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Abstract: Greenhouse gas emission has been a serious problem for decades. Due to the high
energy consumption of traditional construction and building materials, recycled aggregate and
other environmentally-friendly materials or recycled materials have been researched and applied.
The treatment and reuse of construction and demolition waste (CDW) is a good way to reasonably
distribute the renewable resources in the urban city. The recycled aggregate can be used in road
engineering, geotechnical engineering and structural engineering. The combined use of natural
aggregate and recycled aggregate may possess better performance in real constructions. This pa-
per investigates the mechanical performance, micro-mechanism and CO2 footprint assessment of
NAM (natural aggregate mortar) and RAM (recycled aggregate mortar). Compressive strength test,
flexural strength test, XRD and SEM, and CO2 emission evaluation were conducted and analyzed.
The results indicate that NAM depicts better compressive strength performance and RAM has higher
flexural strength. The XRD and SEM patterns illustrate that the ettringite and C-S-H are the most
important role in shrinkage-compensating mechanism, which is more obvious in RAM specimens.
The proportion of CaO and MgO hydrated into Ca(OH)2 and Mg(OH)2 is also a key point of the
volume expansion through the curing period. Finally, the CO2 emission of NA is higher than RA per
unit. This indicates that utilizing recycled aggregate over other conventional resources will reduce
the energy consumption, and hit the mark to be environmental-friendly.

Keywords: recycled fine aggregate; expansion agent; mechanical properties; micro mechanism;
carbon footprint

1. Introduction

With the vigorous development of urban construction, a large number of old buildings
and cement concrete pavement demolition and reconstruction have produced a huge
amount of construction and demolition waste (CDW). By the end of 2020, the production
of construction waste is expected to exceed three billion tons in China, while the resource
utilization rate is only about 5%. With the acceleration of domestic development, the output
of construction waste will continue to increase. Such a huge output of construction waste
not only brings trouble to people's daily life, but also destroys the ecological environment.
It will not only occupy a lot of land, but also destroy aquatic ecology [1–3].
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Many developed countries have already regarded construction waste as a very rich
resource, and the resource utilization rate of some countries has reached 100%. In most
areas of China, construction waste is directly transported to the suburbs or rural waste
dump without treatment, and then piled up or buried in the open air. Such simple
and rough treatment of CDW will occupy land, polluting water, atmosphere and soil,
thus damaging the ecological environment and endangering human life and health. In 2019,
the total output of commercial concrete in China was 2.738 billion cubic meters [4–6].
However, 1700 to 2000 kg of aggregate can only produce 1 m3 of concrete. Due to the huge
demand for sand and gravel aggregate, a large number of woodlands have been destroyed,
the environment has been destroyed and the ecological balance has been endangered.
Excessive rock mining has caused serious damage to ecological landscape, frequent geolog-
ical disasters and mine collapse [7,8].

Recycling of CDW will solve the problem of natural aggregate resources shortage.
Also, it will solve the problems of random stacking of CDW, occupation of public land and
environmental pollution. It can alleviate the social contradictions caused by construction
waste, reduce the economic pressure for enterprises and protect the ecological environment
effectively. It also presents a very far-reaching significance for the sustainable development
of China's urbanization process and civil engineering industry [9,10]. Therefore, many coun-
tries are actively exploring how to recycle construction waste. At present, there are four
ways to reuse construction waste: (1) to produce recycled aggregate; (2) to use for road
cushion or subgrade filling; (3) for landscape engineering; (4) for foundation reinforcement.
The recycling of construction waste to produce recycled aggregate can not only achieve
better economic benefits, but also save a lot of natural aggregate, reduce the environmental
damage caused by quarrying and achieve remarkable ecological benefits [11,12].

Many researches have analyzed the feasibility of recycled aggregate (RA) replacing
natural aggregate (NA), or the combined use of RA and NA. The properties are rele-
vant and similar, but also with some differences. As one kind of environmental-friendly
material, the life cycle assessment (LCA) of RA is widely studied, and the emission of
greenhouse gases are also be calculated and evaluated [13–15]. This paper investigates
the mechanical performance, micro-mechanism and CO2 footprint assessment of NAM
(Natural aggregate mortar) and RAM (Recycled aggregate mortar). A series of compressive
strength test, flexural strength test, XRD and SEM, and CO2 emission evaluation were con-
ducted. The purpose is to compare NA with RA, by analyzing the mechanical, micro and
environmental performance.

2. Materials and Methods
2.1. Materials
2.1.1. Aggregate

Both types of fine aggregate used in this paper were obtained in Suzhou, China.
The river sand in Suzhou was used as natural aggregate (NA) and the recycled aggregate
was prepared by construction and demolition waste from China Railway Tenth Group
of The Fifth Engineering Co., Ltd. The particle size of these two kinds of aggregate after
sieving was less than 4.75 mm, and the fineness modulus of NA and RA were 2.8 and 2.9
respectively. Figure 1a is the NA while Figure 1b represents RA.

Figure 1. Aggregate.
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2.1.2. Portland Cement and Expansion Agent

In this paper, Portland cement was used with the 7d compressive strength of 33.1 MPa
and the 28d compressive strength of 46.2 MPa. The 7d and 28d flexural strength of Portland
cement are 5.3 MPa and 8.1 MPa, respectively. Furthermore, the expansion agent (EXP)
was supplied from Jiangsu SBT New Materials Co., Ltd., Suzhou, China. The chemical
composition of Portland cement and EXP are shown in Table 1.

Table 1. Chemical composition of Portland cement and the expansion agent (EXP).

Composition Na2O SO3 SiO2 Fe2O3 Al2O3 MgO CaO K2O

Portland cement 0.20 4.34 22.75 2.61 7.92 2.02 51.91 0.93
Expansion agent 0.15 27.16 1.24 0.67 12.61 2.06 54.38 0.63

2.2. Methods
2.2.1. Specimen Preparations

The tests were primarily regarding mechanical properties and micro-mechanism.
Finally, the calculation of carbon emission aimed to compare recycled mortar and traditional
materials based on the actual value of environmental-friendly materials.

The specimens of mechanical tests were all prepared under the curing temperature of
20 ± 2 ◦C, and the humidity of mortar specimens curing condition was 95%. In this paper,
the water-cement ratio was 0.45, and the mass ratio of aggregate to cement was almost
2.5. The NAM and RAM specimens were mainly composed of 0% EXP, 4.5% EXP, 9% EXP,
13.5% EXP and 18% EXP, with three parallel specimens in each mix proportion group.
In the mixing procedure according to the standards, the mortar was mixed thoroughly by a
cement-mortar mixer. The aggregate was added into the machine, and stirred in slow-speed
mode for two minutes, then in high-speed mode for two minutes. Additionally, the percent
of EXP was the mass ratio of EXP and cementitious material (Cement paste) [16].

2.2.2. Compressive Strength Test

The size of the specimen was 70.7 mm × 70.7 mm × 70.7 mm, and the test device was a
pressure testing machine CMT5305D with measuring range of 500 kN, as shown in Figure 2a.
The loading pressure in the compressive strength test was 0.05 mm/min. The load and
position at the time of damage were recorded through the test. The compressive strength is
calculated as follows:

fm,cu = K × Nu

A
(1)

Figure 2. Mechanical tests.

In Formula (1), fm, cu is the compressive strength of specimen (MPa), Nu is the damage
pressure and K is conversion factor, which is 1.35 as used in this test.
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2.2.3. Flexural Strength Test

In this test, the size of the specimen was 40 mm × 40 mm × 160 mm, and the test device
was a pressure testing machine with measuring range of 300 kN, as shown in Figure 2b.
The flexural test was carried out continuously at the loading speed of 0.01 mm/min until
the test block was broken. The load and position at the time of damage were recorded
through the test. The flexural strength is calculated as below:

fb =
3PL
2bh2 (2)

In this formula, fb is flexural strength of mortar (MPa), P is the loading pressure, L is
the gap between supporting points, and b and h are the width and height of specimen
section (mm), respectively [17].

2.2.4. Microscopic Mechanism Test

In order to investigate the different microscope performance between NAM and RAM,
scanning electron microscope (SEM) and X-ray diffraction (XRD) were used. Also, the ex-
pansion mechanism of expansive agent needed to be considered from the microscopic view.
In this part, the specimens were prepared and cured for 28 days before SEM and XRD tests.

2.2.5. Carbon Footprint Assessment

The environmental protection of recycled aggregate is supposed to be studied relative
to CO2 emission. In this paper, the carbon emissions of NAM and RAM per unit of
cement were calculated and compared. CO2 emission was calculated step by step from
material demolition, process transportation and recycled aggregate production to quantify
greenhouse gas CO2 pollution systematically. The CO2 emission system for the NAM and
RAM production is depicted in Figure 3.

Figure 3. CO2 emission system for the NAM and RAM production.

In the actual calculation process, it is difficult to get the accurate data of aggregate and
cement production enterprises or data in actual transportation process. Therefore, the car-
bon emission coefficient method was used to estimate and compare the carbon emission of
recycled aggregate and natural aggregate in the process of production, transportation and
usage. The carbon emission of the material can be obtained by multiplying the consumption
or output in the production, transportation and mixing ratio of NAM and RAM in Figure 3
by the corresponding unit carbon emission coefficient, as shown in Formula (3) [18–20].

Q1 = N1 I1 (3)
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Formula (4) is obtained by combining the carbon emissions of all materials:

∑ Q =
n

∑
i=1

Ni Ii (4)

In this formula, Q is the whole CO2 emission, N is the quantity of material and I
represent carbon emission per unit of material. Table 2 illustrates the carbon emission
coefficient.

Table 2. Carbon emission coefficient.

Coefficient (/t) Factor I Unit

Cement 0.8 t
Diesel 3.16 kg

Electricity 1.0 kg

RA
Electricity: 1.20 kW/t; Diesel: 0.73 L/t kg

3.22

NA
Electricity: 1.50 kW/t; Diesel: 0.80 L/t kg

3.66
Water 0.53 kg

Mixture 0.012 kg

The mix proportion of NAM and RAM is shown in Table 3. Other components were
ignored in this part and we only took water, cement and NA/RA into consideration [21–23].

Table 3. Mix proportion.

Material Water Cement NA/RA

Proportion/t 0.150 0.271 1

3. Results and Discussion
3.1. Compressive Strength and Flexural Strength
3.1.1. Compressive Strength

The effect of expansive agent on the strength of NAM is shown in Figure 4. In Figure 4a,
the 7d compressive strength of mortar with 9% EXP content is the highest of all groups of
specimens. It can be seen that the maximum 28d compressive strength of the specimen is
almost 6 MPa higher than that of the original specimen. However, too much expansive
agent reduces the compressive strength. The initial strength of cement is the lowest when
the content of EXP reaches 18%.

Figure 4. Compressive strength of NAM.
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When the proportion of EXP increases, the compressive strength rises, reaches the
peak at 9%, and decreases with a relatively big value. It seems that the EXP enhances the
early age compressive strength and the max deformation range, which means that the
mortar possesses much higher crack resistance. As a result, there is less possibility for
cracks to emerge in the early stage [24,25].

The recycled aggregate completely replaces the natural aggregate to make mortar
specimens in this paper. As shown in Figure 5, the content of EXP has a great influence on
the 7d compressive strength of RAM, whereas it has little effect on the 28d compressive
strength. In Figure 5a, the compressive strength of 9% EXP is the highest, and the ultimate
displacement is the same as that of 18% EXP. Compared with NAM, the early age strength
decreases, and the maximum strength is only 46.5 MPa, which is about 3 MPa lower
than RAM. Compared with NAM, the displacement of 7d specimen is less than 0.3 mm,
which means that the ultimate deformation capacity of early age RAM is kinds of weak.
The deformation resistance of RAM is similar to that of NAM when the curing time reaches
28d. The compressive strength curve of 28d RAM specimens is shown in Figure 5b, and the
effect of expansion agent content on the compressive strength of specimens is relatively
small. The strength difference of several groups is little, while 9% EXP content is still the
optimal content.

Figure 5. Compressive strength of RAM.

Compared with NAM, the strength is 4 MPa less. Because the recycled aggregate
is a kind of environmental material and a new saving type for secondary utilization, its
internal compound composition is relatively stable. Therefore, under the effect of additives,
the bond strength of cement after hydration is not obvious. That is also the reason why
RAM compressive strength is not higher than NAM, replaced by the considerably stable
value.

3.1.2. Flexural Strength

The original data of flexural strength test has been simplified and present in
Figures 6 and 7. Figure 6 depicts the flexural strength of NAM. The changing trend
of flexural strength is similar to compressive strength of NAM. The flexural strength first
increases, then decreases when the proportion of EXP reaches 13.5%. The max 7d flexural
strength is almost 7.6 MPa, while the 28d flexural strength is about 9.2 MPa at the EXP
content of 9% and 13.5%. However, the deformation is quite different as to 7d flexural
strength. When the proportion is around 9%, the ultimate deformation is the biggest,
which means that the EXP increase the crack resistance of specimens and the plasticity is
improved from specimens of 0% EXP [26,27].
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Figure 6. Flexural strength of NAM.

Figure 7. Flexural strength of RAM.

Compared with NAM flexural strength, the strength value of RAM is different.
The biggest distinct between NAM and RAM is the deformation. In Figure 7a, the max
flexural strength is 7.5 MPa and the changing range is relatively small, similar to com-
pressive strength of RAM in Figure 5. The 28d flexural strength of RAM is higher than
NAM, with a difference of approximately 0.3 MPa. However, the ultimate strain of RAM is
1.2 mm, while that of NAM is only around 1.03 mm. With the content of 9%, the specimens
present better plasticity.

Combining the compressive strength and flexural strength, the effect of EXP exposed
on NAM is much obvious than RAM. Above all, the strength performance of NAM is a
little bit better than RAM, and the strength of RAM is much stable than NAM. The flexural
strength of RAM is higher than NAM, which means that RAM has better performance
under bending force. On the other words, NAM possesses higher crack-resistance under
compressive strength [28,29].

Pictures of some specimens after the test are collected, as shown in Figure 8. The de-
velopment of cracks in compressive strength specimens starts from one third of one side of
the specimen. The bubbles on the surface of NAM specimens are obviously less than those
of RAM specimens, which is related to the particle size and fineness modulus of RAM.
Also, the RAM absorbs more water than NAM and reduces the mixing water, which gen-
erates more porosity in the samples. The failure modes of the bending specimens are
consistent, and all fracture from the middle of the specimens. The addition of EXP limits



Sustainability 2021, 13, 491 8 of 12

the initial volume expansion of cement water and compensates the volume shrinkage
during curing and cooling. It can be seen from the above results that EXP has more obvious
compensation shrinkage mechanism in NAM specimens. At the end of the curing period,
the strength enhancement plays an important role. For RAM, the effect of EXP is limited to
the secondary utilization of aggregate, so the effect is not so obvious [30,31].

Figure 8. Failure mode.

3.2. X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM)
3.2.1. X-Ray Diffraction (XRD)

Figure 9 shows the XRD chemical composition pattern of NAM with 0% EXP and 9%
EXP, and of RAM with 9% EXP. The strength of mortar and concrete is mainly from quartz.
The quartz content of RAM is less than NAM, which is the main reason why the strength of
RAM is lower than that of NAM. Due to the utilization of CDW, the components of RAM
are more complex, as shown in Figure 9.

Figure 9. XRD pattern.

There are many reasons that may explain the shrinkage compensating mechanism
of EXP used in RAM and NAM. Firstly, the EXP cement which forms ettringite occurs in
the early stage of cement hydration, as shown in Formula (1). It is suitable for function in
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lower temperature under 60 ◦C. The solid volume of the system increases by almost 120%
before and after the reaction [32–34].

6CaO + Al2O3 + 3SO3 + 32H2O = 3CaO · Al2O3 · 3CaSO4 · 32H2O (5)

Furthermore, the hydration of CaO or MgO in the EXP forms Ca(OH)2 or Mg(OH)2,
resulting in volume expansion. The solid volume increases by 98% when CaO is hydrated
to Ca(OH)2, and about 117% when MgO is hydrated to Mg(OH)2. Therefore, that’s the
difference between the three mortar specimens below. EXP has the function of shrinkage-
compensation and it changes both the chemical composition and the mechanical performance.

3.2.2. Scanning Electron Microscope (SEM)

Compared with SEM images of NAM, the microstructure of RAM is loose, as shown in
Figure 10. The hydration products contain more C-S-H in NAM and ettringite (needle shape),
and less large crystals. At the same time, a large number of calcium hydroxide crystals
overlap each other. This is consistent with RAM having lower strength and NAM having
better performance.

Figure 10. SEM images of NAM and RAM.

Ettringite is adsorbed on the crystal to form clusters. When the mortar is cured in early
age, the internal temperature rises and the mortar volume expands. However, the excessive
expansion is limited by ettringite. During the curing period, the internal temperature drops
and the volume shrinkage leads to the obvious internal shrinkage stress. The shrinkage
strain can easily lead to the formation of micro cracks. In this stage, C-S-H and ettrin-
gite play an important role in compensating volume shrinkage and minimizing internal
deformation. The same principle is also applied to crack and impermeable concrete [35–37].
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3.3. Carbon Emission Evaluation

Based on the data above, the CO2 emission of NAM and RAM through the cycle
of material can be calculated. The CO2 emission proportion of different components is
illustrated in Table 4.

Table 4. CO2 emission proportion/%.

NAM
Production and Transport of Cement Production and Transport of NA Mixture

96.02 3.57 0.41

RAM
Demolition of waste

concrete
Production and Transport of

Cement Production and Transport of RA Mixture

1.44 94.67 3.55 0.34

In the cycle of RAM and NAM production, the proportion of production and transport
of cement occupies around 94% to 96% of total CO2 emission. It seems that the CO2
emission of RAM is a little bit less than NAM, mainly because the production and transport
of RA saves diesel and electricity consumption. As a result, the utilization of recycled
aggregate from CDW or other environmental-friendly resources may reduce the energy
use; at the same time, the greenhouse gas will also be controlled to some extent. Last but
not least, the NA and RA can be combined in actual use to obtain better performance.
A reasonable proportion of NA or RA in concrete mixing, casting and laying will realize
higher strength and resistance, and also meet environmental targets [38–40].

4. Conclusions

In this paper, the aggregate is fine aggregate. The natural aggregate and recycled
aggregate, combined with the utilization of expansion agent, were investigated and dis-
cussed based on mechanical performance, micro-mechanism and environmental evaluation.
Various tests, including compressive strength test, flexural strength test, XRD, SEM and
CO2 emission evaluation, were conducted. The conclusions are drawn as below:

1. The compressive strength of NAM is higher than that of RAM, while the flexural
strength of NAM is less than RAM. Further, the trend of mechanical strength is similar
in that it first increases and then decreases when the EXP proportion reaches an
optimal level. The strength value of recycled aggregate is acceptable compared with
that of NAM.

2. From the XRD and SEM patterns, quartz is the source of strength in NAM and RAM.
Ettringite occurs in the early stage of cement hydration and C-S-H are the main
courses of shrinkage-compensating mechanism. At the same time, the CaO and MgO
may be hydrated to Ca(OH)2 and Mg(OH)2, and the volume relatively expanded. The
effect of EXP on NAM and RAM is similar, and it has significant influence.

3. The proportion of production and transport of cement occupies around 94% to 96%
of CO2 emission. The CO2 emission of RAM is a little bit less than NAM; as a result,
the utilization of recycled aggregate from CDW or other environmentallu-friendly
resources may reduce the energy consumption.
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