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ARTICLE INFO ABSTRACT
Keywords: Demolition waste and cement production is responsible for 36 % of total waste produced on earth
Binary cementitious and 8 % of the worlds CO, emissions, respectively. Due to limited research on concrete mixes

Cement replacement
Life-cycle analysis
Recycled concrete aggregates

containing ternary cementitious mixes (Ground Granulated Blast-furnace Slag (GGBS) and Silica
Fume (SF)) and demolition waste, the paper reviewed the mechanical properties of concrete, and
structural performance of reinforced beams. Thereafter, life cycle analysis (LCA) was investigated
to understand the true environmental impact, focusing on Global Warming Potential (GWP).
Results show that recycled concrete aggregates (RCA) had no significant negative impact on the
compressive strength, tensile strength, and modulus of rupture of concrete. The inclusion of GGBS
and SF in mixes containing RCA eliminated any negative impact and for all mixes produced
greater strengths in comparison to the control mix, due to the secondary reaction of Ca (OH), and
pore refinement. The flexural behaviour of the concrete beams with 0 %, 25 %, 50 % and 100 %
RCA, 25 % GGBS and 5 % SF is similar. LCA results showed that replacing NA with 25 %, 50 % or
100 % RCA has no significant impact on the GWP emissions. This is because of the similar
emissions associated with manufacturing and processing of recycled and natural aggregates.
However, replacing cement with 5 % SF and 25 % GGBS improves the GWP environmental
response of concrete significantly. Additionally, natural aggregates have a higher GWP contri-
bution than that of recycled concrete aggregates by almost 80 % since the process of NA required
quarry operation and transportation while the RCA are produced on site from an existing building
waste.

1. Introduction

Cement is the source of around 8 % of the world’s CO5 emissions [1], mainly due to the energy that is required to produce clinker
from the raw materials. Construction and demolition waste (CDW) accounts for approximately 36 % of total waste produced on earth,
with the countries in the European Union reaching up to 850 million tons of waste each year [2]. With the consumption of Ordinary
Portland Cement (OPC) set to rise to 5.2 billion tonnes by 2050, each ton of (OPC) roughly emitting 850 kg of CO2 and CDW providing a
sustainable alternative due to reduced reliance on Natural Aggregates (NA) and a reduction in waste sent to landfill, the use of
Supplementary Cementitious Materials (SCMs) and Recycled Concrete Aggregates (RCA) requires greater implementation to produce a
sustainable construction industry.

Ground Granulated Blast Furnace Slag (GGBS) and Silica Fume (SF) are by-product pozzolanic SCMs. They react with calcium
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hydroxide from the initial hydration of OPC to produce calcium silicate and aluminate hydrates that can supplement and, in some
cases, enhance the strength of concrete when OPC is replaced by %wt [3]. GGBS is a by-product from the iron industry. Studies have
shown that using GGBS as a SCM can provide greater compressive strength [4-6] flexural strength [7,8] and splitting tensile strength
[8,9] when compared to a control mix (100 % OPC). Most studies reported a decrease in early age strength than that of the control mix,
the strength at 28 days and onwards however, was higher. The increase in strength after 28days was primarily due to the Ca (OH); from
the initial hydration of OPC, reacting with the SiO5 in GGBS to produce more Calcium-Silicate-Hydrate gels (C-S-H). SF has been shown
to improve the strength properties of concrete due its high SiO, content and fineness [10-12] and is a by-product of induction arc
furnaces in the silicon metal and ferrosilicon alloy industries [3]. The three roles that describe the mechanism of SF in concrete are pore
size refinement/matrix densification, secondary hydration of Ca (OH), and SiO5 and cement paste-aggregate interfacial refinement
[10].

Traditionally the use of SCMs have been as a binary blend (OPC+SCM), however, ternary blends (OPC + 2 SCMs) have shown to
provide enhanced mechanical properties and a greater reduction in OPC usage when compared to binary blends. Vance et al. [13]
concluded that ternary blend of metakaolin and limestone powder resulted in compressive strengths that were higher than either of the
corresponding binary blends, even at a higher overall cement replacement level.Tavasoli et al. [14] reported that as SF was added to a
mix consisting of 50 % OPC and 50 % GGBS, the compressive strength was enhanced, and resulted in a mix containing only 35 % OPC
producing greater strengths than the control at 91 days. It is assumed that ternary blends of SF and GGBS can provide enhanced
strengths at lower levels of OPC due to SF and GGBS producing excess C-S-H through the secondary reaction of SiO, and Ca (OH)o, the
fineness of SF and GGBS allowing for greater matrix densification and reactivity, as well as SiO in SF reacting with the CaO in the
GGBS resulting in excess C-S-H [3].

RCA that comes from construction and demolition waste provide an alternative solution to improve the sustainability of concrete.
In 2016, construction and demolition waste accounted for nearly 36 % of the total solid waste in the EU [15], and with urbanisation
ever increasing, it is likely that this figure will continue to grow. Currently the disadvantages with the incorporation of RCA is that they
produce higher water absorption rates, greater porosity, greater shrinkage, and lower relative density than natural aggregates [16,17].
RCA have also been shown to have a negative impact on the mechanical properties of concrete. Pedro et al. [18] reported that the
incorporation of RCA reduced the compressive strength of the concrete when compared to NA and losses obtained could be justified by
the mortar fraction in the RCA. Singh et al. [19] stated that the issues which revolve around the utilisation of RCA in concrete, is the
presence of adhered mortar which results in an increase in the number of finer particles, the formation of additional interfacial
transition zones and RCA contaminated with chlorides, sulphates, etc.

Existing research has also focused on the combination of RCA and GGBS [20,21] and RCA and SF [20-22]. Studies concluded that
SCMs can increase the compressive strength of RAC by 2-19 %, depending upon the type of SCM and age of curing [21] and at all ages
tested, the compressive strength of the natural and recycled aggregate concrete made with 10 % SF are higher than the other cor-
responding concrete mixtures [20]. It is assumed that SCMs offset the reduction that is caused with the use of RCA due to the following
mechanisms. Firstly, part of the mineral admixtures could penetrate the pores of RCA, which would subsequently improve the
interfacial transition zone (ITZ) bonding between the paste and the aggregates and secondly, cracks originally present in the aggregates
would be filled by hydration products due the reaction of OPC and water, as well as through secondary hydration products produced
with the use of SCMs [20].

Although there are studies that have looked at the impact on the mechanical properties of binary cementitious blends with the
addition of RCA, there is very limited research on the impact of ternary blends and RCA on the mechanical properties of concrete with a
comparative life cycle analysis (LCA). Therefore, the paper aims to review the impact on key mechanical properties of concrete, and
structural performance of reinforced beams, including the load-deflection responses, ultimate moment capacities, and cracking
behaviour and patterns of concrete with a ternary cementitious mix and RCA. Thereafter, a thorough LCA will be investigated to
understand the true environmental impact.

2. Experimental program

The experimental program is broken down into two stages. Firstly, sixteen concrete mixes with 0 %, 25 %, 50 %, and 100 % RCA
replacement ratio, and 0 wt%, 5 wt%, 10 wt% and 15 wt% SF cement replacement were prepared. For all mixes, excluding the control
mix, 25 % of OPC was replaced further with 25 wt% GGBS. The aim of this stage is to determine the compressive strength of mixes
containing RCA, GGBS and SF and to investigate the quality of concrete using Ultrasonic Pulse Velocity (UPV) Test. In the second stage,
four full scale steel reinforced concrete (RC) beams made from 25 %, 50 % and 100 % RCA replacement ratio, with 25 % of GGBS and 5
% of SF were tested until failure. A further control RC beam casted from natural aggregates and without SCMs was also examined, for
comparison.

2.1. Material properties

2.1.1. Recycled concrete aggregates

The recycled concrete aggregates used in this study were prepared from demolition waste collected from an old concrete building
(over 60 years old). This old concrete is considered a representative concrete of many buildings in the UK since most of the construction
in this period will be demolished in future to give space for new buildings. The demolition concrete was pre crushed on site with a long
reach 360 excavator to 250 mm maximum size and supplied to a TEREX J-1170 mobile jaw crusher for further crushing. The jaw
crusher utilised powerful magnets to collect ferrous metals such as reinforcement bars. The demolition concrete waste was further
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Fig. 1. Particle size distribution.

Table 1
Particle density and water absorption rate for the used aggregates.
NA Sand RCA
Saturated surface dry density SSD (kg/m®) 2413 2416 2282
Water absorption rate% 1.7 4.44 5.5

sieved using 20 mm and 5 mm sieves to ensure that the particle size of RCA is no more than 20 mm and no less than 5 mm and
therefore, providing a suitable replacement for NA. Natural coarse aggregate with a maximum size of 10 mm and Thames River fine
aggregate with a maximum size of 5 mm were used in the concrete mix. The particle size distribution curve for RCA is shown in the
Fig. 1 and compared to the particle distribution of upper and lower limits according to BS EN 12620. It can be noted that the RCA curve
is close to the upper BS limit. The particle density and the water absorption rate of NA, natural sand and RCA were identified using BS
812, as shown in the Table 1. As anticipated, the RCA showed a lower saturated surface dry density SSD and a considerably higher
absorption ratio compared to the NA. Fig. 2 illustrates the RCA and NA used in this study.

2.1.2. Ground Granulated Furnace Slag (GGBS) and Silica Fume (SF)

GGBS was supplied by Francis Flower and has a specific surface of 490-540 m2/kg, vitreous content of 90-100 % and pH > 10. The
SF was supplied by Elkem Microsilica and has a specific surface area of 1500-3500 m?/g. Based on the supplier’s information and
literature; Table 2 shows the chemical compositions of the cements mix material.

2.2. Concrete Mix Design

Sixteen concrete mixes were prepared using RCA, GGBS and SF to investigate the impact on concrete strength and quality. Table 3
provides the mix design in kg/m®. For mixes, the first letter indicates the natural aggregates NA or the recycled concrete aggregates
RCA with replacement ratio (i.e. 25RCA, 50RCA and 100RCA), the next number (0 or 25) refers to GGBS replacement ratio and the
final number (again, 0, 5, 10 and 15) describes the SF replacement ratio. All concrete mixes were made with a water-to-cement ratio of
0.54. To avoid the discrepancies caused by the moisture content of the aggregates, RCA was oven dried for 24 h and both NA and sand
were air dried inside the laboratory for 7 days. A C30/37 concrete mix with a target slump of 200 mm was designed using the BRE
Concrete Mix Design [23]. The obtained SSD of the aggregates was used in the concrete mix design, in which the total volume of RCA
plus NA in one cubic metre of concrete was kept at a constant for all concrete mixes. Additional water was added to the free water to
account for the SSD state of the dried RCA.

To ensure the RCA had the sufficient time to absorb the water to achieve the SSD state, aggregates were mixed for two minutes then
half of the water was added and mixed for 3-4 min, thereafter, the mix was left for 30 min. OPC, GGBS and SF were added slowly to the
mixer to ensure that no dry balls developed, while the remaining water was slowly added and mixed for 3-4 min to ensure a uniform
mix. Five standard 100 x 100 x 100 mm cubes for 28-day tests were prepared for the compressive and UPV tests. The moulds were
removed on the following day and the concrete samples were stored in a curing tank at 20 °C.

2.3. Beam tests

In the second stage of this study, five reinforced concrete beams having various RCA replacement ratios and 25 % and 5 % GGBS
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Fig. 2. RCA (left) and NA (right).

Table 2

Typical oxide composition (reported as oxide wt%) of cement mix materials.
Chemical composition GGBS (%) SF (%) OPC (%)
SiOy 36 > 85 20.62
Al,O3 12.5 4.81
CaO 40 <1 63.48
MgO 7.74 1.07
Fe,03 0.5 2.71
Na,O 0.21
K,0 0.52
SO3 0.1 <2 3.10
P,0s
TiO, 0.9
MnO 0.5

and SF, respectively, were cast and tested. Beams were B-NA-0-0, B-NA-25-5, B-25RCA-25-5, B-50RCA-25-5 and B-100RCA-25-5. Fig. 3
provides the schematic views of the beam specimen configuration, including the reinforcement and geometrical details of the beam
specimen and beam moulds displaying the reinforcement arrangements. In addition to the RC beams, five standard
100 x 100 x 100 mm cubes, three 3150 x 300 mm cylinders and three 100 x 100 x 500 mm prismatic beams were cast from each
batch to define the compressive strength (f), splitting tensile strength (f;) and modulus of rupture (f;) on the day of testing the beam.

All beams had a clear span of 1800 mm, with an overall length, width and depth of 2000 mm, 125 mm, and 200 mm, respectively.
Two 10 mm diameter steel bars were used as the main longitudinal bottom reinforcement, whereas the top reinforcement in the
compression region was steel with 6 mm bar diameter. The concrete clear cover was 20 mm. In all specimens, 8 mm shear stirrups
were included at intervals of 100 mm in the shear region, to have a flexural failure at midspan of each beam, as seen in the Fig. 3(a).

Table 3
Concrete mixes.
Mix label Cement GGBS (0 % or 25 %) SF Free Water Additional Water for RCA SSD Sand NA RCA
(0-15 %)

NA-0-0 463 0 0 250 0 631 836 0
NA-25-5 324 116 23 250 0 631 836 0
NA-25-10 300.7 116 46.3 250 0 631 836 0
NA-25-15 277.5 116 69.5 250 0 631 836 0
25RCA-0-0 463 0 0 250 10.9 631 627 198
25RCA-25-5 324 116 23 250 10.9 631 627 198
25RCA-25-10 300.7 116 46.3 250 10.9 631 627 198
25RCA-25-15 277.5 116 69.5 250 10.9 631 627 198
50RCA-0-0 463 0 0 250 21.7 631 418 395
50RCA-25-5 324 116 23 250 21.7 631 418 395
50RCA-25-10 300.7 116 46.3 250 21.7 631 418 395
50RCA-25-15 277.5 116 69.5 250 21.7 631 418 395
100RCA-0-0 463 0 0 250 43.5 631 0 791
100RCA-25-5 324 116 23 250 43.5 631 0 791
100RCA-25-10 300.7 116 46.3 250 43.5 631 0 791
100RCA-25-15 277.5 116 69.5 250 43.5 631 0 791
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Fig. 3. Schematic views of the beam specimen configuration including (a) the reinforcement and geometrical details of the beam specimen (all
dimensions in mm) and (b) beam moulds showing the reinforcement arrangements.

2.4. Instrumentation and testing procedure

To examine the quality of concrete, a UPV test was conducted on each hardened concrete cube before the compression test by direct
transmission method in BS EN 12504-4 [24]. The time taken T (ps) by the pulse to travel from the transmitting transducer to the
receiving transducer through the length of the specimen (L = 100 mm) was recorded to calculate the wave pulse velocity V (km/s) by
dividing the pulse distance by transit time.

All beams were loaded under a four-point set-up to failure by using a hydraulic testing machine with a 250 kN capacity. The test
was conducted under displacement control mode with a loading rate of 1 mm/min. A linear variable differential transducer (LVDT)
was used to measure the deflection at the midspan of the beam. An automatic-data acquisition system connected to a personal
computer was used to monitor loading and deflections. The crack propagation was monitored during the testing.

3. Life cycle analysis (LCA)
3.1. Goal and scope definition

The LCA is conducted to investigate the environmental benefits of using recycled concrete aggregate and cement replacement
binders in concrete mixes used for structural frames in buildings and infrastructures, focusing on global warming potential measured in
kg CO2 eq. This study analyses the mixes adopted in the experimental programme with the view that each of the 16 mixes is used to
cast beams as part of a concrete building structural frame. The construction site considered for this research is assumed to be on the
outskirts of an urban setting in the UK to facilitate the installation of onsite batching facilities for concrete production and recycled
aggregate waste processing. An existing building to be demolished is assumed to be located on the site where the new building will be
erected. In the scenario where a percentage of the aggregates in the concrete mixes adopted for the new concrete beams uses recycled
aggregates, these are sourced from the existing building.

3.2. Assumptions

3.2.1. System boundary
Two main system boundaries were considered: one includes processes associated with the production of recycled aggregate and its
adoption within the concrete mix (Fig. 4); the other considers natural aggregate only in the concrete mix (Fig. 5). For both systems a
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variable percentage of GGBS and SF is added to the concrete mix and the resulting functional unit CO2 emissions, calculated as
kgCO2eq are compared with one another. The system boundaries for this study include all processes related to the sourcing and
production of materials and construction of the beam but exclude impacts associated with its use and maintenance, as this is expected
to be the same for all the mixtures considered [25]. Furthermore, this LCA follows a comparative ’cradle-to-laid’ approach, also
referred to as "cradle-to-end of construction" [26,27]. This approach is appropriate as all mixes considered within this research
maintain a similar performance following their production so that the energy required to demolish the resulting structures would be
equivalent.

3.2.2. Recycled aggregate

A’ cut-off” allocation approach is considered for the recycled concrete aggregate (RCA) environmental impact assessment, with the
environmental burdens related to the building demolition not included in the system boundaries for this study [28]. The pertinence of
following a cradle-to-end of construction approach for this LCA is detailed in Fig. 6, where those processes that would have similar
performance for all mixes have been highlighted. For example, the existing building demolition required to make space on-site for the
new building must be demolished in both the scenarios with or without RCA in the mix. Therefore, in a comparative study, this factor
would not influence the study’s outcome. Similarly, once the beams in the new building have been cast, the building maintenance
won’t be affected by the type of mix adopted for the structural frame.

Marinkovi¢ et al. [38] supported the use of a no allocation method with a cut-off rule in evaluating the environmental impact of
recycled aggregate concrete as proposed in this research. They compared the impact assessment results of three allocation methods - no
allocation, mass allocation, and economic allocation - and found that the choice of allocation method had little impact on the overall
assessment. This is because the impact of cement production, which is much larger than that of recycled aggregate production,
dominates the overall impact assessment.

3.2.3. Silica Fume (SF) and Ground Granulated Blast Furnace Slag (GGBS)

Similarly, in the evaluation of the impact of resulting concrete mix with SF, a no allocation method was employed. Bajpai et al. [39]
arrived at the same conclusion by noting that the by-products of silicon alloy plants, which SF is derived from, do not require separate
manufacturing processes. As SF is considered a waste product, it is commonly believed to have no significant impact on the envi-
ronment when used in concrete production. Additionally, as SF is a recovered material, the environmental impacts attributed to it are
typically limited to the treatment and transportation necessary for its use as an input material in concrete production.

Furthermore, GGBS and SF are both by-products and only the processing and transport emissions related to these two materials are
allocated for this assessment with any other emission due to steel and electricity production seen as not relevant or impactful [40].

3.2.4. Transport

A default distance of 100 km between the quarries and the site was assumed for the natural aggregate [29]. For the Recycled
aggregate, this distance is dramatically reduced to a nominal 5 km to account for the use of onsite concrete batching and mixing plants.
Furthermore, an average of 300 km and 50 km for GGBS and cement, respectively transport to the site has been assumed for this study
[29].
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For the supplementary cementitious material (SCM), Silica Fume, transport was regarded as 50 km based on a survey conducted in
[41].

3.2.5. Functional unit

In this research, the functional unit (FU) used for the life cycle assessment (LCA) is a concrete beam made using the mixes
investigated. The quantities of each component are adjusted per unit volume of the FU, which is expressed as a cubic metre of concrete.
This approach ensures that the composition of the FU matches that of the tested samples, including their associated strength. To
calculate the reinforcement required for the functional unit, a 300 mm deep and 200 mm wide concrete beam has been considered,
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assuming a span of 5 m and an imposed uniform load equivalent to the beam self-weight. As such the overall reinforcement considered
for the sample beam is equivalent to the minimum requirements from the BS EN 1992 [30].

3.3. Methodology

The software SimaPro, version 9.1.1 was used for modelling the LCA of the concrete functional unit. The Life Cycle Impact
Assessment (LCIA) calculation methodology used in this study is ReCiPe 2016 Midpoint Hierarchist (H) created by RIVM, Radboud
University, Norwegian University of Science and Technology and PRé Sustainability. Ecoinvent database version 3.6 is mainly adopted
to source LCI data for this study. The commonly used midpoint characterisation factor for climate change is the global warming
potential (GWP), which measures the total increase in infra-red radiative forcing caused by a greenhouse gas (GHG). GWP is typically
expressed in kg CO2-eq.

3.4. Life Cycle Inventory (LCI)

Data was collected from the literature and information from the Ecoinvent 3 Life Cycle Inventory database. The energy required to
process the construction and demolition waste (CDW) from the on-site concrete frame being demolished for adoption in the new
concrete mix was considered. It is assumed that a mobile processing plant was installed beforehand on site, so that enough storage was
available on site to store the CDW and the processed RCA. The consumable materials required for RCA production were 1.56 1/t water
consumption; and 0.02 kg/t steel consumption [31]. A 99 % of the recycled CDW was assumed to be used within the new concrete mix
[31]. The study has considered Borghi et al. [31] research on processing of 1 tonne recycled aggregates from construction waste, which
reported that 0.64 litres of diesel, equivalent to 24.32 MJ/t.

4. Results and discussion
4.1. UPV

The quantity of RCA plays a significant role in the quality of concrete, as indicated by UPV results in Fig. 7. Results show that the
UPV for mixes with 50 % and 100 % RCA is 4.3 % and 8 % lower than that for the NA concrete, respectively. Gomez-Soberé6n [32]
reported that the porosity of RCA is around three times higher than the porosity of the NA due to the old mortar attached on the
aggregates. However, using 25 % RCA has negligible effect on the UPV results. For NA mixes, replacing the cement with GGBS reduces
the UPV values. As the SF percentage increases, the UPV value increases, indicating that the quality of concrete is enhanced. For mixes
with 100 % RCA, as the SF percentage increases up to 10 %, the UPV value also increases. The concrete mix with 50 % RCA and 15 %
SF provides the highest UPV value when compared to all mixes tested. It can be noted that concrete mixes with NA, 25 % RCA, 50 %
RCA or 100 % RCA and 10-15 % SF produce a good quality mix as the UPV values being in the range of 3.6-4.5 km/s [33].

4.2. Compressive test

Fig. 8 provides the 28-day compressive strength for all mixes tested. Results show that RCA had no significant negative impact on

NA 25% RCA 50% RCA 100% RCA

v

I
~
i

Fig. 7. UPV test results.
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the compressive strength of concrete. The concrete mixes with and without RCA provided a similar compressive strength, except for
those with 100 % RCA. The reduction in the compressive strength of concrete with 100 % RCA was only 13.5 % in comparisons with
concrete made from NA. A similar finding was reported by Limbachiya et al. [3] and Alengaram et al. [34]. This is due to greater
angularity and surface roughness of the RCA, resulting in better interlocking of aggregates and improved interfacial bond between
aggregates and cement paste [35]. These two factors may help to compensate for the drop in compressive strength caused by weaker
RCA. However, for concrete with 100 % RCA, the weakness of RCA is assumed to be due its angularity and surface roughness, hence,
the compressive strength of produced concrete is reduced [34]. Replacing OPC with 25 % GGBS and only 5 % SF can mitigate the
reduction in compressive strength of mixes from 100 % RCA. For this case, the compressive strength of the concrete 100RCA-25-5 is
11.7 % higher that for the concrete with full RCA (i.e. 100RCA-0-0).

For all concrete mixes, as the percentage of SF increased, the compressive strength of concrete increases. For example, for mixes
without RCA and 25 % GGBS, adding 10 % SF increases the compressive strength of concrete by 33 % while mixes with 25 % RCA and
25 % GGBS, adding 5 % of SF increases the compressive strength of concrete by 17.5 %. Results show that the ternary mix of OPC,
GGBS and SF work well in combination to offset the reduction in strength caused by RCA. It is assumed that this is due to the secondary
reaction of Ca(OH); from the initial of hydration of OPC and the SiO5 in both the SF and GGBS resulting in the formation of Alite and
Belite, the reaction of CaO and SiO, in GGBS and SF respectively and the fineness of SF resulting it a greater matrix densification.

4.3. Reinforced beams

Based on the results of the UPV and compressive strength, it can be concluded that adding 5 % SF and 25 % GGBS in RCA can
enhance the concrete strength and improve the quality of concrete to the level comparable with the control mix. Hence, five beams (B-
NA-0-0, B-NA-25-5, B-25RCA-25-5 B-50RCA-25-5, B-100RCA-25-5) were cast and tested to investigate the load-deflection responses,
ultimate moment capacities, and cracking behaviour and patterns. Furthermore, the impact of ternary blends and RCA on the me-
chanical properties of produced concrete is analysed.

4.3.1. Mechanical properties of concrete

It can be noted form the Table 4 that replacing NA with 25 % and 50 % RCA has no significant negative impact on the compressive
strength, tensile strength, and modulus of rupture of concrete. This is because the RCA aggregate surface roughness and angularity
enhance the interfacial bond and mechanical. Furthermore, GGBS and SF contributing to the formation of Alite and Belite through the
secondary reaction of Ca (OH),. For mixes with 100 % RCA, the compressive strength of concrete reduces by 9.8 % while the tensile
strength and modulus of rupture of concrete reduce by 17 % and 21 %, respectively, in comparison to B-NA, 25, 5 mix. In comparisons
to control mix (i.e. B-NA, 0, 0), the compressive strength, tensile strength and modulus of rupture reduce by 9.3 %, 12.3 % and 20.5 %,
respectively. It seems that the RCA aggregates high roughness ratio and angularity enhancement contribution as well as the effect of SF
cannot compensate the reduction in the concrete strength due to RCA weakness.

4.3.2. Load-deflection response

Fig. 9 shows the applied load versus the midspan deflection curves for all tested beams. Table 4 shows the first cracking load, the
ultimate load and the deflection corresponding to the ultimate load for each beam. The cracking load is defined as the value of the load
at the end of the initial linear zone in the load-deflection response, while the ultimate load is the maximum load of the load-deflection
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Fig. 8. Compressive strength test results.
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Table 4

RC beam results.
Beam f. (N/mm?) f, (N/mm?) f, (N/mm?) Per (KN) P, (kN) 8, (mm)
B-NA-0-0 36.8 2.84 455 10 45 9.3
B-NA-25-5 37.0 3.00 459 9 43 2.9
B-25RCA-25-5 35.0 2.84 4.62 7.16 42,5 10.4
B-50RCA-25-5 38.1 2.89 4.61 10.2 41.1 10.1
B-100RCA-25-5 33.4 2.49 3.62 9.7 42.7 10.6

curve. The test results showed that the cracking load of the beams B-25RCA-25-5 was lower than that of the control beam while the
other beams exhibited a comparable cracking load with the control beam. The beams B-NA- 25-25 and B-25RCA-25-5 displayed similar
initial stiffness to the control beam while the beams B-50RCA-25-5 and B-100RCA-25-5 showed slightly lower initial stiffness. After the
cracking load, each beam exhibits linear behaviour until the stress in the steel reaches its yield stress, followed by a short yield plateau
and slight increase in the loading capacity due to the steel hardening. Furthermore, the effect of the RCA content, GGBS and SF on the
ultimate load was not significant.

Beams B-NA-0-0 and B-NA-25-5 have a similar cracking load, however, the slope of the load-deflection curves after the cracking
load of the beam B-NA-25-5 was slightly less than that of the beam B-NA-25-5. The beams with 25 % and 50 % RCA content exhibited
minor changes in the slope in comparison to the beam B-NA-25-5. The beam with 100 % RCA showed the lowest bending stiffness in
comparison to all tested beams. This could be attributed to the 100 % RCA beams having the lowest elastic modulus and the bonding
between the rebars and the concrete being impacted by the high content of RCA.

4.3.3. Ultimate moment capacity

The experimental ultimate bending moment (My,exp) together with predictions of Eurocode 2 (My,pre) are presented in Table 5. It is
observed that the ultimate moment capacity of the beam is slightly influenced by inclusion of RCA, and ternary cementitious (GGBS
and SF). For instance, the control beam B-NA-0-0 has 4.4 % higher ultimate moment capacity than the beam with ternary cementitious
(B-NA-25-5). This could be due to the presence on unreacted GGBS within the cement paste. The experimental bending capacity of the
beams B-25RCA-25-5; B-50RCA-25-5; and B-100RCA-25-5 is slightly lower than this for the control beam by 5.6 %, 8.6 % and 5.1 %,
respectively. This again could be due to unreacted GGBS within the cement paste and inclusion of the RCA that affect the mechanical
properties of concrete mixture. However, studies have shown that mixes with GGBS tend to gain strength at a quicker rate past the 28
days in comparison to the control and therefore potentially surpass that of the control mix at a later age [36]. Hence, 30 % replacement
of cement and 100 % RCA have no significant effect on the flexural capacity of the beam.

The ultimate moment capacity for singly reinforced concrete members using Eurocode 2 can be calculated using the Eq. (1):

50
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30 —B-NA-25-5
: B-25RCA-25-5
= 25 B-50RCA-25-5
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5

0
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Fig. 9. Load-deflection relationship.
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Table 5
Ultimate moments; experimental and theoretical.
Beam P, (kN) 8, (mm) Mu,exp Mu,pre Mu,pre/ Mu,exp
B-NA-0-0 45 9.3 14.63 12.70 0.87
B-NA-25-5 43 9.9 13.98 12.70 0.91
B-25RCA-25-5 42.5 10.42 13.81 12.64 0.92
B-50RCA-25-5 41.1 10.12 13.36 12.73 0.95
B-100RCA-25-5 42.7 10.65 13.88 13.77 0.99
Average 0.93
COV (%) 5.08
Ax
Mu.pre Z.ﬁAs (d - ?
(€}
Ax = AL
N Aefeb

In these expressions, the partial material factors are taken as unity and n is taken as 1, for f. < 50MPa, in accordance with Eurocode
2. a. is taken as 0.85 as recommended by the UK National Annex to Eurocode 2, d is the effective depth from the top of a reinforced
concrete beam to the centroid of the tensile reinforcement, b is the width of the cross-section, As is the reinforcement area in mm?, and
fy is the yield stress of the used steel, and is equal to 525 Mpa.

It can be noted from the results presented in Table 5 that Eurocode 2 provides a slightly conservative estimation of the ultimate
moment capacity for all beams, with the average predicted-to-experimental ultimate moment being 0.93. It can be concluded that the
Eurocode 2 design provision can be used for flexural design of RC beams made of RCA, and ternary cementitious GGBS and SF.

4.3.4. Cracking behaviour

Fig. 10 shows a view of the crack patterns at failure for the beams B-NA-0-0; B-50RCA-25-5; and 100RCA-25-5. These beams were
selected for illustrative purposes and similar comparisons have been found for all of the other beams in this study. The crack patterns
and propagation are similar all beams. At the beginning of the test until the cracking load, cracks did not appear. After the cracking
load, a first crack initiated at on the bottom of the beam in the constant-moment region (i.e. the region between the middle of the beam
and the application of the point load). As the load increased after the initial cracking, additional flexural cracks formed and propagate

(©)

Fig. 10. Final crack patterns for the beam (a) B-NA-0-0; (b) B-50RCA-25-5; and (c) 100RCA-25-5.
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vertically upwards towards the compression zone. As the load further increased, a few cracks were formed in the shear region (i.e. the
region between the support and the application of the point load) and propagated diagonally towards the application of the point load.
At the ultimate load, all steel RC beams fail by steel yielding, indicating flexural failure.

4.4. Life cycle analysis

Fig. 11 provides the Global Warming Potential (GWP) for all the mixes that have been tested in this experimental programme.
Results show that for all concrete mixes the GWP decreases when the cement is replaced with GGBS and SF. For examples, the mix NA-
25-5 has 20 % lower GWP than that for the benchmark sample NA-0-0. Furthermore, as the percentage of SF is increased in the mixes
the GWP decrease. For example, the mixes NA-25-10 and NA-25-15 % have 72 % and 68 % lower GWP than that for the benchmark
sample NA-0-0. It worth pointing out that replacing cement with SF does not provide significant reduction in the GWP as the
replacement ratio is low. For example, when comparing NA-25-5 samples to the samples utilising 10 % (NA-25-10) and 15 % of SF
(NA-25-15), the improvement in GWP emissions is limited to 8 % and 4 % respectively. However, the use of SF is beneficial to concrete
with RCA as it eliminates the strength loss that is noted with the incorporation of RA.

In contrast, the GWP reduction by including 100 % RCA alone in the mix 100RCA-0-0 is limited to 5 % when compared to the
benchmark mix NA-0-0. This is because of the similar emissions associated with manufacturing and processing of recycled and natural
aggregates [37]. To further understand the GWP contribution for mixes with and without RCA, it can be seen from Fig. 12 that the GWP
contribution of each process is similar between mixes with or without RCA with an average 85 % of GWP value due to the cement
manufacturing and processing alone. Consequently, the improvement that is generated by adopting RCA in the mix does not suffi-
ciently impact the overall GWP performance of the concrete mixes since cement contribute to the highest GWP. Further details into the
GWP for processing RCA and NA only can be found in the Fig. 13. It can be noted that natural aggregates have higher GWP contribution
that recycled concrete aggregates by almost 80 % since the process of NA required quarry operation and transportation while the RCA
are produced on site from an existing building waste. The GWP contribution for the concrete ingredients that make the concrete mixes
NA-0-0 and 100RCA-25-5, including associated processes and transportation, is illustrated in Fig. 14. The values were obtained as a
percentage of the total GWP for each mix. It can be seen that the mix 100RCA-25-5 had lower GWP that the control mix by 33 %. The
RCA contributes for only 4 % of the overall GWP of the mix 100RCA-25-5 while the natural aggregate contributes for 9 % of the overall
GWP of the mix NA-0-0. Furthermore, the transportation contribution to the overall GWP accounts for 3 % and 9 % for the mixes
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100RCA-25-5

~
3
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Fig. 11. Global Warming Potential overview of the Stage 1 Experimental Programme fifteen mixes (normalised values to NA-0-0).
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Fig. 12. Impact on GWP contribution of each process as a percentage of total GWP value.
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Fig. 13. Global Warming Potential overview of the operations associated with 100 % RCA and 100 % NA (normalised values to 100 % NA).
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Fig. 14. Global Warming Potential overview of the concrete ingredients, including the associated processes and transportation, for NA-0-0 and
100RCA-25-5.
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NA-0-0 and 100RCA-25-5, respectively. This is due to the fact that the GGBS is delivered from the distance of 300 km.

Based on the results of the LCA, it can be concluded that the concrete mixes with and without RCA provide a similar GWP per-
formance. For example, replacing NA with 25 %, 50 % or 100 % RCA has no significant positive impact on the GWP emissions.
However, adding 5 % SF and 25 % GGBS in concrete mixes improves GWP environmental response significantly, even though, based
on GWP emissions alone, further increases of SF do not demonstrate a significant reduction effect. Future research studies, however,
should consider impact assessment categories other than GWP when studying RCA as this would contribute in further understand the
RCA environmental impact.

5. Conclusion

The paper aimed to review the impact on key mechanical properties of concrete, structural performance of reinforced beams and
provide a thorough LCA to understand the true environmental impact, focusing on the GWP, of incorporating a ternary cementitious
mix and RCA. In conclusion:

e Results show that RCA had no significant negative impact on the compressive strength, tensile strength, and modulus of rupture of
concrete. This is assumed to be due to greater angularity and surface roughness of the RCA, resulting in better interlocking of
aggregates and improved interfacial bond between aggregates and cement paste.

o Athigh levels of RCA replacement, the inclusion of GGBS and SF as a SCM in a ternary blend eliminated any negative impact and for

all mixes produced greater strengths in comparison to the control mix. This was mainly due to the secondary reaction of Ca (OH),

and pore refinement that took place due to the chemical and physical properties of GGBS and SF

Beams B-NA-25-25 and B-25RCA-25-5 displayed similar initial stiffness to the control beam while the beams B-50RCA-25-5 and B-

100RCA-25-5 showed slightly lower initial stiffness.

e Experimental bending capacity of beams B-25RCA-25-5; B-50RCA-25-5; and B-100RCA-25-5 were slightly lower than this for the

control beam and this is assumed to be due to unreacted GGBS within the cement paste and inclusion of the RCA that affect the

mechanical properties of concrete mixture.

Cradle-to-laid LCA focusing on Global Warming Potential (GWP) demonstrated that replacing NA with 25 %, 50 % or 100 % RCA

has no significant impact on the GWP emissions, however, there is significant GWP impact in adopting Silica Fume and GGBS as

cement replacements in a concrete mix.

e A similar optimistic conclusion could not be drawn for adopting Recycled Concrete Aggregates in lieu of natural aggregate within
the concrete mix. However, this study has limited the RCA environmental assessment to GWP, while other impact categories might
present a significantly better performance of RCA than natural aggregate.
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