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Abstract: In order to achieve a sustainable and carbon-neutral future for the building industry, research
and industry partners have been seeking low-cost measures to meet the need to recycle waste materials
while sequestering CO,. The use of recycled concrete aggregates to replace natural aggregates in the
production of new concrete has already been applied in practice. On the other hand, crushed concrete
aggregates for recycling derived from mainly the internal part of demolished concrete structures are
calcium-rich and alkaline in nature. Therefore, they can be utilised for CO, sequestering purposes. In
addition, the use of concrete made with carbonated recycled concrete aggregates could also be
increased if the cement mortar adhered to the recycled concrete aggregate could be enhanced by
carbonization.

This paper compares the resistance to chloride and CO, ingress for concrete made with carbonated /
un-carbonated recycled aggregates. Results showed that for concrete prepared with carbonated
recycled concrete aggregates, the resistance to chloride penetration is improved. Under accelerated
carbonation test conditions, the resistance to CO, ingress is also potentially improved. It indicates that
carbonation treatment is a feasible approach for improving the mechanical properties and durability of
recycled aggregate concrete while sequestering CO,.
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1. Introduction

Concrete is the most commonly used construction material in the world and is estimated to account for
about up to 7-8% of global CO, emissions [1]. Due to global urbanization and economic development,
the demand for new buildings and infrastructure have been continuously increasing, resulting in an
increasing demand for construction materials. This has led to the depletion of the already limited natural
resources and impacts on climate change due to the increasing in green-house gas emissions. To
promote environmental sustainability and carbon neutrality, industries have been seeking to implement
measures to recycle industrial wastes, reduce carbon dioxide emissions and sequester CO; in concrete
products. Replacing natural raw concrete components with suitable waste substituents and meanwhile
sequestering CO, through mineral carbonation are emerging solutions that worthy of exploration and
application [2, 3].

Previous research [4] had already shown that recycled concrete aggregate (RCA) obtained from
demolished concrete structures can be used as a substitute for natural aggregate in new concrete
structures. The mechanical properties of recycled aggregate concrete have also been studied and have
shown that it can be used as structural concrete due to its adequate strength. However, recycled
concrete aggregate is of lower quality than natural aggregate due to factors such as higher water
absorption, lower density caused by the presence of adhered mortar, increased porosity, and lower
resistance to fragmentation. Therefore, the replacement percentage of natural aggregate with recycled
aggregate and the durability performance of recycled aggregate concrete are still being studied [5].

In efforts to sequester CO,, the utilisation of industrial waste, such as recycled concrete aggregate from
demolished concrete structures in new concrete products, is an emerging technology. Mineral
carbonation, which mimics the natural carbonation process, involves the reaction of metallic oxides with
carbon dioxide to form stable metal carbonates and is a promising new technology for carbon
sequestration. In addition, the majority of recycled concrete aggregates from demolished concrete
structures are rich in Ca/Mg and alkaline in nature, due to natural carbonation is a slow process.
Therefore, finding ways to utilise un-carbonated waste materials and meanwhile sequestering CO, is a
subject of interest. In comparison to concrete with un-carbonated aggregate replacement, concrete
made with carbonated recycled aggregate replacement is expected to improve the mechanical
properties and durability performance [3, 6]. The potential beneficial effect of carbonation treatment on
enhancing the performance of concrete with recycled aggregate (RA) replacement and in helping build
a carbon neutral society, thus called for comprehensive and throughgoing research on the performance



of concrete with carbonated or un-carbonated recycled aggregate replacement, and its potential
applications in sustainable building structures.

2. Experimental program

The whole experimental program includes accelerated carbonation treatment of recycled concrete
aggregates, mechanical properties tests for concrete made with carbonated / un-carbonated recycled
aggregates (compressive strength test, flexural strength test, modulus of elasticity test), durability tests
(rapid chloride permeability test, resistance to CO, ingress under accelerated carbonation test, water
sorptivity test), and drying shrinkage measurements. In this paper, details of part of the experimental
program relating to durability performance of concrete are introduced, in the following sections.

2.1 Accelerated carbonation treatment of recycled concrete aggregates

This study utilised recycled concrete aggregates of 20 mm, 10 mm, and 7 mm in size, which were first
oven-dried at 60 °C until they reached a consistent 2% moisture content prior to carbonation. The
carbonation process was conducted in a modified rotary mortar mixer that provided a 100% CO,
environment at 23 °C for a duration of 3 hours. To ensure uniform exposure to CO,, the rotary mixer
was rotated every 15 minutes for a minute to homogenise the aggregates inside the mixer. Fig. 1 shows
the carbonation treatment of recycled concrete aggregates using a modified rotary mixer.

Fig. 1. Recycled concrete aggregates in a modified rotary mixer for carbonation treatment
(100% COy,, 23 °C and a duration of 3 hours)

2.2 Mixtures for experimental program

A General Purpose (Type GP) cement was used in all concrete mixes. Natural fine sand, 7 mm, 10 mm
and 20 mm aggregates were adopted in concrete mixes. For the recycled concrete aggregates, 7 mm,
10 mm and 20 mm un-carbonated / carbonated aggregates were used in mixes to replace certain
percentage of natural aggregates. The experimental program investigated replacement ratio at 0%, 1%,
2%, 5%, 7.5%, 10%, 15%, 20%, 25%, 30%, 50% and 100% for carbonated / un-carbonated recycled
coarse aggregate (10 mm and 20 mm) replacement. Whereas for the un-carbonated / carbonated
recycled fine aggregate (7 mm) replacement mixes, the replacement ratios were 0%, 1%, 2%, 5%, 7.5%,
10%, 15%, 20%, 25%, 30%, 50%. It should be noted that in all mixtures, the water-to-cement ratio was
kept as constant, so that the effect of un-carbonated and carbonated recycled aggregate substitution in
concrete on the mechanical properties and durability performance could be evaluated, compared with
the reference natural aggregate concrete.

2.3 Rapid chloride permeability test (RCPT)

After demoulding, 8100 mm x 200 mm cylinders were water cured until testing for rapid chloride
permeability at the age of 28 days. A concrete sample with thinness of 50 £ 1 mm was then cut from the
cylinder. The sample was air dried for at least one hour to allow surface dry. Afterwards, the sample
was put in a vacuum desiccator and vacuum pumped for a minimum of three hours. Then distilled water
was drawn into the desiccator until the sample was completely immersed in water and the vacuum pump
was run for a minimum of another one hour. Thereafter, the vacuum pump was turned off, air was
allowed to enter into the desiccator, and the sample was soaked in the container for a minimum of
another 18 hours ready for rapid chloride permeability testing.



Fig. 2. Set up of rapid chloride permeability (RCP) test

2.4 Accelerated test for determining the carbonation resistance of concrete

75 x 75 x 285 mm prisms were cast for the accelerated carbonation resistance test. Samples were
demoulded 24 hours after casting then they were water cured for 6 days in saturated lime water
maintained at 23 + 2 °C. Afterwards, the prisms were transferred into the shrinkage room maintained at
23 + 2 °C and 50 + 5% RH, where they were stored for 114 days. At the age of 120 days, an initial
carbonation depth measurement was conducted by splitting a fracture from the prism and spraying
phenolphthalein solution on the surface of the freshly fractured sample. The remained sample was
sealed with a weather-proof tape, leaving only one side surface uncovered. The sample was introduced
into the carbonation chamber maintained at 23 °C and 50% RH, with 2% vol CO, concentration. The
testing was conducted after 1, 4, 9 and 16 weeks of accelerated carbonation. Fig. 3 illustrates samples
stored in a carbon dioxide chamber with one side surface exposed to CO, for accelerated carbonation.

Fig. 3. Samples stored in a carbon dioxide chamber for accelerated carbonation

3. Results and discussion

3.1 Compressive strength

Fig. 4 compares the compressive strength of concrete made with carbonated and un-carbonated
recycled coarse aggregates.

The replacement of natural aggregates with recycled aggregates decreases the compressive strength,
while the reduction depends on the replacement ratio and the concrete age. Reduction of 7-day
compressive strength slightly varied from 0.3% to 5.8% when the replacement ratio was below 50%, but
reached 13.1% for concrete made with 100% recycled coarse aggregate. For the 28-day compressive
strength, the reduction was generally greater than that for the 7-day compressive strength, but was
lower than 8.3% even at 100% replacement ratio. For the 56-day compressive strength, the reduction
was generally minor when the replacement ratio was below 50%. However, a reduction of about 6.0%
was observed when replacement ratio reached 100%.
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Fig. 4. Effect of replacement ratio and carbonation treatment of recycled coarse aggregates on the
compressive strength

With regards to the change in compressive strength of concrete with carbonated recycled aggregates,
when compared with the natural aggregate concrete, a maximum reduction of 4.0% and 6.0% was still
observed for the 7-day and 28-day compressive strength, respectively. Whereas an opposite trend was
observed for the 56-day compressive strength, which was generally improved by up to 6.5% by the
carbonated recycled coarse aggregates at a replacement ratio lower than 50% as compared to the
reference concrete. The phenomena that replacing natural aggregates with carbonated recycled
aggregates resulted in higher compressive strength was also reported in previous studies [7, 8].
However, according to Xiao et al. [9], the improvement effect of carbonated aggregates in compressive
strength could diminish with time. With respect to the efficiency of carbonation treatment in enhancing
recycled aggregates, which refers to the improvement ratio of compressive strength of concrete with
carbonated recycled aggregates as compared to that with un-carbonated recycled aggregates, one
consistent trend was obtained for the coarse aggregates and the value is generally smaller than 10%.

Compared to the recycled coarse aggregates, at the same replacement ratio, the incorporation of
recycled fine aggregates causes greater reduction in compressive strength. As can be seen from Fig.
5, with increasing the replacement ratio up to 50%, the compressive strength consistently decreased
from 33.7 MPa to 21.0 MPa (37.7%), from 40.3 MPa to 27.1 MPa (32.9%!) and from 40.6 MPa to 26.4
MPa (34.9%) for the 7-day, 28-day and 56-day compressive strength, respectively. Along with a greater
reduction, the efficiency of carbonation treatment of recycled aggregates in enhancing the compressive
strength of RAC is higher for recycled fine aggregates then for recycled coarse aggregates. Carbonation
treatment of the fine aggregates allowed the compressive strength of concrete with 50% recycled fine
aggregates to increase from 21.0 MPa to 24.7 MPa (17.4%1), from 27.1 MPa to 31.2 MPa (15.3%1) and
from 26.4 MPa to 33.8 MPa (28.0%1) at 7-day, 28-day and 56-day, respectively. Nevertheless, when
compared to the natural aggregate concrete, the reduction in 28-day compressive strength of concrete
incorporating 30% and 50% carbonated recycled fine aggregates still reached 15.3% and 22.6%,
respectively.
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Fig. 5. Effect of replacement ratio and carbonation treatment of recycled fine aggregates on the
compressive strength



3.2 28-day RCPT

Fig. 6 compares the RCPT results for concrete made with un-carbonated and carbonated recycled
aggregates. Generally, the incorporation of un-carbonated recycled aggregates increased the total
passed charges of the tested concrete samples, but the increase did not correlate well with the
replacement ratio. For the 28-day concrete, with few exceptions, the carbonation treatment of the
recycled aggregates effectively reduced the total passed charges of the 28-day concrete with recycled
aggregates to be lower than that of the natural aggregate concrete (NAC). The total passed charges for
the recycled aggregate concrete (RAC) with carbonated coarse aggregates up to 100% replacement
ratio were 3.7-33.3% lower than that of the NAC, and the total passed charges for the RAC with
carbonated fine aggregates were 7.7-39.8% lower than that of the NAC when the replacement ratio
varied within 30%.
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Fig. 6. Effect of replacement ratio and carbonation treatment of recycled aggregates on the chloride
penetration resistance

Wu et al. [10] also investigated the effect of carbonation treatment on the chloride resistance of RAC
using RCPT. It was found that the resistance to chloride penetration of concrete was enhanced when
using carbonated RCAs and increasing the duration of carbonation treatment resulted in greater
reduction in the total passed charges of RAC at 28-days, whereas other parameters such as the
pressure adopted during the carbonation treatment had minimal effect. In addition, the RAC consistently
displayed better chloride resistance when the quality of RCA was better [6]. Furthermore, the efficacy
of carbonation treatment in improving the chloride resistance of RAC was dependent on the quality of
the initial RCA, with better resistance obtained when the parent concrete for the RCA had higher water-
to-binder ratio [11]. In terms of the effect of carbonation treatment on the chloride penetration resistance
of RAC at different ages, according to [12], the 90-day RAC with carbonated RCA could be comparable
to that of the natural aggregate concrete. However, there is a lack of study on the long-term chloride
resistance of RAC with carbonated or un-carbonated recycled aggregates.

3.3 Resistance to carbonation

Fig. 7 compares the carbonation depth of concrete with un-carbonated and carbonated recycled
aggregates under accelerated carbonation test at 2% CO, concentration, 23°C and 50% RH, up to 16
weeks of exposure.

It can be seen from Fig. 7 that, the carbonation depth increases with the duration of exposure time, and
the carbonation depth was higher for concrete made with fine RA than concrete with coarse RA at the
same replacement ratio. Although the carbonation depth increases with the replacement ratio, the
difference in carbonation depth between the concrete with 10% RA and 50% RA was generally less
than 2.1 mm for fine recycled aggregates and was smaller than 1.1 mm for the coarse recycled
aggregates. In line with a greater influence of recycled fine aggregates on the carbonation depth of
concrete, the carbonation treatment of recycled aggregates in reducing the carbon dioxide penetration
was more effective for the concrete made with fine RA than that with coarse RA. Previous studies [13,
14] have also shown that the carbonation treatment of RA improves the carbonation resistance of
concrete with RA although the carbonation treatment reduces the alkalinity of the RA, and the
improvement is more pronounced when concrete incorporates both fine RA and coarse RA. The
improvement could be attributed to the refinement of the pore network of RA as well as the ITZ in the
concrete which reducing the penetration paths of CO, [15].
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Fig. 7. Effect of replacement ratio and carbonation treatment of recycled aggregates on the
carbonation depth of concrete under accelerated carbonation test

4. Conclusions

The effect of carbonation treatment of recycled aggregates in improving the performance of concrete
with up to 100% recycled coarse aggregates or 50% recycled fine aggregates derived from construction
and demolition waste was investigated in this study. According to the experimental results, the following
conclusions can be drawn:

1) The incorporation of recycled aggregates decreased the compressive strength from 7 to 56 days,
with a greater reduction observed in concrete with a higher replacement ration of fine
aggregates. Carbonation treatment of recycled aggregates improved the compressive strength
of concrete with recycled aggregates, with a more pronounced effect observed for fine
aggregates than coarse aggregates. The compressive strength of concrete with carbonated
recycled aggregates was found still lower than that of the concrete with natural aggregates,
except for the 56-day compressive strength of concrete with up to 50% carbonated coarse
aggregates, which was observed to be slightly higher relative to the concrete with natural
aggregates.

2) Replacing natural aggregates by recycled aggregates resulted in a decrease in chloride
penetration resistance of concrete indicated by the total charge passed obtained in RCP test,
with an increase in reduction observed with higher replacement ratios. Carbonation treatment
of recycled aggregates effectively enhanced the chloride penetration resistance, especially for
the 28-day concrete.

3) The incorporation of recycled coarse aggregates showed insignificant adverse effect on the
carbonation resistance of concrete, and the carbonation treatment of coarse RA did not lead to
observable change in the carbonation resistance of RAC. However, increasing the replacement
ratio of recycled fine aggregates led to a noticeable increase in the carbonation depth of
concrete, which was effectively mitigated by the carbonation treatment of the fine RA.

4) When the efficiency of carbonation treatment of RCA was defined as the percentage of
enhancement in the concrete properties as compared to the concrete with un-carbonated RCA,



the efficiency is generally higher for the recycled fine aggregates than for the recycled coarse
aggregates, and the former also induces greater reduction in the concrete performance.
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