed of three phases, namely: water film, Ca(OH). (CH) crystals layer and
porous paste matrix layer (Wong et al., 2009; Erdem et al., 2012; Jawahar et al., 2013).

Though the origin of the ITZ has not been fully understood yet, the common view for the
existence of the ITZ is namely titled the “wall effect”. This potential mechanism briefly refers to
spatial arrangements of anhydrous cement particles against an aggregate surface due to size
discrepancy. More specifically, it is well known that the typical size of cement particles range
between (1-100um), whereas the average size of aggregate is predominantly many times larger
than that of cement patrticles. In freshly compacted concrete, the cement particles are suspended
and its normal packing is disrupted. The cement particles cannot pack effectively when they are
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close to large solid objects, such as aggregates due to the phenomenon of the creation of a
geometric wall effect within the structure which results creating a narrow region around the
aggregates, namely the ITZ. The region is characterized by a relatively low concentration of
cement particles, high water content and consequently increased porosity (Cwirzen & Penttala,
2005; Leemann et al., 2006; Wang et al., 2009; Gao et al., 2014; Sun et al., 2015; Wu et al.,
2016).

As with other composite materials, the properties of the concrete are highly dependent on the
properties of each individual component, especially the connection area between major
components, and concrete properties are considerably determined by the ITZ (Ak¢aoglu et al.,
2005; Li et al., 2012). It has been widely reported that the ITZ is a weak region (Otsuki et al.,
2003; Tam et al., 2005; Tam et al., 2007; Poon et al., 2006; Duan et al., 2013) due to a high
presence of voids and microcracks that are highly related to strength properties. Subsequently,
the ITZ plays a crucial role for determining the mechanical performance of concrete (Tam et al.
2005; Tam et al. 2007; Guneyisi et al., 2014), though it is generally thin, between 10-50 um (Kong
et al., 2010). Therefore, the improvement of RCA microstructure has been a considerable concern
that noticeably interested many researchers and compelled them to enhance the characteristics
of the concrete (Kong et al., 2010; Jawahar et al., 2013; Purushothaman et al., 2014). However,
the factors that play an important role for forming the structure of the ITZ and its properties are
the aggregate properties including type, shape and surface conditions, cement and admixtures
and particularly the water-to-cement (w/c) ratio of the mixture (Akgaoglu et al., 2005). Figure 1
represents a schematic diagram for the ITZ zone.

Though the matrix and aggregate properties have an important effect on crack initiation and
propagation, the ITZ properties have a considerable and particular importance with regards to the
cracking of concrete (Akgaoglu et al., 2005). From the literature, it was concluded that the main
reason for initial microcracks is the large difference between the modulus of elasticity of the
aggregate and the matrix, resulting in higher tangential, radial and/or shear stresses at the
interface zone (Akgaoglu et al., 2005; Jawahar et al., 2013). The microcracks can be mainly
classified as either bond cracks or matrix cracks. The bond cracks typically initiate and appear at
the interface zone, whereas matrix cracks generally propagate across the cement paste (Jawahar
et al., 2013). However, the typical width of microcracks ranges between 0.5 and 10 um (Wong et
al., 2009). During concrete loading, increased concentration of microcracks makes them behave
as sources of subsequent macrocrack development that includes ITZ microcracks growing
through the matrix and combining with the matrix cracks to form macrocracks (Akcaoglu et al.,
2005).

Numerous studies focused on the addition of pozzalanic materials such as fly ash and silica
fume as a way for enhancing microstructure, especially the ITZ region of RCA. Tam and Tam
(2008) developed two mixing approaches namely two-stage mixing approach (silica fume) and
two-stage mixing approach (silica fume and cement). The first approach includes the addition of
silica fume into percentages of Recycled Aggregate (RA) in the first mix, whereas the second
technique consists of the addition of silica fume and amounts of cement into particular proportions
of RA in the first mix. The results of both techniques revealed that the utilization of silica fume and
proportional cement percentages lead to filling up the weak areas in the RA, resulting in an
improved interfacial region and higher strength of the concrete. Comparable outcomes were noted
by other researches (Tam et al., 2005; Li et al., 2009; Li et al., 2012) who investigated enhancing
RCA properties and microstructure through using a two stage mixing approach. The studies
concluded that there is an improvement in the ITZ region and RCA properties by using this
approach. Compared with the double mixing method it was revealed that there is a further
improvement for the ITZ and RCA properties through using a triple mixing method. The technique



includes surface coating of RCA with materials such as fly ash and silica fume. The captured
images of SEM analysis indicated that the coated pozzolanic particles can consume CH particles
that are accumulated in the pores and on the surface of the attached mortar to form new hydration
products resulting in successful improvement in ITZ microstructure and enhanced strength of
RCA (Kong et al., 2010).

The effect of different coarse RCA on the ITZ was examined on six different sources of coarse
RCA with varying strengths and quantities of attached mortar. The obtained results demonstrated
that there is a significant influence of the quality of attached mortar on ITZ properties. However,
it was observed that there is no obvious impact of the quantity of attached mortar on ITZ properties
(Otsuki et al., 2003). Poon et al. (2004) investigated the influence of RCA types on microstructure
of ITZ of concrete mixes prepared with RCA. Two different types of RCA including recycled normal
strength concrete (NC), and recycled high performance concrete (HPC) with water absorption
8.82% and 6.77% were respectively used in concrete mix design with a constant water to cement
ratio of 0.5 for both concrete mixes. The outcomes of SEM images showed that the ITZ of NC mix
mainly consists of loose and porous hydrates, whereas the ITZ of HPC mix is fundamentally
composed of dense hydrates. The adverse influence of attached mortar on self-compacting
concrete (SCC) containing RCA through using surface treatments was investigated. Various
surface treatment methods were applied including a two-stage mixing approach, pre-soaking in
HCI solution, water glass dispersion and cement-silica fume slurry. The captured images of SEM
analysis revealed that the new ITZs with treated RCA by using the two stage mixing approach,
water glass and HCI solution are characterized by less porous, highly dense and connected
microstructure compared to untreated RCA due to the recovery of microcracks and voids in RCAs.
In contrast, the use of cement—silica fume treatment resulted in porous microstructure and weaker
bonding in the new ITZ. Among different surface treatments, a considerable improvement to the
ITZ was recorded for the two stage mixing approach through providing a layer of cement slurry
on the surface of RCA which fills up the microcracks and voids (Glneyisi et al., 2014).

While thoroughly examining the literature related to methods and techniques of RCA
treatments and microstructure studies of RCA, it was clearly observed that there is a considerable
lack of knowledge on the effects of RCA treatments on ITZ properties, in particular, microcrack
and macrocrack development. The previous literature investigations have extensively highlighted
the effects of various treatment types on the enhancement of physical properties of RCA, resulting
in an obvious gap in this area. Therefore, this research particularly focused on studying the effect
of various treatments on enhancing ITZ properties through examination of ITZ microcracks.

3. Research objective

The main objective of this research was to investigate the influence of different treatment
methods on ITZ properties in particular of microcracks for coarse recycled concrete aggregate
(CRCA). Additionally, attached mortar properties including macrocracking behavior and
development, crack density and pore size due to various treatments were examined.

4. Materials and methods
4.1 Materials

The RCA material is classified as a granular A according to the Ontario Provincial Standard
Specifications (OPSS.MUNI 1010). The RCA was produced by Steed and Evans Ltd in the Region
of Waterloo, Ontario. In this study, the CRCA is defined as the sieve fraction retained between
4.75 and 19 mm. The results of physical properties of CRCA are shown in Tablel.



4.2 Methods
4.2.1 Treatment methods of CRCA

The CRCA was washed thoroughly, then dried in an oven at 105+5°C for 24 hours before
being used for different types of treatments and tests. The CRCA was soaked in an acidic solution
composed of Hydrochloric acid (HCI) (37%) and Acetic acid (C2H402) (99.7%) obtained from
Sigma-Aldrich at a low concentration of 0.1 M for 24 hours at room temperature around 20°C.
The CRCA was submerged in distilled water and drained to remove acidic solution, then the
samples were dried at 105+5°C for 24 hours to prepare for testing, whereas heat treatment was
conducted at different temperatures: 250°C, 350°C and 500°C for a period of one hour in a
conventional electric oven.

4.2.2 Measurement of microcracks for ITZ zone

The ITZ microcracks for CRCA were investigated at the Waterloo Advanced Technology
Laboratory in the Chemistry Department at the University of Waterloo by using Scanning Electron
Microscopy (SEM) (Zeiss Ultra plus microscope) at various working distances and magnification
factors.

4.2.3 Measurement of elemental composition for both sides of ITZ

In order to achieve the research objective, the SEM was fit with an energy dispersive X-ray
(EDX) spectrometer for scanning the regions of aggregate and mortar sides to examine elemental
composition. The specimens of approximate size 10 mm were prepared, dried and coated with a
thin layer of gold. The specimens were analyzed under an accelerating voltage of 20 kV of energy
at various working distances and magnification factors for SEM analysis, whereas EDAX samples
were examined at an accelerating voltage of 20 kV and 100 magnification.

4.2.4 Characterization of intermix phases

In order to distinguish intermix hydrate phases rich in calcium-silicate hydrate C-S-H, high
calcium hydroxide (CH) and monosulfate (AFm), the following classification was used in this
investigation (Tragardh 1999; Erdem et al., 2012):

CSH: 0.8 < Ca/Si <2.5,(Al + Fe)/Ca < 0.2

CH: Ca/Si = 10,(Al+ Fe)/Ca < 0.4

AFM: Ca/Si > 4,(Al + Fe)/Ca > 0.4

4.2.5 Measurement of matrix (macro) cracks density and pore size

The length and width of macrocracks, and pore size for the mortar surface was obtained from
captured images of SEM analysis. The macrocrack density (1/um), equal to the macrocrack length
per area unit, was calculated by dividing the total length of the macrocrack (um) by the total
examined surface area (um2).

5. Results and discussion
5.1 Influence of treatment types on ITZ microcracks (interface gap)

The differences between the microstructure of ITZs for untreated and treated CRCA were
studied using the images indicated in Figures (3-8). The magnified perspectives shown in Figure

6



3 show the captured image of untreated CRCA with a microcrack interface (gap interface)
between the aggregate and attached mortar. It is demonstrated that the microcrack width is not
uniform in the ITZ microstructure as it was reported by previous investigations (Jawahar et al.,
2013). Instead, the maximum width of the microcrack is 129.7um, which represents between 2-3
times the usual thickness of ITZ for a concrete or recycled concrete material. The size of the
microcrack can be responsible for increasing ITZ porosity, decreasing interface bonding and
making this area weaker than the surface of both mortar and aggregate. Therefore, this
observation will be very helpful to understand ITZ properties and it should be considered through
investigation of strength of recycled concrete. However, there is no mention about this observation
in the literature related to concrete and recycled concrete according to the best of the authors’
knowledge.

In order to understand behavior of the width and length of microcracks in the ITZ, the maximum
width and length of microcracks for acid treatment types are tabulated in Table 2. The obtained
results of heat treatment under different conditions are graphically analyzed in Figure 2. Overall,
it is clearly noticeable that there is a considerable reduction in width and length of microcracks
resulting in a significant improvement to the ITZ. This is mainly attributed to a large accumulation
of Calcium Silicate Hydrate (CSH) patrticles, which result from various reactions as in the following
equations:

2Ca3SiOs + 6H,0 — 3€a0.25i0,.3H,0 +3Ca(0OH)p «.vvvvninieiiiiiiiiien, (1) Or
2C5S (Alite) + 6H — (C —S — H) + 3CH(Portlandite)
2Ca,Si0, + 4H,0 - 3Ca0.28i05.3H30 + Ca(OH) 3 ovvniviiiiiiiiiiiiiceee (2) Or
2C,S (Belite) + 4H —» (C — S — H) + CH(Portlandite)
Ca(OH), + H,Si0, - Ca*? + H,Si0;2 + 2H,0 — CaH,Si0,.2H,0 ............... (3) Or
CH(Portlandite) + SH - (C —S — H)

The aged CRCA has been exposed to concrete hydration components. The reaction of
conversion of CH crystals that are accumulated on the CRCA surface to CSH particles is
becoming a main source for producing CSH particles. This is achieved under pozzolanic action
which transforms the amounts of CH crystals into CSH particles by the pozzolanic reaction
(equation 3). The accumulated CSH particles fill the microcracks due to their small size compared
with CH crystals resulting in microcrack improvement and ITZ densification.

As can be seen in Figure 2, there is an inverse relationship between the microcrack width and
length, and increasing temperatures. The microcrack width and length are sharply decreased
through heat treatment between (0-500°C). It is interesting to note that there is a slight increase,
which can be negligible, to microcrack width at 500°C compared with heat treatment at 350°C.
This means there is little impact of heat treatment type at high temperatures on microcrack width.
However, heat treatment has a negative influence on other surface properties of aggregate and
mortar as will be discussed later in this investigation. Therefore, the logarithmic equation with high
regression obviously reflects strong correlation between heat treatment and microcrack width and
length through this kind of treatment. From Table 3, the obtained results also revealed that acid
treatment for both strong and weak acid is highly successful to lowering width and length of
microcracks in the ITZ. However, treatment using weak acid seems to be more effective than
strong acid due to a slight difference in obtained outcomes for both types of treatment compared
with microcrack properties of untreated CRCA.



5.2 Elemental composition behavior on both sides of ITZ

Figures 9-a and 9-b present the atomic percentages of calcium (Ca), silicon (Si) and Ca/Si
ratio from the outcomes of EDAX analysis (Appendix A), which was conducted on both sides of
the ITZ; mortar side and aggregate side, were interpreted as a schematic diagram. The analysis
of untreated CRCA revealed that there is a significant difference in Ca atoms between the mortar
and the aggregate side indicating a higher percentage of CH particles on the mortar side that is
mainly responsible for high porosity in the ITZ. From the obtained results of heat treatment at
250°C, it is concluded that a considerable decrease of Ca atoms with a high increase of Si atoms
resulted in a significant enhancement for the ITZ for the mortar side as compared with the
aggregate surface. It is notable that a reduction in the Ca/Si ratio is observed, indicating a
significant transformation of the CSH phase which is substantially responsible for 1TZ
improvement.

The outcomes of acid treatments showed that HCI treatment seems to be more effective than
acetic acid in terms of Ca atom behavior for both sides of aggregate and mortar indicating a high
degree of transformation to CH crystals. Additionally, it is interesting to note that a high increase
in Si atoms is registered through acetic acid treatment compared with HCI acid for the aggregate
side, whereas HCI acid treatment is more effective for increasing Si atoms for the mortar side
than acetic acid. This could be explained by two factors: firstly, there is a significant variance in
the ability of strong and weak acids to attack the surface adhered mortar, and secondly, the
surface material type. De Juan & Gutiérrez mentioned that HCI treatment cannot be used to treat
RCA with limestone aggregates due to the adverse acid attacks on this type of aggregate.
Moreover, the obtained results demonstrated that there is a considerable reduction of Ca/Si ratio
for the aggregate side using acetic acid treatment as compared to HCI acid treatment, whereas
HCI acid seems to be more successful for lowering the Ca/Si ratio on the mortar side, resulting in
a significant transformation of CSH phase.

The atomic Ca/Si ratios on both sides of the ITZ measured by SEM coupled with EDAX are
plotted in Figure 10. It is shown that a significant difference was observed in the behavior of atomic
Ca/Si ratio between aggregate and the mortar side of the ITZ. For a temperature range between
20-350°C, the atomic Ca/Si ratio of the mortar side was sharply decreased, whereas it was
registered that there is a slight decrease to the same ratio on the aggregate side of the ITZ. It is
also demonstrated that heat treatment at higher temperatures between (350-500°C) has a
negative influence on atomic Ca/Si ratio for both aggregate and the mortar side of the ITZ.
However, the Ca/Si ratio on the mortar side is significantly affected by higher temperatures
through increase of the Ca/Si ratio compared with the aggregate side which is only slightly
influenced by the same conditions. The significant regression clearly indicates that the behavior
of the atomic Ca/Si ratio on both sides of the ITZ and heat treatment are considerably related.

5.3 Intermix phases behavior on both sides of ITZ

Figure 11 represents the modification of intermix phases on both sides of the ITZ; aggregate
and mortar side through different treatment types. Generally, it is thoroughly noticeable that the
obtained results of the Ca/Si and the (Al + Fe)/Ca ratios reflect broad transformations of intermix
phases on both sides of the ITZ. However, substantial improvement of transformation to CSH
phase was registered for various treatment types. For untreated CRCA, the ratios of Ca/Si and
(AL+Fe)/Ca indicate that the intermixed material on the surface of mortar and the aggregate side
of the ITZ consists of different phases. As clearly shown, the position of the intermix phase is
located in a transition area, which means, there is no certain predominant material among various
phases for both surfaces of aggregate and mortar. Nevertheless, a significant difference was



observed regarding the Ca/Si ratio which refers to the existence of a large variation between
constituent materials of the two surfaces.

For heat treatment type, it is revealed that the best performance of transformation to CSH
phase is recorded at 250°C recording Ca/Si ratio valued 2.5 for aggregate side of ITZ, whereas
the mortar side enhancement through CSH transformation at 350°C exhibits as an optimum
behavior with 2.46 of Ca/Si ratio. It is interesting to note that the Ca/Si ratio at 250°C was
significantly lowered to 1.34 compared with the value at 350°C. This can be explained by the
possibility of secondary ettringite formation due to a high percentage of (Al+Fe/Ca) (ratio 0.46).
Erdem et al. supposed that the release of sulfate or a high amount of Al, Fe and S may promote
ettringite recrystallization. Therefore, there is deviation from the CSH to AFM phase though
lowering Ca/Si ratio. The obtained results of heat treatment at 500°C clearly present a negative
impact of high temperature on transformation to the CH phase due to a considerable increase in
Ca atoms compared with untreated CRCA for both sides of the ITZ; aggregate and mortar. It could
be expected that material decomposition occurred at higher temperatures. Al-Bayati et. al (2016)
mentioned that Thermal Gravimetric Analysis (TGA) provided more details about the mass loss
and chemical breakdown of compounds such as H20 and CO2 due to exposure to different
temperatures. TGA studies indicated that the mass loss between 105°C-200°C is related to
vaporized water in pores and poorly hydrated C-S-H, whereas loss is correlated with water
dissociation from well hydrated C-S-H between 200°C-420°C. Ca(OH), decomposes between
temperatures 420°C-550°C, whereas poor and well crystalline CaCO3 molecules dissociate to
release CO2 between 550°C-720°C and 720°C-950°C, respectively. However, these temperature
ranges are slightly different due to many factors such as aggregate type and chemical
composition.

The outcomes of acid treatment indicated that there is a significant difference in CSH
transformation between the aggregate and mortar sides of the ITZ for HCI acid treatment though
approximate closer values Ca/Si ratios 1.84 and 1.17 respectively were recorded. The obtained
results of acetic acid treatment revealed that there is a considerable difference between the
aggregate and mortar side (0.88) and (2.32) resulting in significant phase transformation.

5.4 Influence of treatment types on surface properties
5.4.1 Pore size in mortar surface

Pore size behavior of CRCA is presented in Figure 12 and Table 4 based on the captured
images of SEM test in Figures 13-18. The obtained outcomes of heat treatment clearly indicate
that there is a dramatic decrease in pore size through a temperature range of (0-350°C). By
contrast, the pore size is sharply increased within a temperature range of (350-500°C), resulting
in a considerable negative effect of higher temperatures on pore size of the mortar surface. More
specifically, it is highly interesting to note that the pore size through heat treatment at 500°C is
increased three times compared with pore size of untreated CRCA. The obtained results also
demonstrated that a successful acid treatment is registered for both types; strong and weak acid
for decreasing pore size of CRCA. However, the treatment using strong acid seems to be more
successful based on the laboratory results.

5.4.2 Width and length of matrix cracks

Properties of matrix cracks including width and length, and behavior of cracks on mortar
surface of CRCA for various treatment types, are demonstrated in Figures 19-a, 19-b and Table
5. Whereas, the SEM images of matrix cracks are given in Figures 20-25. It is shown that there
is a negative influence of heat treatment on properties of matrix cracks; width and length on the



mortar surface. The width and length of matrix cracks are gradually increased within the
temperature range of (0-350°C), whereas the properties of cracks, width and length, are sharply
increased through rising temperatures to 500°C resulting in a considerable impact for heat
treatment at higher temperatures. The obtained outcomes also revealed that the behavior of both
properties exhibit as a polynomial equation and strongly correlate with heat treatment due to high
regression. Table 5 displays properties of matrix cracks including width and length using acid
treatment. The obtained results indicated that there is a negative effect for both types of acid
treatment on properties of matrix cracks through increasing width and length compared with the
same properties of matrix cracks for untreated CRCA. It is concluded that the influence of both
acid treatments is similar to impact of heat treatment within temperature range (0-350°C).

5.4.3 Matrix (macro) cracks density

The obtained results of crack density and the relationship between crack density and
properties of matrix cracks including width and length are presented in Figures 26-27. The
outcomes demonstrate that crack density is slightly raised in a temperature range of (0-350°C),
whereas crack density is dramatically increased at a higher temperature range of (350-500°C).
However, the overall behavior shows a strong correlation between the crack density and heat
treatment.

The outcomes also demonstrate that properties of matrix cracks including width and length
are significantly correlated with crack density. As crack density increases, both matrix crack
properties, width and length, are increased. However, a significant difference in behavior is
noticeable between the two properties. The developed relationship from regression analysis
between the crack density and the width of matrix cracks presents itself as a polynomial equation,
and this exponential equation completely describes the relationship between crack density and
length of matrix cracks.

Conclusions

The influence of different treatment types on ITZ properties, especially microcracks and mortar
surface properties, have been investigated in this study. Based on the experimental results, the
following conclusions could be drawn:

e Heat treatment method is highly successful in improving properties of microcracks in the ITZ
including width and length of microcracks. It is concluded that there is an inverse relationship
between microcrack properties including width and length, and increasing temperatures.
However, heat treatment at high temperature (500°C) has very little influence on microcrack
width due to a slight increase compared with microcrack width at 350°C.

e Acid treatment is an effective technique for lowering width and length of microcracks in the
ITZ. However, treatment using weak acid appears to be more successful than strong acid
due to a slight difference in the obtained results for both types of acid treatment.

e Heat treatment at 250°C exhibits the best performance by considerably decreasing the Ca
atoms with highly increasing the Si atoms for the mortar side compared with the aggregate
surface resulting in a considerable decrease in the Ca/Si ratio which indicates significant
enhancement for the ITZ zone. However, there is a negative impact for heat treatment at
higher temperatures between (350-500°C) on the atomic Ca/Si ratio for both aggregate and
the mortar side of the ITZ.

o Ultilization of acetic acid treatment leads to a significant reduction of the Ca/Si ratio for the
aggregate side compared with HCI acid treatment, whereas HCI treatment seems to be more
successful for lowering the Ca/Si ratio on the mortar side.
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e Best performance of transformation to the CSH phase was observed at 250°C for the
aggregate side of the ITZ, whereas the mortar side improvement through CSH transformation
is recorded at 350°C as an optimum behavior. It is concluded that the use of acetic acid
treatment is more successful for CSH transformation for the mortar side of the ITZ. Whereas,
HCI acid treatment seems to be highly effective for CSH transformation on the aggregate
side of the ITZ.

e Heat treatment at temperatures ranging between (0-350°C) has a strong positive influence
on pore size reduction due to dramatic decrease of pore volume values. Whereas, there is a
significant negative impact of heat treatment within a temperature range of (350-500°C) due
to considerable increase of pore size compared with untreated CRCA. A successful acid
treatment is recorded for both types: strong and weak acid for decreasing pore size of CRCA.
However, the treatment method using strong acid seems to be more effective due to a slight
difference compared with weak acid.

e Heat treatment has a negative effect on the properties of the matrix cracks including width
and length on the mortar surface. This influence is considerably increased at temperatures
that ranged between (350-500°C). It is concluded that the impact of both acid treatments on
properties of matrix cracks including width and length is similar to the influence of heat
treatment at temperatures between (0-350°C).

e Crack density on the mortar side is strongly correlated with properties of matrix cracks
including width and length due to a significant regression. However, a considerable difference
in the behavior is clearly observed between properties of matrix cracks and crack density.
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Table 1: Physical properties of CRCA

Specific | Absorption, Adhered Micro-Deval Fractured | Aggregate Flat &

. Mortar, % Abrasion Particles,% .
0, 2 U 0,
Gravity % With | Without Loss, Crushing Elongated,%
CRCA ASTM C ASTM C steel steel %ASTMD6928 ASTM Value LS-608
127 127 ball ball D5821 BS 812-
110
2421 3.74 2.53 1.08 16.03 95.72 23.28 0.44

Table 2. Microcrack width and length in ITZ zone before and after acid treatments

CRCA Treatment/ Microcrack width Microcrack length
Property (um) (um)
CRCA untreated 129.70 780
CRCA soaking in HCI 5.29 209.1
CRCA soaking in C2H402 1.93 28.8

13



Table 3. Pore size in mortar surface before and after acid treatments

CRCA Treatment/ Pore size
Property (um)
CRCA untreated 208.9
CRCA soaking in HCI 139.9
CRCA soaking in C2H402 156.1

Table 4. Matrix crack width and length on mortar surface before and after acid treatments

CRCA Treatment/ Property Macro crack width Macro crack length
(um) (um)

CRCA untreated 0.70 20

CRCA soaking in HCI 2.68 35

CRCA soaking in C2H402 4.54 123

Transition zone with
large Ca(OH), crystals
and ettnngite needles

Thin surface layer
of C-S—H fibres

Bulk cement
paste

Figure 1: Schematic diagram of ITZ zone (Cement Chemical Composition and Hydration
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Figure 2: Behavior of ITZ microcrack through heat treatment:- a: width b: length
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Figure 9: Schematic diagram of ITZ zone:- a: heat treatment at 250°C, b: acid treatments
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Figures. 19: Behavior of matrix cracks properties through heat treatment:- a: width, b: length
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Figure 22: Matrix cracks on mortar surface through heat treatment at 350°C
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Figure 24: Matrix cracks on mortar surface through HCI treatment
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Figure 26: Behavior of matrix crack density through heat treatment
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Appendix A: the obtained results of EDAX analysis for aggregate and mortar surface
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Fig. Al-a: EDAX of untreated aggregate surface Fig. Al-b: EDAX of aggregate surface at 250°C
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Fig. Al-c: EDAX of aggregate surface at 350°C Fig. Al-d: EDAX of aggregate surface at 500°C
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Fig. Al-e: EDAX aggregate surface HCI T.  Fig. A1-f: EDAX aggregate surface acetic T.
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Fig. A2-a: EDAX of untreated mortar surface Fig. A2-b: EDAX of mortar surface at 250°C
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Fig. A2-c: EDAX of mortar surface at 350°C  Fig. A2-d: EDAX of mortar surface at 500°C
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Fig. A2-e: EDAX mortar surface HCI treatment Fig. A2-f: EDAX mortar surface acetic treatment
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