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Executive Summary

Currently, recycled aggregates are only used in lower grade applications due to the major
reason of their high porosity and consequently high water absorption. If recycled aggregates
were remained untreated and then utilised in higher grade concrete applications, they would
significantly weaken the concrete qualities, barely achieving a fraction of the required

mechanical strength that is needed for the successful use of the concrete.

In this experimental study, the fresh and hardened mechanical properties of concrete have been
investigated by substituting Natural Aggregate (NA) with Recycled Aggregate (RA). Due to
the relatively high porosity and therefore high water absorption of RAs, surface treatment
options have been considered to improve this and therefore ultimately improve the fresh and

hardened mechanical properties of the concrete they are utilised in.

The surface treatment options that have been considered previously throughout past literature
have been found to not be environmentally friendly and/or far too expensive to be industrially
viable long term solutions. However, due to the lack of prior investigation into the combined
effects of the RA surface treatment methods of pre-soaking and screening, the utilisation of
these relatively environmentally friendly, cost effective and potentially industrially viable

surface treatment methods has formed the basis of this experimental investigation.

It has been found in this study that the quality of the fresh and hardened mechanical properties
of the concrete utilising RA were directly related to where the source of the RA materials came
from. With the newer recycled aggregate material clearly exhibiting similar mechanical
strength to the concrete control concrete sample, whereas the full 100% replacement of the
older RA material did not achieve anywhere near the design values needed for satisfactory high

grade use.

The combined effect of the surface treatment methods of pre-soaking and screening was found
to be quite successful and to potentially be a sustainable industrially viable solution, however
it is recommended that more study is undertaken into this specific field. As the very limited
research that has been previously conducted has not allowed for very significant comparisons

to be made between the results of this experimental investigation.
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1. Introduction

In the last decade there has been a massive growth in the development of concrete
infrastructures all around the world. As a result of this increased demand, the construction
industry has been consuming natural resources and conducting more reparation and demolition
works than ever before in order to successfully meet the much larger needs of modern day
construction. Therefore to accommodate for this increased consumption rate, more quarries
have required to be implemented and due to the larger amounts of construction waste being
generated, increased means of waste management have been needed, thus overall being at a
negative impact on the environment. For these reasons, the incorporation of Recycled
Aggregates (RA) into concrete products, particularly higher grade structural applications,
would be a significant achievement not only from an industry point of view, but for the

preservation of the environment as a whole.

1.1 Background

In order to maximise natural rock and promote environmental sustainability, RAs are mainly
produced from recycled demolition materials which include recycled concrete, brick and
masonry (Boral, 2019). RAs are generally a versatile material, although currently being only
suitable for lower grade applications such as for use in low strength concrete, base and subbase
for road pavement, asphalt production, structural fill and as drainage backfill material. This is
due to the attached mortar and other surface additives that are commonly found on the surface
of RA from their source of demolition, consequently exhibiting relatively high porosity,

making concrete utilising RA not suitable for higher grade usage.

During the curing process of concrete utilising RA, higher amounts of water are absorbed into
the surface of the aggregate, greatly increasing the moisture content of the RA as a result. This
becomes a major issue when a specific water to cement ratio is wished to be achieved in
concrete, as this ratio is of the upmost importance to achieve reliable strength values with
higher grades of concrete. Due to the high water absorption of RA, the fresh and hardened
mechanical properties of concrete utilising RA are detrimentally affected, with the workability
of the concrete significantly decreased and the compressive and tensile strength of the hardened
concrete demonstrating considerably lower limits than what would be achieved when utilising

NA instead. (Abhiram & Saravanakumar, 2015)



It has been previously studied that the surface treatment of RA can be effective in nullifying
the negative impacts that RA has on concrete when it’s utilised as a replacement for NA.
Ultimately improving the fresh and hardened mechanical properties of concrete and potentially

successfully achieving the strength required for higher grade structural applications.

However, currently there are no industrially viable solutions to successfully utilise RA in
concrete. Aggregate surface treatments such as silicate coatings, in particular lithium silicate,
have been investigated and deemed impractical for industrial use, as they are far too expensive
to implement and are not environmentally friendly as they cannot be readily and safely
disposed of. Other RA surface treatments that have also been considered infeasible for

industrial use are nitric dissolution, freeze thawing and thermal expansion.

The alternate RA surface treatments of pre-soaking and screening are therefore of very high
interest for investigation, as there has been a very limited amount of research into the

combination of these two surface treatments on the properties of concrete utilising RA.

1.2 Research Gap

Prior research has been conducted into various RA surface treatments trying to resolve the
inevitably poor properties exhibited in concrete utilising RA. There is currently no industrially
viable solution as to using RA, due to the reasons outlined in Section 1.1. For this reason, the
influence of the combination of the surface treatment methods pre-soaking and screening on

RA has been of extremely high interest for investigation.

This experimental investigation will therefore analyse the influence of this particular
combination of RA surface treatment methods on the fresh and hardened mechanical properties

of concrete utilising RA.

1.3 Project Overview

1.3.1 Project aims

The aims of this experimental investigation are to successfully investigate the effects of pre-
soaking and screening on the mechanical properties of concrete utilising RA and to find an
industrially viable method in which recycled concrete can actually be used in high grade

structural applications.



1.3.2 Key objectives

The key objectives for this experimental investigation are:

o Investigate the influence of the complete replacement of recycled aggregate in concrete;

e Study the influence of the combination of pre-soaking and screening on the fresh
properties of concrete utilising RA; and

e Study the influence of the combination of pre-soaking and screening on the mechanical

properties of hardened concrete utilising RA.

1.3.3 Research significance
Through the investigation of the combined effect of pre-soaking and screening on RAs, it is
intended that this research will help improve concrete material recyclability. Ultimately
assisting in finding an environmentally friendly and industrially viable solution of overcoming
the critically high water absorption exhibited by highly porous RAs. This research will
showcase the workability and strengths that concrete utilising RAs can achieve, in order to
potentially encourage their increased utilisation in higher grade structural concrete applications

in the future.

1.3.4 Project scope
The scope of this experimental investigation is to analyse the impacts of the combined RA
surface treatments of pre-soaking and screening on the fresh and hardened mechanical
properties of concrete utilising RA. Providing sound recommendations regarding to these

particular treatment methods being viable for industrial implementation.

1.4 Report Outline

Each of the sections of this report are outlined below:

e Section 2 — A literature review, introducing the reader to the context of RA and the
surface treatments that have previously been investigated.

e Section 3 — A description of the methodology adopted to analyse the fresh and
hardened mechanical properties of concrete utilising RA.

e Section 4 — Analysis and discussion of the results of the experimental investigation.

e Section 5 — Conclusion of the findings gathered throughout the investigation.

e Section 6 — Recommendations for the successful industrial implementation of RA.



2. Literature Review

2.1 Recycled Concrete Aggregate

2.1.1 Overview

Recycled Aggregates are obtained from the crushing and recycling of demolition waste
materials, mainly concrete, although sometimes including bricks and masonry. This demolition
waste is converted into a sellable RA product via a screening process that sieves the crushed
materials into specified sizes (namely 10mm and 20mm), where they are then stockpiled for
basic size and quality control. For RAs to be used as a new component of another concrete
mixture, a thorough understanding of the properties of the aggregates is needed, as they greatly
differ from the properties exhibited by NAs and are likely to be detrimental to the overall

strength of the concrete.

The main difference of RA from NA is the quantity of cement mortar still maintained on the
surface of the aggregate after it is obtained from the crushing of the recycled construction
demolition materials. Figure 2.1.1 illustrates the typical cement mortar that is attached to the

grains of RA (Malesev, et al., 2014).

original aggregate

original mortar

Figure 2.1.1 Typical cement mortar attached to RA grains

It can be seen from the gross depiction in Figure 2.1.1 that the original aggregates are
surrounded by a matrix of highly porous cement mortar. Due to the methods undertaken to
create RAs from recycled materials, this relative abundance of mortar varies widely depending
on the location of where the construction waste materials were actually sourced. This
variability adds to the unreliability and inconsistent performance of concrete when RA is

utilised instead of NA.



2.1.2 Recycled coarse aggregate (RCA)

According to AS 2758.1, RCAs are defined as aggregates having a nominal size greater than
or equal to Smm (Standards Australia, 2014). Coarse aggregates generally take up around 40%

of the total mass of a concrete mix.

RCAs are generally the major attributors to the high water absorption of RA as a whole, as
most of the residual cement mortar attaches itself more easily to the larger coarse aggregates
rather than the fine aggregates. This attribute has been previously found to greatly reduce the
overall compressive and tensile strength of concrete utilising RA, as well as greatly decreasing
the workability of the fresh concrete (Broadbent, 2017). Hence is the reason for the

implementation of RA surface treatments, in order to try and resolve this major RCA issue.

2.1.3 Recycled fine aggregate (RFA)

RFAs are defined as having a nominal size less than Smm (Standards Australia, 2014). Fine

aggregates generally take up around 25% of the total mass of a concrete mix.

The major problem with RFAs are the way they are created, as RFAs are generally RCAs
crushed to a much finer material. As a consequence of this, RFAs commonly consist of residual
cement and fly ash particles which could potentially act as cementitious components to a
concrete mix and increase the strength of the concrete. However as a result of this, the RFAs
would therefore not satisfy their intended purpose of being a finer structural matrix for the
additional cementitious material to bind to, thus remaining incredibly porous and being an

overall detriment to the fresh and hardened mechanical properties of the recycled concrete.

It however has been previously found that the influence of the utilisation of RFA in concrete
does not negatively impact the overall strength of the concrete, with the properties of recycled
RFA concrete being similar to that of concrete utilising NA. It has also been found that the
overall durability of RFAs are just as good as those exhibited by natural fine aggregates (Zega
& Di Maio, 2011). Therefore, it could be said that the complete replacement of RFA into
concrete could already potentially be a solution implemented in industry to successfully
achieve higher grade structural concrete while also utilising otherwise wasted finer recycled

materials.



2.1.4 Current applications and limitations

2.1.4.1 Applications

Recycled Aggregates are a very versatile material, currently being applied in a broad range of
areas within the construction industry. However, they’re only suitable for lower grade
applications due to their high porosity, as discussed previously. Examples of the applications
that RAs are being used for, according to Concrush, are:

¢ Drainage backfill material;

e Pipe bedding, side & haunch material;

e (General fill material;

e Concrete slab, driveway and footpath bedding material;

e Pavement bedding material;

e Structural fill material; and

e Base and subbase for road pavement (Concrush, 2019).

2.1.4.2 Limitations
There are various limitations associated with RA when utilised in concrete. Mainly the
workability of the fresh concrete and the compressive and tensile strength of the hardened
concrete being significantly lower than that of concrete utilising NA at the same water to
cement ratio, therefore restricting its usage to only lower grade non-structural applications, as
outlined previously. The most effective method of improving the fresh and hardened
mechanical properties of recycled concrete has been found to reduce the amount of mortar

attached to the RA particles, currently achieved via the surface treatment method of screening.

Another potential solution for this limitation could be to implement a moisture correction to
the concrete mix design, to possibly resolve the inconsistencies experienced with the water to
cement ratios and ultimately improve both the workability and mechanical properties of

concrete utilising RA.

2.1.5 Benefits

As outlined in Section 1, the growing construction industry and its increased usage of natural
resources has been negatively impacting the environment. Mainly through the increased
amount of quarries needing to be implemented and consequently, the amount of landfill sites

required to accommodate for the increased construction demolition works.



The major benefit of RAs is that they have been proven to be environmentally friendly and
very economically beneficial when utilised in concrete instead of NA, as they are essentially
enabling the re-use of otherwise wasted materials into concrete applications, reducing the
overall dependence on NA sources for modern day construction (Mack, et al., 2018). Thus

having a positive influence on the environment.

Through just the partial utilisation of RA in concrete, it has also been found that the overall
production cost can be saved by up to 60% and the total energy consumption saved by up to
58%. Resulting in the overall carbon footprint from production being reduced by up to 65%

(Hossain, et al., 2016). Therefore it is of a great benefit to utilise RA in concrete applications.

2.2 Physical Properties of RA

2.2.1 Surface texture and shape of RA particles

In terms of morphological structure, RA is far less suitable than NA for use in concrete
applications, as the excess old mortar and other surface additives commonly found on RAs are
highly porous (Olorunsogo & Padayachee, 2002) and usually relatively less dense than the
actual aggregate itself. These additives consequently make the shapes of the RA grains
irregular and angular shaped, exhibiting cracked and thus porous surfaces. The prominence of
these surface additives on the RAs is directly related to where the recycled waste was sourced
from prior to production as well as how the aggregates were actually produced (the type of

crusher, screening, sieving, grading and other processing procedures).

2.2.2 High water absorption

Water absorption is the characteristic by which RA differs the most from NA. The reason for
this is that the additional cement mortar attached to RA is significantly porous and thus the
water absorption experienced by RA is significantly larger. To successfully utilise RA within
concrete products, the water absorption capacity of the RA must be known prior to the mixing
of the concrete to ensure the appropriate water to cement ratio is achieved. Table 2.2.1
effectively compares RCA with NA, to better illustrate the differences in physical properties
such as water absorption, specific gravity and bulk density between the two (Patil, et al., 2013).



Table 2.2.1 Physical properties of NA and RCA

No. Physical Property NA RCA
1 Water Absorption (%) 1.56 6.4
2 Specific Gravity 2.63 2.3
3 Bulk Density (kg/m?) 1469.8  1325.93

As can be seen, the water absorption is significantly higher in the RCA sample, at 6.4% which
is quadruple that of the 1.56% experienced in the NA. However, the specific gravity and overall
bulk density of the RCA are both lower than that of the NA. This large variation in water
absorption capacity essentially means that RA cannot easily be used in industry, as the exact
water absorption is not able to be effectively controlled by contractors and is thus unreliable to

achieve the required water to cement ratios in higher grade concrete.

However, a potential way to resolve this issue (which is being investigated in this report) is to
implement the surface treatment method of pre-soaking on the RA and then account for this
additional water prior to mixing via a moisture correction. This would be done to ensure that

the required water to cement ratio is ultimately maintained for each specific concrete mix.

2.3 Properties of Concrete Utilising RA

2.3.1 Fresh properties

2.3.1.1 Workability
The workability of concrete is the property of freshly mixed concrete which determines the
ease and homogeneity with which it can be mixed, placed, consolidated and finished (The
Constructor - Civil Engineering Home, 2019). The water to cement ratio of concrete has a very
significant effect on the workability of concrete, as they are directly proportional to one

another, with an increase in water to cement ratio increasing the workability accordingly.

The poor characteristics of RA grains generally negatively impact the water to cement ratio
and thus the workability of fresh recycled concrete. It has been found that the complete
replacement of RA in concrete has a detrimental effect on the workability, whereas the
replacement of up to 20% RFA has been proven to have no considerable effect on the

workability (Kisku, et al., 2016).

The slump test is one of the most commonly used methods of measuring the basic workability

of a concrete mix, and is therefore the method that was used during this experimental



investigation for its ease of implementation. In a previous study, the slump measurements of
NA concrete were found to be higher than that of 100% replaced RCA concrete which had the
least slump. The low slump in the RCA100 concrete was deemed to be caused by the high

absorption of water during the mixing process (Patil, et al., 2013).

2.3.1.2 Air content
The application of RAs in concrete has been found to have no considerable effect on the amount
of air entrapped in fresh recycled concrete. Previous investigations have discovered that the
amount of entrapped air is only up to a value of 1% in recycled concrete, which can be

considered as negligible (Malesev, et al., 2014).

2.3.2 Hardened mechanical properties

2.3.2.1 Compressive strength
The compressive strength of concrete utilising RA 1is directly reliant on the quality of the RA
and the amount of mortar still attached to the RA surface, which contributes to high water
absorption and thus lower strength, as discussed previously. With the increased replacement of
RA in concrete, generally the compression strength achieved is decreased. Recycled concrete
also generally exhibits lower densities than naturally sourced concrete, from the porous nature

of the RA, adding to the reasoning behind its poorer compressive strength.

It has been found that up to 50% replacement of RCA in concrete is satisfactory to confidently
achieve a medium concrete grade of 30MPa (Patil, et al., 2013). Patil also found that the
compressive strength of recycled concrete is directly related to the quality of where the
aggregates are sourced from, meaning that it is entirely possible to achieve the required strength
properties in recycled concrete for higher grade applications if the aggregates are sourced from

decent quality construction materials.

2.3.2.2 Tensile strength
Tensile strength for recycled concrete does not significantly depend on the type and amount of
applied RA in the concrete mix (Malesev, et al., 2014). But if a specific verdict were to be
made, the increased implementation of RA in concrete was found to slightly decrease the

tensile strength.



2.3.2.3 Tensile to compression strength ratio
The overall tensile to compressive strength ratios of various RA replacement amounts in
recycled concrete have been found to be slightly lower than the ratios exhibited by concrete

utilising NA (Malesev, et al., 2014).

2.4 Surface Treatment Methods for RA

Surface treatment methods are the most promising solution for improving the negative
properties of RA to permit their successful utilisation in higher grades of concrete. Previous
studies have investigated the effects of surface additive removal, lithium silicate coating,
screening and pre-soaking methods on the properties of RA concrete. However as explained in
Section 1.2, the combination of pre-soaking and screening has not been extensively

investigated.

2.4.1 Surface additive removal

There are multiple RA surface additive removal methods that have been previously studied to
effectively reduce the cement mortar content on RAs, with the most common methods being;

mechanical beneficiation, thermal beneficiation and acid corrosion beneficiation.

2.4.1.1 Mechanical beneficiation
The mechanical beneficiation method essentially involves the surface additives on RAs being
separated via both abrasive and impact forces applied on the RAs through either an eccentric
shaft rotor or through mechanical grinding. The mechanical grinding method has been chosen
as the preferred method for analysis in this literature review as it is the relatively more efficient

of the two mechanical methods.

Mechanical grinding separates the additional cement mortar from the aggregates using a large
drum containing iron balls and basically rotating the drum and tumbling the balls around to
grind off the adhered mortar. Generally, the greater the amount of drum rotations, the greater
the amount of mortar that is removed. However, with the greater the amount of rotations, there
is the increased likelihood that some of the aggregates themselves will encounter surface

cracking thus lowering the overall yield strength of the aggregates (Despotovic, 2016).

Mechanical grinding was also found to have multiple disadvantages, with the method
consuming considerably high amounts of energy (therefore being very expensive) and creating

a large amount of noise pollution, as well as creating a significant amount of hazardous fine
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cementitious dust as waste during the process. Therefore it can be seen how this method is

deemed infeasible for broad industrial implementation.

However, the mechanical grinding method is relatively easy to implement and has been found

to be generally more efficient than other treatment methods.

2.4.1.2 Thermal beneficiation
The thermal beneficiation method essentially involves the heating of the RAs to temperatures
of around 400°C, where the difference in the thermal expansion rate between the cement mortar
and the aggregate is exploited, basically detaching the weaker cement mortar from the
aggregate grains. The heated RA samples are then transferred to an abrasion apparatus and
sieved to physically separate the RAs from the cement mortar. This treatment process is better

illustrated in Figure 2.4.1 (Shima, et al., 2005).
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Figure 2.4.1 Thermal beneficiation process

The quality of RAs utilising thermal beneficiation treatment is significantly increased in
comparison to other methods. However, it has been found that if the RAs are overheated, the
RAs can potentially undergo degradation, resulting in an overall loss in mass of RA post
treatment. Further disadvantages of this method include its even higher energy consumption
and its very lengthy treatment durations, thus making it unsuitable for broad industrial

implementation.

11



2.4.1.3 Acid corrosion beneficiation
The acid corrosion beneficiation method involves the exploitation of the very alkaline nature
of cementitious materials, which are commonly adhered onto the surface of RAs, and
separating them via the use of acidic corrosion. This is essentially achieved by soaking the RAs
in a chosen acidic solution for approximately 24 hours to corrode the adhered cement mortar
and detach it from the surface of the RAs. After which the RAs are then washed and submerged
in water for a further 24 hours where they are then sieved to physically separate the corroded
cement mortar from the aggregates. It has been found previously that hydrochloric acid (HCL)
and sulphuric acid (H2SO4) are the most appropriate acidic solutions to remove the highest

amounts of unnecessary cement mortar off the RA surfaces (Tam, et al., 2007).

This surface treatment method has been found to consist of various significant disadvantages
which disapprove of its feasibility as a potential industrially implemented solution. The major
disadvantage is that although increased acid concentration generally results in increased mortar
removal, the higher the acid concentration comes the increased amount of chloride and/or
sulphate by-products that are induced into the remaining RAs. From which as a result,
negatively impact the durability of the final concrete product when the RAs are utilised as
replacements for NAs. Due to the aggregates themselves reacting with these by-products,
potentially lowering the yield strength of the individual RAs and/or potentially causing the
premature corrosion of steel reinforcement, thus being detrimental to the durability of the

recycled concrete as a whole.

Overall this treatment method has been found to be far too time consuming to be successfully
used in industry, as well as being too expensive and not environmentally friendly. This method
also poses large concerns for the health and safety of workers that have to handle these
hazardous chemicals, if they were to be used commercially, therefore contributing to its further

infeasibility as a treatment option.

2.4.2 Lithium silicate surface coating

Lithium silicate is a compound most commonly used as a sealant agent for concrete and has
been determined through previous investigations to be one of the more favourable RA surface
coating compounds. The lithium silicate surface treatment process generally consists of
immersing the RAs in lithium silicate solution for a period of time, allowing the lithium silicate
to soak into the relatively porous RAs and essentially induce a hydration reaction with the free

calcium found within the adhered cement mortar on the RA surface. This reaction then creates
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an insoluble calcium silica hydrate solution which basically fills most of the RA pores,

essentially decreasing the overall water absorption capacity exhibited by the RAs.

However, the lithium silicate surface coating method has been deemed to be not

environmentally friendly and far too expensive to be successfully implemented in industry.

2.4.3 Screening
The surface treatment method of screening consists of the RAs being fed into a screening
machine, shown in Figure 2.4.2, essentially undergoing different degrees of separation

depending on the amount of times they’re fed back into the machine.

Figure 2.4.2 Screening machine

The RA material is separated by passing through a vibrating ‘screen box’ which consists of
various sized screens (meshes) which act like a sieve for the RA material to fall through. The
different sized RAs are then transported along conveyor belts which lead to stockpiles of the
different sized final products (Aggregate Screens & Crushers, 2019). To conduct more rounds
of screening on the RA samples, the stockpiled material is simply fed back through the

screening machine to attain twice (or more) screened RAs.

An investigation has been conducted by Concrush to see the amount of RA mass that is lost
after different amounts of screening have been undertaken. The results for 4500kg of 10mm

RA are shown in Table 2.4.1 (Concrush, 2019).

Table 2.4.1 Mass loss due to screening for 4500kg of 10mm RA

No. of Times Screened Total Loss in Mass (kg)

0 0
1 350
2 250
3 150
4 50
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As is illustrated in Table 2.4.1, for each time the RAs are screened there is a loss in mass. It
can be seen that with the increased amount of times screened there is a slight decrease in the
amount of mass lost. Where the question can be asked — Is screening four times really worth it

for this minimal loss in mass?

Screening is already used in industry to achieve better mechanical properties for RAs utilised
in lower grade concrete applications. Therefore in this experimental investigation the effect
that the increased amount of screening has on a higher grade of concrete, when RAs are utilised

instead of NAs, will be explored further.

2.4.4 Pre-soaking

Water absorption is much higher in RA, as has been discussed previously, greatly affecting the
consistency of the water to cement ratio of concrete when RA is utilised instead of NA. Pre-

soaking is a great surface treatment method to resolve this.

Pre-soaking involves the RAs being submersed in water for a specific amount of time prior to
mixing. 3 to 5min has been found to be the optimal amount of time of submersion, as any
longer than this and the water absorption of the RA plateaus out, as can be seen in Figure 2.4.3
(Garcia-Gonzalez, et al., 2014). Which is clearly not efficient for mass production, if pre-

soaking were to be implemented in industry.

60

Water absorption (%)
=
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Figure 2.4.3 % of water absorption during first hour of pre-soaking
Pre-soaking the RAs essentially fills the voids created by the porous adhered cement mortar on

the surface of the aggregates with water, so when being utilised in concrete, the RA’s ability

to absorb water is significantly decreased therefore allowing better control of the water to

14



cement ratio to be achieved. However it should be noted that as a result of this surface
treatment, if the same unchanged amount of water is added to the concrete mix, the water to
cement ratio will be incorrect. Therefore it is essential that a moisture correction also be
conducted during mixing, to effectively account for the excess water pre-soaked into the RAs,

in order to achieve the required water to cement ratio for the mix.

Pre-soaking is one of the more effective, environmentally friendly and cost effective methods
of RA surface treatment, hence why it is of great interest for further study. Especially its
combined effect with the surface treatment of screening, which essentially forms the basis of

this experimental investigation.
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3. Methodology

3.1 Overview

For this experimental investigation, Concrush supplied the RCA and RFA samples, with the
RCAs being only at a grade of 10mm (as 20mm RCA was not available for use). A particle
size distribution (PSD) for each of the aggregates was conducted and aggregate crushing value
tests were conducted on all of the coarse aggregates. Both fresh property and hardened
mechanical property tests were also conducted on the concrete samples, with the fresh property
tests including; air entrapment content and workability testing; and the hardened mechanical

property tests including; compression strength testing and tensile strength testing.

3.2 Concrete Sample Preparation

3.2.1 Aggregates

Since 20mm RCA was not available for use, 10mm RCA was used to replace both the 10mm
and 20mm NA in the concrete mixes. This was deemed absolutely necessary as it would
provide the most accurate simulation of the effect that RA replacement has on the properties
of concrete. Also, an initial PSD was conducted on the RAs, and it was found that the RFAs
resembled the PSD exhibited from the natural coarse sand, but not the natural fine sand (see
Section 4.1.1). Therefore when replacing with RFA in the concrete mix, it was deemed that
only the natural coarse sand was necessary to be replaced as this would provide a more accurate

simulation of RFA replacement.

3.2.2 Mix details

For this investigation, an unidentified commercial concrete supplier provided the concrete mix
details for 1m? of high grade 50MPa concrete, which was used as the control mix comparison
for all concrete testing. From these supplied mix proportions, it was noticed that fly ash was
utilised in addition to cement to form the total cementitious material for the concrete mix, and

water reducer was utilised as the preferred admixture to achieve the desired grade of SOMPa.

To achieve this high grade of S50MPa concrete, the water to cement ratio was specified to be
held constant at 0.39 with the water reducer dosage rate at 350mL per 100kg of cement, and
the slump to range between 80 to 100mm. The mix details for all 10 of the concrete mixes

(0.041m?) for this investigation are shown in Table 3.2.1.
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Table 3.2.1 Mix details

Neo Micode  Coment FvAw . 2mm o dmm o RCA - SOUGE QUG REA L Water g
(kg) (kg) (kg)
1 C 16.8 4.9 29.5 11.5 0.0 10.9 14.4 0.0 8.5 58.8
2 RCA100 16.8 4.9 0.0 0.0 41.0 10.9 14.4 0.0 8.5 58.8
3 RFA100 16.8 4.9 29.5 11.5 0.0 0.0 14.4 10.9 8.5 58.8
I;%;:ll(())% 16.8 4.9 0.0 0.0 41.0 0.0 14.4 10.9 8.5 58.8
5 ISRCA100 16.8 4.9 0.0 0.0 41.0 10.9 14.4 0.0 8.5 58.8
6 2SRCA100 16.8 4.9 0.0 0.0 41.0 10.9 14.4 0.0 8.5 58.8
7 3SRCA100 16.8 4.9 0.0 0.0 41.0 10.9 14.4 0.0 8.5 58.8
8 4SRCA100 16.8 4.9 0.0 0.0 41.0 10.9 14.4 0.0 8.5 58.8
9 ISISF%AI%)%O 16.8 4.9 0.0 0.0 41.0 0.0 14.4 10.9 8.5 58.8
10 Newl1SRCA100 16.8 4.9 0.0 0.0 41.0 10.9 14.4 0.0 8.5 58.8

Glossary: Each mix supplies:
e C = Control * 14 cylinders (9 for compressive strength, 3 for tensile strength, 1 for

RCA100 = 100% replaced RCA
RFA100 = 100% replaced RFA

RCA100-RFA100 = 100% replaced RCA & RFA
#SRCA = No. of times RCA has been screened

SEM, 1 for hardened concrete water absorption)
3 prisms (3 for shrinkage)

1 pot for the air entrainment device

New1SRCA = Better quality 1SRCA from a higher quality waste source
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3.2.3 Curing

The concrete samples were de-moulded 24 hours post casting and were immediately placed in
a fog room for curing in accordance to AS1012.8.1, which is where they remained until they
were required to be used for their specific form of concrete testing. The 14 typical concrete

cylinders attained from each mix, post de-moulding, can be seen in Figure 3.2.1.

Figure 3.2.1 Concrete control mix cylinders

The standard dimensions of the concrete cylinders are 200mm in height and 100mm diameter.

3.2.4 RA pre-soaking
The RA pre-soaking method undertaken for this investigation essentially involved the
submersing of the RAs in water for 3min, with them then poured out into a sieve to allow the

excess water to drain off the aggregates. This process is illustrated below in Figure 3.2.2.

Figure 3.2.2 Pre-soaking process
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As can be seen in Table 3.2.1, the amount of water used in each of the mixes is constant at
8.5kg, which is ultimately incorrect as pre-soaking introduces additional water, as previously
discussed in Section 2.4.4. Therefore to achieve the desired water to cement ratio of 0.39 for
each concrete mix, a moisture correction was conducted after pre-soaking to account for the

increased moisture content exhibited by the RAs.

It is suggested by Standards Australia that saturated surface dry (SSD) should be achieved for
all aggregates being used in concrete. SSD generally means that the aggregate itself is at a point
where it cannot absorb any more water, thus SSD is the state at which all NAs are initially at
and where RAs are ideally meant to be, prior to mixing. In order to achieve SSD for the RAs,
the pre-soaking method as shown in Figure 3.2.2, was implemented to achieve a close enough

state to SSD for the RAs.

3.3 Particle Size Distribution

PSDs of the RAs were undertaken in accordance with AS1141.11.1, using the sieve aperture

sizes as outlined in Table 3.3.1.

Table 3.3.1 PSD sieve aperture sizes for each aggregate type

Aggregate Type Mass Analysed (g) Sieve Aperture Sizes (mm)
Fine Sand 309.34 2.36,1.18, 0.425, 0.3, 0.15, 0.075
Coarse Sand 329.30 “
20mm NA 3237.00 26.5,19.0,13.2,9.5, 6.7,4.75,2.36, 1.18
10mm NA 503.24 13.2,9.5,6.7,4.25,2.36, 1.18
RFA 300.46 2.36,1.18, 0.425, 0.3, 0.15, 0.075
RCA 1893.40 9.5,6.7,4.25,2.36, 1.18, 0.6, 0.425, 0.3,
0.15, 0.075
1SRCA 1937.60 “
2SRCA 1938.10 “
3SRCA 1943.70 “
4SRCA 1937.30 “
NewlSRCA 502.80 13.2,9.5,6.7,4.25,2.36, 1.18

Using the sieve aperture sizes as outlined in Table 3.3.1, the percentage of mass passing through
each of the sieves was calculated, to allow a PSD for each of the aggregate types to be created,

shown in Section 4.1.1.
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3.4 Aggregate Testing

3.4.1 Crushing value

3.4.1.1 Overview
In accordance with AS1141.21, a crushing value test was conducted on each of the course
aggregates being used in this investigation. The crushing value of an aggregate is essentially
the percentage of aggregate that passes through a sieve size of 2.36mm after applying a

crushing force to the aggregate over a specified period of time.

3.4.1.2 Apparatus
A standard steel cylindrical measure, shown in Figure 3.4.1, was used to determine the mass

of aggregate to be used for each crushing value test.

Figure 3.4.1 Standard steel cylindrical measure

A standard steel cylinder and plunger, as shown in Figure 3.4.2, were used to conduct the actual

crushing value tests.

Figure 3.4.2 Standard steel cylinder and plunger
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The universal testing machine (UTM), shown in Figure 3.4.3, was used to physically compress

the cylinder and plunger to crush the aggregates within.

Figure 3.4.3 Universal testing machine

The UTM was used because it was able to very accurately apply the crushing force at a constant
rate over the prescribed period of time. After the aggregates were finished being crushed, they

were sieved, where the mass passing through the 2.36mm sieve was measured.
3.4.1.3 Procedure of portions for testing
The general procedure to determine the aggregate portions for testing is as follows:
1. Record the mass of the standard cylindrical measure.

2. Fill the standard cylindrical measure in thirds with the aggregate under analysis,

compacting each third with 25 strokes of a steel tamping rod.

3. After the cylindrical measure is full and compact, scrape off the excess aggregate using

the tamping rod as a straight edge.

4. Record the mass of the full standard cylindrical measure and deduce the mass (A) of

the aggregate sample for testing.
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3.4.1.4 Procedure for testing

The general procedure to determine the aggregate crushing value is as follows:

1. Pour the amount of aggregate, as determined in Section 3.4.1.3, straight into the steel

cylinder for testing.
2. Level the surface of the aggregate and rest the plunger on top of the aggregates.
3. Place the cylinder and plunger into the UTM.
4. Apply a uniform compressive force of 40kN/min over a period of 10min to the sample.

5. Remove the sample after compression is completed. The process to achieve the final

crushed aggregate product is illustrated in Figure 3.4.4.

6. Sieve the crushed material through a 2.36mm sieve and record the mass (B) that passed

through the 2.36mm sieve.

Figure 3.4.4 Aggregate crushing process

3.4.1.5 Calculations
Equation 1 was used to calculate the aggregate crushing value:

Equation 1: Aggregate crushing value
B
Aggregate Crushing Value = 1 100
Where; the aggregate crushing value is a %, B is the pre-crushed aggregate mass (g) and A is
the aggregate mass that passed through the 2.36mm sieve (g).

To abide by Australian Standards, the aggregate crushing value procedure was repeated. In

order for the average of the two determined values to be taken as the aggregate crushing value.
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3.5 Fresh Concrete Properties Testing

3.5.1 Air Content

3.5.1.1 Overview
In accordance with AS1012.4.2, the entrapped air content of each of the concrete mixes was
measured during this investigation. The air content of fresh concrete is essentially determined
via a pressure gauge, which is used to measure the reduction in a pre-determined test pressure

that is applied to the concrete.

3.5.1.2 Apparatus
The apparatus used to measure the entrapped air content was an air entrainment meter, shown

in Figure 3.5.1.

Figure 3.5.1 Air entrainment meter

3.5.1.3 Procedure

The general procedure to determine the air content of the fresh concrete is as follows:

1. Fill the air entrainment pot with the freshly mixed concrete one third at a time,

compacting the concrete with 25 strokes of a tampering rod after each third.

2. Once finished compacting the concrete, use a straight edge to level off the top of the

pot and wipe clean the flanges of the pot to ensure a tight pressure seal is achieved.

3. Place on the lid of the air entrainment device and fill the space above the concrete with

water, taking care to make sure all air is removed from the chamber.
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4. Increase the pressure within the chamber until it corresponds exactly to the pre-

determined test pressure.

5. Open the valve, wait Imin and record the pressure gauge value. This is the first

determination air pressure.

6. Repeat Steps 3 to 5 by simply refilling the space with water to determine the second

determination air pressure.

7. Average the two determination air pressures to calculate the apparent air pressure (A1).

3.5.1.4 Calculations
Equation 2 was used to calculate the entrapped air content of the concrete:

Equation 2: Air content
A=A,—-G
Where; A is the air content (%), A is the apparent air content (%) and G is the aggregate

correction factor (%) which is calculated in accordance with Section 9 of AS1012.4.2.

3.5.2 Workability

3.5.2.1 Overview
In accordance with AS1012.3.1, the workability of each of the concrete mixes was generally

assessed via the conduction of a slump test.

3.5.2.2 Apparatus
A steel slump cone of standardised dimensions, shown in Figure 3.5.2, was used to conduct the

slump tests.

Figure 3.5.2 Standard steel slump cone
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3.5.2.3 Procedure
The general procedure to determine the slump and thus workability of the fresh concrete, is as

follows:
1. Ensure the slump cone is made damp with water and positioned on a flat surface.

2. Whilst standing on the legs of the cone, fill the cone with concrete in one third layers,

compacting each layer with 25 strokes of a tampering rod.

3. After completion of compaction use a straight edge to ensure the concrete is flush with

the top of the slump cone.

4. Whilst maintaining firm downward pressure on the cone using its handles, step off the

cone and slowly remove the cone in an upward motion.

5. Immediately measure the slump of the concrete using a ruler via measuring the
difference between the height of the slump cone and the average height of the top

surface of concrete.

3.6 Hardened Mechanical Concrete Properties Testing

3.6.1 Compressive strength

3.6.1.1 Overview
In accordance with AS1012.9, the compressive strength of each of the concrete mixes was
measured at 7, 28 and 56 days of curing. The compressive strength of concrete is essentially
used as a design value for engineers and designers to adhere to when utilising concrete in higher

grade structural design.

3.6.1.2 Apparatus

The device used to conduct the compressive strength testing is the UTM, shown in Figure 3.4.3.

3.6.1.3 Procedure

The general procedure to determine the compressive strength of the concrete is as follows:

1. Place the concrete cylinder sample in the centre of the UTM and place the rubber

capping on the rough end of the cylinder, shown in Figure 3.6.1.
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Force
Applied

Figure 3.6.1 Compressive strength testing - pre and post loading
2. Lower the compression plate flat onto the cylinder capping to achieve uniform bearing.
3. Apply a compressive force relatively slowly until failure, recording the peak force.
4. Unload and remove the concrete debris from the UTM.

5. Repeat Steps 1 to 4 for the remaining 2 cylinders for each specific duration of curing.

3.6.1.4 Calculations
Using the peak force recorded from the compressive testing and the surface area of the top of
the concrete cylinders, the compressive strength of the concrete can be calculated using
Equation 3.

Equation 3: Concrete compressive strength

Where; f°c is the concrete compressive strength (MPa), P is the peak force (N) and A is the

surface area of the top of the concrete cylinder (2500 mm?).

3.6.2 Tensile strength

3.6.2.1 Overview
In accordance with AS1012.10, the tensile strength of each of the concrete mixes was measured
at 28 days of curing. Tensile strength is commonly determined via an indirect (splitting) tensile
test which consists of applying a line pressure to the body of the concrete sample. Therefore
this method of tensile testing was chosen to be used to determine the tensile strength of the

concrete mixes.
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3.6.2.2 Apparatus
The device used to conduct the indirect tensile strength testing is the UTM, shown in Figure
3.4.3. However with the cylinder to be positioned on its side, as explained in Section 3.6.2.3,
with two thin wooden bearing strips placed underneath and on top of the sample to ensure a

parallel line load is applied during testing.
3.6.2.3 Procedure
The general procedure to determine the tensile strength of the concrete is as follows:

1. Place the concrete cylinder sample flat on its side in the centre of the UTM and place

the wooden bearing strips underneath and top of the sample, as shown in Figure 3.6.2.

Force
Applied

Figure 3.6.2 Indirect tensile strength testing - pre and post loading
2. Lower the compression plate flat onto the cylinder side to achieve uniform line bearing.
3. Apply a low compressive force relatively slowly until failure, recording the peak force.
4. Unload and remove the concrete debris from the UTM.

5. Repeat Steps 1 to 4 for the remaining 2 cylinders of 28 days of curing.

3.6.2.4 Calculations
Using the peak force recorded from the indirect testing and the dimensions of the concrete
cylinders, the tensile strength of the concrete can be calculated using Equation 4.

Equation 4: Concrete tensile strength
T = 2000P
~ nlD

Where; T is the concrete tensile strength (MPa), P is the peak force (kN), L is the length of the
concrete cylinder (200mm) and D is the diameter of the concrete cylinder (100mm).
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4. Results & Discussion

4.1 Aggregate Properties

4.1.1 Particle size distribution

In order to effectively relate the particle sizes of each of the aggregates used in this
experimental investigation, a PSD was created for each aggregate and superimposed onto the
same chart, shown in Figure 4.1.1, to allow for direct comparisons to be made between the

aggregates.

All Aggregates Particle Size Distribution
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Figure 4.1.1 PSD for all aggregates

It can be seen from Figure 4.1.1 that the natural fine sand exhibits the ideal S-like pattern in its
PSD, whereas the PSD for natural coarse sand and RFA are extremely similar. This similarity
in PSD essentially governed the replacement amount of RFA utilised in the concrete samples,
as it was deemed more accurate for testing to only replace the natural coarse sand with RFA

instead of replacing both the natural coarse and fine sands.

Additionally, all the screened and unscreened 10mm RCA samples exhibited similar PSDs,
where it can be depicted that the OSRCA (RCA) contained a lot more fine particles (as the
green curve is higher than the other curves) and the New1SRCA contained much better quality
material (as the gold curve extends more to the right). It can also be seen from Figure 4.1.1 that
the coarse aggregates, both recycled and natural, display similar PSDs as well. The 20mm NA
PSD however, can be seen to be shifted slightly more to the right which is to be expected, as
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the majority of the 20mm NA is greater than 10mm therefore justifying why it reaches 100%

of mass passing at the aperture size of 20mm.

The raw experimental data and calculations to create the PSDs can be found in Appendix Al.

4.1.2 Crushing value

The crushing value of an aggregate generally gives a very accurate representation of the amount

of actual aggregate itself that physically crushes when a large load is applied. The aggregate

crushing value results and their standard deviations (as error bars) are shown in Figure 4.1.2.
Crushing Value Comparision
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Figure 4.1.2 Crushing value for all coarse aggregates

From Figure 4.1.2 it can be clearly seen that there is a large difference between the crushing
values of the RCAs and NAs, with the 10mm and 20mm NAs clearly being seen to be a lot
stronger than the RCAs, as the higher the crushing value, essentially the weaker the aggregate.
20mm was found to be the strongest aggregate overall and the 0OSRCA the weakest aggregate
overall, which was generally to be expected. It can also be depicted that an increase in screening
does not significantly affect the crushing value of the RCA, as there is no real trend amongst

the screened RCA results.

In addition, utilising the full capabilities of the UTM, the crushing force applied to the
aggregates was able to be plotted with respect to the position of the plunger and can be seen in

Figure 4.1.3.
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Load Application vs Position
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Figure 4.1.3 Applied load vs position

From this loading graph, it can be better distinguished that the unscreened RCA (OSRCA) is
clearly the weakest aggregate as it displaced the most during the application of the load,
whereas the strongest aggregate is clearly the 20mm NA which displaced the least during the
application of the load. It still can’t be depicted however the exact effect that screening has on
the crushing value of RCA, but reasons for this could include; the sieving of the crushed fines
post-crushing were inconsistent, or some fines may have been lost when transferring crushed

materials from the steel test cylinder into the sieve.

The raw experimental data and calculations to determine the aggregate crushing values can be

found in Appendix A2.

4.2 Fresh Concrete Properties

The fresh concrete properties were tested post mixing and prior to cylinder moulding, with
these properties ultimately being a direct indicator as to how well the aggregates themselves
have bonded with the cement constituents and thus, what the air content and workability of the

concrete mix is like.
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4.2.1 Air content
Using the methodology as outlined in Section 3.5.1, the entrapped air content of each of the

concrete mixes was conducted, with the results as shown in Table 4.2.1.

Table 4.2.1 Air content of concrete mixes

Mix Code A (%)
C 1.40
RCA100 1.60
RFA100 1.40
RCA100-RFA100 1.45
1SRCA100 1.60
2SRCA100 0.98
3SRCA100 0.83
4SRCA100 0.93
1SRCA100-
RFA100 0.93
New1SRCA100 1.18

From these results it can be seen that the entrapped air content of the recycled concrete samples
during investigation were found to have no noticeable trend in relation to the degree of RA
replacement. With all concrete mixes achieving an air content measurement ranging between
the small values of 0.8% to 1.6%. Therefore supporting the previous literature findings as
discussed in Section 2.3.1.2, which essentially determined that no matter the RA replacement

ratio within the concrete, the air content is relatively unaffected.

The raw experimental data and calculations to determine the concrete entrapped air content can

be found in Appendix A3.

4.2.2 Workability

The workability of the concrete mixes was determined via a slump test, as outlined in Section

3.5.2, with the slump test measurement results shown in Table 4.2.2.
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Table 4.2.2 Slump test measurements

Mix Code Slump (mm)
C 80
RCA100 100
RFA100 100
RCA100-RFA100 100
1SRCA100 100
2SRCA100 100
3SRCA100 100
4SRCA100 100

1SRCA100-

RFA100 100
NewlSRCA100 100

From Table 4.2.2, all slump results were found to successfully be within the 80 to 100mm range
as supplied by the unidentified commercial concrete supplier, with a consistent slump of
100mm achieved for all mixes except for the control mix, which achieved a slump of 80mm.
From these results alone, it was not very clear on what effect the utilisation of RAs had on the
fresh properties of concrete, however, photographs were taken of the mixes to compare with
the control mix, and the RCA100 demonstrated some interesting physical properties. To better
illustrate this, a comparison between the control mix and the RCA100 mix is shown in Figure

4.2.1.
Control Batch RCA100

Figure 4.2.1 Workability comparison between control and RCA100 samples
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As can be seen in Figure 4.2.1 circled in red, there is a noticeable amount of concrete bleeding
present in the RCA100 sample, which is not experienced in the control sample. This was
determined to be because of the excess water in the mix being pushed to the surface of the
concrete through the aid of the water reducer, whose effects on the concrete mix were slightly

more noticeable in the RA concrete samples.

4.3 Hardened Mechanical Concrete Properties

4.3.1 Compressive strength

The 7, 28 and 56 day compressive strength values were calculated for 3 concrete samples of
each duration of curing, for all 10 concrete mixes. With the average values being calculated
and graphically represented, shown in Figure 4.3.1. The raw experimental data and calculations

to determine the compressive strength of the concrete samples can be found in Appendix A4.

Compressive Strength Results
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Figure 4.3.1 Compressive strength values of all concrete samples
From Figure 4.3.1 it can be seen that for every concrete mix there is a linear increase in
compressive strength from 7 to 56 days, which is generally to be expected of concrete. The
control mix and RFA100 mix were found to exhibit the highest compressive strengths, whereas
the mix RCA100-RFA 100, which was 100% replaced with RA, was found to exhibit the lowest
overall compressive strength, with the 4SRCA100 mix not far behind it.

It can also be seen that the control mix was able to achieve the desired strength of SOMPa after
the 28 day curing period, which was to be expected (as its exact mix proportions were supplied).
However, no other concrete mix was able to successfully achieve this desired strength of

50MPa after 28 days (which is the most important curing duration, as this is what all concrete
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is designed for in engineering design). Except for the RFA and NewRCA 100 mixes which were
very close, achieving strengths of 47MPa and 48MPa respectively.

For a more direct comparison of the compressive strength results from the replacement of just

RCA, an isolated view of Figure 4.3.1 was created for the control mix and RCA100 mix at 28
days, shown in Figure 4.3.2.

Compressive Strength Results
60
55
50

45

Compressive Strength (MPa)

20
Control RCA100

m 28 Day 50 40

Figure 4.3.2 Effect of 100% RCA replacement on 28 day compressive strength

The effect of the 100% replacement of RCA in concrete can be clearly seen here, with the
RCA100 mix being shown to only be able to achieve a maximum strength of 40MPa, which is

well below the desired strength of 50MPa as exhibited by the control mix. Therefore deeming

it as unacceptable.

However, when drawing the direct comparison between the control mix and the
New1SRCA100 mix, shown in Figure 4.3.3, the very similar strengths that are achieved at 7,
28 and 56 days can be better visualised.

Compressive Strength Results
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Figure 4.3.3 Effect of better quality RA on compressive strength
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As can be seen in Figure 4.3.3, the New1SRCA mix almost achieves the desired SOMPa at 28
days and does in fact reach a higher strength of 53MPa after 56 days (but this is not industrially
viable for use, as current engineering standards utilise the strength at 28 days for concrete
design). However, one silver lining from these results is that there is a clear relation with the
fact that the New1SRCA material was a newer recycled material and it achieved almost on par
strengths with the control sample. The better quality material was likely sourced from a
demolished highway or concrete structure, absent of the negative impacts of bricks, masonry,

tiles and glass that the other RAs may have been consisted of.

For a more direct view of the implications of screening on the RAs, a localised comparison was

made, shown in Figure 4.3.4.
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Figure 4.3.4 Effect of screening on 28 day compressive strength

From this comparison graph between the screened samples, none of the mixes were able
achieve the desired 5S0MPa. However, it can be seen that screening does have a positive effect
on the compressive strength of the recycled concrete at 28 days, up until an amount of 3 times
screened, exhibiting a linear increase in strength when the amount of times screened is
increased. Although, it is then noticed that the strength decreases drastically after being
screened a 4 time, which suggests that the RAs become quite damaged after being excessively

screened 4 times or more.

For a more direct view of the implications on the compressive strength of the complete

replacement of RAs in concrete, a localised comparison was made, shown in Figure 4.3.5.

35



Compressive Strength Results
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Figure 4.3.5 Effect of 100% replacement of RA on 28 day compressive strength

From Figure 4.3.5 it can be seen that both the 100% replaced RA samples achieved
significantly lower compressive strengths than the control sample. However, it can be
distinguished that screening the RCA once did in fact improve the compressive strength of the

100% recycled concrete.

4.3.2 Tensile strength

The 28 day tensile strength was calculated for 3 concrete samples of each of the 10 concrete

mixes. With the values then being graphically represented, shown in Figure 4.3.6.

Tensile Strength Results
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Figure 4.3.6 Tensile strength values of all concrete samples
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From the tensile strength results calculated using the indirect method, shown in Figure 4.3.6,
no real trend could be distinguished from the screened samples to analyse if screening actually
improves concrete tensile strength. However, it could be readily depicted that with the complete
replacement of both the RCAs and RFAs, there was a clear display of significantly lower tensile
strength at around 1.5MPa lower than the other samples. Therefore agreeing with previous
literature, as discussed in Section 2.3.2.2, in that the complete replacement of RAs do in fact

lower the tensile strength of concrete.

The raw experimental data and calculations to determine the indirect tensile strength of the

concrete samples can be found in Appendix AS.

4.3.3 Tensile to compression strength ratio

The ratios of tensile strength to compressive strength at 28 days were calculated and are shown
in Table 4.3.1.

Table 4.3.1 Tensile to compression strength ratio results

28 day Compressive 28 day Tensile Tensile to Compression

Mix Code Strength (MPa) Strength (MPa) Strength Ratio (%)
C 50 4.2 8.4
RFA100 47 4.0 8.5
RCA100-RFA100 38 2.5 6.6
1SRCA100-RFA100 41 2.6 6.3
New1SRCA100 48 3.7 7.7
RCA100 40 3.8 9.5
1SRCA100 38 3.7 9.7
2SRCA100 40 3.5 8.8
3SRCA100 42 3.6 8.6
4SRCA100 39 3.5 9.0

The typical range of values for the tensile to compression ratio is from 6% to 10%, therefore it
can be seen from these results that all the ratios successfully fall within this range. However,
there is some conjecture with the previous literature, outlined in Section 2.3.2.3, as the ratios
of only the RCA replaced samples are in fact larger than that of the NA control mix. Whereas
the 100% replaced RA mixes obey the literature and exhibit lower ratios. Thus, the only way
to resolve this confusion would be to replicate more of the tests in this investigation to gain a

higher reliability and accuracy with the compressive and tensile strength results.
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5. Conclusions

This experimental investigation has effectively analysed the combination of the surface
treatments of pre-soaking and screening on recycled aggregates, and the subsequent effect they
have on the fresh and hardened mechanical properties of concrete, when utilised as a
replacement for natural aggregates. Various concrete mixes were tested throughout this

investigation, each containing different types of recycled aggregate components.

Pre-soaking the aggregates, along with an inherent moisture correction for each concrete mix,
was found to be a very successful way of ensuring the water to cement ratio remained constant
at a value of 0.39 during mixing. Pre-soaking also did not seem to greatly affect the air content

or workability of the fresh concrete in any of the mixes.

It was found that with the 100% replacement of both recycled coarse and recycled fine
aggregates in concrete, the completely recycled nature of the concrete aggregates was
ultimately at a detriment to the workability of the fresh concrete and both the tensile strength,
and more importantly, the compressive strength of the hardened concrete. The 100% recycled
concrete was not able to achieve anywhere near the desired strength of 50MPa, which was the
value of which needed to be reached to be able to be successfully implemented in industry, and

thus for utilisation in higher grade structural concrete applications.

It was also found once the recycled coarse aggregates were screened more than 3 times, the
screening process would then become a detriment to the strength of the individual aggregates,
likely through surface fracturing. This was exemplified through the results comparison between
the screened RCA samples, where the compressive strength after 3 times screened was at a

peak 42MPa, but significantly reducing to 39MPa after being screened a 4 time.

However, the major conclusion that could be made from this investigation, is that the better the
quality of the recycled coarse aggregate, the increased potential that the concrete can reach the
desired high grade strength of 50MPa. This is evident from the results of the Newl1SRCA
sample, as a compressive strength of 48MPa was able to be achieved after 28 days (the optimal
curing time used for engineering design), almost satisfying the required strength of S0MPa. It
is believed that this high strength was directly a result of the better quality recycled materials

the aggregates were sourced from.

Through performing this investigation, a deeper knowledge has been gathered in relation to the

properties of recycled aggregates in concrete and their potential applications in industry.
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6. Recommendations

Throughout this experimental investigation, it has been found found that the compressive
strength of recycled concrete is directly related to the quality of where the recycled aggregates
are sourced from, meaning it’s perfectly possible to achieve a concrete product that can be used
in higher grade applications, if the recycled aggregates are sourced from better quality

construction demolition waste.

For this to be successfully implemented in the future, it is recommended that recycled material
quality measures be implemented at all recycled construction waste facilities (Concrush, etc.)
to ensure the quality of recycled materials is upheld to the highest reliability, in order to be

confidently and safely utilised in higher grade structural concrete design applications.

Also it is not recommended that the screening of recycled aggregates be conducted more than
3 times, as this is when the screening process then passes the point of structural benefit and
starts to hinder the quality of the aggregate, potentially fracturing the surface and making the

aggregate more susceptible to crushing, and thus failure when under compressive load.

It is recommended that the experimental investigation be conducted again, but this time,
actually replacing the 20mm natural coarse aggregate with 20mm recycled coarse aggregate
instead of using 10mm RCA as the replacement for all of the coarse aggregates. As this is what

had to be done for this investigation due to a lack of available resources.

More study to be conducted into the combined effect of the RA surface treatments of pre-
soaking and screening is recommended. As it would be very helpful for future study, to have
relevant piece of past research to refer back to and compare results with, and to better help with
effectively and efficiently discovering a potential industrially viable method of implementing

recycled aggregates into high grade concrete applications.
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Appendix A: Raw Data & Calculations

Appendix Al: Particle Size Distribution

Sieve Aperture % Mass Passing
Size (mm) Fine Sand | Coarse Sand 20mm NA |10mm NA| RFA 0SRCA 1SRCA 2SRCA 3SRCA 4SRCA New1SRCA
75
53
37.5
26.5 100.0
19 90.9
13.2 8.8 100.0 96.6
9.5 0.4 86.5 91.6 86.8 86.8 83.2 85.4 15.6
6.7 0.2 35.0 46.3 25:9 2519 18.8 135 2.8
4.75 0.2 6.2 13.0 2.4 2.4 1.5 1.2 0.7
2.36( 100.0 70.0 0.2 0.8 54.1 8.3 1.8 1.8 1.3 1.0 0.7
1.18 100.0 43.3 0.2 0.6 395 7.4 1.7 1.7 1:2 1.0 0.6
0.6 6.7 1.6 1.6 1:2 1.0
0.425 90.7 212 19:7 59 16 1.6 12 0.9
0.3 397 157 10.4 4.1 15 15 1.0 0.8
0.15 0.0 9.9 4.7 23 1.4 1.4 0.8 0.6
0.075 0.0 9.7 4.5 1.4 0.8 0.8 0.6 0.4
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Appendix A2: Crushing Value

First attempt

Weight of cylinder (g) 4525.1
Weight of sample (g)
NA (10mm) 2628.6
S0 2258.9
51 25479
52 2220.9
53 2563.9
sS4 2209.9
NA{20mm) 2770.6

Mass of sample passing through sieve 2.36mm (g)

499.3

679.3

658.6

641.2

632.8

628.2

320.5

Crushing Value (%)

19.0

301

25.8

28.9

24.7

284

Second attempt

Weight of cylinder (g) 4525.1
Weight of sample (g)

NA (10mm) 2702.1

SO 2595

% | 2486

52 2557

53 2297

54 2511
NA({20mm) 2770.1

Mass of sample passing through sieve 2.36mm (g)

5153

662.9

647.7

664.8

645.9

646.0

317.4

Crushing Value (%)

19.1

25.5

26.1

26.0

28.1

257
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0.05335

3.20099
0.14507
2.03078
2.43113

1.90906
0.07766

19.03
27.81

25.95
27.44
26.40
27.08
11.51

19.07
25.55

26.05
26.00

28.12

25.73

11.46

Crushing value (%) |Crushing value (%)| Average | 5t. Dev.

18.99
30.07
25.85
28.87
24.68

28.43

11.57

Crushing value test

Samples
NA (10mm)

RCA

15RCA

25RCA

35RCA

4SRCA
NA (20mm)

Content

1r

A

Appendix A3

(6%)

(uajeanby
pueg
asie0]) yojeq
u1 ajebaibbe
auly pajppdoay
Jo ssew ejo)

SERL
SEPL
SEPL
SERL
SEPL
SEPL
SERL
SEPL
SEPL
SERL

(6%) Q7oury ™y

(pues aui4) yoreq
u1 9jeB0166¢

auly Jo ssew [ejo]

%8L'L
%€60
%€60
%€8°0
%860
7091
%SrL
%0¥1
%091
%0vL

(%) v

Jua3u0)
ay

59801

§9801
59801
59801
59801

0

0
G9801
59801

(6%) g osse0g ™4

(pueg
asie0]) yoeq

Z%0L0
%E60
%E60
%860
%080
%550
%520
Z0v0
Z0v0
%020

(6)

yoreq
u1 ajebaibbe

asie0d

u1 ajebaibbe

pajohoay

auly Jo ssew @10

Jo ssew [eyo

Jo ssew [eyo

%590 %S0 0
%060 %560 5581
%060 %560 0
%001 %560 0
%080 %080 0
%030 %050 0
%0.0 %080 §581
Z0v0 Z0v0 S681
Z0r'0 Z0v0 0
%020 %020 0
uoneuIARQ  (UoneuIARQ
Ppuodag) 19 14)19 &2
(uajeanby
pueg asie0n)
adwes
10100y ] v
ui ajebaibbe
auy pajpdoay
Jo ssepy
0 0 1woo
0 0 oo
0 0 oo
0 0 1woo
0 0 oo
0 0 oo
0 0 1woo
srlL 2562 oo
0 0 oo
syl 2562 1woo
(697013 (63 q7027D e.wa
(wuwgg)
(wwpl) yareq yoleq
u1 ajebaibbe uorq 1ad paonpoig
= ui ajeBaI66e
asie0d 251000 aja10u0]
Jo ssew ejo) 40 awnjop

S¥Z 5581 I3 0 0 00L¥IGMaN
SvZ 0 I3 0 0 001 45-00L¥2HSL
SvZ 5581 Z 0 0 00L¥JHSk
SvT 5581 Z 0 0 00L¥JHSE
SvT 5581 Z 0 0 00L¥2HSZ
sz 8581 L 0 0 00L¥3ESL
x4 0 L 0 0 00L¥35-001¥0Y
S¥Z 0 0 %1 ¥0S 001y
S¥Z 5581 I3 0 0 00Lvad
S¥Z 5581 0 %1 ¥0S |ojuo]
(6%) sTouly™y  (6%) sTesie0] ™y (6%) 6y)sT03 (BN sT02D apo] x1y
ajdwes (wnwgl) (wwge)
(pueg auty) (pueg asieo]) 2)210U00 a|dwes adwes
adwes adwes ur
u1 aebaibbe u1 ajebaibbe as1e0d u1 aebaibbe  ul aebaibbe
auy Jo ssepy auly Jo ssepy pajphioay as1e0d as1000
Jo ssepy o ssepy Jo ssepy
I3 7881 %581 7061 00LYIEMaN
I3 %581 %081 %061 00L¥'35-00L7JHSE
L %581 7061 %081 00L¥2dSk
L %081 %081 %081 00L¥IHSE
I3 Z%8L1 %081 %SL1 00L¥JHSZ
& P-4 pAI N4 pAUAA 00L¥IdSL
L %02 %02 pvas 00L¥45-001¥0H
I3 %081 %081 %081 00LY3d
L 7%00C %00 7%00C 00Lw2d
L %091 %091 %091 loju0])
) (uoneuusajaq  (uoneulwaiaq
(1'sanr) s abesaay Ly puooeg) 1y ) 1y apo] X1
(1) (imoq
Bunnseaws Jo sunjoa se awes)|  (ajdwes 2}919u0]) UMY 11y Jusseddy
ajdwes 3)310U00 JO AWN[OA

N ®m e wo~®oo

N

- N M e WO ~® o

°N

43



ing

ion Testi

Compress

Appendix A4

00L¥3dSL
0e 0€s SE€S 928¥E660°S 3744 80£E£9G1'SS ZEER ¥80GLEFELS £E0r 60 oy X:13 L8E62LG LY CELE 62196085 L¥ LELE 288446516 1’98 61 0€e MIN o
96 05062 65062 ¥'662C ¥'0622 0'8zeg 1oz 0'50€2 §'50€2 ¥z6ee 56622 A 74 %4 85 0'80£2 fsuaq
09e 965°€ G59°¢€ BESE y03€ 969°¢€ (B3)ssep
: " : ' , . ' ’ . 00LYdd
o1 0vy 8y 86LI0ELE'GY 903E 20802069t% 16€ 6Zv9.926°EY SpE ¥0 01y vy £1822€201% e VOBLESCE LY §82€ G88ZZ0vZ 1Y B€ZE 1 0le o 6
L6l ouee zaee coee 6'8E22 52022 Ly 020z 0enze €102 92022 0ooze 601 ooee fisuag
0Lve SISE 85rE 95rE 99 ySre (B3)ssep
A ey ey 2¥030250°8% viE 8299928905 1’86 £61985¥9°CE #9652 gl 06E ¥6E ¥28Y8IGE LE ¥e6g BLLYSIS 0 g8le FYEBESZ OF 29e (44 08z 00L¥IHSK 8
gu 0'6cee 1’622z 581z yivee yieee LS ozeee Leeee 8z geeee 0'gzze i oeeee fisuag
£8YE BISE LBYE 8ve 68YE 86YE (B3)ssep
20 sy 9% 86LI0EL6'GY 90%€E ZBESZBE'9Y 63E ¥2622092 Sk PBSE 20 oy oey 2IBLEETL T 9'GEE 2eysLeeoer BLEE BLGGELELEY 8'8EE 90 062 00L¥IHSE 2z
£8 ouee BlZZ LBlee Laee zenze 4 091ee £91ee g9z 02022 §'62ee 91 06022 Aisuag
G8rE ¥ive BSPE 08rE S9PE yere (B3)ssep
Sl oy £ 28LZE1ETIY L'E3E 996162506 £68E yEYESLEG Y 659 €€ ooy 80y GBELOEES LY 4743 BBEBEBSIER 6ZvE L2¥BG8LL LE 262 60 062 00L934SZ 9
$oL 0'€eze 8'€€%C 8veee zskee zeee 4] 06222 L6222 yieee 68€2C geeee 48 09z Asuag
£6YE 525€ €05 L6YE SIGE 06vE (B)ssep
EE] 0¥y sk 92£2EBEEBE £90€ 92090¥¥Z'9% ZE%E EPEESPEIBY £106E 134 08e 1’8 £GE9£988'VE vie PPIZUESE 6682 655991652y 43 s 01e 00L¥2HSE S
0 0'sree 0S¥z 6622 geeee 828z qu 09eze £9€22 6622 L6¥2 €582 ¥iz 0'9€2e fsuaq
105¢€ E8FE ¥85€ 105 2ESE 00S€ (B3)ssep
00Ky 44
£2 0vy Ehad BEGLBGI6 1Y 962t 9G2¥BEIE S 19¢ 966£9326'GY Lige 01 08 1'8e £8042556'2E 1’862 62086241 6€ L20E BZr2G862Z LE ¥zee 9z 0ee -00Lv ¥
€6 000z2 80022 L's02e E¥6IC 52022 €6 006L2 S06I2 2361 GGEIT LBU2 48 osue fisuag
[4: 12 SbyE 85rE 8rrE e e (B3)ssep
[43 048 848 £2LGEELE03 LELY 20520681 %5 9'6zr £GEB0L8'8S 613¢ 48 0y 9y G32r20L9% 893¢E 212vETsL 8y 628 606+800E L% S1E oL 03E 00L¥dd €
¥e 02622 L4622 £¥62C £80€C ¥'0622 [ 091€2 £91€2 Zveee 9¥LET Zoez 99 05622 fsuaq
209€ ¥23¢€ 965°€ E¥9E yESE £29¢€ (B3)ssep
¥l 0¥y oSk ¥620£98L €Y BEFE 9£LE96¥59F 9'68€ £8015253 v1 21068 90 oor ooy G8GELZEI OF 9BlE 21264826'6E gEle B78GLEBY BE Lo ST 08z 001w 4
zo 03022 99022 25022 89612 zaee ¥S 08022 ooee 5022 coee €412 89 03022 fisuaq
£9VE EFFE 18y 19y 0LPE 8re (B3)ssep
§¢ 095 1'95 ££9GEB88'YS L1Ey 1662256225 05¥ 8625981665 908 80 00s 90§ E3E¥ZE800S ¥'€6E 6029636115 Loy 90210690'6E ¥5L2 Sl 0%5E 104U L
66 0zzee £zee g0lee 0gzee 0'8zee e 079eT 829€C STEET Levee VW 61 000ee (ewS) Ausuaq
829¢ S59°€ 559 299¢ 849¢€ B8L€ (B3)ssep
edi edi N edi N ediN Ny ediW ednW Ny edW Ny edW N apoJ XN °N
261000 251000 261000 261000 251000 251000 £w awnop
A3als abesanyg abelase € Japuldn Z Japunidn | Japunji A3QLS abesany abeane € Japud] Z J8puid] | Japuni A301S abesanyg
papunos papunos papunos

uoissaidwio] js3] feq gg

issaidwo]) 153 eq 8z

44



Appendix AS5: Tensile Testing

28 Day Test Tenzile [Compression on side]

Rounded
Culinder 1 Culinder 2 Culinder 3 average  Average STDEW
Volume m3 0.00157 0.00157 0.00157
No Mix Code kN MPa kN MPa kN MPa MPa
bazs(kg) 1695 1626 3675
Density (ko) 23535 23096 2340.8 2334 2334 2261
1 Cortrol ME6 467 1365 434 110.4 351 12 " a2 0.59
Mass(kg] 3,450 2501 2481 0
Density 2203.8 22239 217.2 2216 ey 13.06
2 ACA100 128.1 408 1214 196 113 360 8 7 as 0.24
Mass(kg) 1736 1678 1614 0
Density 23796 2327 23019 2341 2341 3887
3 AF 4100 130.1 44 1255 199 125.7 4.00 a0 " 4o 0.08
Mass(kg) 7.441 1459 2430 0
Density 21917 2203.2 21847 2193 2193 9.32
4 ACATIO- 107 352 &0 191 E4E 208 25 r
RFA100 25 0.89
bazs(kg) 3,457 1540 2503 0
Density 22210 22548 22712 2235 i 2275 17.32
5 1SACa00 | 102 351 125 198 109.7 349 7
37 0.28
Mass(kg) 1,475 1469 3,554 0
Density 22134 22095 22892 2237 . 2% 4490
B 2sACa00| 1283 408 758 2.41 1265 4.03 35
15 0.95
Mass(kg) 1452 7.481 3485 0
Density 22051 2217.2 22187 2214 i 7.83
7 ISRCAI00| 1014 3.23 1225 290 114 263 16
16 0.34
bazs(kg) 3,489 1488 3465 0
Density 22723 22717 2207.0 2216 R 2716 8.65
g asACem0| 1 354 105.9 137 127 359 25
15 0.1
Mass(kg) 7443 1432 3,443 0
Density 2133.0 2185.0 2196.2 219 2191 5.21
g ERCAID-L e 245 a4 2.91 747 238 26 r
RFA100 26 0.29
Mass(kg) 1607 1586 1573 0
Density 22975 22841 2275.8 2285 2285 10.93
0 e 126.3 402 53,1 115 1256 4.00 a7
1SACA00
7 0.49
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