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Preface

This Special Issue on ”Recycled Materials for Concrete and Other Composites” focuses on the

preparation and characterization of composites containing recycled materials that could be used

in specific engineering applications, especially in the building industry. Using materials obtained

through recycling is a key part of decreasing current waste. In composites, the materials used are

mainly, but not only, recycled materials such as plastics, steel and other metals, glass, ceramics, and

industrial wastes. Unfortunately, the synthesis of composite materials made from waste, by-products,

or recycled materials requires research, which creates challenges for material engineers and chemists.

For this reason, this Special Issue presents the results of the latest research in the field of the synthesis

of composite materials, in particular cement-based composites and their properties. The topics of

the published articles also include other issues that are important for engineers in the field of the

physical and mechanical properties of mortars, concrete, and ceramic materials produced using waste

or recycled materials, and their impact on the natural environment. The obtained research results

clearly highlight the important direction of the use of such waste, which is consistent with the idea of

sustainable development.

Malgorzata Ulewicz

Editor
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In recent years, industry, including the construction sector, has been focused on
effectively reducing the consumption of natural resources, in compliance with the idea of
sustainable development. The definition of “sustainable development” from the report
“Our Common Future”, published in April 1987 by the World Commission on Environment
and Development, defines sustainable development as “development that meets the needs
of the present without compromising the ability of future generations to meet their own
needs”. Therefore, the design and production of materials, including building materials,
should be carried out with due regard to environmental protection requirements and
with future generations in mind. It is particularly important to reduce the consumption
of natural resources in the production of materials such as these, by using the latest
technology, which can be replaced by waste materials and recycled building materials from
the construction sector or waste materials from other industries.

Within this Special Issue of “Recycled materials for concrete and other composites”,
there are published the latest results of scientific research on the use of recycled materials
and post-production waste in the production of concrete and other composite materials.
Research in this field is being carried out in many centers and universities around the
world, including the USA, Colombia, Poland, Turkey, Jordan, Japan, China, India, Italy,
Bangladesh, Spain, Korea, Mexico, Greece, Sweden, France, Qatar and South Africa.

This issue currently contains twenty-one original research papers and two review
articles. The subject areas of these articles cover many aspects, including the production of
composite materials containing recycled materials, their physicochemical and mechanical
properties, corrosion resistance, elution of ions and their interactions with plasticizers or
superplasticizers. Both interesting and practical solutions and the results of laboratory tests
are presented. Irshidat and Al-Nuaimi [1] present the effect of utilizing carbon dust, gen-
erated as an industrial waste from aluminum factories, in the production of cementitious
composites. Owsiak et al. [2] determine the physical properties of a three-component min-
eral binder containing hydrated lime, and cement bypass dust as a by-product derived from
cement production. An interesting solution for the use of waste glass in composite products,
including sand–lime, is described by Borek et al. [3]. Ternary mixtures of lime, sand and
recycled waste glass had a higher compressive strength and lower density compared to
the control sample, and the increase in the parameters was proportional to the amount
of the replacement in these mixtures. Glass waste was also used by Jing et al. [4] as a fine
aggregate in architectural mortar, while Wang et al. [5] investigated the micro-properties
and mechanical properties of strain hardening cementitious composites containing recycled
brick powder. It is worth paying attention to the work of Srimahachota et al. [6], which
shows that recycled nylon fibers from waste fishing nets have great potential to be used
as a strengthening fiber in cementitious material. Another way of using plastic waste is
presented by Kane et al. [7] who have researched and examined the impact of biominer-
alization of plastic on the strength of plastic-reinforced mortar. In turn, Wang et al. [8]
investigated the micro-properties and mechanical properties of cementitious composites
containing sawdust and Liu et al. [9] present interface bonding behavior between the steel
tube and the core concrete of a concrete-filled steel tube with circulating fluidized bed
bottom ash.

Materials 2021, 14, 2279. https://doi.org/10.3390/ma14092279 https://www.mdpi.com/journal/materials
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A number of works in this Special Issue present the latest achievements in the syn-
thesis of innovative concrete-containing recycled waste and materials and their properties.
Bai et al. [10] determine the mechanical properties of recycled aggregate concrete under
uniaxial compression based on a statistical damage model. Choi et al. [11] determine the
compressive strength, chloride ion penetrability, and carbonation characteristics of concrete
with both ferronickel slag and blast furnace slag. The physical and mechanical properties of
concrete composites containing waste thermoplastic elastomer from the production process
of car floor mats is presented by Ulewicz et al. [12]. Miah et al. [13] present the effect of steel
slag aggregate as a substitute for conventionally used brick aggregate on the physical, me-
chanical and durability performances of concretes. In turn, Dobiszewska and Beycioğlu [14]
show that waste basalt powder, which is a by-product of the production of mineral–asphalt
mixtures, used as a partial sand replacement, increases the compressive strength of con-
cretes. According to microstructural analyses, the presence of basalt powder in concrete
mixes is beneficial for cement hydration products, and basalt powder-substituted concretes
have lower porosity within the interfacial transition zone. The durability of concrete with
recycled concrete aggregate (from precast concrete), treated by a coating of a cement paste
dissociation agent, depends, as shown by Yang and Lee [15], on mixing methods. Addi-
tionally, Landa-Sánchez et al. [16] determine the corrosion resistance of green concrete (GC)
admixtures containing recycled coarse aggregate and reinforced with AISI 1080 carbon steel
and AISI 304 stainless steel. In turn, Król [17] presents the result of leaching of chromium
from concretes made of Portland cement CEM I and slag cement CEM III/B containing
75% granulated blast furnace slag.

It is worth paying attention to the article by Ryms et al. [18] wherein the authors
cover a new application for char as a carrier of phase-change materials (PCMs) used as an
additive to building materials. Thus far, no one has tried to utilize pyrolytic biochar with a
well-developed internal surface for permanent PCM adsorption. Gołaszewski et al. [19]
present the influence of raw and ground calcareous fly ash on rheological properties and
other effects of admixtures (plasticizers and superplasticizers), in particular, the amount of
air in the mixture and the level of heat of hydration.

Recycled materials can also be successfully used as an additive to asphalt mixtures.
Beycioğlu et al. [20] present the possibilities of using waste powder from glass fiber-
reinforced polyester (GRP) pipes (GRP-WPs) for asphalt mixtures as a filler and Sánchez-
Cotte et al. [21] present the implicational possibilities of using recycled concrete aggregate
(recycled concrete aggregate of a building and recycled concrete aggregate from a pavement)
as a replacement for natural aggregates in road construction. This research concludes
that the studied recycled concrete aggregates might be used as replacements for coarse
aggregate in asphalt mixtures since their chemical properties do not affect the overall
chemical stability of the asphalt mixture.

This Special Issue is completed by a review article by Lavagna et al. [22]. This analytical
mini-review presents the compression strength of rubberized concrete as a function of the
amount of recycled tire crumb rubber. Glaydson dos Reis [23] discusses the generation and
recycling of construction and demolition wastes (CDWs) as well as their main uses as raw
materials for the construction engineering sector.

All the articles published in this Special Issue have been reviewed by recognized
experts in the relevant fields of science. As Guest Editor, I would like to acknowledge all
the authors for their valuable contributions. I would also like to thank the reviewers for
their comments and suggestions that have greatly improved the quality of the papers. Last,
but not least, I would also like to thank the Section Managing Editor, Ms. Freda Zhang, for
her kind assistance in the preparation of this Special Issue of the journal.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Industrial Waste Utilization of Carbon Dust in
Sustainable Cementitious Composites Production

Mohammad R. Irshidat *,† and Nasser Al-Nuaimi
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* Correspondence: mirshidat@qu.edu.qa
† On leave from Jordan University of Science and Technology (JUST), Jordan.
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Abstract: This paper experimentally investigates the effect of utilization of carbon dust generated
as an industrial waste from aluminum factories in cementitious composites production. Carbon
dust is collected, characterized, and then used to partially replace cement particles in cement mortar
production. The effect of adding different dosages of carbon dust in the range of 5% to 40% by weight
of cement on compressive strength, microstructure, and chemical composition of cement mortar is
investigated. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray fluorescence
(XRF) analysis are used to justify the results. Experimental results show that incorporation of carbon
dust in cement mortar production not only reduces its environmental side effects but also enhances
the strength of cementitious composites. Up to 10% carbon dust by weight of cement can be added to
the mixture without adversely affecting the strength of the mortar. Any further addition of carbon
dust would decrease the strength. Best enhancement in compressive strength (27%) is achieved in the
case of using 5% replacement ratio. SEM images show that incorporation of small amount of carbon
dust (less than 10%) lead to produce denser and more compact-structure cement mortar.

Keywords: carbon dust; industrial waste; cement mortar; strength; microstructure

1. Introduction

Growing industrialization and urbanization are recently noticed all over the world. This growing is
associated with high production of industrial by-products. The huge amount of industrial by-products
generated from the wide range of industries cause serious concerns to the environment and health.
One of the industrial wastes is the carbon dust generated during the production of aluminum in the
aluminum companies. Carbon dust is a by-product of anode manufacturing process usually generated
during crushing of anode butts and cleaning of bath material during shot blasting process. It is super
fine black powder. Aluminum companies usually generate large quantities of carbon dust. The carbon
dust represents a main challenge to get rid of because of its environmental side effects such as air
pollution due to its fineness, and the possible leaching to the groundwater. In addition, the carbon
dust is usually dumped in landfills. The handling and transportation of the dust are also problematic.
The high generation rate, the purity, and the finer particle size of this by-product lead to potential
utilization in concrete production.

Since the civil infrastructures around the world are mostly made of reinforced concrete (RC),
the production and use of concrete increase rapidly. The high production and consumption rate of
concrete make it a good option to recycle the industrial wastes. On the other hand, cement industry
contributes about five to eight percent of the annual greenhouse gas emissions. The production of one
ton of Portland cement generates about one ton of CO2 [1]. Cement replacement with supplementary
cementitious materials (SCM) or industrial byproducts make it possible considerably to reduce the
greenhouse gas emissions, reduce the environmental impacts, and decrease the consumption of
natural resources.

Materials 2020, 13, 3295; doi:10.3390/ma13153295 www.mdpi.com/journal/materials
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Various industrial by-products and solid wastes such as fly ash, slag, ceramic waste, bottom ash,
granite dust, and marble dust are efficiently used in concrete production. The researchers studied this
topic from different aspects. Some studies focused on the effect of using industrial byproducts on the
strength of concrete. El-Dieb et al. [1] investigated the feasibility of using ceramic waste powder (CWP)
to replace cement on concrete production. Their results indicated that CWP could be used to replace
cement in concrete mixes and to enhance its behavior based on the replacement level. They concluded
that partially replacement of cement by 10% CWP was suitable for strength enhancement, between 10%
and 20% was adequate to enhance the workability while a 40% replacement was sufficient to improve
the durability. Elahi et al. [2] investigated the mechanical and durability properties of high performance
concretes containing SCM. Their results showed that silica fume performs better than other SCM used
in the study for the strength development and bulk resistivity. Ali et al. [3] investigated the feasibility
of using waste carbon black as a filler in producing lightweight concrete. They concluded that the
lightweight concrete produced by substituting sand by carbon black could be used in both structural
and non-structural purposes. Chitra et al. [4] showed that using carbon powder to replace cement
enhanced the mechanical strengths of concrete and reduced its permeability. Schulze et al. [5] examined
the ability of using natural calcined clay with different levels of quality as a cement constituent. Their
results showed that natural calcined clays are suitable to be used as SCM in cement production.

Other studies focused on the effect of these materials on the durability of concrete. Ashish [6]
studied the feasibility of using marble powder (MP) combined with SCM in concrete production.
Two types of SCM namely silica fume and metakaolin were used to replace cement while the MP
was used to replace sand. His results showed an enhancement in the durability of concrete because
of 15% replacement of sand with MP combined with the use of SCM. Shah et al. [7] investigated the
carbonation resistance of cements containing SCMs. Their results showed that the carbonation rate
was ruled by the clinker replacement level, relative humidity and w/c ratio. Slag showed superior
carbonation resistance ability compared to the other used SCMs. Farnam et al. [8] investigated the
effect of SCM on damage caused by calcium oxychloride formation. They used several types of SCM
to partially replace cement in cement paste production. Their results indicated that SCM improved
the damage behavior of cementitious materials when exposed to CaCl2. Mangi et al. [9] studied the
behavior of concrete with coal bottom ash (CBA) as SCM exposed to seawater. Their results showed
that the compressive strength of concrete with SCM increased about 12% and 9% compared to control
mix in water and seawater respectively at 180 days.

Other studies focused on the environmental aspect of waste utilization in concrete production.
Zhang et al. [10] evaluated the environmental impact of concrete with SCMs using proposed integrated
functional unit combining durability and compressive strength. The results revealed that adding fly ash
or silica fume enhanced the environmental behavior compared to the ordinary concrete. Yang et al. [11]
studied the feasibility of using various SCMs such as fly ash (FA), ground granulated blast-furnace
slag (GGBS), and silica fume (SF) in reducing CO2 emissions from concrete. Their results showed that
the intensity of CO2 decreased with increasing the dosage of the SCMs up to 15–20% replacement
ratio. Vargas et al. [12] investigated the environmental impacts of using copper-treated tailings
(CTT) as SCM. Their results showed that at higher mechanical behavior, CTT mixtures owned better
environmental indicators than mixtures without CTT. Viet et al. [13] showed the ability of using fly
ash (FA) generated from the thermal treatment solid waste as a CO2 sequester and as SCM to develop
green construction materials.

Other researchers focused on studying the feasibility of waste utilization in high strength concrete
production. Pyo et al. [14] investigated the feasibility of using two types of quartz-based mine tailings
to substitute silica powder and silica sand in ultra-high performance concrete (UHPC) production.
They found that the shape and size of tailings particles affected the characteristics of the UHPC. They
concluded that even though adding the tailings materials negatively affected the strength of the UHPC,
these materials showed the capability to minimize the limitations due to the high production cost
of the raw materials. Kim et al. [15] investigated the effect of using untreated coal bottom ash on
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the hydration kinetics of high-strength concrete. They found that incorporation of bottom ash in
high-performance concrete for internal curing increased the degree of hydration in the cement matrix.

The above-mentioned studies reflect that utilization of industrial wastes in concrete production,
which is a massive construction material, is considered a good solution for solving the environmental
impact of these materials. The high generation rate, the purity, and the finer particle size of carbon dust
encourage the authors to investigate the feasibility of using it in cementitious composites production
to partially replace cement. The aim of this study is to characterize the carbon powder generated
as a by-product by aluminum factories with respect to its chemical composition, morphology, and
particle size distribution. In addition, comprehensive study was conducted to evaluate the use of
carbon powder as cement replacement on the strength and microstructure of cement mortar.

2. Materials and Methods

2.1. Materials

Portland cement, fine aggregate, and tap water were used in this study to prepare the control
cement mortar specimens. The cement was commercially available with chemical composition shown
in Table 1. The fine aggregate was washed sand from a local supplier with properties listed in Table 2.
The carbon dust was provided by Qatar Aluminum Company (Qatalum, Doha, Qatar). It is super fine
black talcum powder with a density of 1.9 g/cm3. The high generation rate, the purity, and the finer
particle size of this waste by-product lead to potential utilization in concrete production. It was used
as-received from Qatalum. Comprehensive characterization was performed to explore its properties as
shown in Section 3.1.

Table 1. Constituents of cement.

Compound Name Content Percentage

CaO 6.4%
SiO2 18.4%

Fe2O3 6.1%
SO3 3.0%

Al2O3 2.2%
MgO 1.4%
Na2O 0.8%
LOI 1.7%

Table 2. Fine aggregate properties.

Material
Fineness
Modulus

Specific
Gravity

Density
(kg/m3)

Water Absorption
(%)

Moisture Content
(%)

Sand 2.31 2.564 2558.3 1.87 3.00

2.2. Carbon Dust Characteristics

The main properties of carbon dust used in this study such as particle size distribution, particles’
shape, morphology, and chemical composition were investigated. The chemical composition analysis
was conducted through X-ray diffraction (XRD) and X-ray fluorescence (XRF) test procedures.
The carbon dust was sieved to pass through a 325-mesh sieve. The powder was placed on the
JSX 3201M (Jeol) spectroscopy machine (JEOL, Peabody, MA, USA) to conduct the elemental tests.
The morphology of the carbon dust was examined by scanning electron microscopy (SEM) technique
using NOVA NanoSEM 450 device (Hillsboro, OR, USA) at high voltage of 5 kV and 20 kV and working
distance ranging from 4.6 to 9 mm.
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2.3. Mix Design and Test Specimens

Mortar mixes with different amounts of carbon dust were cast. Five replacement levels by weight
of cement were studied 5%, 10%, 20%, 30%, and 40%. The mixtures were identified with the letters
CD and two number, the letters refer to the carbon dust, and the numbers refer to the replacement
ratio and the age of the specimen at the time of testing, respectively. For example, CD10-28 represents
the mixture with 10% replacement ratio of carbon dust tested at 28 days. Table 3 summarizes the mix
proportions and specimens designations. ASTM standard C305 was followed to mix and cast the
cement mortars. For compressive strength test, the cement mortar was mixed and cast in 50-mm cube
molds. Twenty-four hours after casting, the specimens were demolded and cured in lime-saturated
water for different periods until the time of testing.

Table 3. Mix proportions and specimen’s designation.

Specimen Designation CD0 CD5 CD10 CD20 CD30 CD40

Replacement ratio (%) 0 5 10 20 30 40
Cement (kg/m3) 731 694 658 585 512 439

Carbon powder (kg/m3) 0.0 37 73 146 219 292
Sand (kg/m3) 2010 2010 2010 2010 2010 2010
Water (kg/m3) 355 355 355 355 355 355

2.4. Test Methods

The effect of carbon dust on the development of compressive strength of cement mortar with age
was studied. Compressive strength test was performed after 3, 7, and 28 days of curing. Three specimens
were tested for each mix at each age according to the ASTM 109/C109M. The test was performed using
universal testing machine with loading rates of 1.3 kN/s. The compressive strength test setup is shown
in Figure 1.

 

Figure 1. Compressive strength test setup.

At the end of the compressive strength test, scanning electron microscopy (SEM) imaging test
was performed on selected specimens to explore the effect of carbon dust on the microstructure and
morphology of cement mortar. Small fragments were extracted from different locations of the selected
specimens to represent the entire sample. To enhance the conductivity of the mortar fragments,
the surface of the fragments was coated with gold. After coating, the SEM analysis was conducted
according to the ASTM C1723-10 using NOVA NanoSEM 450 device at high voltage of 5 kV and 20 kV
and working distance ranging from 4.6 to 9 mm.
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In addition, X-ray fluorescence (XRF) and X-ray diffraction (XRD) tests were conducted to
investigate the effect of carbon dust on the chemical composition of cement mortar. Selected cement
mortar specimens were crushed into size that can pass sieve size 150 μm. To make sure that the results
are representative, the powder of each specimen was carefully mixed, and enough amount was taken
to run the test. The powder was then placed on the JSX 3201M (Jeol) spectroscopy machine to conduct
the analysis.

3. Results and Discussion

3.1. Carbon Dust Characteristics

The particle size distribution (PSD) of cement and carbon dust are shown in Figure 2. The figure
reveals that both cement and carbon dust have continuous graded PSDs. Some of the carbon dust
particles are finer than the cement particles, whereas some other particles are coarser. Almost 20% of
the carbon dust particles are smaller than 30 μm, whereas 50% of the particles are smaller than 80 μm.
SEM images of the carbon dust show that it has angular and irregular shapes and very small size
particles (powder), as shown in Figure 3.

Table 4 summarizes the results of the chemical composition analysis of the carbon dust using
XRF analysis. It is clear that the carbon dust is mainly composed of carbon. It presents almost 85%
of the total mass. Moreover, very small percentages of other materials such as iron, fluoride, and
sodium are observed. The mineralogical composition of carbon dust was investigated using XRD
analysis. It is clear from the XRD patterns shown in Figure 4 that the carbon dust shows a very broad
carbon peak at 2θ = 25◦ that can be attributed to two different forms of carbon, turbostratic carbon
(carbon black) and graphene carbon (graphitic structure) [16,17]. These results support the XRF results
mentioned previously.

Table 4. XRF analysis of carbon dust.

Name Concentration (%)

Carbon 85
Iron 7

Fluoride 4
Sodium 2.5
Sulphur 1
Silicon 0.5

Figure 2. Particle size distribution of cement and carbon dust.
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Figure 3. SEM image of carbon dust particles.

 

Figure 4. XRD pattern of carbon dust.

3.2. Compressive Strength Results

The influence of carbon dust on the compressive strength of cement mortar at different ages is
shown in Table 5 and Figure 5. It is clear that incorporation of carbon dust significantly enhances
the compressive strength of cement mortar at early age (3-day strength) for all replacement ratios
5%, 10%, 20%, 30%, and 40% compared to the control specimen. The highest enhancement in the
3-day strength is achieved in the case of 5% replacement ratio with about 59% compared to the control
specimen. The enhancement in the compressive strength of the mortar at early age because of carbon
dust incorporation could be attributed to the micro-filling ability of the carbon dust because of its small
particle size [1,18]. For the 28-day strength, partially replacing cement with 5% and 10% carbon dust
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enhances the compressive strength of the mortar by 27% and 9%, respectively. For replacement ratio
of 20% and higher, incorporation of the carbon dust reduces the compressive strength of the mortar.
Similar results are reported in other studies [1,4,6]. The enhancement in the 28-day compressive
strength of the mortar due to carbon dust incorporation could be attributed to many reasons: (1) The
micro-filling ability (filler effect) of the carbon dust that helped in forming a denser mixture [1,6,19,20]
and improved the transition zone and cement matrix property [21]; (2) the carbon dust particles worked
as nucleation spots for the hydration products [1]. The reduction in compressive strength when using
high replacement ratio of carbon dust could be attributed to the following reasons: (1) The dilution
effect where replacing cement with carbon dust negatively affect the strength development; (2) the
micro-filling effect of carbon dust could not balance the reduction in the cement content [1].

 
(a) 

 
(b) 

Figure 5. Compressive strength development for mortar with different replacement ratios;
(a) experimental results, (b) best fit curves.
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3.3. Correlation between Compressive Strength and Replacement Ratio

Statistical analysis is very helpful in analyzing the variation of the experimental results. For this
purpose, the standard deviation and regression analysis are used to investigate the trending of the
results. The standard deviation for compressive strength of specimens contain various dosages of
carbon dust and cured for different periods are listed in Table 5. According to the standard deviation
values, the variability of the data is considerably small. The correlations between the carbon dust
dosages and the compressive strength for specimens cured at various periods are shown in Figure 5b.
Best-fit curves determined according to the data of each curing period are also presented in the figure.
The results reveal that satisfactory power relationship exist between the dosage of the carbon dust
and the compressive strength values for all curing periods. In addition, the R-square values of 0.98,
0.96, and 0.94 reflect the strong correlations between the compressive strength and the carbon dust
replacement ratio for specimens cured for 3, 7, and 28 days, respectively.

Table 5. Compressive strength results.

Specimen CD0 CD5 CD10 CD20 CD30 CD40

Replacement % 0% 5% 10% 20% 30% 40%

3-day curing
Strength (MPa) 21.6 34.3 31.7 28.4 26.3 24.4

Standard deviation (±) 1.5 1.7 1.4 1.3 1.2 1.1
Enhancement (%) NA 58.9 46.6 31.6 21.5 12.9

7-day curing
Strength (MPa) 36.0 43.5 36.0 28.2 27.0 26.5

Standard deviation (±) 1.9 2.0 1.6 1.6 1.35 1.4
Enhancement (%) NA 20.8 −0.1 −21.8 −24.9 −26.4

28-day curing
Strength (MPa) 44.2 55.9 48.0 37.2 38.6 32.7

Standard deviation (±) 2.2 2.0 3.0 3.2 3.0 2.8
Enhancement (%) NA 26.5 8.6 −16.0 −12.6 −25.9

3.4. Chemical Composition of Cement Mortar

The effect of carbon dust replacement ratio on the chemical composition of cement mortar at
28-day age was investigated through XRF analysis. The results are summarized in Table 6. It is
clear that for 5% replacement ratio, the CaO percentage decreased and the SiO2 percentage increased,
compared to the control specimen. This finding reflected the reduction in CH and replacement of
C-S-H in the case of carbon dust addition. As the replacement ratio increased to be 10%, the CaO
percentage increased compared to the 5% specimen but still below the value of the control specimen.
In addition, the SiO2 percentage decreased compared to the 5% specimen but still above the value of
the control specimen. For higher replacement ratios such as 20%, the CaO percentage increased above
the control specimen and the SiO2 percentage decreased below the control specimen. These results
could be used to clarify the compressive strength test results reported in the previous section.

Table 6. XRF analysis of mortar with carbon dust.

Replacement Ratio 0% 5% 10% 20%

SiO2 58.5 62.6 60.1 52.3
CaO 31.5 26.3 29.8 34.5

Fe2O3 3.3 4.5 5.9 3.6
SO3 1.9 1.8 3 2.6

Al2O3 2.3 2.5 2.2 3.4
K2O 0.6 0.8 0.4 0.6

Na2O 1.1 0.7 1.8 1.8
Ca/SiO2 0.54 0.42 0.50 0.66
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The CaO/SiO2 ratio is usually used to compare the quality of hydration. It is clear in Table 6 that
the CaO/SiO2 ratio for specimens with 5% and 10% replacement ratios is less than that of the control
specimen. The reduction in the ratio reflected more consumption of the CH and more formulation
of the C-S-H in the presence of carbon dust. Furthermore, the lower ratio of CaO/SiO2 indicated the
suitable quantities of C3S and C2S in the microstructure, thus improved strength development [22].
This result explains the enhancement in the compressive strength of the mortar with 5% and 10%
replacement ratio compared to the control specimen.

3.5. Microstructure of Cement Mortar

To investigate the effect of carbon dust on the microstructure of cement mortar, scanning electron
microscopy (SEM) imaging was conducted. Figure 6 shows the microstructure of mortar specimens
with different amount of carbon dust cured for 28 days. The SEM micrograph of control specimen made
without carbon dust reflects the formation of the main hydration products such as calcium hydroxide
(CH) platelets, calcium silicate hydrate (CSH), and calcium sulphoaluminate hydrate (Ettringite)
needles as shown in Figure 6a. The SEM micrograph of specimens with low replacement ratio such as
5% and 10% carbon dust reflects the formation of more dense and compact structure with the presence
of well-formed and dense clusters of C-S-H as compared to that of control specimen as shown in
Figure 6b. The dense structure could be mainly attributed to many reasons such as (1) the formation of
an excessive amount of CSH with consumption of CH in the present of carbon dust. These hydration
products filled the microspores and resulted in less porous and denser structure [1]. (2) The carbon dust
particles served as nucleus for hydration products [4,23]. This observation supports the compressive
strength results. In addition, the ettringite needles are revealed to be in abundance. The well-formed
ettringite crystals signal toward the healthy mix of cement mortar [22].

Figure 6c shows the microstructure of cement mortar specimen with high replacement ratio
of carbon dust (40%). The microstructure of this specimen looks different than the previous ones,
which explains the reduction in its compressive strength. It is clear that the clinker-shaped particles of
CH that appears like the structure of un-hydrated clinkers of cement. The clusters of un-hydrated
clinkers of Portlandite is formed due to the unavailability of water for proper hydration of concrete.
Adding large amount of carbon dust led to absorb some of the water that should be used to complete the
hydration process. In addition, the micro-filling effect of carbon dust could not balance the reduction in
the cement content. The un-hydrated clinker particles have lower bonding capacity than well hydrated
C-S-H and ettringite, thus, reducing the strength of the mortar.

3.6. Cement Content and Mortar Sustainability

To connect between the simultaneous changes in cement content and strength of cement mortar,
Figure 7 shows the variation in the 28-day compressive strength of cement mortar with various dosages
of carbon dust. The horizontal line represents the 28-day strength of control specimen (without
carbon dust). The figure reveals that maximum of 96 kg/m3 of cement content could be replaced with
carbon dust (equivalent to 13% replacement ratio) without negatively affecting the 28-day compressive
strength of the mortar. Any further cement replacement by carbon dust would decrease the strength
to be less than that of control specimen. So, the filler technology of adding carbon dust to decrease
the cement content in mortar mix could be applicable to certain limit without negatively affecting
its strength.
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(a) 

 
(b) 

 
(c) 

Figure 6. SEM images for selected mortar specimens with (a) 0% carbon dust, (b) 5% carbon dust,
(c) 40% carbon dust.
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Figure 7. Carbon dust content versus compressive strength of mortar.

The recycling of carbon dust in cement mortar production has four major benefits in order to
produce sustainable construction materials. First, replacing cement by carbon dust reduces the amount
of cement needed for mortar production. That will significantly reduce the carbon footprint of cement
mortar production since the major contribution of carbon footprint (about 90%) comes from cement
production. Second, replacing cement with carbon dust reduces the cost of concrete due to the high
price of cement compared with carbon dust (which is waste materials). Third, using carbon dust in
cement mortar production thus in concrete would considerably reduce the amount of carbon dust
that is disposed to landfills because of the huge consumption of concrete as construction material.
That will extend the life period of limited capacity landfill used to store these wastes thus mitigate the
environmental issues with difficulties to find new sites for landfills. Finally, replacing cement by carbon
dust will not only improve the environmental sustainability but also enhance the compressive strength
of cement mortar. However, it is important to run comprehensive durability study to investigate the
effect of carbon dust on the durability properties of cement mortar and concrete.

4. Conclusions

The effect of utilization of carbon dust generated as an industrial waste from aluminum factories
in cement mortar production was studied in this research. Experimental program was conducted to
characterize the carbon dust, and then to investigate the effect of partially replacement of cement by
carbon dust in the strength, microstructure, and chemical composition of cement mortar. The following
conclusions could be drawn:

1. Partially replacing cement with small amount of carbon dust (5% and 10%) enhanced the
compressive strength of the mortar. The maximum enhancement was 27% for 5% replacement
ratio. For higher replacement ratio (more than 20%), incorporation of the carbon dust reduced
the compressive strength of the mortar.

2. For low replacement ratio (5% and 10%), incorporation of carbon dust led to the formation of
more dense and compact structure with the presence of well-formed and dense clusters of C-S-H
as compared to the control specimen.

3. The microstructure of cement mortar with high replacement ratio (more than 20%) of carbon dust
showed large quantities of un-hydrated clinkers reflecting improper hydration of concrete.
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4. The maximum reduction in cement content that can be considered without negatively affecting
the 28-day strength of the mortar was 96 kg/m3 (equivalent to 13% replacement ratio). Further
cement replacement would decrease the strength.

5. Adding carbon dust as cement replacement would help in reducing the carbon footprint associated
with concrete production and help in extending the life period of limited capacity landfill used to
store these wastes thus mitigating the related environmental issues.
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Abstract: This study examined the physical properties of a three-component mineral binder that is
typically used in deep-cold recycling. Test binders were produced using Portland cement, hydrated
lime, and cement bypass dust (CBPD) as a byproduct derived from cement production. The suitability
of CBPD for use in road binders was assessed. Effects of the three-component binder composition on
the setting time, soundness, consistency, and tensile and compressive strengths of the cement pastes
and mortars were determined. The pastes and mortars of the same consistency obtained at different
w/b ratios were tested. On this basis, the mixture proportions resulting in road binders satisfying the
requirements of PN-EN 13282-2:2015 were determined. By mixing cement, lime, and CBPD during
the tests, binder classes N1 to N3 were obtained. The replacement of 40% of cement mass with the
CBPD high in free lime produced road binders suitable for recycled base layers. The total content of
CBPD and hydrated lime in the road binder should not exceed 50% by mass. The potential risk of
mortar strength reduction due to KCl recrystallization was discussed.

Keywords: cement bypass dust; cement paste; mortar; mixed mineral binder; physical properties

1. Introduction

Bituminous road surfaces are subject to degradation due to various environmental impacts.
Permanent deformation generated in the foundation or mineral base layers is the distress that requires
extensive maintenance. One of the techniques recommended for eliminating the cause of permanent
deformation is the environmentally friendly deep-cold recycling technology (CR) [1–4]. Pavement
lower layers produced using CR are semi-rigid base courses that are typically made with bituminous
binders (such as emulsion or foamed bitumen) and mineral binders (Portland cement, hydrated lime, fly
ash, or cementitious dusts) [5,6]. Mineral binders make the base course stiffer, thereby minimizing the
possibility of the regeneration of permanent deformation in the layer. On the other hand, an excessive
strength of the binder can contribute to over-stiffening of the recycled layer and cause the formation of
cracks running through all the layers of the bituminous pavement [2,5]. To counteract this effect and
make the mixture more flexible, an appropriate amount of bituminous binder is added [7]. The stiffness
of the layer can also be reduced by replacing cement with supplementary cementing materials (SCMs),
such as hydrated lime, and with byproducts of the cement manufacturing process, such as cement kiln
dust (CKD) and cement bypass dust (CBPD) [8–15].

The use of cement with the addition of byproducts generated during cement manufacture is a
relatively recent innovation and requires undertaking further studies. Dusts, such as CKD or CBPD,
especially those generated at lower temperatures in modern furnace systems, may have binding
properties as they contain clinker phases [8,9]. They may also contain unreacted free lime [9,13].
The presence of these dusts can thus significantly affect the properties of the binder used in the base
layer. Reduced reliance on landfill as a dust management option is an additional advantage of this
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solution [10,13,16]. The quantity of CKD and CBPD generated in the cement clinker manufacturing
process is largely dependent on the technology applied. It is usually between 0 and 25% of the clinker
mass, as reported by researchers [16,17]. According to the Polish Cement Association, the amount
of dust produced during cement manufacturing is decreasing. Their latest report found that the
annual quantity of dusts from cement kilns in Poland was about 1200 tons [18]. Compared to 25,000
tons in Oman, 2.7–3.5 million tons in Egypt, 8 million tons in the UK, and 2.5–12 million tons in the
US [16,19–21], the amount of 1200 tons appears minor. However, as a single cement plant is capable
of producing 1000 tons of CBPD daily [22], the reported dust emission rate is not the same as the
total dust quantity generated in Polish cement plants and does not include the CKD and CBPD that
are recycled back into the kiln system. The amount of dust so used in Poland is much higher and
ranges from 9000 to 25,000 tons a year [23]. In 2016, 15,071 tons of CKD and CBPD were reused in
the cement production process [24]. However, as recycled dusts lower the cement quality, research is
being conducted into new opportunities for dust management [16].

There is a strong body of research exploring alternatives to CBPD utilization [8,11,14,16]. One of
important research directions is soil stabilization [13,16,17,25]. According to data reported in 2006,
the USA uses more CKD for this purpose than for cement production. The same source mentions the
use of dusts in road pavement construction. A number of researchers [21,26,27] have investigated the
application of CKD as a filler in asphalt mixtures. Cement bypass dust is not an inert material as it
contains phases that have binding properties [9,13,17]. Therefore, it can be used in the production
of mineral binders. The high content of chloride and alkalis [9] prevents CBPD from being widely
utilized in the production of the classical cement concrete [16]. Other uses for this material are being
studied, such as its incorporation in alkali-activated binders [17,19] and in the binders that are not
required to have high strength characteristics [17]. The latter mineral binders are chosen for deep-cold
recycling [28–30].

Proper selection of the proportions of cold recycled mixture components is of key importance in
terms of the required base course properties. The semi-rigid base must protect the pavement against
permanent deformations, reflective cracking [2,10], and the local reduction in subgrade load support due
to groundwater. The required properties of the base layer are achieved primarily by using appropriate
proportions of mineral and bituminous binders of known characteristics [2]. The identification of
mineral binder properties is problematic when it is composed of different materials [31–34]. The most
popular binder used in CR is Portland cement. Cement increases the stiffness of the recycled base
mixture, thereby increasing the risk of reflection crack formation under service loads. Together with
the hydrated lime, CBPD is used to reduce the stiffness of the hardened composite [2]. Stiffness
reduction with CBPD is associated with strength lowering, as the CBPD provides a weaker skeleton
despite its binding properties [9,12,13]. The ability of CBPD to swell while setting is an interesting
property [9,11,12] that balances the shrinkage of Portland cement and hydrated lime at the setting
stage. By mixing these three binders, setting-related volume changes can be controlled.

The cement used alone is not capable of ensuring proper moisture and frost resistance. Cement
binder parameters are commonly improved with a range of mineral additives. These are often waste
products and byproducts of various industries. The use of these products in road binders has an
additional advantage in terms of sustainable development [35].

This study aimed at investigating the properties of a three-component mineral binder that can
be used in cold recycled mixtures. In addition to conventional components, such as Portland cement
and hydrated lime, the binder contained CBPD. The three-component binder consisting of cement,
hydrated lime, and CBPD has not as yet been studied for use in deep cold recycling. The experimental
plan proposed by Atkinson and Donev [36] was adopted to design the composition of three-component
mixtures. The plan involved determining an optimum composition of the cement-lime-CBPD binder
with respect to its use for cold recycled base course mixtures. Physical and mechanical properties of
the pastes and mortars prepared with seven binder blends were determined, as required by PN-EN
13282-2:2015 [37].
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2. Materials and Methods

2.1. Properties of the Components Used in the Binder Preparation

The input materials used for composing the mineral road binders were Portland cement CEM
I 32.5R (Cement Ożarów, Ożarów, Poland), hydrated lime (ZSChiM "PIOTROWICE II", Sitkówka,
Poland), and CBPD with a high content of free lime (Cement Ożarów, Ożarów, Poland). The chemical
composition of the materials is shown in Table 1. The phase compositions determined using X-ray
diffraction are presented in the form of X-ray patterns in Figure 1 and in the form of tabulated results
of the quantitative analysis in Table 2. The particle size distribution of raw materials is compiled in
Figure 2.

Table 1. Chemical composition of Portland cement CEM I 32.5R and cement bypass dust (CBPD).

Material
Content (%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oe Cl SO3 LOI

CEM I
32.5R 19.70 4.28 2.44 64.50 1.60 0.14 0.79 0.66 0.043 3.33 3.50

CBPD 15.44 3.42 1.77 52.17 1.31 0.26 6.03 4.22 3.53 1.65 14.40

 

Figure 1. The X-ray patterns of cement CEM I 32.5R, CBPD, and hydrated lime. Designations: A—alite,
B’—belite, R—brownmillerite, 3—C3A, Ar—arcanite, Q—quartz, G—gypsum, L—free CaO, S—sylvine,
P—portlandite, C—calcite.

Table 2. Phase composition of the road binder components (%).

CEM I 32.5R CBPD Lime

C3S (alite) 65.3 Free lime 42.8 Portlandite 97.4
β-C2S (belite) 10.0 Sylvine 16.2 Calcite 2.6

C4AF 4.4 C2S (belite) 33.3
C3A 9.3 Calcite 5.9

Arcanite 1.3 Quartz 2.7
Gypsum 1.0
Calcite 7.7
Quartz 1.0
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Figure 2. Raw materials’ particle size distributions.

Each of the test results of the cement mineralogy revealed a phase composition typical of each
respective material. In the CBPD, two phases indicating binding properties were present: CaO and
C2S, accompanied by sylvine (potassium chloride) and calcite, which were derived from the feed that
was calcined before it entered the kiln or were transferred from the kiln by the air stream carrying
bridged chlorine compounds. The minor amount of calcite in the hydrated lime may be due to the
presence of non-decarbonated raw material or partial carbonation of portlandite. The high content of
free lime in the CBPD that was tested is noteworthy when comparing it to other dusts [13].

The particle size distribution of the hydrated lime was found to be similar to that of Portland
cement, i.e., from 0 to 100 μm, with lime having more particles in the range of 3 to 45 μm. The inflection
above 12 μm on the lime grading curve was probably associated with the formation of lime particle
agglomerates. Lime particles larger than 200 μm were excluded from the analysis and were regarded
as small particle agglomerates that could reach tens of millimeters. The finest particles, from 0.20 to
18.5 μm, were found in the CBPD. Compared to the cement and lime, the CBPD had more particles
in the 0.50 to 18.5 μm range but fewer particles in the 0.20 to 0.50 μm range. All components of the
hydraulic binder met the EN 13282-2 [20] standard requirements. The recommended limit for the
content of particles more than 90 μm in size is 15%. The cement and the CBPD met the standard
requirements with respect to their compositions.

2.2. Methodology

2.2.1. Experimental Plan

Fitting the response surfaces to the mixture results is performed in the same way as fitting to the
data from the central composite design. However, the mixture data are constrained in that the sum
of all the mixture components is always 100%. The three-component mixture can be determined by
providing a point in the triangular coordinate system defined by three variables. All experimental
designs based on the mixture design require vertex points, that is, mixtures consisting of only one
component. In practice, these systems may not be feasible due to cost or other technological constraints.
In this experiment, constrained mixture designs were used, i.e., the basic mixture design was modified
so that the amount of each component was in the range of 20% to 60%. Ultimately, the research program
was subordinated to the constrained mixture design based on the simplex-centroid design [38].

The effect of the hydraulic binder composition on its properties was determined by preparing
seven different road binders based on the experimental plan. The principles of simplex-centroid design
by Atkinson and Donev [36] were adopted to describe the binder composition. The experimental
plan assumes the assessment of the effect of the content of individual components and interactions
between them on the properties of the binder and allows for evaluating the effect of the binder
composition on the specified property at any point within the analyzed region of the experimental plan.
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The simplex-centroid design is shown in Figure 3. Furthermore, the designations and compositions of
the hydraulic binders are shown in Table 3.

 

Figure 3. Simplex-centroid design.

Table 3. Designations and compositions of binders (mass%).

Binders
Components

Cement Lime CBPD

Ref. 1.00 0 0
1V 0.20 0.20 0.60
2V 0.20 0.60 0.20
3V 0.60 0.20 0.20
4C 0.20 0.40 0.40
5C 0.40 0.20 0.40
6C 0.40 0.40 0.20
7C 0.33 0.33 0.33

Seven road binders were prepared based on the experimental design to comprehensively evaluate
the effects of binder components on the properties of hardened mortar. Pure Portland cement was
used as the reference binder.

Figure 3 shows the code marking locations for the combination of components included in
the universal binder and the method of determining the percentage value of those components.
The amount of a given component in the triangle in Figure 3 is the length of the segment, which is the
bisector between the neighboring sides of the triangle. The constrained mixture design consisted of
estimating pseudo-components and treating the constrained region as the complete design. In practice,
an experiment analysis with the use of mixture designs is the multiple (multivariate) regression with
the constant component reduced to zero. The effect of the mixture composition on the properties of the
innovative binder was assessed based on the analysis of the adequacy of the type of the approximated
function of the test object and the estimation of the function coefficients.

The polynomial function was adopted as the approximating function. The degree of the polynomial
was dependent on the significance of its form for explaining the variability of the test results. The next
stage of the analysis was the estimation of the polynomial coefficients with the degree determined
on the basis of the analysis of variance. Parameter approximation was based on the least-squares
method (LSM).
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2.2.2. Paste and Mortar

The chemical composition of the input materials was analyzed as per PE-EN 196-2 [39]. The phase
composition was identified using X-ray diffraction (XRD) on the powder samples. The Empyrean
diffractometer (PANalytical, Almelo, Netherlands) was used. The 2θ angle range of 5◦ to 75◦ was
analyzed with a step size of 0.0167◦ and a count time of 60 s. The PANalytical XRD analysis software
HighScore 4.6 with the International Center for Difration Data (ICDD) database PDF-2 was used for
phase identification. Particle-size analysis of the binders was performed using laser diffraction with a
Hellos KR laser diffractometer (Sympatec, Clausthal-Zellerfeld, Germany).

The proper amount of mixing water, the initial and final setting times, and changes in the binder
volume were determined using the Le Chatelier test (Institute of Ceramics and Building Materials,
Cracow, Poland) in accordance with PN-EN 196-3 [40]. The Blaine test (Institute of Ceramics and
Building Materials, Cracow, Poland) was used as per PN-EN 196-6 [41] to measure the specific surface
area of the binders. These test methods were used to explain the influence of individual constituents
on the consistency of the prepared mortars.

The mortar consistency was determined using the penetration test according to PN 85/B-04500 [42]
and the flow table test according to PN-EN 1015-3 [43].

These tests were performed to determine the water to binder ratios (w/b) required for the
appropriate consistency of the mortars. It is known that the surface area and hence the water demand
varies considerably between cement, hydrated lime, and CBPD. Moreover, the presence of a significant
amount of free lime found in the composition of the CPBD can contribute to the evaporation of a
portion of the mixing water as a result of heat release during hydration [9,12], thereby reducing the
effective w/b ratio. There is thus a need to determine the w/b ratio for each binder, which produces
pastes and mortars suitable for testing, and in the longer term for use in cold recycling.

Mortar compressive and flexural strengths were measured on 40 × 40 × 160 mm bars at 28 and
56 days according to PN-EN 196-1 [44]. Determining the 56-day strength is essential for checking
whether the mixtures meet the requirements for road binders set forth in PN-EN 13282-2:2015 [37].
The 28-day tests are classical strength tests performed for various cement composites and are widely
discussed in the literature [44].

3. Test Results of Binder Physical and Mechanical Properties

3.1. Determination of the Density, Specific Surface, Proper Amount of Water, and Setting Time of Binders

Table 4 presents the results of the tests for density, specific surface, water amount, setting time
and binder volume stability.

Table 4. Proper amount of water, setting times of individual binders, and the results of the binder
volume stability determined in the Le Chatelier ring.

Binder Type Ref. 1V 2V 3V 4C 5C 6C 7C

Density (kg/dm3) 3.05 2.85 2.57 2.89 2.74 2.86 2.75 2.76
Specific area (m3/kg) 377 534 576 466 555 501 521 520

w/b 0.27 0.70 0.67 0.45 0.61 0.57 0.50 0.55
Initial setting time (min) 200 265 1050 160 310 265 380 450
Final setting time (min) 265 305 1620 190 630 460 710 800

Setting time (min) 65 40 570 30 320 195 330 350
Soundness (mm) 9 54 22 21 53 17 9 17

The density and specific surface of the binders depended on the percentages of the input
components. Lime or bypass dusts used as the replacement for cement increased the water demand
of the binder. This was related to the considerably lower specific surface and higher density of the
cement [17,44]. The presence of CBPD increased the water demand more than the addition of hydrated
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lime. The initial setting time for all binders was more than 150 min, which is consistent with the
requirements of the standard. The presence of hydrated lime in the binder had the strongest effect on
the setting-time extension. The shortest setting time was observed for the 3V binder. In addition to
cement as the main component, the 3V binder contained small quantities of lime and CBPD. The action
of alkalis and free lime present in the CBPD contributed to the faster setting of the binder compared to
the Portland cement. At small quantities, the alkalis and free lime can act as cement-setting activators.
Likewise, the rise in the sample temperature resulting from the free lime hydration can promote faster
setting. As a rule, however, the setting time of the prepared three-component binders was extended.
This was due to the fact that the setting times of hydrated lime and CBPD were much longer than that
of cement [17,25].

The standard requirement for cement binders is that the change in the Le Chatelier soundness
should not exceed 30 mm. Binders 1V and 4C did not meet this condition; all the other binders
exhibited swelling within acceptable limits. It was thus evident that a high content of CBPD in binders
led to significant changes in their volume. The results obtained for 4C and 5C could be compensated
for by adding cement, while the addition of hydrated lime had a negligible effect. The CBDP material
was the major contributor to the increase in the binder water demand.

3.2. Determining the Mortar Consistency

Mortars containing particular binders having compositions as specified for standard mortars
in PN-EN 196-1 were used in the tests for consistency. Table 5 compiles the mean values from
three measurements.

Table 5. Consistency of mortars under analysis.

Binders w/b
Flow Table Test Penetration Test

(cm) (cm)

Ref. 0.50 13.5 4.2
1V 0.79 13.5 3.5
2V 0.76 13.5 3.2
3V 0.60 13.5 4.2
4C 0.75 14.0 3.5
5C 0.68 14.0 3.5
6C 0.62 13.5 3.8
7C 0.66 14.0 3.4

Mortars were tested at different w/b values, and the consistency results obtained for mortars with
the designed binders were compared with those for the mortar prepared with the cement binder. As in
the paste consistency tests, the water demand of the binders increased with a decrease in the cement
content. Unlike in the case of pastes, the differences were smaller because the consistency of mortars
was largely related to the water demand of the aggregates and the quantity of aggregates was the
same in each sample [44]. These results do not confirm the beneficial effect of CBPD on the fluidity of
mortars, as found by Sreekrishnavilasam and Santagata [17] for low strength materials. These results
confirm the concrete analysis findings presented by Siddique [25], who reported a thicker consistency
with the increased content of CKD.

3.3. Test Results of Mortar Compressive and Flexural Strengths

Figures 4 and 5 show the results of flexural and compressive strength tests of mortar bars at 28 and
56 days. The results of the strength tests indicate that the use of lime and dust byproducts in the binder
led to a significant strength reduction. The mechanical parameters of the reference sample after 28 days
were significantly higher than those of other samples. The flexural and compressive strengths of the
3V sample containing 40% less cement were 50% and 55% less, respectively, than the reference sample.
Thus, it can be seen that the dependence of strength on the cement content was not linear. The strength
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of mortars was particularly affected by the addition of hydrated lime to the binder. The presence of
CBPD in the binder also reduced the strength of mortars, as confirmed by other studies [14,17,25].
After 56 days, all mixtures except the 2V mixture with the highest proportion of hydrated lime met
the standard strength requirements for hydraulic road binders, reaching a minimum strength of 2.5
MPa, thus representing class N1. The highest compressive strength, 23.7 MPa at 56 days, was achieved
by the 3V binder, in which Portland cement was the dominant component, representing classes N2
and N3.

 

Figure 4. The 28-day compressive and flexural strengths of mortar bars made with the road binder.

 

Figure 5. The 56-day compressive and flexural strengths of mortar bars made with the road binder.

In most cases, the comparison between the 28-day and 56-day tests showed only slight strength
changes. It can thus be concluded that the binders tested behaved like ordinary Portland cement
binders with the strength increase occurring mainly in a period shorter than 28 days. Generally, the
changes taking place after this time resulted in an increase in strength, except for binders 5C and 6C.
The observed decrease in the strength of these binders may be related to the progressing concrete
degradation due to the influence of chlorides from the CBPD [14,17,45].

Within the first 2 days, a white deposit crystallized on the surface of the bars with the high content
of cement dust (1V). The X-ray diffraction test results (Figure 6) revealed that the deposit was composed
of sylvine crystals. The X-ray pattern also showed single, very weak peaks of other phases in the
cement-based mortar, quartz, and calcite.

These findings confirm the recrystallization of sylvine during the setting and hardening of the
binder containing CBPD, as found in previous studies [9,12]. In the previous studies, the sylvine
recrystallization inside the paste was found to change its microstructure. Small KCl crystals and
films formed. As was demonstrated, the crystalline film could also form on the surface of samples,
taking the form of large crystals visible to the naked eye. The formation of such large crystals in the
limited space of the paste matrix could damage it and thus reduce its strength. This may explain the
strength decrease in the period between days 28 and 56 observed for binders 5C and 6C and the lack of
dimensional stability of the hardened samples [14,17].
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Figure 6. The X-ray pattern of the deposit on the surface of the road binder mortar bars. Q—quartz,
S—sylvine, C—calcite.

4. Discussion

A simplex-centroid experimental design was applied to evaluate the results obtained. The second
-degree and third-degree models (special cubic) were used to describe the variables. Figure 7 shows the
response surfaces of the binder components and their interaction effects on the flexural and compressive
strengths of the mortar bars.

 

Figure 7. Response surfaces for the variables: (a) compressive strength of mortar bars at 56 days and
(b) flexural strength of mortar bars at 56 days.

Figure 7 shows the road binder composition optimization with respect to strength. Analysis of
the effect of the binder composition on its compressive strength (Figure 7a) indicated that cement was
primarily responsible for the beneficial properties of the three-component road binder. To meet the
requirements of EN 13282-2:2015 for class N1, the road binder must contain up to 60% of hydrated
lime at the CBPD content of about 30%, but these proportions were not optimal due to the setting
time. Considering the strength parameters, CBPD could replace cement in greater quantities. In theory,
all cement could be replaced by CBPD in road binders. This was not possible because of the failure to
meet the soundness requirement for binders. For this reason, the CBPD content in the road binder
should not be higher than 40% (Table 4). This value, however, is still two times as large as the
recommended maximum dosage value for CPBD used as a mineral additive for cement [8]. It is also
remarkably larger than the amount (12%) recommended as the requirements for the road binder water
resistance [29].
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Replacing cement with hydrated lime and CBPD often leads to a significant reduction in binder
compressive strength, allowing it to be classified as class N1 only. In order to obtain a higher-class
road binder, the minimum required amount of cement should be 50% by mass of the binder.

The flexural strength of concrete was observed to be generally lower than that of the mortar;
therefore, the mortar determined the upper limit of the concrete flexural strength [45]. This finding
is important when designing pavements on the basis of flexural strength values and plays a role in
the case of recycled base course layers. There are no requirements concerning the flexural strength of
mortars with a hydraulic road binder.

The results (Figure 7b) show that compared to CBPD, the reduction in flexural strength due to
lime was much greater. Theoretically, for the mortar strength to fall below 2 MPa, it is sufficient to
replace 55% of the cement CEM 32.5R with hydrated lime. To obtain the same effect with CBPD, the
cement replacement quantity should be at least 85%.

5. Conclusions

The test results obtained from this study show that:

• An appropriate combination of hydraulic road binder components resulted in the optimal
composition for the required mechanical and physical performance in the recycled base course layer.

• An addition of CBPD and hydrated lime to Portland cement allowed for obtaining a mineral road
binder class N1 to N3 that met the requirements of EN 13282 2: 2015.

• The presence of CBPD in the mineral binder increased its water demand and volume during
setting. It also caused the potassium chloride crystallization that occurred after the binder had set,
which was manifested by the formation of a white deposit on the mortar surface.

• The presence of hydrated lime contributed primarily to the extended setting time and reduced the
flexural and compressive strength of the mortar.

• The Portland cement content was the primary factor that increased the strength of the
cement-lime-CBPD mortar.

• The replacement of Portland cement with 50% hydrated lime and CBPD ensured maintaining
the required physical and mechanical properties, as demonstrated by the optimization of the
hydraulic road binder composition. For road binder production, the CBPD should not be used in
an amount greater than 40% of the binder mass.

• The presence of CBPD reduced the strength of the mortars due to KCl recrystallization.
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7. Judycki, J.; Dołżycki, B.; Hunik, K.; Stienss, M. Weryfikacja Zasad Projektowania Mieszanek
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Abstract: In 2016, an average of 5.0 tons of waste per household was generated in the European
Union (including waste glass). In the same year, 45.7% of the waste glass in the EU was recycled.
The incorporation of recycled waste glass in building materials, i.e., concrete, cements, or ceramics,
is very popular around the world because of the environmental problems and costs connected with
their disposal and recycling. A less known solution, however, is using the waste glass in composite
products, including sand-lime. The aim of this work was to assess the role of recycled container
waste glass in a sand-lime mix. The waste was used as a substitute for the quartz sand. To verify the
suitability of recycled glass for the production of sand-lime products, the physical and mechanical
properties of sand-lime specimens were examined. Four series of specimens were made: 0%, 33%,
66%, and 100% of recycled waste glass (RG) as a sand (FA) replacement. The binder mass did not
change (8%). The research results showed that ternary mixtures of lime, sand, and recycled waste
glass had a higher compressive strength and lower density compared to the reference specimen.
The sand-lime specimen containing 100% (RG) increased the compressive strength by 287% compared
to that of the control specimen. The increase in the parameters was proportional to the amount of the
replacement in the mixtures.

Keywords: silicate products; brick; sand; lime; glass; microstructure; tobermorite

1. Introduction

Managing wastes and resources is one of the main topics of research developing in the scientific
community. Minimizing the necessity for extracting raw materials and maximizing the material life by
promoting the reuse and recycling is a program that European and global markets are working on and
gradually implementing. The concept behind this program is to turn waste into a valuable resource by
designing products that can be easily recovered and reused as a raw material for the same, or a similar,
industry [1]. Actions like these are an effective way to avoid pollution, reduce waste emissions, and
gradually increase the environmental performance [2].

In Europe, the recycling of glass is one of the most advanced. In some European countries, almost
85% of glass containers—bottles and jars—are made from recycled material. Unfortunately in Poland,
both used containers and crushed glass are mostly sent to municipal or illegal landfills. Managing
waste, despite many attempts and undertakings, has not been acceptably resolved to this day [3].

To reduce the load on landfills, some of the recycled waste glass is used as a replacement for
aggregate in building materials, being an effective recycling alternative [4–8]. Many scientists used
waste glass in concrete as a substitute for fine or coarse aggregate in order to improve its features [9–11].
Arezki [12] used glass sand as an alternative for quartz sand in ultra-high-performance concrete to
select the optimal glass sand (GS) combination, not only based on the highest packing density, but also
based on producing optimal concrete properties (workability and compressive strength). Mixing glass
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with Portland cement can, however, cause a decline in concrete strength due to the alkaline reaction,
which depends on time [13]. However, the almost zero porosity and non-hygroscopic character of
waste glass, as a substitute for natural sand, improves the properties of self-compacting cement mortar,
such as increased workability and penetration resistance of chloride ions, reduced drying shrinkage,
and improved compressive strength after being exposed to elevated temperatures [14–16]

Using RG in cement materials is not without its downsides. The disadvantage of glass with a
smooth surface is the weak bond between RG and the cement paste. Consequently, a concrete or
mortar specimen usually shows higher porosities [17,18]. An increased size and volume of voids in the
transition zone reduce the mechanical properties, such as compressive and flexural strength [19–21].

Such common failures limit the wider use of RG in cement materials. To promote the use of RG
in construction, and particularly in the building materials market, it is essential to seek alternative
building materials that do not only include cement, but also recycled aggregate, and other materials,
such as tires and other production waste. This is economically advantageous and is part of the Green
Public Procurement (GPP) strategy [22]. For some EU countries, the use of construction materials with
a percentage of recycled material is mandatory in the construction of public works [23].

Soda-lime glass is rich in silica and can potentially be used in materials that are rich in this
raw material, such as in the external and internal walls of buildings. They are sand-lime products.
They match the idea of sustainable development [24] and allow for creating a healthy living space
for people without causing degradation of the natural environment. The raw materials that build
the sand-lime products are quartz sand (over 90%), quenched lime (8%), and water. After forming,
the material is subjected to a hydrothermal treatment, i.e., a temperature of around 180–200 ◦C and a
water vapor pressure of about 16 bar. As a result of the reaction between the sand, lime, and water,
crystalline phases are created in silicates.

The phase composition in the sand-lime products is a vital factor because it influences the
performance of the compressive strength, porosity, and absorption capacity [25]. The products of
synthesis include the C-S-H (Calcium Silicate Hydrate) phase, most often found in sand-lime products,
as well as tobermorite and xonotlite. According to the literature [14], 11.3 A tobermorite includes
a significant amount of water, but at temperatures above 300 ◦C, it decomposes to 9 A tobermorite.
Xonotlite is similar to 11.3 A tobermorite in terms of structure, but it contains 5 times less water than
tobermorite and is shaped at a temperature of ≈220 ◦C–380 ◦C.

The fundamental composition of silicate products is subject to modification. Fang et al. [26]
successfully used a sand substitute in the form of low-SiO2-content copper tailing.

The research conducted for the purposes of this article covered the characteristics of sand-lime
products in which the basic source of active silica sand (FA) was substitute with household recycled
waste glass (RG) from grinding jars. The goal of the research was to obtain sand-lime bricks with
similar or better features and optimize the production costs by reducing energy consumption and
decreasing the autoclaving temperature.

2. Materials and Methods

2.1. Lime

Lime is one of the binders that act as plasticizers. In this case, the binder was derived from the
Trzuskawica Production Plant (Nowiny, Poland). Declared values of the basic properties of lime are
presented in the Table 1.
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Table 1. Summary of the basic properties of highly reactive burnt lime [27].

Functional Features of Burnt Lime Declared Value

CaO +MgO (%) ≥91

MgO (%) ≤2.0

CO2 (%) ≤3.0

SO3 (%) ≤0.5

Screening through a 0.09 mm sieve (%) ≥90

Reactivity at 60 ◦C ≤2.0

2.2. Sand

Quartz sand of natural origin was the raw material, which was the source of silica, and at the
same time, acted as an aggregate. It was obtained from deposits exploited at the Silicates Production
Plant in Ludynia (Poland). Granulation was tested in accordance with the PN-EN 933-1 [28] standard
for control purposes (Figures 1 and 2). The analysis of the glanurometric composition was carried
out using the sieve method. Based on this, it was stated that fine quartz sand of natural origin with a
maximum grain size of less than 0.5 mm would be used for the test. According to the Unified Soil
Classification System, this kind of sand with less than 5% fines is designated with the SW symbol.
The mean density was 2.63 g/cm3. The result indicates the average value of two measurements carried
out in accordance with PN-EN-1097-6: 2013-11 [29].

Figure 1. Grains of quartz sand.

Figure 2. Energy dispersion spectroscopy (EDS) analysis of the quartz sand.
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2.3. Recycled Waste Glass

Transparent white recycled glass waste was obtained from the mechanical grinding of food storage
jars. Transparent jars that were washed, dried, and crushed were received from households. The size
of the glass particles was adjusted to the size of the quartz sand particles in the reference sand-lime
product. The shape of the glass particles (Figure 3) was polyhedral and irregular. Based on the EDS
analysis shown in Figure 4, the recycled waste glass had a high content of Si, Na, Mg, Al, Ca, K, S, and
C. The mean density was 2.47 g/cm3 (mean value of six results, determined using a helium pycnometer,
manufacturer: Quantachrome Instruments Headquarters, Boynton Beach, Florida).

Figure 3. Recycled waste glass.

Figure 4. EDS analysis of the recycled waste glass particles.

2.4. Preparing the Sand-Lime Specimens with the Addition of Waste Glass

Proper amounts of raw materials were weighed for particular series (Figure 5, Table 2). Highly
reactive burnt lime was mixed with the fine aggregate, which included different mixtures of FA and
RG (RG33%, RG66%, RG100%). Water was added to the mixed ingredients of the raw material in
a quantity sufficient to put out the lime. The mixture was placed in a sealed glass vessel and dried
in the dryer at 65 ◦C for 1 h. After the mixture reached the ambient temperature, water was added
again in the amount necessary to obtain a mass with 6–8% moisture. Then, cylindrical specimens
with a diameter and height of 25 mm were formed using two-stage and two-sided compression with
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inter-venting at a pressure of 10 MPa and 20 MPa. The specimens were autoclaved at 180 ◦C and at
a saturated steam pressure of 1.002 MPa. Heating of the specimens at this temperature lasted 2.5 h,
while proper hardening took 8 h. The specimens were taken from the autoclave after 12 h to cool the
autoclave down and bring the samples to an ambient temperature of approx. 21 ◦C.

3. Results

FA
67%RG

33%

SERIES I
FA
34%

RG
66%

SERIES II
RG
100%

SERIES III

+8% lime +8% lime +8% lime

Figure 5. Quantitative summary of the raw material mix in particular series. FA: Sand, RG:
Recycled Glass.

Table 2. Quantitative summary of FA and RG content, including the fractions.

Sieve
Size

Series I RG33% Series II RG66% Series III RG100%

FA (g) RG (g) FA (g) RG (g) FA (g) RG (g)

0 0.11 0.05 0.05 0.11 0 0.16

0.063 4.56 2.24 2.31 4.49 0 6.8

0.125 57.38 28.26 29.12 56.52 0 85.64

0.25 155.36 76.52 78.84 153.04 0 231.88

0.5 49.45 24.35 25.09 48.71 0 73.8

1.0 1.15 0.57 0.58 1.14 0 1.72

2.5. Testing Methods

The experimental specimens were tested for their physical and mechanical parameters. Mechanical
tests were conducted in laboratory conditions at room temperature using a hydraulic press, model
Controls 50-C9030 (manufacturer Controls, Warsaw, Poland). According to PN-EN 772-1: 2011 [30],
compressive strength was tested 21 days after conducting the autoclaving process; the results are
presented as the arithmetic mean of six measurements including the standard deviation.

The water absorption was determined according to PN-EN 772-21:2011 [31], where the volume
density was determined through hydrostatic method. The specific density was determined using a
helium pycnometer (manufacturer Quantachrome Instruments Headquarters, Boynton Beach, Florida).
The density results were determined using the average of four measurements.

Morphological studies were conducted with a scanning electron microscopy (SEM-type Quanta 250
FEG, FEI, Hillsboro, Oregon, USA) using signals gathered by secondary electron (SE) and backscattered
(BSE) detectors. The acceleration voltage was 5 kV. The pictures from the scanning areas were enriched
by establishing the semi-quantitative chemical composition of the observed phases using X-ray energy
dispersion spectroscopy (EDS, manufacturer FEI, Hillsboro, Oregon, USA). The measurements were
conducted on flat cut surfaces. Samples were not covered with the metallic layer.

The analytical X-ray diffractometry (XRD) method was used in order to identify the phases
appearing in the tested specimens, using an Empyrean PANALYTICAL device (manufacturer
Panalytical, Almelo, Netherlands) with a Cu lamp.
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3. Results

The following graphs (Figures 6–8) provide the average values of the obtained test results,
including the standard deviations. Figure 6 shows the change in compressive strength of the sand-lime
products depending on the amount of RG in the specimen. The compressive strength increased with
the amount of waste glass in the specimen. The strength for RG100% was found to be more than
7 MPa higher than the reference sample (R). A small increase in strength of 1.4 MPa was observed with
RG33% in the specimen.
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Figure 6. Compressive strength results.

Figure 7. Density results.

The volume density decreased with the increase of the RG content in the specimen (Figure 7).
The R specimen had a volume density of 1.9 g/cm3. The volume density of RG100% was lower at
1.6 g/cm3. The addition of RG in silicates also reduced the specific density of the finished sand-lime
products. The R specimen had a value of 2.6 g/cm3, while RG100% had a 15.7% lower specific density
(2.2 g/cm3). Therefore, the difference in the density of the silicate samples tested was greater than the
difference in aggregates used to make them (sand and white glass amounted to 6.1%). It can therefore
be concluded that the density of glass was only one of the factors affecting the decrease in the specific
and volume density. It can also be influenced by the construction of the contact zone between the
binder and the aggregate, as well as the reaction of the aggregate used with the binder, which may
affect the porosity of the silicate. Changes in the binder–aggregate contact zone have also been noticed
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in the work Powęzka and Szulej [32]. However, by considering the results of water absorption, it was
found that the proportion of open pores increased considerably (Figure 8). The increase of RG content
in the specimen reduced the amount of closed intra-grain pores. This was connected with the structure
of the glass. Sharp-edged and smooth surfaces, however, made the formation of a compact structure
more difficult. Expanding the knowledge on the porosity of finished sand-lime products with the
inclusion of RG is the next stage of research.
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Figure 8. Water absorption results.

Figure 9 compares the diffractograms obtained for silicates R, RG33%, RG66%, and RG100%.
For all cases, except for the specimen without sand, the main obtained peaks were quartz and calcite.
Portlandite was also discovered in all samples containing recycled waste glass. Its remnant suggests
that during the autoclaving, not all the lime was able to react.

Figure 9. Diffractograms of silicate with different content of recycled waste glass. C—calcite, Q—quartz,
P—portlandite, S—spurrite, T—tobermorite.
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The intensity of the quartz peaks decreased along with the increase of the glass content in
the specimen, until they disappear completely when 100% of the sand was replaced with glass.
Simultaneously, as the amount of glass increased, the background diffractograms in the 2θ angle range
= 15◦–40◦ increased as well. This proved the replacement of crystalline quartz present in sand with the
amorphous glass.

Figure 10 shows the BSE of the RG100% specimens. Cracked glass particles slowly reacting under
hydrothermal conditions were visible. Light particles (1) were unreacted sodium glass grain cores
with the main components of silicon, sodium, and oxygen (Figure 11). Darker glass particles (2), with
increased calcium content, became separated from the core (Figure 12). The increased content of lime
may have resulted from its attachment to the glass during the autoclaving process. Inside the cracks
between the glass particles (3), lime-rich glass reacting with products in the presence of lime, were
visible (Figure 13).

Figure 14 presents a picture of a RG33% microstructure. At the surface with RG particles (1), there
was both a spongy amorphous C-S-H phase (2) and tobermorite crystals (3), similar to thin plates and
at unevenly set needles. The tobermorite crystals had different shapes. The result indicates that adding
RG did not slow down the formation of phases that are characteristic of silicate products.

Figure 10. Backscattered electron (BSE) image of a RG100% specimen.

Figure 11. EDS analysis for point 1 in a RG100% sample.
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.

Figure 12. EDS analysis for point 2.

.

Figure 13. EDS analysis for point 3.

Figure 14. Microstructure of a RG33% specimen.
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4. Conclusions

Based on the above results, the following conclusions can be drawn:

• RG can be used as a substitute for quartz sand in sand-lime products. A noteworthy increase
in compressive strength compared with the reference specimen indicated that it was possible to
completely replace the quartz sand in the silicate mix with the recycled waste aggregate. The larger
compressive strength was obtained while reducing the density. This fits the current trends in
the development of building materials, which are based on both economic and construction
considerations: less material consumption, easier transport, the possibility of building taller
buildings, and decreasing the cross-section of structural elements.

• For the strength properties and density, the point of view for the silicates production, completely
replacing the quartz sand with waste glass was the most advantageous. This operation allowed
for obtaining a silicate with a 287% higher compressive strength with a decrease in density by
more than 15% compared to a traditional silicate.

• The increase in the content of RG in sand-lime products caused a significant increase in
water absorption.

• Research on the microstructure showed that the exchange of quartz sand for recycled waste glass
did not influence the formation of the C-S-H phase and tobermorite in autoclaved silicate products.

• The properties of small silicate samples were analyzed in this research. To better understand the
silicates’ properties in practice, further research will be carried out on larger volume samples.
Comparing the impact of different types of glass on the sand-lime properties is also planned.
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Abstract: This paper investigates the water permeability, consistency and density of architectural
mortar with various contents of glass sand as fine aggregate. To reduce the effect of alkali-silica-reaction
(ASR), metakaolin (MK) was used as supplementary cementitious material (SCM) instead of a
component of white cement. The microstructure of glass sand mortar was visualized by means of
scanning electron microscope (SEM) images. The experimental results showed that the permeability
of the mortar increased with the glass sand, reaching its maximum at about 60–80% glass sand
content. The optimum MK content varied with the content of glass sand, and higher content of MK
was required for 60% glass sand. In addition, the consistency and density of mortar had a negative
correlation with the increase of glass sand.

Keywords: waste glass; water permeability; metakaolin; architectural mortar; microstructure

1. Introduction

Waste glass is one of the most important components of municipal solid waste (MSW), and has
caused a heavy burden on the disposal in many cities all over the world [1]. In 2010, waste glass
accounted for 4.6% of MSW in the United States [2]. In 2014, the waste glass produced by the EU
reached 18.5 million tons [3]. In 2010, the waste glass produced in Hong Kong was over 370 tons per
day, but only 3.3% was recycled and the rest was landfilled [1]. In 2018, the total amount of waste glass
in China was about 18.8 million tons, including 9 million tons of flat glass, accounting for 48.9% [4].
On the one hand, the compositions and melting points of different glasses vary significantly, which
results in the difficulty for remelting of the mixtures. The main obstacle to recycling was to separate
different types of glass [5], as the discarding of waste glass is cheaper [6]. On the other hand, glass is
non-degradable when used in landfills, so glass landfill is not a fundamental solution for waste glass.
One possible method for the recycling of waste glass is to use it as building materials, as over 70% of
the glass is SiO2 [5].

According to the particle size of broken waste glass, there are generally two recycling applications:
glass powder as supplementary cementitious material (SCM) to replace cement, and glass cullet to
replace natural aggregates in concrete or mortar [7]. A great deal of research has been done on the
properties of concrete and mortar with waste glass. A considerable number of studies have focused on
the alkali-silica reaction during cement hydration [7,8]. For instance, in concrete with 100% waste glass
aggregate, ground granulated blast furnace slag (GGBS) can be used to partly replace white cement
to reduce the alkali-silica reaction and improve the performance of concrete, including the working
performance, flexural strength at 28 days, dry shrinkage, ASR risk and acid resistance of concrete [9].
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Compared to metakaolin (MK), silica fume (SF), fly ash (FA) and palm oil fuel ash (POFA), glass
powder has similar properties to SCM in glass aggregate concrete [8,10,11], but the bending strength,
acid resistance, and mechanical performance after heating at 800 ◦C are even greater. It is possible
to produce mortar with better performance by replacing part of cement with glass powder [12,13].
To develop the application of waste glass with different particle sizes, a series of experimental studies
using glass cullet and powder in mortar were conducted by Lu et al. [14,15]. It was found that fine
glass powder was able to suppress the ASR expansion caused by waste glass aggregate and enhance
the strength obviously due to the pozzolanic effect and the ability to fill the microstructure.

The effects of different types of waste glass as fine aggregate on the properties of mortar or concrete
have also been investigated recently. Tan et al. [16,17] studied the effects of different colors on the
freshness, mechanical and durability properties and alkali-silica reactions of mortars and proposed
that the mechanical properties and flowability were reduced for the glass sand as fine aggregate, but
the resistance to chloride ion penetration increased. The ASR expansion was promoted for the clear
glass sand, but was reduced with the green and brown glass sand. The color separation of waste glass
was still considered to be one of the technical challenges to the recycling of waste glass, so waste glass
with various colors is more common [18]. Special types of glass have also been studied. Choi et al. [19]
investigated the feasibility of recycled heavyweight waste glass as fine aggregate in mortar. With the
increase of glass content, the ASR expansion increased gradually due to the permitted value of fly ash
or blast furnace slag. Wang [20] focused on liquid crystal display (LCD) glass sand concrete and found
that the durability of concrete with 20% glass sand was the best, and was superior to that of the control
concrete. Moreover, a slump loss was found in LCD glass sand concrete, which was consistent with the
results of Ismail et al. [21]. The slump decreased by 23% and 33% at 10% and 20% glass sand content,
respectively. In addition to the above characteristics, water infiltration in mortar or concrete can cause
degradation or some aesthetic problems; thereby, the long-term performance and the service life of the
structure were decreased [22,23]. However, only a few researchers have paid attention to permeability.
For example, Lu et al. [24] studied the effect of recycled concrete aggregate and waste glass aggregate
on permeability and found that waste glass aggregate concrete has a lower impermeability. Bisht et
al. [25] tested the permeability of waste glass aggregate concrete at various substitution levels (18%,
19%, 20%, 21%, 22%, 23% and 24%). The results showed that with the increase of glass sand content,
the permeability decreased.

Moreover, as one of the important indicators of durability of cement-based materials, research
on the impermeability of glass sand concrete has not been comprehensive enough. For example, the
substitution percentage was not from 0% to 100%, and the reason for permeability change was not
clear because of the different gradations of natural sand and glass sand. To study the influence of the
waste glass as a fine aggregate on the permeability of the mortar, an experimental investigation was
conducted in this paper.

2. Experimental Program

2.1. Materials

2.1.1. Cement (C)

White ordinary Portland cement (P.W 32.5) was used in order to achieve the aesthetics of the
mortar. The chemical compositions of the cement are presented in Table 1. The physical and mechanical
properties of the cement are presented in Table 2.
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Table 1. Chemical compositions of cement and MK.

Chemical Composition (%) Cement MK

SiO2 15.31 52 ± 2
Al2O3 1.67 45 ± 2
Fe2O3 0.28 <0.4
CaO 63.83 <0.4
MgO 6.82 <0.2
SO3 2.19 -

Table 2. Physical and mechanical properties of cement.

Analysis Results

Fineness 460 m2/kg
Normal consistency 26.7%
Initial setting time 150 min

Whiteness 90.2
Compressive strength (1d) 13.3 MPa
Compressive strength (3d) 23.5 MPa
Compressive strength (28d) 36.5 MPa

2.1.2. Metakaolin (MK)

MK is a kind of pozzolanic material, which usually acts as a suppressor agent to mitigate the ASR.
The color is white, consistent with that of cement. The chemical compositions of MK are also included
in Table 1, with an average particle size of 10 μm.

2.1.3. Aggregates

Both natural sand with ISO standard and the glass sand are applied as fine aggregates, as shown in
Figure 1. Figure 2 shows the waste flat glass in China, which accounted for 48.9% of the total amount of
waste glass in China in 2018 [4]. The flat glass was crushed into particles with a size smaller than 3 mm
by a hammer crusher. The particles were sieved with special gradations of 0–2 mm according to the
gradation of ISO standard sand. The gradation curve of aggregate is shown in Figure 3. The fineness
modulus of aggregate is 2.1.

Figure 1. ISO standard sand and glass sand with different particle sizes. (a) Natural sand and glass
sand; (b) Glass sand with different particle sizes.
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Figure 2. Waste flat glass.

Figure 3. Gradation curve of aggregate.

2.2. Mix Proportions

The glass sand was used as a substitute for natural sand at six proportions (0%, 20%, 40%, 60%, 80%,
100%) by weight. MK accounted for 5%, 10% and 15% of the weight of cementitious materials (C +MK),
respectively. The water-to-binder (W/B) ratio in this experiment was 0.4. The superplasticizer with about
0.5% of the weight of cementitious materials was adopted for the mortar to improve the workability
of the mortar. Table 3 shows the details of the 20 mix proportions, including the relative weight of
cementitious materials. Moreover, the figure without unit in the table is the ratio between materials.

Table 3. Mix proportions of mortar.

Type C MK ISO Sand GS Water SP

G0-M0 1 0 3 0 0.4 0.005
G0-M5 0.95 0.05 3 0 0.4 0.005

G0-M10 0.90 0.10 3 0 0.4 0.005
G0-M15 0.85 0.15 3 0 0.4 0.005
G20-M5 0.95 0.05 2.4 0.6 0.4 0.005
G20-M10 0.90 0.10 2.4 0.6 0.4 0.005
G20-M15 0.85 0.15 2.4 0.6 0.4 0.005
G40-M5 0.95 0.05 1.8 1.2 0.4 0.005
G40-M10 0.90 0.10 1.8 1.2 0.4 0.005
G40-M15 0.85 0.15 1.8 1.2 0.4 0.005
G60-M5 0.95 0.05 1.2 1.8 0.4 0.005
G60-M10 0.90 0.10 1.2 1.8 0.4 0.005
G60-M15 0.85 0.15 1.2 1.8 0.4 0.005
G80-M5 0.95 0.05 0.6 2.4 0.4 0.005
G80-M10 0.90 0.10 0.6 2.4 0.4 0.005
G80-M15 0.85 0.15 0.6 2.4 0.4 0.005
G100-M0 1.00 0 0 3 0.4 0.005
G100-M5 0.95 0.05 0 3 0.4 0.005
G100-M10 0.90 0.10 0 3 0.4 0.005
G100-M15 0.85 0.15 0 3 0.4 0.005

Note: GS: glass sand; SP: superplasticizer.
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2.3. Preparation of Specimens

The fresh mortar paste with 20 mix proportions was cast and transferred in a room with a
temperature of 20 ± 5 ◦C for 24 h before being demoulded. The specimens were in the shape of a
truncated cone, as shown in Figure 4, with a height of 30 mm, and a diameter of the upper and lower
surfaces of 70 and 80 mm, respectively, and were stored in a room with the temperature of 20 ± 2 ◦C
and humidity over 90% for 3, 7, 14, and 28 days, respectively. A glue of paraffin rosin was applied to
the side of the specimen. When the mortar paste was mixed, the water permeability test was conducted
simultaneously, as well as the consistency and density tests.

Figure 4. Specimen for water permeability test. (a) Mortar coated with sealing material; (b) Specimen size.

2.4. Experimental Methods

2.4.1. Mortar Consistency Test

Mortar consistency tester is mainly composed of a cone and a container. Prior to the test, the tip of
the cone (with a height of 145 mm, diameter of 75 mm, and weight of 300 ± 2 g) was placed in contact
with the surface of the fresh paste in the conical container (180 mm × 150 mm). After the preparation,
the fastener was opened to let the cone fall freely. When the cone had sunk in the mortar for 10 seconds,
the fastener was closed and the sinking value recorded. All operations were completed within 15 min
according to the Chinese national standard JGJ/T70-2009 (standard for test method of performance
on building mortar [26]). The average value of the two results was taken as the consistency value.
The fresh mortar with high consistency showed better workability.

2.4.2. Mortar Density Test

The density test of fresh mortar was used to study the effect of different glass sand content and MK
content on density. According to Chinese national standard JGJ/T70-2009 [26], a steel container (1 L)
was used to load fresh mortar. After that, the container filled with fresh mortar was put on a platform
vibrator for 10 s. Finally, the density was deduced by the weight of the mortar, and the average value
of two repeated tests was taken.

2.4.3. Water Permeability Test

20 different mix proportions were conducted as listed in Tables 3 and 4 at various ages: 3, 7, 14,
and 28 days. Eighty groups in total and six specimens per group were evaluated based on the Chinese
national standard JGJ/T70-2009 [26].

Table 4. The result of regression analysis.

Age Z0 B C D Adj-R2

28d 1.48 35.16 28.54 6.38 0.93
14d 1.08 21.99 32.77 6.12 0.88
7d 0.98 22.65 26.92 4.84 0.89
3d 0.75 22.84 27.69 4.19 0.91

47



Materials 2020, 13, 1110

The mortar permeability tester with a capacity of six specimens per group (as shown in Figure 5)
was used to investigate the water permeability of the mortar. When the six specimens were installed
on the permeability tester, the machine gradually increased the water pressure to an initial value
of 0.2 MPa, which was then maintained at 0.2 MPa for 2 h. According to the established program,
the hydraulic pressure automatically rose by 0.1 MPa per hour until the upper surface of the third
specimen became wet. The time of wetting of the third specimen was considered as the impermeability
value of this group.

Figure 5. Water permeability test.

An original method was proposed for this experiment during the observation. As shown in
Figure 5, a humidity-sensitive test paper attached to the upper surface of the specimen was used to
indicate water seepage; when the water had completely penetrated the specimen, test paper would
turn from white to red (shown in Figure 6). Moreover, a webcam was adopted in this experiment to
monitor the progress of the test online. As a result, the color change of the test paper was detected by
the webcam, and the test data could be acquired from the computer.

Figure 6. The color comparison of test paper.

3. Results and Discussions

3.1. Consistency of Mortar

The consistency of fresh mortar with different percentages of glass sand and MK is shown in
Figure 7. The consistency was reduced more significantly with the increase of the glass sand. Compared
with the mortar without glass sand; the consistency of mortar mixed with 100% glass sand decreased
by 55% at the maximum, which was similar to the fluidity and workability of the fresh mortar. Tan
et al. [16] pointed out that the fluidity of the fresh mortar decreased with the increase of glass sand,
which was consistent with the test results. However, Lu et al. [27] and Ling et al. [28] found that the
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addition of glass sand increased the fluidity of mortar. The reason for this was that the particle size of
the glass sand used in the two tests was different, 0–2 mm in this experiment and a larger particle size
in Lu et al.’s experiment. Compared with the natural sand, the particle size of glass sand had a higher
aspect ratio and specific surface area, which increased the frictional resistance between particles and
reduced the free water content in mortar.

Figure 7. Influence of glass sand on the consistency of fresh mortar.

Additionally, mortar in most groups mixed with 5% MK showed a higher consistency, while the
consistency of mortar mixed with 15% MK was the lowest. Courard et al. [29] also reported that 20%
MK induced a decrease of consistency of 25%, but only in ordinary mortar. When the content of the
glass sand and MK were 100% and 15%, respectively, the minimum mortar consistency of 4.7 cm was
reached. Moreover, the consistency decreased from 5.4 cm to 4.7 cm in the group of 100% glass sand
content when MK content increased from 5% to 15%.

3.2. The Fresh Density of Mortar

Figure 8 presents the density variation of fresh mortar with glass sand and MK. The density
decreased with the addition of glass sand regardless of the different MK contents. The fresh density
decreased by 2.7% and 7.9% at the maximum with the replacement percentage of 40% and 100%,
respectively. Similarly, Tan et al. [16] reported that the density of mortars with different colors of glass
as fine aggregates was decreased. Ismail et al. [21] also found the fresh density of concrete decreased
when the glass sand was used instead of the natural fine aggregate. This was due to the angularity of
glass sand [30]. The particle sizes of glass aggregates in these tests were different, but were able to
reduce the density of mortar, except for special kinds of glass. From the relative position of the three
curves, it can be seen that there was no obvious relationship between mortar density and MK content.
The regression analysis was used to analyze the relationship between the fresh density of mortar and
the percentage of glass sand. A model is proposed as follows:

Z = a × x + b (1)

where x is the percentage of glass sand, z is the fresh density of mortar, and a and b are the coefficients
obtained by regression analysis. As a consequence of the analysis, a= 2242.73, b=−1.79. The correlation
coefficient R2 of this model is 0.94, which indicates that the results of the numerical model match well
with those of the real test.
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Figure 8. Influence on the density of the fresh mortar.

Figure 9 shows the scatter plot of the experiment and fitting results of the regressed mode (Adj-R2

is 0.94, p-values of Intercept and x variable are 1.48 × 10−32 and 1.08 × 10−11, respectively). A reduction
in density of glass sand mortar, reported by Tan et al. [16], was also included, and the results showed
that the predicted model matched well with the experimental results.

Figure 9. Regressed results of the fresh density.

The consistency of mortar is one of the most important factors affecting the pore structure of
mortar, which has a significant effect on the density. The density increases in a linear way with the
consistency of fresh mortar, as shown in Figure 10 (p-values of Intercept and x variable are 2.31 × 10−23

and 6.32 × 10−10, respectively), which is similar to the fluidity of mortar. When the content of glass was
changed in the range from 0% to 100%, the consistency value of the mortar increased by 50%, and the
density of the mortar decreased from 2209 to 2065 kg/m3 in this regression model, which is in keeping
with Tan’s [16] test results. Therefore, this model is also suitable for similar glass mortar.

Figure 10. Relationship between the density and consistency of the mortar.
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3.3. Water Permeability of the Mortar

3.3.1. The Relationship between Impermeability and the Content of Glass Sand with MK

Figure 11 shows the impermeability of the mortar with the glass and MK, respectively, which
decreased sharply and then increased slightly with the content of the glass sand. The impermeability
of the mortar with 5%, 10%, and 15% of MK at the age of 28 days reached its minimum value with
glass content between 60% and 80%, and compared with 100% natural sand mortar, it was decreased
by 94%, 83%, and 73%, respectively. Bisht et al. [25] reported a similar test in concrete, but the content
of the glass sand only ranged from 18% to 24%. The reason for this could be the fact that there were
more pores in glass sand mortar, including cracks and voids between glass and cement mortar, as the
glass sand was more angular than the natural sand [25,30]. In addition, water absorption coefficient
varied with the substitution level of glass sand, which characterizes the tendency of a porous material
to absorb and transmit water through capillarity [31,32]. This was also supported by the results from
SEM images, as shown in Figure 12. Compared with the natural sand in the group of G0-M15, the
glass sand in the groups of G60-M5 and G100-M15 had a smoother surface and more edges and angles.
Moreover, many cracks occurred in the interface transition zone (ITZ) of the glass sand and paste.
Similar findings were found in glass particle mortar and concrete [33,34].

Figure 11. Impermeability with different content of glass sand. (a) 5% MK; (b) 10% MK; (c) 15% MK.

Figure 12. SEM images of mortar (magnification = 500, 14d: 14 days, 28d: 28 days).
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Generally, the impermeability of the mortar decreased and then increased slightly, ranging from
12% to 27% in the 28d group. Penacho et al. [30] reported that the water retentivity of glass sand
mortar was better because of the larger specific surface due to the cement hydration, which was
supported by Neno et al. [35]. Ling et al. [28] reported that the permeable voids of the mortar increased
with the content of the glass sand, but that permeable voids decreased when the content of the glass
sand was high, which is directly related to the impermeability of mortar and gradually slowed down
when the content of the glass sand was over 60%, and even increased with a percentage of 100%.
The microstructures of mortars with different mix proportions were observed in this experiment.
As shown in Figure 13, the mortar in group G60-M5 had more porous microstructures than other
groups. Meanwhile, it could be found in Figure 12 that there were large pores in group G60-M5. Porous
micro-structures led to lower impermeability of mortar with 60% and 80% glass sand content.

Figure 13. SEM images of mortar (magnification = 5000, 14d: 14days, 28d: 28 days).

In addition, compared with the fine aggregate used in other experiments [25,36], the size of glass
sand in this experiment was smaller (0–2 mm). Glass particles with a diameter of 38–300 μm can
be used as SCM. When the particle size of the glass sand was larger than 1 mm, a slight pozzolanic
activity was also detected [8,37,38]. In this experiment, glass sand with a particle size no larger than
300 μm accounted for 31.8%. The characteristics of the glass sand contributed to better pore structures
of mortar, especially when the content was more than 60%. On the other hand, compared with natural
sand, the shape of glass sand was more irregular (as shown in Figure 12), and the particle tip of glass
sand could fill large pores. Before the 60% content, there were fewer large pores, so the filling effect was
not obvious. When the content of glass sand reached 60%, the large pores increased in number, and it
became more obvious. Therefore, at 60%, there were the most pores and the weakest impermeability.

3.3.2. Influence of MK on the Water Impermeability

Figure 14 shows the impermeability of the mortars with the variation of MK and glass. When the
glass content was 0%, 20%, 60%, and 100%, the optimum additions of MK were 5%, 5%, 10%, and 5%
respectively. The optimum MK content increased before 60% glass sand, then decreased with the glass
sand content. It was obvious that the optimum MK content varied with the glass sand content.
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Figure 14. Variation in impermeability with content of MK. (a) Without glass sand; (b) 20% glass sand;
(c) 60% glass sand; (d) 100% glass sand.

With the increase of the content of glass sand, the optimum MK content increased from 5% to 10%.
This was caused by the “filler effect” [39] of MK as micro-aggregate. To suppress the alkali–aggregate
reaction, the size of the MK particles was chosen to be only 10 μm in this test, providing the possibility
for the MK particles to fill in the pores of the mortar. The pore structure of the mortar was subsequently
successfully improved, along with the compactness and impermeability. However, Ling et al. [28]
investigated the effect of MK on the permeable voids of the glass sand mortar, and found that the
use of MK as a cementitious material increased the pore structure of the mortar. Compared with
the mortar containing 10% MK, permeable voids of 20% and 30% MK mortar increased by 16% and
39%, respectively. This contradiction might be induced by the MK composition, mix proportions and
content. The MK could refine the pore size in mortar [39,40]. When the content of the glass sand was
low, the pore size of the mortar was small, so the improvement of MK was not obvious. However,
when the content of the glass sand reached 60%, the size and the number of pores became greater [30].
As a result, proper content of MK could improve the pore structure and the impermeability of the
mortar. When the glass sand content reached 100%, more cement paste was required for the larger
specific surface of the glass sand. Meanwhile, the hydration of MK was slower than that of cement.
Consequently, the permeability of 100% glass sand mortar decreased with the MK.

3.3.3. Regression Analysis of Impermeability

As illustrated in Figure 11, a similar curve trend can be found at different MK contents. An effective
regression model was established as follows:

z = Z0 + B × exp{−x/C − y/D} (2)
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where x is the percentage of glass sand, y is the percentage of MK, z is the impermeability value. Z0 is
a coefficient related to curing age. B, C and D are the coefficients to be obtained by regression analysis
as shown in Table 4. The values of adj-R2 were between 0.88 and 0.93.

Figure 15 indicates the corresponding correlations between glass sand content, MK content and
impermeability. This model can be used to estimate the impermeability value of similar mortar.
Nevertheless, more experimental results and mix proportions are required to improve the application
scope of the model.

Figure 15. Regression models at different ages. (a) 28 days; (b) 3 days.

4. Conclusions

In this study, the waste glass was used as a fine aggregate instead of natural sand. Meanwhile,
MK was used as SCM instead of the white cement with a substitution rate of 5%, 10% and 15%, which
could reduce the alkali-silica reaction. The effect of MK and glass content on the properties of mortar
was analyzed. The conclusions can be drawn as follows:

1. With the increase of glass and MK content, the consistency of mortar decreased. The glass
content increased the trend of the decline. The consistency of mortar mixed with 100% glass sand
decreased by 55% at the maximum. The density of fresh mortar decreased by 2.7% and 7.9% with
the replacement percentage of 40% and 100%. There is a regression relationship (Adj-R2 = 0.91)
between consistency and density in order to predict the consistency.

2. The impermeability of mortar with glass sand decreased. However, it increased slightly when the
glass sand reached 100%. The MK could improve the impermeability of glass sand mortar only
when the glass sand content was about 60–80%.

3. SEM images showed that there was a crack between matrix and GS because of the smooth surface
of glass sand, and more pore structures were found in mortar with 60% glass sand, leading to an
increase of water permeability.

4. A regression model of impermeability was established that can predict the impermeability of
glass sand mortar varying with glass sand content, MK content, and age.

5. As the addition of glass sand can significantly increase the permeability of mortar, glass sand
mortar can be used as pervious material, and the optimum percentage is 60–80%.
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Abstract: Using eco-friendly recycled brick powder (RBP) derived from waste brick to prepare
strain hardening cementitious composites (SHCC) provides a new way of recycling the construction
and demolition waste (CDW), and the dosage of cement in SHCC can be decreased. This paper
investigated the micro-properties and mechanical properties of SHCC containing RBP by a series of
experiments. The results showed that RBP had typical characteristics of supplementary cementitious
material (SCM). The addition of RBP increased the SiO2 content and decreased the hydration products
in cementitious materials; in this case, the mechanical properties of mortar decreased with increasing
RBP replacements, and a linear relationship was observed between them. It was noticed that the
adverse effect of RBP on the mechanical properties decreased with increasing PVA fiber content
in mortar. For SHCC containing various RBP replacements, the ultimate load increased, and the
ultimate displacement decreased with increasing curing days. When using RBP to replace cement
by weight, the ultimate displacement increased with the addition of RBP. Meanwhile, there was no
significant reduction in the ultimate load of SHCC. When using RBP to replace fly ash (FA) by weight,
the incorporation of RBP decreased the ultimate displacement of SHCC, whereas the ultimate load
was improved. For example, the ultimate load and displacement of SHCC with 54%RBP were 17.6%
higher and 16.4% lower, respectively, than those of SHCC with 54% FA.

Keywords: strain hardening cementitious composites (SHCC); construction and demolition waste
(CDW); recycled brick powder (RBP); properties determination

1. Introduction

The rapid onset of global urbanization has resulted in a massive number of construction and
demolition wastes (CDW) [1]. In China, the output of CDW reached approximately 1.8 billion tons
per year, and it will be kept at a high level in the next few years [2]. Because of CDW containing
some hazardous substances, the traditional disposal of CDW by dumping has inevitably resulted
in environmental pollution, such as soil and water pollution [3,4]. Therefore, disposing such CDW
in effective and eco-friendly ways has become an important issue around the world [5]. In recent
years, recycling technologies for CDW are developed, and the waste concrete and brick are recycled
into recycled aggregate and used to prepare recycled aggregate concrete [6,7]. The properties of
recycled aggregate from waste concrete are similar to those of natural aggregate, the recycled aggregate
has been widely used in the construction engineering, and the high-quality recycled aggregate can
also be employed in the preparation of high performance recycled concrete [8,9], self-compacting
recycled concrete [10], and structural recycled concrete [11]. Moreover, the improvement technology
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for the recycled concrete aggregate and prepared concrete has also developed in recent years, whereby
excellent properties can be obtained after enhancement treatment [12,13]. Being different from the
recycled concrete aggregate, the utilization of recycled brick aggregate in construction engineering is
very scarce because of recycled brick aggregate containing high porosity and water absorption; in this
case, the recycling rate of waste brick was much lower than that of waste concrete in CDW [14].

Forcing on the challenge of recycling the waste brick in CDW, some scholars proposed using waste
bricks to prepare recycled brick powder that can be used as supplementary cementitious material
(SCM) in the preparation of cement and concrete products, which was a sustainable cement-based
material [15,16]. Some investigations have been conducted to study the properties of RBP and prepared
concrete. For example, findings have been reported that the main compositions of RBP are similar to
those of fly ash; attributed to RBP containing high content of amorphous phase and vitreous phase,
the high fineness RBP has a satisfied pozzolanic activity [17,18]. Incorporating an appropriate content
of high activity RBP has less impact on the mechanical properties of prepared concrete, and even
a slight increase in the mechanical properties can be observed with the addition of high fineness RBP.
However, the incorporation of high-volume RBP significantly decreases the mechanical properties [19]
For example, Olofinnade et al. [20] found that the compressive strength and tensile strength of concrete
with 10% RBP were respectively 32% and 2% higher than those of the plain concrete after 90 d curing.
In addition, the RBP concrete has a better durability performance than the plain concrete, as Ma
et al. [21] and Ge et al. [22,23] found that the RBP concrete has better water penetration and sulfate attack
resistance than the plain concrete. Therefore, using RBP as SCM to prepare concrete is appropriate,
and the RBP is sustainably recycled material.

To address the brittleness issue on the ordinary concrete materials, the strain hardening
cementitious composites (SHCC) have been developed due to the fiber-bridging action of multiple
cracking behaviors and ultra-high ductility [24,25]. Investigations reported that the SHCC possessed
excellent mechanical properties and durability performance [26–28]. However, it is noticed that more
than half of SHCC component, according to the mix proportion by weight, is the cement and the SCM
of fly ash (FA) or silica fume (SF) [29,30]; in this case, the preparation cost is increased, and SHCC is
not eco-friendly due to the addition of massive cement. Thus, an eco-friendly and sustainable SHCC
is urged to be developed. Considering that the RBP could be used as the SCM, one can expect that
the RBP could be further used in the preparation of SHCC. The utilization of RBP in SHCC not only
decreases the dosage of cement and FA in SHCC, but also promotes the recycling rate of the waste
brick in CDW, which is eco-friendlier and more sustainable.

Based on the introductions above, this paper was developed to investigate the properties of SHCC
containing RBP. The RBP was respectively used to replace the cement and FA in SHCC by weight, and
the micro-properties of cementitious materials and the mechanical properties of SHCC with RBP were
determined. The authors hope the findings in this paper are helpful to further research on the SHCC
and CDW recycling.

2. Materials and Experimental Details

2.1. Preparation of the RBP Derived from the CDW

Figure 1 shows the flow of using waste bricks to prepare high fineness RBP. The waste bricks were
first collected from the CDW by machine or manual sorting, and then, they were crushed into the
recycled brick aggregates with a maximum size of 10 mm by a jaw crusher (SANME, Shanghai, China).
Subsequently, the recycled brick aggregates were ground to low fineness RBP with a maximum size of
150 μm by a ball grinding mill (SANME, Shanghai, China), and the obtained RBP were further ground
to high fineness RBP with a maximum size of 45 μm by a planetary ball mill (Jingxin, Shanghai, China).
The high fineness RBP was used in the preparation of SHCC. Furthermore, Figure 1 shows the test
flow in this paper. The effects of fiber content and RBP replacements on the properties of cementitious
materials were considered in the experiment design. The micro properties of cementitious materials
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containing RBP were determined to reveal the feasibility of using RBP as SCM in the SHCC preparation,
and the compressive and flexural strength were tested to investigate the mechanical properties of
SHCC with RBP.

Figure 1. Flow diagram of using the waste bricks in CDW to prepare RBP.

2.2. Mix Proportion and Specimens Preparation

Table 1 gives the mix proportion of the mortar and SHCC with RBP. The mortar specimens were
prepared, to quantify the effects of RBP and fiber on the properties of cementitious materials. The mix
proportion of SHCC with RBP was proposed according to that of SHCC with FA by the previous
studies; the total content of binding materials was 1200 g, and the content of water, sand and PVA
fiber is respectively 395 g, 550 g, and 26 g [31–34]. On the one side, the RBP was used to replace the
cement in SHCC by weight, and the replacement ratios (weight) were 0% (0 g), 18% (216 g), 36% (432 g),
and 54% (650 g), which aimed to investigate the effects of RBP content on the properties of SHCC,
such as, the sample titled SHCC-54%RBP represents that 54% of cement in SHCC was replaced by the
same weight of RBP. On the other side, the RBP was used to replace the FA by weight, which aimed
to investigate the potential of using RBP to replace the FA in the preparation of SHCC; for example,
the sample SHCC-27%RBP + 27%FA represented that the RBP and FA replacements are both 27%.

Table 1. Mix proportion of the mortar and SHCC with RBP (g).

Sample Cement RBP FA (Class I) Water Sand PVA Fiber

Mortar-0%RBP 1200 0

0 395 550 0
Mortar-18%RBP 984 216
Mortar-36%RBP 768 432
Mortar-54%RBP 550 650

Mortar-0 F

550 650 0 395 550

0
Mortar-6.5 F 6.5
Mortar-13 F 13
Mortar-26 F 26

SHCC-0%RBP 1200 0

0 395 550 26
SHCC-18%RBP 984 216
SHCC-36%RBP 768 432
SHCC-54%RBP 550 650

SHCC-27%RBP + 27%FA 550 325 325
395 550 26SHCC-54%FA 550 0 650
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It is noticed that the mix proportion of the mortar is corresponding to the mix proportion of SHCC
in this paper, and the mortar is also titled as the SHCC without PVA fiber; in this case, the effect of PVA
fiber content on the mechanical properties of SHCC can be well quantified. Besides, the pozzolanic
activity of RBP is also determined according to British standard BS EN 450-1 and Chinese standard
GB/T 1596-2017, to prove the feasibility of using RBP as SCM in SHCC. The amount of cement, RBP,
water and sand in this mix proportion is respectively 315, 135, 225 and 1350 kg/m3, and the pozzolanic
activity index of RBP is determined as the value of 89.6% by a compressive strength test. Therefore,
the high fineness RBP used in this study has high pozzolanic activity.

Referring to the related references on the determination of SHCC properties, the sample size was
40 × 40 × 160 mm, and a three-point bending test was conducted to determine the flexural strength
and ductility of SHCC with RBP [35,36]. All the specimens were first prepared according to the mix
proportion shown in Table 1, and the specimens after 24 h hardening were placed in the standard
curing room (T = 20 ± 2 ◦C, RH ≥ 95%) for 3 d, 14 d, and 28 d. When reaching the targeted curing days,
the mechanical properties of the mortar and SHCC samples were determined.

2.3. Micro Properties and Mechanical Properties Determination

The paste with RBP was used in testing the micro properties of cementitious materials. The test of
SEM (scanning electron microscope, Hitachi, Tokyo, Japan) was applied to show the micro-structure
of cementitious materials, and the elemental map was further presented to quantify the elemental
composition of cementitious materials; moreover, the XRD (X-ray diffraction, Bruker AXS, karlsruhe,
Germany) test and TG (thermogravimetric, PerkinElmer, Waltham, MA, USA) test were conducted
to reveal the effect of RBP incorporation on the hydration products of cementitious materials [37,38].
The mortar and SHCC samples were used to test the mechanical properties, including the compressive
strength and flexural strength, and the mechanical test was conducted according to Chinese standard
GB50081 (2019) and American standard ASTM-C78 (2005). The applied load in the bending test was
controlled by the displacement, and the loading rate was kept at 0.05 mm/min until the sample failure.
The applied force and displacement were simultaneously obtained by the testing machine (MTS, Eden
Prairie, MN, USA); and in this case, the force-displacement curves can be obtained, and the ultimate
force and ultimate displacement were used in this paper to evaluate the mechanical properties of
SHCC containing RBP.

3. Results and Discussion

3.1. Micro-Properties of the Cementitious Materials Containing RBP

This section aims to investigate the feasibility of using RBP as SEM in SHCC preparation. The high
fineness powder frequently results in a high activity, and the high fineness powder is helpful to promote
the micro-aggregate filling effect of cementitious materials [39]. Considering that the RBP is derived
from the waste brick and no hydrated substance contained in it, the fineness of RBP should be higher
than that of the cement and FA, which is beneficial to improve the activity of RBP when using RBP as
SCM to replace the cement or FA in SHCC. Figure 2a shows the particle size distribution of cement, FA
and RBP used in this paper, and the results show that their median diameter (D50) is approximately
19 μm, 15 μm, and 11.5 μm. Figure 2b shows the XRD results, whereby the SiO2 content in RBP is much
higher than that in cement and FA, and there are no hydrated compounds (such as CaO, Ca(OH)2)
in RBP. Attributed the SiO2 being the main component that takes part in the pozzolanic reaction of
cementitious materials, the high fineness RBP can be used as the SCM in the cementitious materials [40].
Figure 2b further shows the SEM images of RBP, and an irregular micro-structure can be observed.

Figure 3 shows the micro-structure of the paste with RBP. Most C-S-H can be observed when
the RBP replacement is 0%, whereas the content of C–S–H and Ca(OH)2 decrease with increasing
RBP replacement. The content of ettringite and RBP micro-particle increases with the increase of RBP
content, and the RBP micro-particle connects with the C–S–H in the paste. Attributed to the dilution
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effect and nucleation of RBP, the addition of RBP promotes the hydration reaction rate of cementitious
materials. However, the RBP has higher SiO2 content and lower CaO content than the cement, and thus,
incorporating RBP leads to a reduction in the hydration products when using RBP to partially replace
the cement in the paste, and a similar phenomenon is obtained by previous studies [41,42]. When the
RBP replacement is 18%, there is no obvious difference for the micro-structure of Paste-0%RBP and
Paste-18%RBP, and this may be because the micro-aggregate filling effect of RBP filled the pores and
meanwhile the reduction of hydration products in cementitious materials is not obvious. However,
with a significant reduction of the hydration products in cementitious materials, the micro-structure of
paste-54%RBP is looser than that of the paste-0%RBP, which indicates that the addition of high-volume
RBP is adverse to the properties of prepared mortar and concrete.

Figure 2. Properties of CBP used in the preparation of SHCC. (a) Particle size distribution;
(b) Composition determined by XRD test.

Figure 3. SEM images of paste with various replacements of RBP. (a) Paste-0%RBP; (b) Paste-18%RBP;
(c) Paste-36%RBP; (d) Paste-54%RBP.

Figure 4 shows the elemental maps of the paste with various RPB replacements. When the RBP
replacement ratios are below 36%, the calcium content is higher than the silicon, and the calcium
content decreases, and the silicon content increases with the increase of RBP replacement ratios.
In particular, the calcium content is lower than the silicon when the RBP replacement ratios are 54%.
This may be because the RBP contains higher silicon content and lower calcium content than the
cement, the silicon content increases, and the calcium content decreases with the addition of RBP in the
paste. The appropriate calcium-silicate ratio is beneficial to the properties of cementitious materials,
whereas the excessively low of calcium-silicate ratio results in the reduction of hydration products and
is adverse to the properties of cementitous materials [43,44].
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Figure 4. Elemental maps of the paste with various RBP replacements. (a) Paste-0%RBP;
(b) Paste-18%RBP; (c) Paste-36%RBP; (d) Paste-54%RBP.

Figure 5 shows the XRD results of the paste containing RBP. The incorporation of RP increases the
content of SiO2 in the paste, while the content of Ca(OH)2 and CaCO3 decreases with the addition
of RBP. The Ca(OH)2 and CaCO3 are the main hydration products of cementitious materials; thus,
incorporating RBP reduces the hydration products of cementitious materials [41,45]. Attributed to
RBP containing higher SiO2 content and lower CaO content compared with the cement, the addition
of RBP increases the SiO2 content when using the RBP to replace the cement by weight in the
paste. The micro-particle SiO2 is the main compound that takes part in the pozzolanic reaction; thus,
incorporating RBP promotes the pozzolanic reaction of cementitious materials, and the high fineness
possesses an excellent micro-aggregate filling effect. However, the incorporation of RBP reduced the
hydration products in the paste, which is adverse to the properties of cementitious materials. Therefore,
the positive and negative effects of RBP on the micro-properties should be both considered in the
performance analysis of SHCC.

Figure 6 shows the DTG (derivative thermogravimetric analysis) results of the paste with RBP
after 28 d curing. Three peaks around 100 ◦C, 450 ◦C and 700 ◦C can be seen from the DTG curves.
The first peak presents the dehydration of C–S–H gel, and incorporating RBP reduces the content
of C–S–H gel in paste, which further proved that the incorporation of RBP decreases the hydration
reaction of cementitious materials. The content of Ca(OH)2 and CaCO3 in the Paste-54%RBP is much
lower than that in the Paste-0%, and a similar conclusion can also be obtained from Figure 5. As shown
in Figures 2–5, the micro-properties results of the RBP and prepared paste highlight that the high
fineness RBP can be used as the SCM in the preparation of cement products. One can expect that the
RBP can also be used in the preparation of SHCC, and the mechanical properties of SHCC containing
RBP are discussed in the following sections.
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Figure 5. Compound composition of paste with various replacement of RBP by XRD test.

Figure 6. Hydration product analysis for the paste with RBP by DTG test. (a) Paste-0%RBP;
(b) Paste-54%RBP.

3.2. Compressive Strength of the Mortar and SHCC Containing RBP

The effects of RBP and PVA fiber content on the compressive strength of prepared mortar are first
determined, and the results are shown in Figure 7. The compressive strength of the mortar with and
without RBP both increased with increasing curing days. However, after undergoing the same curing
days, the addition of RBP decreases the compressive strength; such as, the compressive strength of the
mortar with 18% RBP, 36% RBP, and 54% RBP is 8.8%, 23.9%, and 31.4% lower respectively, than that of
the control group without RBP. This may be because the incorporation of RBP decreases the hydration
products in mortar and then the compressive strength is decreased. Besides, a linear relationship can
be observed between the RBP replacement ratios and compressive strength of prepared mortar and the
specific equation is described in Figure 7a, where the FRBP and F0 represent the compressive strength
of the mortar with and without RBP, in MPa; PRBP is the RBP replacement ratios, in %.

Figure 7b shows the compressive strength of the Mortar-54%RBP with various PVA fiber contents.
It can be seen that the compressive strength of Mortar-54%RBP first increases and then decreases with
increasing PVA fiber content, and the Mortar-54%RBP with 6.5 g PVA fiber has the highest compressive
strength compared with that with the other contents of PVA fiber; such as, the compressive strength
of Mortar-54%RBP with 6.5 g, 13 g, and 26 g PVA fiber is 6.6% higher, 2.1% higher, and 1.8% lower,
respectively, than that without PVA fiber. This may be because the appropriate content of PVA fiber
improves the integrality of prepared mortar and thus the compressive strength is increased; however,
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the high content of PVA fiber results in an obvious weak interface between the fiber and the paste,
which is adverse to the compressive strength of prepared mortar [46].

Figure 7. Compressive strength of mortar with vaious contents of RBP and PVA fiber. (Displayed
values are the mean values of three measurements). (a) With various RBP replacements; (b) Mortar-54%
RBP with various fibers.

Figure 8a shows the compressive strength of SHCC when using RBP to replace cement by
weight. The results show that the compressive strength of SHCC decreases with the increase of
RBP replacements after undergoing the same curing days; such as, the compressive strength of
SHCC-18%RBP, SHCC-36%RBP, and SHCC-54%RBP is 3.2%, 11.2%, and 20.0% lower, respectively, than
that of the control group without RBP after 28d curing. Compared with the results in Figures 7a and 8a,
the adverse effect of RBP replacement on the SHCC strength is lower than that on the mortar strength;
such as, the compressive strength of Mortar-54%RBP and SHCC-54%RBP is 23.9% and 20.0% lower
than the control group after 28 d curing. Figure 8b further shows the compressive strength of SHCC
when using RBP to replace the FA by weight. The addition of RBP increases the compressive strength of
the SHCC with FA; such as, the compressive strength of SHCC-54%RBP and SHCC-27%RBP + 27%FA
is 14.7% and 7.0% higher than that of SHCC-54%FA. This may be due to that RBP contained higher
content of micro-particle SiO2 than the FA, and the incorporation of SiO2 with high micro-hardness is
helpful to the strength of prepared SHCC. Therefore, when the replacement ratios of RBP and FA are
the same, the compressive strength of SHCC with RBP is better than that of SHCC with FA.

Figure 8. Compressive strength of SHCC with various RBP replacements. (Displayed values are the
mean values of three measurements). (a) Using RBP to replace cement in SHCC; (b) Using RBP to
replace FA in SHCC.
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3.3. Flexural Strength of SHCC When Using RBP to Replace Cement by Weight

The flexural strength of the mortar with various RBP contents was first determined, and the
results are shown in Figure 9. The ultimate load of the mortar decreases with the increase of RBP
replacements; such as, the ultimate load of Mortar-18%RBP, Mortar-36%RBP, and Mortar-54%RBP is
8.5%, 18.1%, and 29.3% lower, respectively, than that of Mortar-0%RBP when the curing duration is 28 d.
In particular, a linear relationship can be observed between the RBP replacement and ultimate load
of prepared mortar, and the detailed equation is also described in this figure, where the FRBP and F0
represent the ultimate load of the mortar with and without RBP, in kN; the PRBP is the RBP content, in %.
Figure 9 further shows the force-displacement curves of the mortar with various RBP replacements,
and a similar ascent stage can be observed when the RBP replacements are below 36%; however, the
ascent stage of Mortar-54%RBP was lower than that of the other samples, and possibly because the
significant reduction of hydration products in mortar and the cementation is obviously decreased.

Figure 9. Flexural strength of mortar containing RBP after various curing days. (Displayed values are
the mean values of three measurements).

Figure 10 shows the force-displacement curves of the mortar with various PVA fiber contents
under the application of flexural load. The results highlight that the ultimate load and displacement
increase with increasing PVA fiber content in mortar; such as, after 3 d curing, the ultimate load of
Mortar-6.5F, Mortar-13F, and Mortar-26F is 24.8%, 53.7%, and 140.3% higher, respectively than that
of Mortar-0F, and the results are 115.0%, 190.0%, and 505.0% for the ultimate displacement. This is
because the bridging effect provided by the PVA fiber in cementitious materials, and the ultimate
strength and strain are improved [47]. Compared with the results in Figure 10a–c, the increasing curing
days improve the ultimate load of the mortar with RBP, whereas the ultimate displacement decreases
with increasing curing days. In Figure 10a–c, for the plain mortar without RBP, a strain-softening curve
can be observed, and there is only one peak in the force-displacement curve. For the mortar with 6 g
and 13 g of PVA fiber, two peaks can be observed from the force-displacement curve, and the first
peak is the highest point for the Mortar-6F, however, the second peak was the highest point for the
Mortar-13F. For the mortar with 26 g of PVA fiber as well as titled SHCC sample, an obvious strain
hardening curves can be observed from the force-displacement curve of Mortar-26F. Because of the
existence of high content of PVA fiber in cementitious materials, the applied flexural load can be well
dispersed by the bridging stress between the PVA fiber and cementitious materials, more micro cracks,
rather than the large crack, are produced in cementitious materials, and thus the strain hardening
characteristic appears [48–50].
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Figure 10. Force-displacement curves of mortar with various content of PVA fiber. (a) 3d curing;
(b) 14 d curing; (c) 28 d curing; (d) Images of the mortar with various PVA fiber contents.

To investigate the effect of curing duration on the flexural performance of SHCC with RBP, Figure 11
shows the force-displacement curves of SHCC with RBP after various curing days. The results indicate
that the ultimate load increases with increasing curing days; for example, when the curing duration
is after 3 d, 14 d, and 28 d, the ultimate load of the SHCC-0%RBP is respectively 5.18 kN, 6.22 kN,
and 7.70 kN, and the results are 4.9 kN, 6.28 kN, and 6.94 kN for the SHCC-54%RBP. It is noticed
that the ultimate displacement generally decreases with increasing curing days, and this is due to the
appearance of embrittlement with aging [51]. Compared with the results in Figure 11a–d, the adverse
effects of embrittlement on the ultimate displacement of the SHCC-0%RBP is higher than that of the
SHCC with RBP; for example, there are only three peaks in the force-displacement curve of SHCC-0%,
whereas there are six peaks in the force-displacement curve of SHCC-54% after 28d curing. This is
because the hydration products in SHCC are decreased with increasing RBP replacements, and thus,
the adverse impact of embrittlement caused by the increasing hydration reaction is reduced.

To investigate the effects of RBP replacements on the flexural performance of SHCC, Figure 12
shows the force-displacement of SHCC containing various RBP contents. When the curing duration
are 3 d, the ultimate load of SHCC-18%RBP and SHCC-36%RBP is higher than the SHCC-0%; however,
when the RBP replacement ratios are 54%, the ultimate load of SHCC-54%RBP is lower than that of the
SHCC-0%. This is because there is enough hydrated substance in the cementitious materials at the
early age of curing; in this case, the appropriate content of RBP with high fineness and micro-hardness
is beneficial to the mechanical properties of prepared SHCC. However, the addition of high-volume
RBP results in a significant reduction in the hydration products, and thus the mechanical properties
of SHCC are decreased. When the curing duration are 28 d, the ultimate load of SHCC with RBP is
lower than the SHCC without RBP; this mainly due to that the hydrated substance decreases with
the addition of RBP at the late period of curing, and the mechanical properties of prepared SHCC are
decreased. Compared with the results in Figures 9 and 12, the adverse effect of RBP replacement on
the ultimate load of SHCC is much lower than that of the mortar after undergoing the same curing
days; for example when the curing duration are 28 d, the ultimate load of the mortar with 18–54%
RBP is 8.5–29.3% lower than that of the mortar without RBP, whereas the ultimate load of SHCC with
18–54%RBP is 5.2–9.9% lower than that of SHCC without RBP. Therefore, using RBP as SCM to prepare
SHCC is more feasible than using RBP to prepare mortar and concrete.
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Figure 11. Force-displacement curves of SHCC containing RBP after various curing days. (a) SHCC-
0%RBP; (b) SHCC-18%RBP; (c) SHCC-36%RBP; (d) SHCC-54%RBP.

Figure 12. Force-displacement curves of SHCC with various RBP replacements. (a) 3 d curing; (b) 14 d
curing; (c) 28 d curing; (d) Ultimate load.
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Considering Figure 12, the ultimate displacement of SHCC increases with increasing RBP
replacements after undergoing the same curing days; for example, the ultimate displacement of
SHCC-18%, SHCC-36%, and SHCC-54% is 12.3%, 30.1%, and 65.8% higher respectively, than that of
the SHCC-0%RBP after 3 d curing, and the results are 8.3%, 34.7%, and 41.7% after 28 d curing. This
may be because the high micro-hardness of SiO2, contained in RBP, with irregular and amorphous
structure improves the bridging stress between the PVA fiber and cementitious materials, and thus the
strain hardening properties of SHCC are improved with the addition of RBP. Furthermore, Figure 13
shows the relationship between the relative ultimate displacement of SHCC and the RBP replacements,
and a linear relationship can be observed between them. The specific equation is also described in
Figure 13, where the DR represents the relative value of the ultimate displacement of SHCC with RBP;
RRBP is the RBP replacement ratios, in %.

Figure 13. Relationship between the ultimate displacement of SHCC and and RBP replacements.

When using RBP to partially replace the cement by weight in SHCC, the results in this section
highlight that the incorporation of RBP improves the strain hardening properties of prepared SHCC.
In addition, compared with the flexural performance of SHCC without RBP, there is no obvious
decrease in the ultimate load when the RBP replacement ratios are 54% in SHCC. Thus, using RBP
as SCM to prepare SHCC is feasible, and the high-volume replacements of RBP derived from CDW
decrease the demand of cement and provide an effective way of recycling the waste bricks in CDW.

3.4. Flexural Strength of SHCC when Using RBP to Replace Fly Ash by Weight

This section investigates the flexural performance of SHCC, when using RBP to replace FA by
weight in SHCC. Figure 14 shows the force-displacement curves of SHCC with FA and RBP after
various curing days, and the results show that the ultimate load increases and the ultimate displacement
decreases with the increase of curing days. Figure 15 further shows the force-displacement curves of
SHCC when replacing FA with various contents of RBP. The ultimate load of SHCC with RBP is higher
than that of SHCC with FA; for example, the ultimate load of SHCC-54%RBP after 3 d, 14 d and 28 d
curing were 9.8%, 5.8%, and 17.6% higher, respectively, than that of SHCC-54%FA. This is because the
content of SiO2 micro-particle in RBP is higher than that in FA (as shown in Figure 2b), and the higher
fineness SiO2 with high micro-hardness is beneficial to the mechanical properties of SHCC. However,
the ultimate displacement of SHCC with RBP is lower than that of SHCC with FA after undergoing
the same curing days. In particular, the difference between the ultimate displacement of SHCC with
FA and RBP is decreased with increasing curing days. For example, the ultimate displacement of
SHCC-27%RBP + 27%FA and SHCC-54%RBP were 5.6% and 38.6% lower than that of SHCC-54%FA
after 3 d curing, and the results were 6.6% and 16.4% after 28 d curing.
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Figure 14. Force-displacement curves of SHCC with RBP and FA after various curing days. (a) SHCC-
54%RBP; (b) SHCC-27%RBP + 27%FA.

Figure 15. Force-displacement curves of SHCC when replacing FA with various RBP replacements.
(a) 3 d curing; (b) 14 d curing; (c) 28 d curing; (d) Ultimate load and displacement.

The mechanism of the improvement in the strain hardening characteristic is different for the SHCC
with FA and RBP. For the SHCC with FA, the microsphere structure of FA well disperses the PVA fibers
in SHCC, and the addition of FA improves the ductility of cementitous materials. Thus, the strain
hardening characteristic of SHCC increases with the incorporation of FA [52,53]. However, for the
SHCC with RBP, the improvement in the strain hardening characteristic is mainly contributed to its
amorphous structure and high micro-hardness; in this case, the bridging stress between the fiber and
cementitious materials is improved, and the ultimate stress and strain are both improved. Therefore,
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the ultimate load of SHCC with RBP is higher than that with FA, whereas a contrary phenomenon
is observed for the ultimate displacement. When using RBP to completely replace the FA in SHCC,
the ultimate load and displacement of SHCC-54%RBP are 17.6% higher and 16.4% lower than that of
SHCC-54%FA. Therefore, the RBP was an appropriate SCM to prepare SHCC; especially for the SHCC
may suffer a high ultimate load, the applicability of RBP is higher than that of FA in SHCC preparation.

Besides, the economic and environmental benefits of CBP preparation are higher than that of
cement preparation [54]. The previous findings report that the energy consumption, CO2 emission and
cost of cement production are respectively 5.5 MJ/kg, 0.930 kg/kg, and 500 RMB/ton, and the results are
0.1–1.2 MJ/k, 0.028–0.333 kg/kg, and 30–330 RMB/ton for the preparation of RBP with various particle
sizes [55]. Therefore, the CBP is an eco-friendly recycled material, and the utilization of CBP in SHCC
preparation has excellent economic and environmental benefits.

4. Conclusions

Using RBP as SCM to prepare SHCC provides a new way of recycling the CDW and decreases
the dosage of cement in SHCC preparation. The micro and mechanical properties of SHCC with RBP
were determined in this paper. Based on the results and discussions, the following conclusions can
be obtained.

(1) The RBP has higher silicon content and lower calcium content than the cement and FA. The addition
of RBP increases the content of SiO2 in the cementitious materials, however, the hydrated
compound and hydration products are decreased with the addition of RBP. The high fineness
RBP has the typical characteristic of SCM, and it is feasible to use RBP as SCM in the preparation
of cementitious composites.

(2) The incorporation of RBP decreases the compressive strength and flexural strength of the prepared
mortar, and a linear relationship can be observed between them. However, the adverse effect
of RBP on the mechanical properties is decreased with increasing PVA fiber content; moreover,
the ultimate load and displacement both increases with the increase of PVA fiber content, and an
excellent strain hardening characteristic appears when the content of PVA fiber is 26 g.

(3) Using RBP as SCM to partially replace the cement in SHCC: The ultimate load increases and the
ultimate displacement decreases with increasing curing days. There is no obvious reduction in the
ultimate load of SHCC with the addition of RBP. The ultimate displacement of SHCC increases
with increasing RBP replacements, which indicates that the incorporation of RBP improves the
ductility of SHCC. The ultimate displacement of SHCC-54%RBP is 41.7–65.8% higher than that of
SHCC-0% after various curing days.

(4) When using RBP to replace FA in SHCC: Although replacing FA by the same weight of RBP
decreases the ultimate displacement of SHCC, the ultimate load is increased. The ultimate load
and displacement of SHCC-54%RBP are 17.6% higher and 16.4% lower than that of SHCC-54%FA.
Under some specific conditions (such as those with a requirement of high strength), the SHCC
with RBP is more suitable applied in the construction than the SHCC with FA.

(5) Although this paper proved the feasibility of using RBP to prepare SHCC, there still exist some
shortcomings which should be studied in the future. For example, the particle size and types
of recycled powder, derived from CDW, may significantly impact the micro and mechanical
properties of prepared SHCC. Moreover, the uniaxial tensile test should be employed in the
determination of properties.
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Abstract: Waste fishing nets were utilized as recycled nylon (RN) short fiber to improve the mechanical
properties of cement mortar. RN and manufactured polyethylene (PE) fibers were added to polymer
cement mortar (PCM) as a reinforcement, and fiber-reinforced PCM was sprayed on the section of
reinforced concrete (RC) beams. Normal RC beams and the upgraded RC beams were placed in the
tidal zone for 14 months to induce rebar corrosion. Consequently, a repair operation took place by
the removal of the concrete cover then spraying fiber-reinforced PCM. The tested RC beams were
subjected to four-point flexural tests to study their load-carrying capacity. It was found that the fibers
helped transfer stresses through cracks and distribute stresses by transforming a single wide crack
into many small cracks. Overall, the experimental results showed that recycled nylon fibers from
waste fishing nets have great potential to be used as a strengthening fiber in cementitious material.

Keywords: fiber reinforcing mortar; polymer cement mortar; recycled fiber; waste fishing nets

1. Introduction

Marine ecosystems are deteriorating due to derelict fishing gear (DFG). Fishing gears
including lines, ropes and fishing nets that were discarded or lost in the ocean become traps, leading to
the deaths of many marine species. It was estimated that DFG causes the deaths of 380,000 marine
animals annually, especially whales, sea lions and turtles [1]. It is estimated that 5.7% of fishing nets,
8.6% of traps and 29% of lines from global fishery industries were lost into the ocean in 2017 [2].
DFG becomes the most common material entangling marine life, as well as causing damage to coral
reefs [3]. For example, more than 58,000 cases of entanglement by DFG were reported in Korean seas,
causing economic losses over 90 million USD [4]. Therefore, finding suitable solutions for collecting
and recycling those fishing nets is an urgent issue to mitigate environmental impact.

Fishing nets are usually made of strong and durable materials, such as nylon, polyamide (PA)
and high-density polyethylene (HDPE), which are non-biodegradable and require a lot of resources
and energy, as well as emitting greenhouse gases, for their recycling [5]. Waste fishing nets can be
recycled into many products, such as textiles, clothes, footwear and accessories [6,7]. In the concrete
engineering field, synthetic fibers have been widely used as reinforcement in cementitious materials.
For instance, polypropylene (PP), polyvinyl alcohol (PVA) and polyethylene terephthalate (PET) fibers
were found to improve the mechanical properties and durability of concrete, such as flexural capacity,
flexural toughness, shrinkage resistance and freeze-thaw resistance [8–18], and adding fibers was found
to have a significant effect on the crack bridging and the failure behavior [19–21]. Moreover, it was found
that adding PP fibers improves sulfate resistance and alkali-silica reaction (ASR) expansions [22–26].
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The usage of nylon fibers in cementitious materials was found to lead to superior performance
compared to the usage of PP fibers in terms of compressive strength, splitting tensile strength,
modulus of rupture, impact resistance and shrinkage cracks resistance [27]. Recycled PET, PP and
HDPE fibers have also been applied to cementitious mortar and found to effectively improve mechanical
properties such as toughness, impact load, energy absorption [28–37].

Currently, the usage of recycled fibers from waste fishing nets is gaining attention among
civil engineers, as they have shown the potential to improve the performance of concrete structures [38];
however, only limited research has been conducted. The recycled nylon fibers from waste fishing
nets maintains mechanical properties of the virgin fibers [39], and exhibits stability under the high
alkaline conditions in concrete [40]. It was found that the addition of recycled nylon fibers from
waste fishing nets in cementitious materials increase the tensile strength of mortar under axial load,
ductility, and toughness index, and improves flexural capacity in the range of 22–41% [41–43]. However,
high fiber contents resulted in a reduction of the compressive strength of mortar [40].

This paper investigates the application of polymer cement mortar (PCM) reinforced with recycled
nylon (RN) fibers from waste fishing nets for repairing corroded reinforced concrete (RC) beams,
with a focus on the restorability of load-carrying capacity of the RC beams exposed to a natural
corrosion environment. RC beams were placed in the tidal zone for 14 months to induce steel corrosion,
then repairs were carried out by spraying PCM reinforced with RN fiber or manufactured polyethylene
(PE) microfiber. The load-carrying capacity, crack openings and final crack formation of the RC beams
were extensively investigated to evaluate the effectiveness of the repair.

2. Experimental Program

2.1. Testing Materials

A total of 12 RC beams measuring 900 mm long, 100 mm wide and 150 mm high were produced.
The water-to-cement ratio of the concrete was 0.5, and the design strength was 33 MPa. Galvanized
coated steel bars were used for the top (compressive) reinforcement and the stirrups so that the
corrosion concentrated on the bottom (tensile) reinforcement. The beams were cured by a wet towel for
7 days, and then placed in the respective environments explained later. Figure 1a shows the geometry
and reinforcement details of the RC beams.

The waste fishing nets used in this study were obtained from local fishermen in Hokkaido.
The fishing nets were washed by soaking in water, dried, and then manually cut into specified lengths
to make RN fiber. Only the straight part of the net was used to prevent the formation of fiber clumps
during mixing and to maintain flowability of the fresh mortar. Two types of fiber were used in
this study: RN fiber and manufactured PE fibrillated microfiber (Figure 2). PE fibers were produced in
the form of bundles, but they separated into individual fibers during mixing with the diameter of 0.01
to 0.1 mm. PCM and PE fibers were supplied from Sumitomo Osaka Cement Co., Ltd., Tokyo, Japan for
research purposes.

The uniaxial tensile test was carried out for RN fiber according to the American Society for
Testing and Materials (ASTM) C1557 [44], and the properties of the fibers are given in Table 1.
Spadea et al. [40] previously confirmed that nylon fiber from waste fishing nets can be safely applied
to cementitious materials, with only a slightly drop in tensile strength of around 4% between virgin
and used fishing nets.
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Figure 1. Tested beam: (a) geometry and reinforcement details; (b) experimental setup.

 
Figure 2. Types of fibers: (a) recycled nylon (RN) fiber; (b) polyethylene (PE) fiber, and microscope
images (×200) of (c) RN fiber; (d) PE fiber.
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Table 1. Properties of the fibers.

Fiber Diameter (mm) Length (mm) Density (g/cm3) Tensile Strength (MPa)

Recycled nylon (RN) 0.24 20 1.13 440
Polyethylene (PE) 0.01–0.1 9 1.05 n/a

2.2. Exposure and Repair Operations

The tested RC beams were divided into 3 groups: group A beams were stored in the laboratory
room for 10 months and then tested; group B beams (normal and upgraded RC beams) were exposed
to the tidal zone for 14 months; and group C beams (normal RC beams only) were repaired after the
14-month tidal exposure. The normal RC beam was directly exposed to the tide, and repairs were
made at the end of the exposure period. The upgraded RC beams underwent repair operations before
starting the exposure, and were not further repaired even after the exposure. The details of the tested
beams are listed in Table 2.

Table 2. Name and conditions of the tested RC beams.

Specimen Name Condition Tidal Exposure Sprayed Material

Group A
RC0 Normal RC No -
RN0 Upgraded RC No PCM–RN
PE0 Upgraded RC No PCM–PE

Group B
RC1 Normal RC 14 months -
RN1 Upgraded RC 14 months PCM–RN
PE1 Upgraded RC 14 months PCM–PE

Group C
RC1–NF Normal RC 14 months PCM–NF
RC1–RN Normal RC 14 months PCM–RN
RC1–PE Normal RC 14 months PCM–PE

For groups B and C beams, steel corrosion was induced naturally by placing the beams in the
tidal zone for 14 months. The corrosion progress of the steel rebars was periodically monitored by
half-cell potential in accordance with the Japan Society of Civil Engineers (JSCE) E 601 [45].

Repair operations were conducted by removing the bottom concrete cover up to 20 mm over the
tensile rebar and subsequently spraying acrylic type PCM reinforced with fibers (Figure 3). Three mixes
of PCM were used: PCM without fiber added, or non-fiber, PCM (PCM–NF); PCM reinforced
with recycled nylon fiber (PCM–RN); and PCM reinforced with polyethylene fiber (PCM–PE).
The water-to-binder ratio of PCM was 0.2, and the fiber fractions by volume for RN and PE fibers were
1.0% and 1.1%, respectively. Mix proportions are indicated in Table 3. It should be noted that the fiber
fraction of PE was calculated from the manufacturer in order to simplify the mixing onsite.

 

Figure 3. Spraying PCM on the removed section of RC beams.
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Table 3. Mix proportion of PCM (in 25 kg of PCM).

Mix Water (kg) Fiber (g)

PCM–NF 4.93 -
PCM–RN 4.93 0.164
PCM–PE 4.93 0.160

PCM was prepared by mixing PCM powder with water for 1 min, followed by air removal agent.
Fibers were subsequently added at the designated amount while continuing mixing. The mixing was
continued for 2–3 min to ensure uniform fiber distribution and that no fiber clusters have formed.
After concluding the mixing, PCM was pumped and sprayed through a nozzle on the removed section
of RC beams. PCM specimens were also cast by directly spraying in the 40 mm × 40 mm × 160 mm
prism molds and the 50 mm × 100 mm cylinder molds for flexural and compressive tests, respectively.

2.3. Loading Tests

Four-point flexural tests, in accordance with Japanese Industrial Standards (JIS) A 1106 [46],
were conducted on tested RC beams using 1000 kN type universal testing machine made by
Shimadzu Corporation, Tokyo, Japan. Linear variable differential transformers (LVDTs) brand
Tokyo Measuring Instruments Laboratory Co., Ltd., Tokyo, Japan with the capacity of 100 mm were
used to measure the deflection of the beams at midspan and the end supports. Concrete surface strains
were measured using 8 strain gauges with a 30 mm gauge length: 6 gauges attached in the midspan
at 30 mm intervals, 1 gauge on the top surface of the midspan, and 1 gauge on the bottom surface.
A series of 5 pi-type gauges with 50 mm gauge length were installed at the bottom surface of the beam
for measuring crack openings. Figure 1b shows the experimental setup for the tested RC beams.

Flexural strength tests as per JIS R 5201 [47] and the compressive strength tests following
JIS A 1108 [48] were conducted on PCM specimens using an autograph-type universal testing machine
made by Jacom co., Ltd., Tokyo, Japan with the capacity of 250 kN. These specimens were air cured for
28 days before testing.

3. Results and Discussion

3.1. Mechanical Behavior of Polymer Cement Mortar (PCM) Specimens

3.1.1. Flowability

Flow diameters of PCM were measured onsite following JIS R 5201 [47], and the results are listed
in Table 4. The addition of RN fibers slightly reduced the flow diameter of fresh mortar. For the case
of RN fiber in PCM, the reduction in flowability may be negligible; however, further confirmation
is needed. A slight reduction of 5–10% in the flowability of fresh mortar was also previously found
in the case of the ordinary Portland cement mortar using nylon fiber [40,43]. PCM–PE showed a
considerable reduction of 24% in flow diameter compared to PCM–NF. This reduction was likely
due to the fibrillated characteristic of the PE fibers, which have a comparatively higher surface area.
PE fibers also have lower density than RN fibers; therefore, more fibers are needed to obtain the same
volume fraction.

Table 4. Flow diameters.

Specimen Name Flow Diameter (mm) %ΔFlow Diameter

PCM–NF 165 -
PCM–RN 164 −0.7
PCM–PE 126 −23.7
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3.1.2. Compressive and Flexural Strengths

The compressive and flexural test results of PCM specimens are summarized in Table 5.
The reported values are the average of three samples. The addition of RN fiber resulted in a
considerable reduction of both compressive and flexural strengths. However, increases of 24.3% and
39.2% were found for the compressive and flexural strengths, respectively, of PCM–PE. Ozger, et al. [36]
suggested that short fiber plays an important role in enhancing the lateral tensile strength of concrete
during the load. However, the addition of fibers can increase the voids inside the cement matrix
and reduce the modulus of elasticity [12]. It should be noted that the compressive strength tests for
PCM-RN were taken from the sawed prism specimen after the bending test.

Table 5. Compressive strength tests and flexural strength tests results.

Specimen Name
Compressive Strength Tests Flexural Strength Tests

f’c (MPa) SD %Δf’c Pcr (kN) fb (MPa) SD %Δfb

PCM–NF 32.7 3.65 - 1.69 4.77 0.14 -
PCM–RN 24.0 1 3.53 −31.4 1.56 4.37 0.72 −8.4
PCM–PE 43.5 1.41 24.3 2.36 6.64 0.82 39.2

Note: f’c is the compressive strength, SD is the standard deviation, %Δf’c is the percent difference in compressive
strength compared to PCM–NF, Pcr is the maximum load, fb is the flexural strength, and %Δfb is the percent difference
in flexural strength compared to PCM–NF. 1 Obtained with 40 mm cube specimens taken out from the beam.

3.1.3. Failure Behavior

Three-point flexural tests were performed on 40 mm × 40 mm × 160 mm prism specimens,
with the load-midspan deflection curves of the beams shown in Figure 4. PCM–PE showed the highest
peak load, followed by PCM–RN and PCM–NF. PCM–NF exhibited a brittle failure mode as the load
suddenly decreased to zero, while PCM–PE and PCM–RN retained some load after the yield point.
A hardening stage was found for PCM–PE in which the load increased after the peak; therefore, it can
be confirmed that PE fibers transferred stresses after the cracks occurred.

Figure 4. Load-midspan deflection curves of PCM–NF, PCM–RN and PCM–PE.

80



Materials 2020, 13, 4276 7 of 14

For PCM–RN, the load suddenly decreased after the yield point, but still sustained a small residual
load of approximately 13.6% of the yield load. Even though the residual load of PCM–RN was lower
than that of PCM–PE, RN fiber prevented abrupt failure of the beam. The lower residual load was
likely due to weak bonding of the RN fiber, as it has a smooth surface compared to PE fiber. Test results
of PCM–RN and PCM–PE correspond to the experiment by Orasutthikul, et al. [43].

The final cracks on the bottom surface of the beam after the test are shown in Figure 5. PCM–RN
had a wide single crack while PCM–PE had many small cracks. This phenomenon confirmed that
PE fiber transfers stresses by dispersing damage from a wide single crack into many small cracks.
No breakage of fiber was observed in the case of RN fiber, and RN fibers were pulled out rather
than elongated. It is concluded that RN fiber transfers stresses through wide cracks while PE fiber
bridges small or micro cracks.

 

Δ Δ

Figure 5. Crack pattern at the bottom surface of the beam: (a) PCM–RN; (b) PCM–PE.

3.2. Mechanical Behavior of Reinforced Concrete (RC) Beams

3.2.1. Flexural Capacity

Results from the four-point flexural tests are summarized in Table 6, and the load-midspan
displacement curves are shown in Figure 6. As the flexural capacities of group A beams indicate,
the respective two beams having the identical test parameters have an uncertainty of less than 10%.
Therefore, the relative trends can be discussed based on the series of tests although only one beam was
tested with each set of test parameters for groups B and C beams. For group A, RN0 showed flexural
capacity approximately 8% lower than RC0, while PE0 was 7% higher. RN fiber seemed to provide no
contribution to the flexural capacity. In addition, the shorter curing period of the beams in group A
may be another reason for the decrease in flexural capacity.

For group B, RN1 and PE1 gained 10% and 34% more flexural capacity than RC0, respectively.
The increase in flexural capacity of RN1 and PE1 was attributed to the sprayed PCM. The beams
sprayed with PCM–RN (RN0 and RN1) tended to express flexural-shear failure mode, likely due to the
fact that RN fiber reduces shear capacity by adding voids in the PCM matrix.

For group C, RC1-PE gave highest yield load at 28% higher than that of RC0, but RC1–RN
gave a comparable yield load to RC1–NF. The ultimate load of all the beams are similar to each
other in the range of 15–17%. PE fibers showed greater contribution to the flexural capacity of the
repaired beams than RN fibers; however, flexural capacity of the repaired beams were compensated by
spraying PCM. The results of tested RC beams with respect to the sprayed PCM correspond to the
mechanical properties of PCM specimens in Section 3.1.2. We conclude from the results that spraying
PCM reinforced with RN and PE fibers can restore the load-carrying capacity of the rebar-corroded
beams to their original performance.
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Table 6. Four-point flexural test results.

Specimen Name Py (kN) Pu (kN) %ΔPy %ΔPu Failure Type Mass Loss of Each Tensile Bar (%)

Group A

RC0 (1) 49.1 59.6 - - Flexural -
RC0 (2) 48.1 60.9 - - Flexural -
RN0 (1) 41.4 55.4 −14.8 −8.0 Flexural–shear -
RN0 (2) 45.1 58.0 −7.2 −3.7 Flexural–shear -
PE0 (1) 58.5 61.0 20.4 1.2 Flexural -
PE0 (2) 60.7 64.2 24.9 6.6 Flexural–shear -

Group B
RC1 45.2 56.2 −7.0 −6.7 Flexural 0.9 1.8
RN1 48.3 66.5 −0.6 10.4 Flexural–shear 0.8 0.7
PE1 64.6 81.1 32.9 34.6 Flexural 0.6 0.7

Group C
RC1–NF 49.1 70.8 1.0 17.5 Flexural–shear 0.6 0.5
RC1–RN 50.2 69.9 3.3 16.0 Flexural 0.6 0.5
RC1–PE 62.0 69.7 27.6 15.7 Flexural 0.8 0.9

Note: Py is the yield load and Pu is the ultimate load and %ΔPy and %ΔPu are the percent difference in Py and Pu
compared to the average of RC0 (1) and RC0 (2), respectively.

 
Figure 6. Load-midspan deflection curves of RC beams: (a) Group A; (b) Group B; and (c) Group C.

In general, a section repair is conducted by removal of the deteriorated concrete section and
corroded rebars; however, with the usage of reinforced PCM, a section repair can be done without
the removal of rebars. The early repair for slightly rebar-corroded beams is intended in this study.
Adding fibers was found to compensate the tensile stresses that had been carried by corroded
tensile rebars. The beams sprayed with PCM–RN could restore flexural capacity of the corroded
RC beams, but were still less effective than PCM–PE.

3.2.2. Strain Distribution

Concrete strain was measured on the side surfaces of the beams at the midspan with the spacing
of 30 mm. Strain distributions of the RC beams in group A are shown in Figure 7. PE0 showed
almost linear strain distribution while RC0 and RN0 showed unbalanced strain distributions. For PE0,
strain seems to increase linearly as the load increased, indicating that no separation occurred between
PCM and the substrate concrete. The same tendency of uniform distribution of strain is also observed
in groups B and C. The addition of fiber—especially PE—seems to help distribute strain throughout
the beam. However, in some cases, cracks propagated outside the measurement area, and the
strain gauge could only measure strain before it broke. Therefore, it is difficult to explain the actual
phenomenon of the strain during the loading.
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Figure 7. Strain distributions at the midspan of group A beams: (a) RC0; (b) RN0; and (c) PE0.

3.2.3. Crack Formation

The sides of the test beams were divided into many small grids for observing crack formation.
Cracks were drawn manually on the beam just after the experiment, then plotted on a spreadsheet.
Although only the cracks on the front side of the beams are reported, it was observed that the crack
patterns on the back side of the beams were similar. Figure 8 shows the final crack formations on the
side surface of the beams after the four-point bending test.

Crack openings on the bottom surface of the beams were also measured at the location of 25, 35,
45, 55, and 65 cm from the end of the beam, with the results plotted in Figure 9. It should be noted that
for RC1–NF, RC1–RN and RC1–PE, the locations of the pi–type gauges were changed to 35, 40, 45, 50,
and 55 cm because cracks tended to concentrate at the midspan of the beam.

The beams sprayed with PCM–RN and PCM–PE fibers showed more distributed cracks comparing
to the normal RC beam. Especially for PE0 and RC1–PE, many small cracks were observed. For RN0
and RC1–RN, cracks were widely distributed and spread towards the support, rather than concentrated
near the midspan of the beam. In contrast, cracks were observed to be most concentrated at the
midspan for RC0 and RC1–NF. Adding fiber seems to facilitate stress transfer through cracks; therefore,
fibers prevent serious damage from wider cracks by distributing into many small cracks. However,
it should be noted that cracks formed in the outer side of the gauge-covered areas cannot be measured,
which makes it difficult to evaluate the total increment rate of the crack opening.
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Figure 8. Final crack formation of the tested beams. (a) RC0; (b) RN0; (c) PE0; (d) RC1–NF; (e) RC1–RN;
(f) RC1–PE.
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Figure 9. Crack openings at the bottom surface of the tested beams.

3.2.4. Rebar Mass Loss

All the beams were demolished after the flexural tests, and the tensile rebars were carefully collected.
The rebars were washed using diammonium hydrogen citrate solution, and the mass of the remaining
tensile rebar was measured. The percent mass losses of each tensile rebar are listed in Table 6. All the
exposed beams had an average mass loss of 0.5% to 0.8% with RC1 exhibiting a slightly higher loss
of 1.8%. The mass losses of RN1 and PE1 are slightly lower than that of RC1, likely due to the effect of
fibers that reduce permeability and mitigate steel corrosion; however, further investigation is needed.
Rebar mass loss confirmed that all exposed beams had almost the same level of corrosion.

4. Conclusions

This experimental study on PCM reinforced with RN and PE fiber for the repair of corroded RC
beams reveals several findings. Results confirmed that recycled nylon fibers from waste fishing nets
have great potential for the effective repair and upgrading RC structures, as they showed performance
comparable to the manufactured PE fibers. As such, application of recycled fiber for civil engineering is
a possible way of utilizing waste fishing nets. From this study, the following conclusions were drawn:

1. The addition of RN seems to have no noticeable effect on the flowability of fresh PCM. However,
the addition of PE fiber results in a reduction of flowability of PCM up to 23.7% due to the
geometry and surface property of PE fiber.

2. The addition of RN fiber results in a reduction of compressive strength and flexural capacity
of PCM. In contrast, the addition of PE fiber increases the compressive and flexural strengths of
PCM up to 24% and 39%, respectively.

3. The addition of RN and PE fibers enables the PCM to sustain more flexural loads after the peak.
PCM-RN retains a stable post-peak load of approximately 13.6% of the yield load, while the use
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of PCM-PE led to an increase in the load after the yield point. The addition of RN short fiber
helps prevent abrupt failure of the beams; however, its flexural strength is inferior to those of PE.

4. RN and PE fibers can be used as a reinforcement material for the repair of lightly corroded
RC beams. Spraying reinforced PCM can compensate the flexural capacity that deteriorated due
to the corrosion of tensile rebar; however, the effectiveness of the RN fibers is inferior to that of
PE fibers.

5. Adding fibers helps distribute stresses throughout the beam under the bending load. RN fiber
helps transfer stresses through wide cracks and spreads the cracks toward the support of the beams.
PE fiber prevents severe damage of the beams by distributing damage from a wide crack to many
small cracks.

6. The rate of crack openings is reduced in the RC beams repaired by PCM reinforced with fiber.
The beams that were repaired with PCM-PE exhibit the lowest crack opening and the rate of
crack openings, followed by PCM–RN.

The recycled nylon fibers from waste fishing nets tested in this study have been proven effective for
reinforcing cementitious materials, and for repairing lightly corroded RC beams. It must be noted that,
even though the effectiveness of using RN fiber is slightly inferior to the manufactured PE fiber, the use
of recycled fiber promotes waste utilization from the ocean.

Further studies are still necessary in terms of pre-treatment, quality control of the recycled fiber,
and durability against longer exposure. At the experimental scale, RN fibers were manually cut
by hand, which is time consuming and not suitable for real applications. Processing machines need to
be developed for mass production of RN fibers. Pre-treatment of fiber is also necessary to improve
bond behavior between fibers and the cement substrate. Finally, factors affecting the durability are
yet to be investigated, such as permeability, pore distribution and the chloride ion resistivity of the
fiber-reinforced mortar.
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Abstract: The development of methods to reuse large volumes of plastic waste is essential to curb
the environmental impact of plastic pollution. Plastic-reinforced cementitious materials (PRCs), such
as plastic-reinforced mortar (PRM), may be potential avenues to productively use large quantities
of low-value plastic waste. However, poor bonding between the plastic and cement matrix reduces
the strength of PRCs, limiting its viable applications. In this study, calcium carbonate biomineral-
ization techniques were applied to coat plastic waste and improved the compressive strength of
PRM. Two biomineralization treatments were examined: enzymatically induced calcium carbon-
ate precipitation (EICP) and microbially induced calcium carbonate precipitation (MICP). MICP
treatment of polyethylene terephthalate (PET) resulted in PRMs with compressive strengths similar
to that of plastic-free mortar and higher than the compressive strengths of PRMs with untreated
or EICP-treated PET. Based on the results of this study, MICP was used to treat hard-to-recycle
types 3–7 plastic waste. No plastics investigated in this study inhibited the MICP process. PRM
samples with 5% MICP-treated polyvinyl chloride (PVC) and mixed type 3–7 plastic had compressive
strengths similar to plastic-free mortar. These results indicate that MICP treatment can improve PRM
strength and that MICP-treated PRM shows promise as a method to reuse plastic waste.

Keywords: plastic waste; cement; concrete; microbial-induced calcium carbonate precipitation;
valorization; plastic-reinforced concrete; plastic recycling

1. Introduction

Plastic is one of the world’s largest and fastest-growing waste streams, with
368 million tons of plastic waste generated in 2019 [1]. Plastic recycling rates remain
low, with only 9% of plastics recycled, despite strong public interest [2]. The amount of
plastic recycled is economically limited by the low cost of virgin plastic and the high costs
associated with recycling processes such as transportation, sorting, cleaning, and extrusion.
This limitation leads to low-value type 3–7 plastics typically being routed to the landfill
or being improperly managed, thereby contaminating the environment. New approaches
are urgently needed to reduce the volume of plastic waste sent to landfills and entering
the environment.

The addition of waste materials to concrete has the potential to reuse large volumes of
diverse waste streams including glass, plastic, and industrial waste [3–6]. The addition of
waste to concrete provides the dual benefits of redirecting waste away from the landfill
and reducing greenhouse gas emissions associated with cement production. In partic-
ular, plastic-reinforced cementitious materials (PRCs), such as plastic-reinforced mortar
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(PRM), may allow for the repurposing of mixed-type plastic waste of varying geometries,
eliminating the costly sorting process required for conventional plastic recycling [3,7–15].
The use of PRCs is currently limited by the low strength of these composites relative to
conventional concrete [3,10]. This decrease in strength further declines with increasing
volumes of plastic addition, constraining the amount of plastic waste that can be added to
PRC. Three mechanisms have been proposed to explain this decrease in strength: (1) stress
concentrations due to the low modulus of plastic relative to the cement matrix, (2) increased
porosity with plastic addition, and (3) poor bonding between the plastic and cement ma-
trix [3]. Several studies have attempted to improve the strength of PRC by improving the
interfacial strength via pretreatment of the plastic [8,16–18]. One particularly promising
treatment is the deposition of calcium carbonate (CaCO3) onto the surface of the plastic.
Both microbial and abiotic methods have been used to deposit CaCO3. Both methods in-
crease the interfacial strength between polypropylene and the cement matrix and bending
strength and locally increase cement hydration [17,18]. However, critical gaps remain in
further evaluating the potential of CaCO3 treatment to improve PRM strength. Notably, it
is unknown how the method of CaCO3 deposition used affects PRC strength, including
the potential impacts of biofilms formed during microbial CaCO3 treatment. Past studies
have also been limited by examining only CaCO3 treatment of polypropylene plastic. It
is necessary to examine whether CaCO3 pretreatment of other plastic types with limited
markets for recycling would also benefit PRM strength.

Biomineralization is one method to deposit CaCO3 onto plastic. During CaCO3
biomineralization, the urease enzyme catalyzes the hydrolysis of urea to precipitate CaCO3.
In the microbially induced calcium carbonate precipitation (MICP) process, the urease
enzyme is produced by microorganisms, such as the soil bacterium Sporosarcina pasteurii
(S. pasteurii) [19–21]. If urease enzymes are instead sourced from Canavalia ensiformis (i.e.,
jack bean), the process is termed enzymatically induced calcium carbonate precipitation
(EICP) [22]. Both techniques have been applied to repair cracks in concrete and to seal
leaky oil wells [19,23–27]. Either EICP or MICP could potentially be leveraged to control
the deposition of CaCO3 onto waste plastic, and both may be easier to scale at low cost
than past techniques to deposit CaCO3 onto plastic [17]. Prior to this study, it was not yet
known if EICP- and MICP-precipitated CaCO3 may differently affect the strength of PRM.

In this study, we examine the impact of CaCO3 biomineralization of plastic on PRM.
We first compared EICP and MICP biomineralization techniques to determine the impact
of the biofilm in MICP treatment on CaCO3 deposition onto plastic and the strength
of the resulting PRM. To this end, mortar samples were reinforced with 1% and 5% of
untreated polyethylene terephthalate (PET), MICP-treated PET, and EICP-treated PET
and the compressive strength of the resulting PRM was evaluated. We then explored the
feasibility of creating a CaCO3 coating on the surfaces of type 3–7 and mixed type plastic,
which have limited recycling markets. These plastics were mineralized with MICP to
determine if any plastic types are inhibitory to the mineralization process. MICP-treated
plastics were then added to cement mortar at 5% plastic, and the compressive strength
of the resulting PRM was compared with untreated PRM and non-reinforced (plastic-
free) mortar. We hypothesized that MICP treatment of waste plastic would improve the
compressive strength of PRM relative to PRM prepared with unmineralized plastics. This
study further develops CaCO3 biomineralization as a method to improve the strength of
PRM by identifying the impact of biofilm formation on CaCO3 deposition. By examining
the application of MICP treatment to more plastic types than have been examined in past
studies, this study establishes MICP as a potential treatment for other hard-to-recycle
plastic types.
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2. Materials and Methods

2.1. Materials
2.1.1. Plastic

Polyethylene terephthalate (PET) plastic additive was prepared by grinding PET
clamshell food containers in a commercial laboratory blender (Model # 34BL97, Waring,
Stamford, CT, USA) for two minutes at medium speed. The ground particles were passed
through a 2 mm sieve followed by a 0.85 mm sieve to achieve a size fraction between these
two values. This ensured that particle sizes were relatively uniform and did not exceed
one-third of the minimum dimension of the mold that would be used to make future
mortar specimens [28].

For batch-test comparisons to test for potential inhibition to the biomineralization
process by uncommonly recycled plastic, polyvinyl chloride (PVC, type 3), low-density
polyethylene (LDPE, type 4), polypropylene (PP, type 5), polystyrene (PS, type 6), and
acrylonitrile butadiene styrene (ABS, type 7) plastic flakes were provided by Northwest
Polymers (Molalla, OR, USA).

These flakes differed in geometry by plastic type. To directly compare the amount and
morphology of biomineral formed on each plastic type during mineralization, the flakes
were molded into disks of uniform size and thickness. Constant volumes of flakes were
hot-pressed between two films of mylar into thin sheets on a hot press (Model # LCB1015-3,
Auplex, Fuzhou, Fujian, China) at the temperatures shown in Table S1. Disk samples of
0.6 cm in diameter were cut from the thin sheets using a standard paper hole punch.

The geometries of ground, recycled plastic flakes for type 3–7 plastics varied by plastic
type. To eliminate this uncontrolled variable of flake geometry, chopped 1.75 mm plas-
tic filament was used to examine the effect of mineralization on PRM reinforced with
type 3–7 plastics. Plastic filament was purchased from Filaments.ca (Mississauga, ON,
Canada, accessed on 4 August 2020) Canada) for the PVC (Filamentum Vinyl 303 PVC—Black),
LDPE (Filaments.ca LLDPE Filament—Natural), PP (Centaur Polypropylene Filament—White),
PS (NefilaTek 100% Recycled HIPS Filament—Black), and ABS (NefilaTek 100% Recycled ABS
Filament—Black) plastic types. The filament was cut into approximately 0.8 cm lengths with a
goal upper limit of 1.6 cm using a paper cutter fitted with a 3D-printed cutting jig. This length
was chosen to meet the fiber length reinforcement requirements specified for beam samples
in ASTM International C1609 [28]. Before use, all plastics were disinfected by submerging in
70% ethanol for ten minutes and by rinsing three times with sterile deionized (DI) water. The
density, tensile strength, and elastic modulus of each polymer fiber is described in Table S1.

For each type of plastic, random samples of 50 fibers were measured with calipers
to estimate their overall length distribution. A normal Gaussian fit of the distribution of
fiber lengths for each plastic type is shown in Figure S2. All mean lengths were within one
standard deviation of the 8 mm goal length.

2.1.2. Mineralization Solutions

All chemicals were purchased through Fisher Scientific unless otherwise noted. The
following solutions were used to grow S. pasteurii: brain heart infusion (BHI) media
composed of 37 g/L brain heart infusion broth spiked with 20 g/L urea and calcium
mineralizing media containing 3 g/L nutrient broth, 10 g/L ammonium chloride, 20 g/L
urea (CMM´), adjusted to pH 6.15 and spiked with 49 g/L calcium chloride dihydrate
(CMM+). All solutions were prepared with DI water and filtered with sterile syringe
filters with 0.2 μm cellulose acetate membrane (VWR part # 28145-475, Radnor, PA, USA)
before use.

For EICP tests, a similar solution composed of urea (20 g/L) and calcium chloride
dihydrate (49 g/L) (U + C) in DI water that did not include nutrients necessary for micro-
bial growth was used. This solution was prepared immediately before use and was not
filter sterilized.
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2.2. Batch Testing for Microbial Growth and Plastic Biomineralization

Batch tests were completed for the PET flakes and type 3–7 disks (1) to determine if S.
pasteurii cells can attach to the surface of each plastic during MICP, (2) to evaluate if the
addition of plastics inhibits biomineralization processes, and (3) to examine the physical
characteristics and amount of precipitates on each type of plastic. No inhibition batch tests
were performed on the EICP process as it was observed that the MICP process was not
inhibited under the conditions and time scale tested.

2.2.1. MICP Biomineralization of PET

The following conditions were tested in triplicate using PET flakes: (1) S. pasteurii
with PET (test condition), (2) S. pasteurii without PET (positive control), an (3) PET without
S. pasteurii. (negative control) (Table 1). An S. pasteurii (ATCC 11859) starter culture was
prepared in brain heart infusion (BHI) and precipitation was promoted using calcium
mineralizing medium (CMM) as described in past studies [29,30].

Table 1. Experimental matrix for both polyethylene terephthalate (PET) and plastic types 3–7
microbially induced calcium carbonate precipitation (MICP) batch study.

Attachment Phase Mineralization Phase

Test condition S. pasteurii, plastic, CMM´ Plastic (with biofilm), CMM+
Positive control S. pasteurii, CMM´ None

Negative control Plastic, CMM´ Plastic (no biofilm), CMM+

PET plastic flakes (1 g) and either 1 mL of S. pasteurii culture or no bacteria (negative
control) were added to Erlenmeyer flasks filled with 100 mL BHI. The flasks were incubated
on a shaking table at room temperature (Innova 2400 Platform Shaker, New Brunswick
Scientific, Enfield, CN, USA). The samples were collected for optical density at 600 nm
(OD600) measured in triplicate on 200 μL in a 96-well plate by a Biotek spectrophotometer at
0, 1, 2, 4, 8, and 24 h, and pH and urea concentration were measured at 0, 8, and 24 h (Fisher
Accumet probe, AR20 Accumet pH and conductivity meter, Fisher Scientific, Waltham,
MA, USA). The samples were filtered (VWR sterile syringe filters with 0.2 μm cellulose
acetate membrane) and stored at 4 ˝C before assessment of the urea concentration using a
modified Jung colorimetric assay [31,32].

2.2.2. Types 3–7 Biomineralization Comparisons

More extensive batch tests were completed for plastic types 3–7. The tests were
conducted in two phases: (1) a 24 h attachment phase to evaluate biofilm growth on plastics
and (2) a 24 h mineralization phase to assess biomineral formation. Three conditions
(Table 1) were tested in triplicate. In phase 1, twenty plastic discs were added to each of the
test and negative control flasks filled with 100 mL CMM for each of type 3–7 plastics. The
flasks were incubated and sampled at 0, 4, 8, and 24 h for pH, OD600, and urea concentration
as described above.

After the 24 h biofilm growth phase, 19 disks from each flask were transferred to
250 mL flasks with 100 mL CMM+ for the mineralization phase. The flasks were shaken
for 24 h at room temperature. At 0 and 24 h, the samples were collected for pH and urea
concentration analysis as described above.

2.2.3. Calcium Digests

A calcium digest was performed to estimate the mass of calcium carbonate formed on
the plastic. For PET plastic mineralized with MICP, 10 g PET flakes were added to 100 mL
BHI inoculated with a 1 mL S. pasteurii cryo-stock and shaken at 150 rpm and 30 ˝C for
24 h. The plastic was then transferred to 100 mL CMM+ and shaken for an additional 24 h.
For PET plastic mineralized with EICP, 5 g PET flakes were added to 100 mL U + C with
5 g/L jack bean meal (jack bean fine powder, Sigma-Aldrich product #J0125, St Louis, MO,
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USA) as the urease source and shaken at room temperature for 24 h. After mineralization,
the plastic was dried at room temperature for 24 h. Three samples of plastic weighing 1 g
each were acid digested using the procedure described above to assess the mass of calcium.

For plastic types 3–7, three disks from each flask were weighed and added to a 15 mL
centrifuge tube containing 5 mL 10% trace metal grade nitric acid (Fisher Scientific, A509-
P212). The tubes were vortexed and left for 24 h at room temperature. The supernate was
then removed from each tube, serially diluted, and analyzed for calcium concentration
using a colorimetric calcium assay [33]. The disks were dried at room temperature for
24 h and weighed a second time. The weight difference before and after digestion was
compared to the mass of calcium carbonate calculated from the concentration found in
the supernate.

2.2.4. X-ray Diffraction Spectroscopy

Untreated PET, EICP-PET, and MICP-PET samples were analyzed with a SCINTAG X1
X-ray Powder Diffraction Spectrometer (XRD) to identify calcium carbonate polymorphs.
The samples were held on a glass slide with Vaseline and analyzed from 2-θ of 3–75˝.

2.3. Preparation and Testing of Plastic-Reinforced Mortar Specimens

Cement mortar cylinder specimens were prepared for the test conditions described in
Table 2. The impacts of EICP- and MICP-treated PET were assessed at 1 and 5 wt.%; for
plastic types 3–7 individually and mixed, and the impact of MICP-treated plastics were
only evaluated at 5 wt.%.

Table 2. Cement mortar cylinder specimen experimental matrix.

Plastic Type (s) Mineralization Method wt.% Replacement

PET EICP 1%, 5%
PET MICP 1%, 5%
PET None 1%, 5%

Types 3–7 MICP 5%
Types 3–7 None 5%

None (control) None 0%

2.3.1. Mineralization of Plastic

PET flakes were mineralized via EICP as described in Section 2.2.1.
PET flakes were treated with MICP by adding flakes to flasks containing BHI in-

oculated with S. pasteurii. After shaking at 150 rpm and 30 ˝C for 24 h, the fluid was
strained out of the BHI culture and drained, and CMM+ was added for an additional 24 h
treatment at room temperature. The plastic was then strained out of the solution and dried
at room temperature.

Type 3–7 plastics (treated individually and as an equal mass mixture) were treated
with MICP by placing 121 g of plastic into a mesh bag that was submerged in 700 mL of
CMM+ in a 1 L beaker on a stir plate (MIRAK, Barnstead Thermolyne), mixing at 140 rpm
(Figure S1). The beakers were inoculated with 14 mL of an S. pasteurii culture. The beakers
were covered loosely with aluminum foil and incubated for 48 h at room temperature. After
mineralization, the fluid was drained and the plastic fibers were dried at room temperature
for 24 h.

2.3.2. Cement Mortar Production

Cement mortar cylinders are prepared for the experimental conditions shown in
Table 2. Mortar specimens were prepared following a procedure based on ASTM Interna-
tional C109 [34]. Each batch was mixed with 2500 g of ordinary Portland cement (Quikrete,
commercial grade) with 0 wt.%, 1 wt.%, or 5 wt.% of cement replaced with the equivalent
weight of plastic. To control for the amount of plastic between untreated and mineralized
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plastic, the plastic was weighed pre-mineralization. A cement:sand ratio of 0.8 and a
water:cement ratio of 0.46 were used for all batches. Cement mortar was mixed following
the procedure described in ASTM International C305 [35].

Cylinder molds (2 in D ˆ 4 in H (5.08 cm ˆ 10.1 cm); Bio-cylinder, Deslauriers Inc., La
Grange Park, IL, USA) were sprayed with a thin coat of vegetable oil before the addition
of cement mortar. The mortar was added to the molds following the procedure described
ASTM C192 [36]. After molding, the specimens were stored in a concrete curing room at
100% relative humidity until testing. Specimens were demolded 24 h after mixing and
returned to the cement curing room until testing.

2.3.3. Cement Mortar Compressive Testing

Strength testing was completed for cylinder specimens with an MTS Criterion Model
64 load frame on days 14 and 28 of curing. Due to instrument maintenance issues, PET
specimens and their controls were tested on day 35 rather than day 28. Specimen strengths
are not expected to change after 28 days of curing. Neoprene caps were placed over the
end of the cylinder specimens, and the specimens were compressed between the lower
crosshead and the test table. Compression was performed at a constant rate of 0.127 mm/s
(0.005 in/s) until failure.

2.4. Microscopy

Mineralized plastic samples and PRM samples were examined on a Field Emission
Scanning Electron Microscope (FESEM). The samples were placed on carbon sticky dots,
sputter-coated with gold on an Emitech K-875X Sputter Coater, and examined on a Zeiss
Supra 55VP FESEM at 1 kV and a working distance of 3.9–5.3 mm with an SE2 detector.

Confocal images of S. pasteurii attachment to PET were collected using a Leica CS
upright confocal microscope (TCS SP5 IIDM6000, Leica Microsystems, Buffalo Grove, IL,
USA), as described in Section S1.1 of the Supplementary Materials.

2.5. Characterization of Cement Hydration and Structure

Cement paste samples were prepared to determine the effect of MICP-produced biomin-
eral on the degree of hydration and cement crystalline structure. Mixed type 3–7 plastics
were mineralized following the submersion method in Section 2.3.1. To obtain a macroscop-
ically homogeneous cement paste sample, the biomineral was scraped off of the plastic and
ground to a powder. The cement paste samples were prepared with a 0.46 water:cement
ratio and no sand, with 0%, 1%, and 5% of the cement replaced with biomineral. Sample
mixture followed the procedure described in Section 2.3.2. Samples were molded in weigh
boats (Thermo Scientific, part #08-732-112) and cured as in Section 2.3.2. After 1, 7, 14,
and 28 days of curing, a sample of each mineral amount was removed from the curing
room, allowed to dry, and ground into a powder with a mortar and pestle for use in the
thermogravimetric analysis (TGA) and XRD measurements.

TGA was performed on a TA Instruments Q5000-IR TGA (TA Instruments Inc., New
Castle, DE, USA) to determine the degree of hydration of the cement paste samples.
Triplicate samples of 40–50 mg of cement paste powder were placed in TA Instruments high-
temperature platinum TGA pans for each of the 0%, 1%, and 5% biomineral samples. The
samples were heated from 30 ˝C to 1000 ˝C at 10 ˝C/min. Weight loss data were analyzed
to determine the degree of hydration following the method described by Monteagudo et
al., with modification of decarbonation beginning at 390 ˝C rather than 400 ˝C to include
the full TGA derivative peak observed at that temperature [37,38]. A value of 24% was
used to correspond to complete hydration [38].

XRD measurements were taken of the cement paste samples as in Section 2.2.4. Jade
(Materials Data Inc., Livermore, CA, USA). was used to identify the peaks associated with
the phases present within both the biomineral and hydrated cement phases. Whole pattern
matching was used to determine the relative semi-quantitative phase composition of the
hydrated cement with and without biomineralized plastic [39–43].
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2.6. Data Analysis

All statistical analyses were performed in Minitab (vers. 19.2020.1, Minitab LLC,
State College, PA, USA). Critical alpha was set a priori to 0.05 for all analyses. The
effect of the addition of untreated PET on mortar compressive strength was evaluated
using one-way ANOVA. Two-factor ANOVA evaluated the effects of the amount of PET
and type of mineralization treatment (MICP and EICP) on the dependent variables of
compressive strength and modulus. Additional models compared the effects of plastic
type and mineralization type on PRM strength and modulus. For all models, the residuals
satisfied the assumptions of normality and homoscedasticity. Follow-up testing was
performed using the Bonferonni method, where critical alpha was divided by the number
of comparisons to control family-wise error.

3. Results and Discussion

3.1. Comparison of EICP and MICP Treatment of PET

In the first study comparing EICP and MICP treatment, PET did not impair the
growth of S. pasteurii in a flask culture. This was shown by OD600 and pH measurements
that matched those of the no-PET control over a 24 h growth study (Figure S3). Urea
concentration decreased and pH increased at similar rates over time both with and without
PET (Figure S3), indicating that the reaction was not impaired by plastic. Attachment
of S. pasteurii to the PET flakes was observed via both confocal microscopy and FESEM
(Figure 1). This demonstrates that S. pasteurii was successful in forming biofilms on the
PET flakes under the conditions tested.

200 μm 10 μm

(a) (b)

Figure 1. (a) Confocal image of S. pasteurii attachment and CaCO3 precipitation of a MICP-treated
PET flake at 10ˆ magnification. The S. pasteurii biofilm is stained green, biomineral deposits are
stained red, and yellow represents regions where both the biofilm and biomineral are present.
(b) FESEM image of S. pasteurii bacteria attachment to a PET flake at 4700ˆ magnification.

Both MICP and EICP formed a CaCO3 coating on PET flakes. MICP treatment de-
posited more CaCO3 on PET than EICP treatment as measured by both calcium assay and
mass change (Figure 2a). XRD measurements showed similar spectra for both EICP and
MICP. Both mineralization methods were observed to have calcite and vaterite phases of
CaCO3 (Figure 2b). The observed broad amorphous bands are attributed to the PET. No
other phases of CaCO3 or other minerals were identified. This finding is consistent with
past work that found that EICP can produce the calcite phase of CaCO3 [44,45] while MICP
may precipitate vaterite as a transient, meta-stable, lower-modulus phase that eventually
transforms to calcite [44,46,47]. FESEM imaging of the biomineral shows evidence that
EICP produced faceted polycrystals with a length of approximately 1–5 μm (Figure 3a). In
contrast, images of MICP-treated PET showed evidence of predominantly large, rounded
structures composed of very small polycrystals (<1 μm facets) (Figure 3b).

The differences between EICP and MICP biomineral morphology may depend on the
influence of bacteria. Smaller CaCO3 crystals are produced at higher saturation states, and
microorganisms in MICP would locally increase saturation state [46]. During EICP, urease
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enzyme from jack bean would be expected to affect the solution more uniformly [46]. Fur-
thermore, these bacteria can produce extra polymeric substances that may stabilize forming
surfaces [19,23]. This proposed mechanism is shown in Figure 4. MICP’s greater deposition
of CaCO3 on PET could result from the attachment of bacteria to PET (Figures 1 and 4)
and then nucleation of CaCO3 on bacterial cell walls [20,21,48]. In contrast, during EICP,
CaCO3 forms without these benefits from microbial cells.
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Figure 2. (a) Calcium assay and mass change means for MICP-treated PET flakes, enzymatically
induced calcium carbonate precipitation (EICP)-treated PET flakes, and a control sample of untreated
PET flakes. The error bars indicate one standard deviation. (b) XRD spectra for PET flakes (black),
EICP-treated PET flakes (blue), and MICP-treated PET flakes (red). Peaks labeled c represent the
calcite phase of CaCO3, while peaks labeled v represent the vaterite phase. No aragonite phases or
other minerals were observed.

200 μm 200 μm

5 μm 5 μm

(a) EICP-PET (b) MICP-PET

Figure 3. FESEM images of EICP-treated PET (a) and MICP-treated PET (b) at approximately 300ˆ
magnification. Inset images show details of the CaCO3 texture at approximately 10kˆ magnification.
An image of an untreated control sample is shown in Figure S4.

After 35 days of curing, compressive strength decreased for PRM with untreated PET
(p ă 0.001, Figure 5a). PRM samples with 5% PET showed a larger decrease in strength than
PRM samples with 1% PET (Table 3, p ă 0.01). This is consistent with prior reports of losses
in strength for similar additions of untreated PET to cement mortar [3]. Two-way ANOVA
testing showed a significant interaction (p ă 0.05) between the effect of the amount of PET
replacement and mineralization technique (EICP or MICP) on PRM compressive strength.
Post hoc testing found that PRM samples with 1% EICP-treated PET and 1% MICP-treated
PET both show similar compressive strengths to non-reinforced mortar samples (Table 3,
p ą 0.05 for each). In contrast, PRM samples with untreated PET were found to have
significantly lower compressive strength than non-reinforced mortar samples (Table 3,
p ă 0.05). At the 5% PET level, EICP-treated PET and untreated PET reinforced mortar
show similar compressive strengths (p ą 0.05) while PRM samples with MICP-treated PET
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show significantly higher strength than either EICP-treated PET or untreated PET (p ă 0.05
for both). No treatments or amounts of PET added to PRM samples had a significant effect
on compressive modulus (p ą 0.05, Figure 5b). Similar trends are seen for compressive
strength and modulus measurements taken after 14 days (Table S2).

EICP MICP
plastic CaCO3

Urease enzyme S. pasteurii

S. pasteurii
biofilm

plastic CaCO3

Figure 4. Proposed mechanism for the differences between EICP and MICP biomineralization of
plastic. The formation of a biofilm on the plastic in MICP localizes CaCO3 precipitation to the surface
of the plastic, while EICP biomineralization is more evenly distributed throughout the solution.

Table 3. Change in mean cement mortar compressive strength relative to the mean for non-reinforced
mortar control when reinforced with untreated PET, EICP-treated PET, or MICP-treated PET at 1% or
5% replacement after 35 days of curing.

Change in Compressive Strength Relative to Control

Plastic Replacement Untreated PET EICP-PET MICP-PET

1% ´14.6% ´3.74% ´2.54%
5% ´30.1% ´29.2% ´11.9%

One possible explanation for the strength differences could be that the untreated
PET was not well bonded to the cement matrix. FESEM imaging of the failure interface
of PRM with untreated PET provides evidence to support this explanation, with a gap
visible at the interface for the assessed sample (Figure 6a). In contrast, images of both EICP-
treated PET (Figure 6b) and MICP-treated PET (Figure 6c) showed a continuous interface
between the mineralized plastic and the surrounding cement matrix. This improved
contact along with the observed increase in compressive strength supports the hypothesis
that biomineralization of plastic waste could improve the interfacial strength between
plastic waste and cement. However, additional work directly measuring the effect of
mineralization on interfacial strength is needed to further test this hypothesis.

These results show that, at 1% plastic replacement, both EICP and MICP mineralization
of PET results in comparable PRM compressive strengths that are higher than those of
mortar reinforced with untreated PET. Because MICP requires additional infrastructure
to culture cells, this indicates that EICP may be an appropriate biomineralization choice
for low-volume PET applications. An important result is that mortar reinforced with 5%
treated PET shows significant improvements in strength over both EICP-treated PET and
untreated PET, with compressive strengths similar to 1% untreated PET-reinforced mortar.
This result shows that MICP treatment allows for the use of higher volumes of plastic, with
less loss in strength than would be expected in untreated plastic. In applications where
density is of concern, 5% MICP-treated PET mortar shows even more promise due to the
decrease in density with the addition of higher quantities of PET [3].
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200 μm 200 μm 200 μm

(a) Untreated PET (b) EICP-PET (c) MICP-PET

Figure 6. FESEM images of the interface between PET flakes and the cement mortar for (a) untreated
PET , (b) EICP-treated PET , and (c) MICP-treated PET.

We hypothesize that the observed difference in compressive strength of PRM between
EICP and MICP treatments is due to the increased deposition of CaCO3 with MICP treat-
ment (Figure 2). Hao et al. found that a higher mass of CaCO3 coating on plastic increased
the fiber pullout strength of plastic from cement mortar up to a peak value, after which
pullout strength rapidly decreased [18]. Another potential mechanism is that the increased
texture of MICP CaCO3 could provide more surface area for interaction with the cement
matrix during cement hydration and mechanical loading. Further work is required to
explore these hypotheses.

3.2. Comparison of MICP Treatment of Type 3–7 Plastics

The results of the EICP and MICP comparison (Section 3.1) were used to inform miner-
alization strategies for type 3–7 plastics. MICP was chosen to mineralize type 3–7 plastics
as it resulted in higher strength PRMs than EICP treatment in comparisons of PET. We
chose 5% plastic replacement of cement for type 3–7 plastics based on the results of our
PET study. While a modest strength decrease is seen with 5% plastic replacement, it is
much lower with MICP treatment compared with untreated plastic and allows for the use
of more plastic waste.

All plastic types 3–7 were successfully biomineralized. OD600, pH (Figure S5), and
urea concentration measurements (Figure 7a) all show the biomineralization reaction
progressing to the same degree as the plastic-free positive control. However, the amount
of CaCO3 deposited on the plastic varies by plastic type (Figure 7b). MICP-treatment
deposited the least amount of CaCO3 on ABS when measured with both mass change
and calcium assay, while PVC sees the highest amount of CaCO3 deposition with both
measurements. PP, PS, and PVC have large variations in the mass of CaCO3 deposited,
indicating that the mineralization of these samples may not be uniform. Representative
FESEM images for each type of plastic show that different MICP-treated plastics have
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different mineral morphologies (Figure 8). FESEM images of MICP-treated PVC show a
uniform mineral coating, with a consistent mineral structure. MICP-treated ABS has more
scattered and clumped mineralization. MICP-treated LDPE, PP, and PS each show a unique
mineral structure, with LDPE and PP showing consistent mineral structures, similar to PVC,
while PS shows a scattered mineral coating, more similar to ABS. The crystal morphology
also differs by plastic type, with ABS and PS showing sharp crystals approximately 5 μm
in size, while PVC, LDPE, and PP all show smaller, more rounded crystals.
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Figure 7. (a) Urea concentration results for each plastic type batch test, a no-bacteria negative
control, and a plastic-free positive control. (b) Mean amount of CaCO3 present for each plastic
type as measured by mass change (dashed) and calcium assay (solid). Error bars indicate one
standard deviation.

For the submersion method, on average, 0.22 ˘ 0.01 mg CaCO3 was deposited per
mm of fiber length for all plastic types except ABS (Figure 9). ABS had an average of
0.13 mg CaCO3/mm of fiber length. Additionally, 14% of ABS fibers measured were found
to have no mineral, compared to 6% for PP, 4% for PVC, and 0% for all other plastic types.
Additional evidence from the batch tests (Figure 7) and FESEM imaging (Figure 8) leads
us to hypothesize that MICP may be less effective at mineralizing ABS than other plastic
types. However, additional work is needed to further support this hypothesis and to
understand the mechanisms behind the observed differences. Less variation in CaCO3
mass between plastic types is observed in these samples than in batch tests (Figure 7a). This
demonstrates the success of the submersion method in more uniformly coating plastics
than the plastic-in-solution method used in the batch tests.

The amount of CaCO3 deposited on plastic with the submersion method was found
to be greater than that observed in past studies of plastic treatment with MICP. Hao et
al. reported that mineralization of PP with MICP formed 0.026 g CaCO3 per g PP after
24 h of mineralization and increasing amounts at longer mineralization times [18]. Our
MICP-treated PP shows an average value of 0.098 g CaCO3/g PP after 24 h of miner-
alization. Similarly, PVC (0.064 g CaCO3/g PVC), LDPE (0.105 g CaCO3/g LDPE), PS
(0.086 g CaCO3/g PS), and ABS (0.052 g CaCO3/g ABS) show more CaCO3 deposition
then the method used by Hao et al. deposited in 24 h for PP. The mass of CaCO3 deposited
by the submersion method is similar to the 0.096 g CaCO3/g plastic that Hao et al. found
to provide the largest increase in fiber pullout strength from cement mortar [18].

MICP treatment increased compressive strength for some, but not all, plastic types
(Figure 10a). An interaction between MICP treatment and plastic type was observed for
compressive strength of PRM reinforced with untreated and MICP-treated type 3–7 plastics.
Post hoc testing shows a significant increase in compressive strength for mortar samples
reinforced with MICP-treated PVC relative to mortar samples reinforced with untreated
PVC (18% increase, p < 0.05). LDPE, PP, PS, ABS, and mixed plastic all show no statistically
significant change in PRM for samples treated with MICP relative to untreated plastic of
the same type (p ą 0.05 for all). Mortar reinforced with 5% MICP-treated PVC shows
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promising strength, with an average compressive strength at 97% of the average of the
plastic-free control mortars. Mortar reinforced with 5% mixed type 3–7 plastics also shows
high compressive strength, at 91% of the average of the non-reinforced mortar controls.
As mixed plastic waste has the advantage of avoiding costly plastic waste sorting, this is
an especially promising result. Only untreated LDPE samples show a significant change
in compressive modulus relative to the plastic-free controls (p ă 0.05), indicating that
neither the addition of most types of plastic nor mineralization has a significant impact on
compressive modulus (Figure 10b). Similar trends are seen for compressive strength and
modulus measurements taken after 14 days (Table S2).

FESEM imaging of the interface between plastic and cement at the fracture surface
show evidence supporting a reduction in the gap at the interface between plastic and
cement with mineralization (Figure 11 and Figure S8). In images of one sample of PVC,
which sees the largest increase in compressive strength with MICP treatment, MICP-treated
PVC was observed to have a cement matrix on the surface of the plastic after failure, while
untreated PVC does not (Figure 11). This may indicate improved bonding between PVC
and the cement matrix. To better understand the failure mechanisms of mineralized PRM
and to explain the differences observed between plastic types, additional work is needed
to quantify the fiber pullout strength of each plastic type with and without mineralization.

200 μm

200 μm

200 μm 200 μm

200 μm

200 μm

5 μm

5 μm

5 μm 5 μm

5 μm

(a) MICP-ABS

(c) MICP-LDPE

(e) MICP-PP

(b) MICP-PVC

(d) MICP-PS

(f) Untreated PS

Figure 8. FESEM images of MICP-produced calcium carbonate crust on the surface of (a) ABS,
(b) PVC, (c) LDPE, (d) PS, and (e) PP plastic disks at approximately 300ˆ magnification, with insets
at approximately 2500ˆ magnification. Calcium assay results (Figure 7b) show that ABS had the least
CaCO3 deposition while PVC had the most. (f) An untreated PS plastic disk at approximately 300ˆ
magnification shows little surface roughness. All other untreated plastics show a similarly smooth
surface to PS.
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Figure 11. Photos of failed mortar cylinders and FESEM images of the failure surface of cement
mortar cylinders reinforced with (a) untreated PVC and (b) MICP-treated PVC. The interface between
plastic and cement is shown. PVC, LDPE, PS, and ABS failure interfaces are shown in Figure S8.

The compressive strengths measured in this study demonstrate that, for PET and
PVC plastic, MICP treatment can produce a significant increase in PRM compressive
strength while, in other plastic types, little change in compressive strength was seen
with mineralization. MICP-treated PP PRM had a statistically insignificant change in
compressive strength compared to untreated PP, a finding consistent with the compressive
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strength testing performed by Hao et al. [18]. It is not yet fully understood why these
differences exist between plastic types. The differences in strength between plastic types
do not appear to only be related to a change in CaCO3 mass and may also be impacted
by factors including plastic surface roughness, fiber modulus, or CaCO3 surface geometry.
Past studies have identified increases in fiber pullout strength, an indicator of improved
compressive strength, with MICP treatment of plastic [18] and application of CaCO3 to
plastic [17]. However, this work is the first to examine the impact of both plastic type and
biomineralization on the compressive strength of PRM. Due to MICP previously being used
to repair cracks in concrete and seal oil wells [19,23–27], we expect that MICP treatment of
plastic has the potential to be scalable for treating plastic waste. An important limitation
of the current work is that the influence of each biomineralization method and plastic
type on mechanical properties other than compressive strength, such as flexural strength
and toughness, workability, and durability, was not examined. Additionally, it would be
valuable to examine different plastic geometries and higher plastic volumes to determine
optimal geometries for MICP-treated PRM and to maximize the amount of plastic waste
used. Importantly, increases in strength over what was observed in this study would be
expected if MICP-treated plastics were applied in plastic-reinforced concrete rather than
mortar. Based on the compressive strengths for PRM with MICP treatment of PVC, PET,
and mixed-type plastic observed in this study, we would expect plastic-reinforced concrete
with these treated plastics to have sufficiently high strength for important construction
applications, such as concrete slabs, footpaths, and walls [49].

3.3. Effect of Biomineral on Cement Hydration

Cement hydration plays an important role in the mechanical properties of cement
mortar and concrete. Changes in cement hydration may play a role in the increases in
compressive strength with MICP treatment observed in this study [17]. After 1 day of
curing, cement hydration, as measured via TGA, increases with the amount of biomineral
added (Figure 12b). This increase in measured rate of hydration is consistent with the
formation of a denser cement matrix at the interface around biomineralized fibers that
has been observed in past studies of CaCO3-treated PRM [17]. The largest difference in
cement hydration was found at a curing time of 1 day, with small increases in hydration
observed at 7, 14, and 28 days. The increase in hydration with biomineral after 1 day of
curing was observed as being due to an increase in mass loss during the dehydration,
dehydroxylation, and decarbonation degradation regions (Figure 12a). At longer curing
times, similar amounts of mass loss are seen in the decarbonation and dehydration regions
for 0%, 1%, and 5% biomineral samples.

The 5% biomineral sample experienced a larger mass loss than 0% and 1% biomineral
samples in the dehydroxylation region and a larger mass loss in the decomposition of
the CaCO3 region (Figure 12a) [37]. This contribution to the mass loss indicates that, in
the 5% biomineral cement paste samples, more portlandite was formed than at 1% and
0% biomineral. Calcium present in the CaCO3 biomineral can participate in the cement
hydration reaction [50]. The presence of an additional mass loss in the decomposition
of the CaCO3 region indicates that a portion of the biomineral has not participated in
the hydration reaction and that unreacted CaCO3 remains [50]. We hypothesize that, as
biomineral concentrations will be greater than 5% in the regions immediately surrounding
biomineralized plastic in the mortar, some inert biomineral will remain surrounding the
plastic and a similar effect will be seen on the cement matrix of biomineralized PRM as in
the 5% biomineral cement paste sample.

The XRD results show only minor differences between cement paste samples with
0%, 1%, and 5% biomineral after 7 days of curing (Figure 13). As in TGA measurements,
the largest change is observed between 1 and 7 days, with only small differences over
time after 7 days of curing (hydration at 1 and 7 days shown in Figure 13 and at 14 and
28 days in Figure S10). Calcite, portlandite, and alite peaks are observed as major phases
for all cement paste samples. Ettringite and belite shift between major and minor phases,
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with the relative phase composition changing with hydration between time points. The
monocarboaluminate and hemicarboaluminate phases are observed in small quantities. The
XRD spectrum of the biomineral shows a majority calcite structure, with a minor vaterite
phase, confirming the results for MICP mineral seen on PET flakes (Figure 2a). Past work by
Monteiro et al. on abiotic vaterite-containing carbonate precipitates found that the addition
of both calcite and vaterite to cement paste leads to the formation of monocarboalluminate
and hemicarboaluminate phases [39]. The XRD results further support an incomplete
reaction of the CaCO3 polymorphs as cement hydration progresses that was observed
in TGA measurements, as evidenced by the remaining calcite and vaterite present in the
hydrated samples.
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Figure 13. XRD spectrum for cement paste after 1 and 7 days of curing with 0%, 1%, and 5% MICP
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of the mineral. Little change was seen after 7 days, and XRD spectra for 14 and 28 days are included
in the Supplementary Materials (Figure S10).

4. Conclusions

In this study, we show that biomineralization can improve the strength of plastic-
reinforced mortar. A key finding of this study was that none of the examined plastics
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(PET, PVC, LDPE, PP, PS, or ABS) inhibited S. pasteurii growth under the biomineralization
conditions tested in this study. MICP treatment deposited more CaCO3 on the surface of
PET plastic than EICP treatment, resulting in PRM with 5% MICP-treated PET having 88%
of the compressive strength of the plastic-free mortar. Importantly, PRM reinforced with
5% MICP-treated PET, PVC, and mixed type 3–7 plastics had strengths similar to that of
plastic-free mortar and showed sufficient strength for application in engineering structures.

Together, these results indicate that MICP treatment allows for the reuse of larger
volumes of plastic waste in PRM. At constant values of plastic addition, MICP also in-
creases the strength of PRM, which may be valuable in applications where high strength is
a concern. As mixed type 3–7 plastic is a low-value, often landfilled plastic waste stream,
this treatment is a promising option to reduce the amount of plastic waste sent to landfills.
Biomineralized mixed-type PRM shows similar strength to non-reinforced mortar, indicat-
ing that mixed-plastic waste may be added in many concrete applications to reuse this low
value waste stream.

Additional work is needed to better understand why MICP treatment affects the
compressive strength of PRM differently in each plastic type. This study observed an
increase in cement hydration and a visually improved interface between plastic waste
and cement mortar with MICP treatment. To better understand the mechanisms behind
the differences in strengths observed in this study, further work is needed to directly
establish the impact of MICP treatment on interfacial strength. Increased knowledge
of these mechanisms may allow additional improvement in the strength of PRCs with
MICP treatment. These improvements would further establish biomineralized PRC as a
high-volume method to reuse plastic waste.

Supplementary Materials: The following are available at https://www.mdpi.com/1996-1944/14/
8/1949/s1, Table S1: Plastic properties, Figure S1: Submersion method setup, Figure S2: Plastic
fiber length, Figure S3: PET additional batch test data, Figure S4: Untreated PET FESEM image,
Figure S5: Type 3–7 additional batch test data, Table S2: Full PRM strength data, Figure S6: PET PRM
stress-strain curves, Figure S7: Type 3–7 PRM stress-strain curves, Figure S8: Type 3–7 PRM interface
FESEM images, Figure S9: Cement hydration TGA curves, and Figure S10: Cement hydration
XRD spectra.
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Abstract: Sawdust-reinforced ice-filled flax fiber-reinforced polymer (FRP) tubular (SIFFT) columns
are newly proposed to be used as structural components in cold areas. A SIFFT column is composed
of an external flax FRP tube filled with sawdust-reinforced ice. The compressive behavior of circular
SIFFT short columns was systematically investigated. Four types of short columns with circular
sections, including three plain ice specimens, three sawdust-reinforced ice specimens (a mixture
of 14% sawdust and 86% ice in weight), nine plain ice-filled flax FRP tubular (PIFFT) specimens
and nine SIFFT specimens, were tested to assess the concept of the innovative composite columns.
The test variables were the thickness of flax FRP tubes and the type of ice cores. The test results
indicated that the lateral dilation and the development of cracks of the ice cores were effectively
suppressed by outer flax FRP tubes, thus causing a considerable enhancement in the compressive
strength. Moreover, the compressive behavior, energy-absorption capacity, and anti-melting property
of sawdust-reinforced ice cores were better than those of plain ice cores confined by flax FRP tubes
with the same thicknesses. The proposed equations for estimating ultimate bearing capacities of
PIFFT and SIFFT short columns were shown to provide reasonable and accurate predictions.

Keywords: flax fiber; FRP; sawdust; ice; tubular column; confinement

1. Introduction

The low temperature in cold areas tremendously limits the use of traditional building materials,
especially concrete. Water freezing causes detrimental effect on hydration reaction of the cement,
resulting in severe deterioration of mechanical properties of the resulting concrete. Furthermore,
the local environment will be easily polluted due to the use of concrete in construction. Therefore, there is
a particular need to find a potential construction material with cost-effective and environmentally
friendly advantages to replace concrete in such areas.

In fact, the local ice has served as a cleaner construction material since ancient times in cold
areas, such as the igloos built up by Inuit people. In addition, the compressive properties of ice have
been investigated by many researchers (e.g., [1–4]). Ice belongs to a brittle material relatively strong
under compression but very weak under tension, which is very similar to concrete [4]. However,
the cylinder compressive of plain ice at −2 ◦C is less than 1/10 of that of normal concrete specimen
with the same size [5]. Therefore, appropriate measures need to be taken to ameliorate the mechanical
properties of plain ice. A variety of materials including alluvium [6], sand [7], and fiberglass net
and cloth [8] were introduced into plain ice as reinforcement. The test results demonstrated that the
mechanical properties of plain ice were enhanced after introducing the aforementioned materials in
ice. For example, the compressive strength of the ice specimens modified by 2% volumetric content of
fiberglass net was twice as large as that of the plain ice at−20 ◦C [8]. Moreover, sawdust is another
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popular reinforcing material for the modification of plain ice. Vasiliev et al. [9] studied the compressive
and flexural behaviors of ice specimens reinforced by sawdust, wood chips, and wood shavings at
–18 ◦C. The test results revealed that the compressive and bending strengths of plain ice were enhanced
from 3.18 and 1.24 MPa to 12.45 and 3.74 MPa, respectively, after introducing 10.5% sawdust in weight.
However, the compressive strength of the reinforced ice is still weaker than that of normal concrete,
which severely restricts its further application. Furthermore, the surrounding chemicals might have a
detrimental impact on the long-term mechanical properties of the reinforced ice when directly exposed
to environmental attack without an outer protective jacket. Therefore, it is desired to find ways to
overcome such shortcomings.

More recently, fiber-reinforced polymer (FRP) composites have been increasingly used in civil
engineering because of their high strength-to-weight ratios, good design flexibility, and excellent
corrosion resistance even under harsh environment [10–22]. In the 1990s, Mirmiran and Shahawy [23]
proposed concrete-filled FRP tubular (CFFT) columns. For a CFFT column, the pre-fabricated tube
made of FRP composites acts as permanent formworks for fresh concrete without concern for possible
corrosion. Furthermore, the outer FRP tube offers additional confinement to the concrete core.
Many researches (e.g., [24–30]) have been carried out on the axial compressive behavior of CFFT
columns, which demonstrated the excellent structural performance of such members. However, the
majority of the reinforcing fibers in current FRP belong to synthetic fibers (e.g., carbon and glass fibers),
which will consume large amounts of energy.

In consideration of environmental protection and sustainable development, natural fibers have
attracted the attention of many researchers as substitutable reinforcements for traditional synthetic
fibers due to their advantages such as low cost, high specific strength, environmental friendliness and
bio-degradability, ease of fabrication, and good structural rigidity [31–33]. Dittenber and Gangarao [34]
compared over 20 common natural fibers (e.g., sisal, ramie, kenaf, jute, hemp, flax, coir, cotton, etc.)
with glass fibers in terms of specific modulus, cost per weight, as well as cost per unit length (capable
of resisting 100 kN load). It revealed that flax fibers possess the optimum combination of advantages
among these natural fibers. More recently, flax FRP tubes were used to provide lateral confinement to
concrete columns (e.g., [35–37]). Yan and Chouw [35] investigated the axial compressive performance of
the coir fiber-reinforced concrete-filled flax FRP tubes, which revealed that the compressive strength and
the ductility of the coir fiber-reinforced concrete cores were substantially improved by the additional
confinement from flax FRP tubes. Xia et al. [37] studied the behavior of self-compacting concrete-filled
flax FRP tubular columns under static and cycle compression, which confirmed that the compressive
strength and the ultimate axial strain of filament-wound flax FRP-confined concrete were increased
with the increase of tube thickness. In view of the similarities between ice and concrete, it might
be a good way to study the compressive responses of the flax FRP-confined ice based on the well
understanding of the behavior of flax FRP-confined concrete.

Based on previous researches on sawdust-reinforced ice [9] and concrete-filled flax FRP tubes
(e.g., [35–37]), sawdust-reinforced ice-filled flax FRP tubular (SIFFT) columns are innovatively proposed
in this paper to dramatically improve the compressive properties of plain ice. They are composed of
flax FRP tubes filled with sawdust-reinforced ice. The compressive strength of inner ice is expected to
be greatly improved by the flax FRP confinement. In addition, the melting of inner ice might be delayed
due to the inclusion of sawdust. Furthermore, the isolation of flax FRP tube, with a low thermal
conductivity of around 0.04 W/(m·K) for flax fibers [38], might also contribute to the improvement of
thermal insulation property. Additionally, the flax FRP tubes can be filled with sea ice without any
corrosion concern, which is a significant advantage over traditional steel tubes. Finally, the proposed
SIFFT column is a novel structural member with less environmental pollution: (a) ice is a clean
material, readily available in cold areas, which becomes water after melting without pollution [39]; (b)
natural fibers (i.e., flax fibers and wood waste sawdust) used in this study are biodegradable materials.
The novel SIFFT columns are expected to be potentially used in the piers of a bridge built in remote
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cold regions. Moreover, the outer steel columns of the structures of the existing scientific research
station in polar areas might be replaced by the proposed SIFFT columns with better durability.

Experimental studies were conducted to assess the axial compressive behavior of the newly
proposed SIFFT column and to verify the possibility of this column to be used as a compression
member in cold regions. Effects of the thickness of flax FRP tube and the inclusion of sawdust in ice
were discussed. Equations were proposed to predict the ultimate bearing capacities of circular plain
ice-filled flax FRP tubular (PIFFT) short columns and circular sawdust-reinforced ice-filled flax FRP
tubular (SIFFT) short columns.

2. Experimental Program

2.1. Specimens

A total of 18 circular short composite columns, including nine plain ice-filled flax FRP tubular
(PIFFT) specimens and nine sawdust-reinforced ice-filled flax FRP tubular (SIFFT) specimens, were
tested subjected to axial compression. In addition, three unconfined plain ice specimens and three
unconfined sawdust-reinforced ice specimens were prepared as control specimens. Each series included
three nominally identical specimens. All test specimens had a height of 300 mm and a nominal diameter
of 150 mm, measured at the surface of ice cores. The test variables included the number of FRP layers
in flax FRP tubes and the type of ice cores. It has been well established that the compressive property
of ice will be improved after the inclusion of sawdust in ice due to the fiber bridging effect. However,
it does not mean that more sawdust will always contribute to better compressive property of the
sawdust-reinforced ice. In fact, the workability of the water–sawdust mixture will decrease when
the volume fraction of sawdust exceeds a certain level, leading to more initial defects in the prepared
sawdust-reinforced ice. Therefore, a decrease in the compressive property of the sawdust-reinforced
ice might occur corresponding to such a large reinforcing amount. Based on the results of trial tests on
sawdust-reinforced ice specimens with different volume fractions of sawdust (i.e., 14.3%, 19.8%, 26.6%,
and 32.8%, respectively), the sawdust-reinforced ice with a volume fraction of 26.6% sawdust was
confirmed to have the best compressive properties. Based on conversion, the optimal weight ratio of the
sawdust and water was 14:86 corresponding to this volume fraction. Therefore, the sawdust-reinforced
ice used in this study was a mixture of 14% pine sawdust with a dry density of 0.45 g/mm3 and 86%
water in weight. Table 1 shows the details of all test specimens.

The naming rule of test specimens was described as follows. (1) It began with PI, SI, IF, and SF to
indicate different specimen series (i.e., plain ice column, sawdust-reinforced ice column, PIFFT column,
and SIFFT column, respectively). (2) The Arabic numeral denoted the number of plies of fiber fabric
in flax FRP tubes. (3) The Roman numeral was introduced to distinguish three nominally identical
specimens. Taking specimen SF2-I as an example, it represented an SIFFT specimen with two FRP
layers in flax FRP tube and it was the first specimen within the same series.

2.2. Material Properties

Unidirectional flax fiber sheet with a surface density of 210 g/m2 was supplied by Nanjing Hitech
Composites Co., Ltd., China. The nominal thickness of the sheet was 0.135 mm. The matching epoxy
resin was obtained from Shanghai Sanyou Resin Co., Ltd., China. Considering that the proposed
composite column would serve in cold areas, this type of epoxy resin was selected in this study due
to the fact that its mechanical properties are not sensitive to the low temperature. However, low
temperature will affect the viscosity and curing properties of the selected epoxy resin. So, the flax
FRP tubes used in the paper were fabricated and cured at room temperature. The epoxy L-500 AS
(main agent) was assisted by the hardener L-500 BS with a mix ratio of 2:1. According to ASTM
D3039/D3039M-17 [40], flat coupon tensile tests were conducted to determine the mechanical properties
of flax FRP. The test results showed that the tensile stress vs. strain featured approximately linear
shape, which was similar to conventional FRP with synthetic fibers. The average elastic modulus E f ,
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tensile strength fu, and ultimate tensile strain ε f of the flax FRP used in this study were 72.3 GPa,
784 MPa, and 1.34%, respectively. The average and standard deviation of elastic modulus E f , tensile
strength fu, and ultimate tensile strain ε f of the flax FRP used in this study were 72.3 ± 3.43 GPa,
784 ± 54.0 MPa, and 1.34% ± 0.16%, respectively. It was noticed that the material properties including
the elastic modulus and the tensile strength of the flax FRP in this paper are much larger than the test
results reported by some researchers [e.g., 35–37], which can be explained as follows. It is difficult
to precisely control the actual thickness of FRP specimens when they are prepared by hand layup
process. In order to better evaluate the tensile properties of FRP fabricated by hand layup process, the
tensile stress of FRP is generally calculated through the tensile load divided by the nominal thickness
(ignoring the thickness of resin matrix) of the fiber fabric instead of the actual thickness (considering
the thickness of resin matrix) of FRP laminate [41], thus trying to eliminate the discreteness caused by
the variation of resin thickness during hand layup process. This calculation method is also adopted
in this paper. In this way, both the tensile strength and the deduced elastic modulus reported in this
study are overestimated compared to their true values. One may argue that the nominal modulus is
larger than its true value. However, such treatment is widely accepted especially when the FRP tube
prepared via wet layup process is used as a confining jacket (e.g., FRP-confined concrete members)
because the nominal thickness and the nominal elastic modulus of FRP make up a couple and always
appear simultaneously in the equation of determining the confining stress of the FRP tubes. Such
treatment will effectively eliminate the difference and is more familiar to the engineers during the
design of a certain member confined by FRP.

Table 1. Details of specimens and main test results.

Series Specimen Type of Ice Core

Flax FRP Tube Test Results

Ply
t

(mm)
ta

(mm)
Ne

(kN)

Average
Ne

(kN)

Average
Nf

(kN)

Ne
Ni+Nf

PI
PI0-I

PI - - -
49.79

48.98 - -PI0-II 48.18
PI0-III 48.96

SI
SI0-I

SI - - -
74.82

75.61 - -SI0-II 75.62
SI0-III 76.38

IF2
IF2-I

PI 2 0.27 3.00
123.27

122.00 82.66 0.927IF2-II 121.13
IF2-III 121.61

SF2
SF2-I

SI 2 0.27 3.00
187.09

179.61 82.66 1.364SF2-II 178.24
SF2-III 173.50

IF4
IF4-I

PI 4 0.54 3.75
168.01

169.72 103.01 1.117IF4-II 172.51
IF4-III 168.65

SF4
SF4-I

SI 4 0.54 3.75
250.01

245.98 103.01 1.618SF4-II 247.95
SF4-III 239.98

IF6
IF6-I

PI 6 0.81 4.86
250.94

245.39 135.56 1.330IF6-II 241.21
IF6-III 244.03

SF6
SF6-I

SI 6 0.81 4.86
332.02

331.36 135.56 1.796SF6-II 325.18
SF6-III 336.88

Note: t = nominal thickness of flax FRP tube without considering the thickness of resin matrix; ta = actual thickness of
flax FRP tube; Ne = bearing capacity of test specimens; N f = bearing capacity of flax FRP rings; Ni = bearing capacity
of plain ice or sawdust-reinforced ice specimens. For the type of ice core, PI = plain ice; SI = sawdust-reinforced ice.

In addition, in order to evaluate the bearing contribution of outer flax FRP tubes in composite
columns, two nominally identical flax FRP rings with three different thicknesses, with a height of
50 mm and an inner diameter of 150 mm, were prepared and axially loaded until failure following
Chinese standard GB/T 5350-2005 [42]. The naming rule of flax FRP ring specimens was described as
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follows. It began with FR representing FRP rings, followed by a number indicating the number of FRP
layers in flax FRP rings. The last Roman numeral was used for differentiating two nominally identical
specimens. The test results of the flax FRP rings were presented in the next section.

2.3. Preparation of Specimens

The main preparation processes of plain ice and sawdust-reinforced ice specimens included the
following steps: (1) A PVC tube with an inner diameter of 150 mm and a height of 300 mm was capped
with a wooden plate by epoxy resin, which was used as the formwork for preparing ice specimens
(Figure 1a). (2) Four hollow PVC hoses with sealed bottoms were symmetrically placed in the formwork
(Figure 1b). The volume expansion during ice formation would squeeze the voids of the hollow hoses.
Therefore, the radical pressure during water freezing process would be significantly released, leading
to a great decrease in the number of cracks in ice [5,43]. (3) For sawdust-reinforced ice specimens,
the sawdust was uniformly mixed with the water at the weight ratio of 14 (the sawdust) to 86 (the
water) via mechanical stirrer. Considering the high water absorption of sawdust, the mixture should
stay for at least three hours at ambient temperature to ensure that the sawdust was fully saturated
in water. (4) Water and the mixture of sawdust and water were poured into the formworks for plain
ice and sawdust-reinforced ice specimens, respectively. For the sawdust-reinforced ice specimen,
the mixture of sawdust and water should be compacted layer by layer (five layers in total) to avoid
bubbles. (5) After the casting was finished, the formworks were placed in the refrigerator (AUCMA
Inc., Qingdao, China) at −15 ◦C for 48 h. (6) Finally, five plies of 45-mm-wide duct tapes were used to
strengthen the ends of plain ice column (Figure 1c) and sawdust-reinforced ice column (Figure 1d) to
avoid any premature failure at such locations due to stress concentration during the test. As shown in
Figure 1d, the sawdust was approximately evenly distributed in the sawdust-reinforced ice specimen
corresponding to the selected volume fraction (i.e., 26.6%).

 
Figure 1. Preparation of plain ice and sawdust-reinforced ice specimens: (a) PVC formwork; (b)
placement of hoses; (c) plain ice specimen; and (d) sawdust-reinforced ice specimen.

The preparation of PIFFT and SIFFT specimens was similar to that of aforementioned unconfined ice
specimens. Firstly, the flax FRP tube was prepared via wet layup process by wrapping resin-impregnated
flax fiber fabric around a cylindrical steel mold with fibers oriented in the hoop direction, with an
overlapping length of 150 mm. Each end of flax FRP tube was strengthened by a 45-mm-wide carbon
FRP strip to avoid any premature failure at the ends. In order to constitute a formwork, one end
of the prepared flax FRP tube was capped with a circular wooden plate (Figure 2a). The following
procedures, including the installation of hollow hoses (Figure 2b), the casting of water or the mixture
of sawdust and water into flax FRP tubes, and the freezing in refrigerators were the same as those of
unconfined plain ice and sawdust-reinforced ice columns.
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Figure 2. Preparation of plain ice-filled flax fiber-reinforced polymer tubular (PIFFT) and sawdust
reinforced ice-filled flax fiber-reinforced polymer tubular (SIFFT) specimens: (a) flax fiber-reinforced
polymer (FRP) tube; (b) placement of hoses; (c) PIFFT specimen; and (d) SIFFT specimen.

2.4. Test Setup and Instrumentation

All axial compression tests were conducted in winter. Prior to the compression test, the temperature
of all specimens should be stabilized at −3 ◦C, which is equal to the temperature inside the laboratory,
to avoid the heat exchange between the specimens and surrounding environment during the axial
compression loading. It should be admitted that the difference between the specimen preparation
temperature (i.e., −15 ◦C) and specimen compression temperature (i.e., −3 ◦C) might cause some
internal damage of the ice, which was ignored in this study. A more accurate experimental program
remained to be conducted in the authors’ future study to take this influence into consideration.
All specimens were axially loaded under displacement control at a loading rate of 1.5 mm/min. As
shown in Figure 3a, two insulating plates were placed between the testing machine and specimen’s
each end to block the heat transfer between them [39]. Two linear variable displacement transducers
(LVDTs, Liyang Instrument and Meter Inc., Liyang, China) were installed to monitor the overall axial
shortening of the specimen (Figure 3a). In addition, for each PIFFT or SIFFT specimen, four strain
gauges (Zhejiang Huangyan Testing Instrument Inc., Taizhou, China) with a gauge length of 20 mm
were mounted on the surface of the outer flax FRP tube at the mid-height region to monitor the hoop
strains. One (i.e., SG4) was placed within the overlapping zone and the remaining three (i.e., SG1, SG2,
and SG3) were symmetrically distributed at 90◦ outside the overlapping zone (Figure 3b).

 
Figure 3. Test setup and instrumentation: (a) Test setup and linear variable displacement transducers
(LVDTs); and (b) layout of strain gauges.

2.5. Melting Tests

In addition to axial compression tests, melting tests were also designed in this study to evaluate
the melting rate of different types of specimens. As shown in Figure 4, four representative specimens,
including plain ice short column (PI), sawdust-reinforced ice short column (SI), PIFFT short column
(IF6), and SIFFT short column (SF6), were placed on the roof of the laboratory to conduct the melting
tests. The specimen naming rule was identical to that proposed for the specimens in the compression
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tests. For PIFFT and SIFFT specimens, considering that the heat insulation effect might be better
when a thicker FRP tube was used, flax FRP tubes with six FRP layers were used in the melting tests.
A circular wooden plate was placed on the bottom of each specimen to avoid direct contact between
the specimen and the ground. Moreover, a rubber cap with a diameter of 160 mm was set on the top of
each specimen to avoid direct sunlight based on the consideration that the top surface of the ice column
in an actual structure should not be directly exposed to the surrounding environment. The melting
tests were carried out from March 22, 2018 at 10:00 to March 25, 2018 at 13:00. The outdoor temperature
and the weight of each specimen were simultaneously recorded twice per hour in the first 12 h and
then once per hour in the following 63 h.

 
Figure 4. Melting specimens.

3. Results and Discussions

3.1. General Observations

Many longitudinal cracks were developed through the whole height of the plain ice specimen
during compression, which was followed by significant dilation near the mid-height region at failure
(Figure 5a). By contrast, the number of cracks in the sawdust-reinforced ice specimen after the
compression tests was dramatically decreased (Figure 5b). This might be interpreted by sawdust fiber
bridging effect, which played a significant role on reducing and holding cracks in ice. In addition,
pronounced dilation occurred near the ends of sawdust-reinforced ice specimen, while the lateral
deformation at mid-height region was relatively small, which was probably attributed to the excellent
plastic deformability of reinforced ice after the modification of sawdust.

 
Figure 5. Typical failure modes of (a) plain ice specimen and (b) sawdust-reinforced ice specimen.

The typical failure modes of PIFFT and SIFFT specimens after the compression tests are shown in
Figure 6. Both PIFFT and SIFFT specimens failed by the sudden rupture of flax FRP tubes outside
the additional confinement zone at two ends accompanied by a loud popping noise, which was
very similar to the failure mode of concrete-filled flax FRP tubular (CFFT) short columns under axial
compression reported by Xia et al. [44]. The flax FRP tubes were carefully removed after finishing the
tests. The lateral dilation of confined plain ice at mid-height was observed to be much smaller than
that of unconfined plain ice because of the effective confinement of the outer FRP tube. Some minor
longitudinal cracks developed in the plain ice cores corresponding to the rupture zone of the outer
flax FRP tube. By contrast, few cracks were observed in sawdust-reinforced ice core. Furthermore,
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the dilation of confined sawdust-reinforced ice near mid-height region was more significant than that
of each end due to the additional confinement from the carbon FRP strip, which was tremendously
different from the failure mode of unconfined sawdust-reinforced ice specimen (Figure 5b).

Figure 6. (a–f) Typical failure modes of PIFFT and SIFFT specimens (IF and SF representing PIFFT and
SIFFT, respectively; Arabic numeral representing the number of flax FRP layers; and Roman numeral
differentiating three nominally identical specimens).

3.2. Axial Load vs. Strain Response

Figure 7 shows the axial load vs. axial strain responses of the plain ice and sawdust-reinforced ice
specimens. Unless otherwise specified, the axial strain in this study was obtained based on the total
shortening of the test specimen. As shown in Figure 7, the initial compressive stiffness of the plain ice
specimens was slightly higher than that of the sawdust-reinforced ice specimens. The average elastic
moduli of the plain ice and sawdust-reinforced ice were 0.36 and 0.28 GPa, respectively. The average
bearing capacity and the corresponding axial strain of the plain ice specimens were 48.98 kN and 1.13%,
respectively, while 75.61 kN and 2.41% for the sawdust-reinforced ice specimens. As for the descending
branch, the axial load of the sawdust-reinforced ice specimens decreased much more slowly than that
of the plain ice specimens, which confirmed that the ductility of ice was considerably improved due to
the introduction of sawdust. Overall, the sawdust-reinforced ice column was observed to have higher
bearing capacity and better deformability compared with the plain ice column when tested under axial
compression. The compression tests were continued until the resistance of the plain ice specimens
dropped to around 65% of the peak load, while the compression tests on the sawdust-reinforced
specimens were terminated manually when the axial shortening reached around 30 mm due to their
excellent deformability.

In a concrete-filled FRP tubular (CFFT) column, the axial bearing contribution of the outer FRP
tube to the total load carried by the composite column would be very limited if the fibers are mainly
oriented in the hoop direction. In fact, the compressive strength of an FRP tube in the orthogonal
direction to the reinforcing fibers is mainly dependent on its resin matrix [45]. Therefore, the axial
contribution of such FRP tube to a CFFT column is usually omitted during the calculation process.
However, given that the elastic moduli of unconfined plain ice (0.36 GPa) and sawdust-reinforced ice
(0.28 GPa) tested in this study were much smaller than that of the normal concrete (around 30 GPa),
the compressive bearing contribution of outer flax FRP tubes in PIFFT and SIFFT columns should be
taken into consideration.
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Figure 7. Axial load vs. strain responses of the plain ice and sawdust reinforced ice columns.

It was observed that the local buckling of the outer flax FRP tube in PIFFT and SIFFT specimens
was effectively suppressed by the corresponding plain ice and sawdust-reinforced ice cores before
rupture. Similarly, the local buckling of the axially loaded flax FRP rings was also not observed before
reaching their peak loads. In the present study, it was assumed that the compressive behavior of the
outer flax FRP tube in PIFFT and SIFFT columns can be reflected by the axial load vs. axial strain curves
of the flax FRP ring specimens (Figure 8). As shown in Figure 8, the initial compressive stiffness and the
bearing capacity of the flax FRP rings increased with the wall thickness. The average bearing capacities
of the flax FRP rings with two, four, and six FRP layers were 82.66, 103.01, and 135.56 kN, respectively.
The axial strains at peak loads of the flax FRP rings with three different numbers of FRP layers, with an
average value of 3.84%, were close to each other. It was obvious that the peak loads of the flax FRP
rings were larger than those of the unconfined plain (i.e., 48.98 kN) and sawdust-reinforced ice (i.e.,
75.61 kN) specimens, which confirmed the necessity of considering the compressive contribution of
outer flax FRP tubes to composite columns in this study.

 
Figure 8. Axial load vs. strain responses of flax FRP rings.

Figure 9 shows the axial load vs. strain responses of PIFFT and SIFFT columns. The hoop strain
was the average value of the readings of three hoop strain gauges (i.e., SG1, SG2, and SG3) outside the
overlapping zone (Figure 3b). The ultimate condition of the composite column was characterized by
the hoop rupture of outer flax FRP tubes in PIFFT and SIFFT columns. The axial load vs. axial strain
responses of composite columns terminated at the peak point when the absolute value of hoop strain
reached its maximum value (i.e., hoop rupture strain). The peak loads of PIFFT and SIFFT specimens
were obviously greater than those of the corresponding unconfined plain ice and sawdust-reinforced ice
column, respectively. As shown in Table 1 and Figure 9, the peak loads of PIFFT and SIFFT specimens
increased with the increasing thickness of outer flax FRP tubes. In addition, the peak load, hoop
rupture strain, and ultimate axial strain of SIFFT column were obviously larger than that of PIFFT
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column with the same tube thickness. It should be noted that the deformability of the unconfined
sawdust-reinforced ice specimen (within SI series) was so excellent that its axial strain was just plotted
from 0% to 5% in Figure 9.

 
Figure 9. Axial load vs. strain responses of PIFFT and SIFFT specimens.

3.3. Axial Stress vs. Strain Behavior of Confined Ice

The axial load was simultaneously shared by the outer flax FRP tube and the plain or
sawdust-reinforced ice core when a PIFFT or SIFFT column was tested under axial compression.
Based on the static equilibrium as well as the axial deformation compatibility between outer tube
and inner ice, the load carried by the ice core was believed to be equal to the difference between the
load resisted by the composite column and the load carried by the flax FRP tube at the same axial
strain, and the latter was obtained through the compression tests on flax FRP rings (Figure 8). It is
worth mentioning that the hollow flax FRP ring specimens and the outer flax FRP tubes in composite
columns had different stress states, because the latter also suffered hoop tension apart from axial
compression. However, this distinction was ignored for simplification in this study. Based on the
simplified assumption, the axial stress vs. axial strain responses of the flax FRP-confined plain ice and
sawdust-reinforced ice were obtained, as shown in Figure 10.

 
Figure 10. Axial stress vs. strain responses of the confined plain ice and sawdust-reinforced ice.

In terms of hoop strain, in an FRP-confined concrete column, the FRP jacket and inner concrete
were believed to have compatible deformation in the circumferential direction. In this study, the hoop
strain of the flax FRP tube in PIFFT and SIFFT columns was also employed to assess the lateral strain of
the confined plain ice and sawdust-reinforced ice due to the fact that the inner ice was well confined by
the outer flax FRP tube until rupture. The axial stress vs. lateral strain responses of the plain ice cores
and sawdust-reinforced ice cores are also exhibited in Figure 10 to demonstrate their lateral dilation
during the loading process.
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The main test results of the plain ice cores and sawdust-reinforced ice cores in PIFFT and SIFFT
specimens are summarized in Table 2, including the axial compressive strength f ′ic, ultimate axial strain
εiu, and the hoop rupture strain εh,rup of outer flax FRP tubes. The strength and strain enhancement
ratios (i.e., f ′ic/ f ′io and εiu/εio), together with the ratios between hoop rupture strains of flax FRP tubes
and material ultimate tensile strains of flat coupons (i.e., εh,rup/ε f ), are also shown in Table 2. It can be
seen that the strength enhancement ratio of confined sawdust-reinforced ice was smaller than that
of the confined plain ice corresponding to the same number of flax FRP layers. Moreover, the strain
enhancement ratio was observed to have a similar trend. Additionally, the average hoop rupture
strain of flax FRP tubes in SIFFT specimens was around twice as large as that of flax FRP tubes in
PIFFT specimens.

Table 2. Test results of confined plain ice and sawdust-reinforced ice.

Series Specimen
f
′
ic

(MPa)

Average

f
′
ic

(MPa)

f
′
ic

f
′
io

εiu
(%)

Average
εiu
(%)

εiu
εio

εh,rup

(%)

Average
εh,rup

(%)

εh,rup

εf

IF2
IF2-I 4.46

4.56 1.65
1.67

1.55 1.37
0.44

0.42 0.310IF2-II 4.52 1.55 0.38
IF2-III 4.71 1.44 0.42

SF2
SF2-I 6.78

6.37 1.49
2.65

2.63 1.09
0.91

0.84 0.628SF2-II 6.34 2.60 0.84
SF2-III 6.01 2.65 0.78

IF4
IF4-I 6.63

6.68 2.41
1.52

1.55 1.37
0.45

0.42 0.313IF4-II 6.60 1.67 0.43
IF4-III 6.80 1.45 0.38

SF4
SF4-I 8.78

8.60 2.01
3.02

2.99 1.24
0.81

0.85 0.633SF4-II 8.64 3.04 0.94
SF4-III 8.39 2.91 0.79

IF6
IF6-I 9.74

9.50 3.43
1.82

1.79 1.58
0.43

0.42 0.316IF6-II 9.53 1.67 0.39
IF6-III 9.24 1.87 0.46

SF6
SF6-I 11.43

11.40 2.66
3.35

3.35 1.39
0.90

0.90 0.668SF6-II 10.99 3.41 0.82
SF6-III 11.78 3.29 0.96

Note: f ′io = compressive strength of unconfined ice (2.77 MPa for plain ice and 4.28 MPa for sawdust-reinforced ice);
and εio = peak axial strain of unconfined ice (1.13% for plain ice and 2.41% for sawdust-reinforced ice).

As shown in Table 2, the compressive strengths of the confined plain ice and sawdust-reinforced
ice were obviously greater than those of the corresponding unconfined plain ice and sawdust-reinforced
ice, and they increased approximately linearly with the number of flax FRP layers in this study, which
was also observed in self-luminous glass FRP-confined ice [39]. In addition, the compressive strengths
and peak axial strains of the unconfined and confined sawdust-reinforced ice were larger than those
of the corresponding unconfined and confined plain ice with the same thickness of flax FRP tube,
which indicated the compressive properties of ice would be effectively enhanced after the introduction
of sawdust. It was noticed that the number of FRP layers in flax FRP tubes had only a marginal effect
on the peak strains of the confined plain ice, while a slightly linear increase was observed for confined
sawdust-reinforced ice with the increasing flax FRP layers. Overall, the axial compressive properties
including compressive strength and corresponding peak axial strain of the sawdust-reinforced ice were
better than those of the plain ice regardless of the existence of flax FRP tubes.

3.4. Lateral Dilation Behavior of Confined Ice

It is generally accepted that the lateral dilation (hoop strain) of confined concrete is a function of
the axial strain. Meanwhile, the dilation of the concrete core is restricted by the confining pressure
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provided by steel stirrups and/or FRP jackets. Therefore, the confining pressure is dependent on the
axial strain and some analytical models have been established based on this understanding [46–48].
Similarly, the development of the confining pressure provided the flax FRP tube in this study is also
expected to be a function of the axial strain of the confined ice. Considering that the flax FRP is a linear
elastic material, as a simplification, the relationship between the lateral strain (instead of confining
pressure from the flax FRP tube) and the axial strain of the plain ice cores and sawdust-reinforced ice
cores are presented in Figure 11. It was observed that the lateral strain vs. axial strain responses of all
ice cores were close to each other when their axial strains were within 0.5%. After that, the absolute
values of the lateral strains of the plain ice cores were greater than those of sawdust-reinforced ice
cores at a given axial strain, especially for plain ice cores confined by two and four FRP layers in flax
FRP tubes. This observation indicated that the lateral dilation of the confined sawdust-reinforced ice
was more effectively suppressed due to the fiber bridging effect after the introduction of sawdust in ice.

 
Figure 11. Lateral strain vs. axial strain responses of confined ice.

3.5. Hoop Strain Distribution of FRP Tube

The uniformity of the lateral dilation of flax FRP-confined might be reflected by the hoop strain
distribution of outer flax FRP tube around the circumference. Figure 12 shows the distribution of
the hoop strains of flax FRP tubes in PIFFT and SIFFT specimens corresponding to the peak loads.
The hoop strains were monitored by the four hoop strain gauges around the circumference of the outer
flax FRP tube (Figure 3b). It was observed that the hoop strain distribution of flax FRP tubes in SIFFT
specimens was more non-uniform compared with that in PIFFT columns. Similarly, the hoop strain
distribution of FRP jacket in FRP-confined concrete columns tested under axial compression was also
observed to be non-uniform [41]. It might be attributed to the fact that both the sawdust-reinforced
ice and the concrete are a mixture of at least two constituent materials, and there is an unavoidable
regional heterogeneity in the body of the specimen even though it is carefully prepared. By contrast,
the plain ice was prepared using one component material (i.e., water), thus causing a much more
uniform distribution of the hoop strains of flax FRP tubes in PIFFT columns in this study. In addition,
the hoop strains within the overlapping zone of flax FRP tubes in PIFFT and SIFFT specimens were
observed to be slightly smaller than those outside the overlapping zone, which was similar to the
observations in axially loaded FRP-confined concrete columns [41].
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Figure 12. Distribution of hoop strains of FRP tubes in PIFFT and SIFFT specimens at peak loads.

It was also of great significance to investigate the hoop strain distribution of outer flax FRP tubes
in the composite columns at different loading period. In this study, specimens IF2-II and SF4-II were
selected as representatives to evaluate the distribution of the hoop strains of the flax FRP tubes in PIFFT
and SIFFT specimens at different loading level, respectively. In order to clearly present the variation of
hoop strains obtained even at the smallest axial load, all hoop strains were normalized by the readings
of SG1 at each level of loading. As shown in Figure 13a, the normalized hoop strain distribution
curves of flax FRP tubes in PIFFT specimens generally had a similar trend regardless of the variation
of axial load. By contrast, the normalized hoop strain distribution in SIFFT specimens (Figure 13b)
was observed to become more uniform with the increase of axial load. The phenomenon might be
explained by the fact that the confined sawdust–ice mixture with more initial defects than plain ice
becomes denser with the increase of axial load and lateral confinement. As a result, a more evenly
distributed hoop strains were observed in the more homogeneous sawdust-reinforced ice with the
increasing loading level. Moreover, the hoop strains within the overlapping zone of FRP tubes in PIFFT
and SIFFT columns were smaller than those outside the overlapping zone at different loading level.

 
Figure 13. Distribution of normalized hoop strains of FRP tubes in PIFFT and SIFFT specimens at
different loads.

3.6. Energy-Absorption Capacity

As we all know, a good structural member is required to have high bearing capacity, good
deformability, and large energy-absorption capacity. In this study, the flax FRP composites were almost
elastic until failure without yielding characteristic and the axial load vs. strain responses of PIFFT
and SIFFT columns were approximately linear before reaching the ultimate state. Therefore, it was
unsuitable to use peak load or ultimate axial strain alone to evaluate the energy-absorption capacity
of the composite columns. In order to solve this problem, one parameter termed energy index was
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initially proposed by Yan and Chouw [36] for flax FRP-confined concrete. In this paper, it was defined
as the ratio of the fracture energy of the confined plain ice or sawdust-reinforced ice divided by the
fracture energy of the unconfined plain ice. The fracture energy was the area under axial stress (from
zero to peak value) vs. strain curve of confined ice. It was observed that the area of the confined
sawdust-reinforced ice in SIFFT specimen was obviously larger than that of the confined plain ice in
the corresponding PIFFT specimen with the same tube thickness.

The average energy indexes of confined plain ice and sawdust-reinforced ice are shown in Figure 14.
According to the definition, the value of the energy index for the unconfined plain ice specimens was
equal to one. The energy index of the unconfined sawdust-reinforced ice specimens was 3.25 times as
large as that of the unconfined plain ice specimens. The energy indexes of the confined body in PIFFT
and SIFFT specimens were roughly linearly increased with the increase of flax FRP layers. In addition,
the energy index of the confined sawdust-reinforced ice in the SIFFT specimen was larger than that of
the confined plain ice in the corresponding PIFFT specimen with the same tube thickness. The energy
indexes of the confined plain ice in PIFFT specimens with two, four, and six plies of FRP layers were
2.10, 2.77, and 3.94, respectively, while 4.34, 7.20, and 10.14 for the confined sawdust-reinforced ice with
the same tube thickness, respectively. In summary, it confirmed that the energy-absorption capacity of
confined ice would be considerably improved if sawdust was introduced into ice or a thicker flax FRP
tube was used.

Figure 14. Energy index of confined plain ice and sawdust-reinforced ice.

3.7. Melting Rate

Figure 15 shows the melting ratio of four representative specimens (Figure 4) and the corresponding
outdoor temperature with increasing time periods. The melting ratio was defined as the weight
reduction of each specimen divided by its original weight of its involved ice. The weights of the
non-melting bodies (i.e., PVC hoses, sawdust and flax FRP tubes) were deducted during the calculation.
As shown in Figure 15, during the daytime, the melting rates of the four specimens were relatively fast
due to the solar radiation and increase of outdoor temperature, especially at the initial stage of the
melting tests. At night, the melting rates of the specimens were much slower because of the absence of
sunlight and lower temperature (around 4 ◦C). Moreover, the melting rate of the specimen PI was faster
than that of the specimens SI and IF6, which confirmed that the melting of plain ice was effectively
delayed by the inclusion of sawdust as well as the insulation of outer flax FRP tube.

In addition, the melting rates of specimens SI and SF6 were close to each other, which indicated
that flax FRP tube has little influence on the melting rate of sawdust-reinforced ice specimen.
This phenomenon might be explained by the melting mechanism of sawdust-reinforced ice in SIFFT
column, as shown in Figure 16. The unconfined or confined sawdust-reinforced ice was surrounded
by a layer of dry wood fiber with a very low thermal conductivity after the initial melting, which
insulated the inner frozen sawdust-ice mixture from solar radiation. Sawdust-reinforced ice specimen
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itself had so excellent melting-resistant properties that the insulting effect of the outer flax FRP tube in
SIFFT specimen was not dominant. The specimen PI was totally melted at 50.26 h while 74.93 h for
the specimen IF6. The melting rates of the specimens SI and SF6 were so slow that their monitoring
was stopped at 75 h, with the corresponding final melting ratios of 51.7% and 48.3%, respectively.
Finally, it should be noted that the melting test is a relatively rough exploratory test. In addition to the
temperature, many other factors such as the heat flow are not taken into consideration in this paper due
to the limitation of experimental conditions, which will be improved by the authors in future study.

 
Figure 15. Melting rate of representative specimens and variation of temperature with increasing time.

 
Figure 16. Melting mechanism of sawdust-reinforced ice in SIFFT specimen.

4. Ultimate Bearing Capacity of Short Columns

Taking the bearing contribution of outer flax FRP tubes into consideration, the ultimate bearing
capacity Nu of the proposed PIFFT and SIFFT short column with circular sections can be calculated
as following:

Nu = β f f A f + f ′icAi (1)

in which A f and Ai = actual cross-sectional areas of flax FRP tube and plain ice or sawdust-reinforced
ice core, respectively; f f = compressive strength of flax FRP tubes (57.2 MPa in this study) obtained
by the compression tests on hollow flax FRP rings based on the actual thickness ta (Table 1). β is a
reduction factor proposed based on the consideration that the hollow FRP rings and ice cores do not
simultaneously reach their axial peak loads. The compressive strength of outer FRP tube in composite
columns will be overestimated if the bearing capacity of hollow FRP rings is directly used. f ′ic is the
compressive strength of the confined plain ice and sawdust-reinforced ice, which is obtained through
regression analysis (Figure 17). It was noticed from Figure 17 that the slope of trend line for PIFFT
specimens was larger than that observed for SIFFT specimens, which might be attributed to the fact
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that the plain ice with relatively weak compressive strength is much more sensitive to the lateral
confinement from flax FRP tubes compared with sawdust-reinforced ice.

f ′ic
f ′io

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1 + 1.93 fl

f ′io
for PIFFT

1 + fl
f ′io

for SIFFT
(2)

in which f ′io = compressive strength of the unconfined plain ice or sawdust-reinforced ice, with values
of 2.77 and 4.28 MPa, respectively, in this study; fl =maximum confining stress of flax FRP tubes at
rupture and it is given by

fl =
2E f εh,rupt

D
(3)

in which E f = hoop tensile elastic modulus of flax FRP tube; t = nominal thickness of flax FRP tube;
D = diameter of confined ice; εh,rup = hoop rupture strain of flax FRP tube and it can be determined by

εh,rup = kεε f (4)

in which ε f = ultimate tensile strain of flax FRP laminates obtained via flat coupon tests; kε = FRP
efficiency factor initially proposed by Pessiki et al. [49] for FRP-confined concrete, which was used
in this study to evaluate the utilization rate of the strain capacity of the flax FRP in PIFFT and SIFFT
columns. Figure 18 shows that the mean values of kε were 0.313 and 0.643, respectively, for PIFFT and
SIFFT specimens.

ic l

io io

f f
f f
R

= +

=

  
f ' ic

 f ' io

 fl f '
io

ic l

io io

f f
f f
R

= +

=

 
Figure 17. Regression of the compressive strength of confined ice.

It can be seen from Figures 8 and 9 that the peak axial strains of the confined plain ice and
sawdust-reinforced ice in corresponding PIFFT and SIFFT short columns were smaller than those
of flax FRP rings, which indicated that it was unsuitable to predict the axial bearing capacity of the
composite short column using the simple superposition of the peak loads of the confined ice and
FRP ring. Therefore, a reduction factor βwas incorporated to assess the compressive strength of the
outer flax FRP tube in PIFFT and SIFFT specimens more accurately. It was defined as the ratio of
axial load of flax FRP ring corresponding to peak strain of the composite short column to the bearing
capacity of flax FRP ring. Figure 19 shows the relationship between the reduction factor β and the
diameter-to-thickness (D/ta) ratio of flax FRP tube. The value of β was around 0.53 for PIFFT short
columns and approximately linearly decreased with D/ta ratio for SIFFT short columns. The value of
βwas determined using Equation (5).

β =

{
0.53 for PIFFT
1.21− 0.0078 D

ta
for SIFFT

(5)
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Figure 20 shows the comparison of ultimate bearing capacities between predicted and experimental
results. The ratio of the calculated ultimate bearing capacities Nu to the experimental results Ne was
close to one, which indicated that the proposed equation achieved good evaluation of the ultimate
bearing capacities of circular PIFFT and SIFFT short columns. It is noteworthy that the equations
for evaluating the bearing capacities of PIFFT and SIFFT stub columns are proposed based on the
test results of fairly limited specimens tested in this study. Therefore, the accuracy of these equations
remains to be verified by more test results reported by other researchers. However, to the best of the
authors’ knowledge, composite columns consisting of natural FRP composites (e.g., flax FRP) and
ice have not been documented in the literature. Therefore, more reasonable equations with enough
accuracy need to be established on the basis of more detailed experimental results and more in-depth
theoretical analysis in future study. In addition, it should be noted that axial compression tests are very
sensitive to boundary conditions, which would cause non-pure compressive state in the specimens.
Furthermore, the lateral confining stress provided by the flax FRP tube further complicates the internal
stress in the ice core of the specimens. In order to take these factors into consideration, finite element
modeling might be a good technique that could be used to study and identify this complex internal
stress state of the confined ice. The related work will be incorporated in the authors’ future study.

k

k

Figure 18. Strain efficiency factor in PIFFT and SIFFT specimens.

a

D
t

β

 D ta

β

Figure 19. Relationship between β and D/ta in PIFFT and SIFFT specimens.
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Figure 20. Comparison of ultimate bearing capacities between calculated and experimental results.

5. Conclusions

This paper presents an exploratory investigation on the axial compressive behavior of circular
sawdust-reinforced ice-filled flax FRP tubular (SIFFT) short columns. In addition to SIFFT short
columns, three types of short columns including the plain ice specimens, the sawdust-reinforced
ice specimens, and the plain ice-filled flax FRP tubular (PIFFT) specimens were also tested to make
comparisons between different specimen series. It confirmed that the proposed SIFFT columns hold
great potential to be used as compression members in cold areas due to its good compressive behavior.
Moreover, the SIFFT column is innovatively achieved by three types of recycled constituent materials
(i.e., flax fiber, ice, and sawdust), which might lead to a more sustainable and environmentally friendly
solution. The results and discussions presented in this study allow the following conclusions to
be drawn:

(1) Both PIFFT and SIFFT specimens fail by the rupture of flax FRP tubes outside the additional
confinement zone. The lateral dilation and the development of cracks of the ice cores are effectively
suppressed by the outer flax FRP tubes. Overall, the PIFFT and SIFFT specimens exhibit relatively
brittle behavior.

(2) Different from the typically bilinear curves of FRP-confined concrete, the axial stress vs. strain
curves of flax FRP-confined ice are quite linear. The compressive strength of confined plain ice
and sawdust-reinforced ice is approximately linearly enhanced with the increasing number of
FRP layers in flax FRP tubes. Sawdust-reinforced ice cores have greater compressive strength,
ultimate axial strain, and energy-absorption capacity compared with plain ice cores confined by
flax FRP tubes with the same thicknesses.

(3) At a given axial strain, the lateral dilation of confined sawdust-reinforced ice is smaller than that
of confined plain ice. The hoop strain distribution in SIFFT specimens is more non-uniform than
that observed in PIFFT specimens.

(4) The melting of plain ice specimen is effectively delayed by the inclusion of sawdust and the
insulation of outer flax FRP tube, while the melting rate of unconfined sawdust-reinforced ice is
close to that of confined sawdust-reinforced ice due to the insulation of a layer of dry wood fiber
with a low thermal conductivity after the initial melting.

(5) Equations are proposed to estimate ultimate bearing capacities of PIFFT and SIFFT short columns
with circular sections. The predictions are shown to be in reasonable agreement with the
test results.
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Abstract: The interface bonding behavior between the steel tube and the concrete of concrete-filled
steel tube (CFST) blended with circulating fluidized bed bottom ash (CFB-BA) was investigated
in this study. A total of 8 groups of CFSTs stub columns were prepared with different dosage of
CFB-BA, water-binder ratio (W/B), and interface bonding length. A series of push-out tests were
carried out to acquire the data representing the interface bonding behavior. The results show that the
dosage of CFB-BA has a direct effect on interface bonding behavior of CFST. CFB-BA can improve
the interface bonding behavior of CFST. The highest ultimate bonding load and strength are achieved
when the dosage of CFB-BA is 30%. When the dosage of CFB-BA increases to 50%, its interface
bonding behavior decreases, but is still better than that of CFST without CFB-BA. W/B has a negative
correlation with the interface bonding behavior of CFST. While the W/B increases, the interface
bonding load and strength of CFST decreases. The increase of the interface bonding length can
improve the interface bonding load, but cannot improve the interface bonding strength.

Keywords: concrete-filled steel tube; circulating fluidized bed bottom ash; push-out test; bonding
strength; bonding load

1. Introduction

Concrete-filled steel tube (CFST) is composed of steel tube and core concrete working
together [1,2]. It has the characteristics of high bearing capacity, large lateral rigidity, good
ductility and high construction efficiency [3–8]. CFST has been widely applied as the large
load-bearing components in the construction because it can reduce the component size,
save resources, speed up construction efficiency, and protect the environment [9,10].

The interface bonding force of the CFST consists of chemical bonding force, mechanical
biting force, and frictional resistance [11]. There are many factors that affect the interface
bonding strength of CFST, such as the shrinkage of concrete, water-to-binder ratio, and
additives [12,13]. Xiushu Qu [14] studied the influence of factors such as the amount of
concrete expansion agent and compressive strength of concrete on the bonding strength of
concrete. The test results show that the compressive strength of concrete and the amount
of expansion agent are the main factors affecting the interface bonding strength. Raed
Abendeh [15] observed the bonding behavior by changing the material composition with
rubber wire, and found that the shrinkage of concrete is also a vital factor affecting the
bonding strength of CFSTs. The shrinkage of concrete can reduce the bonding strength
of CFSTs, and even separate the steel tube and core concrete. Chang Xu [16] studied the
interface bonding behavior of CFSTs with the expansive cement, and found that expansive
cement can significantly enhance the bonding strength of CFSTs. The reduction of concrete
shrinkage can improve the bonding strength of CFSTs.

Circulating fluidized bed bottom ash (CFB-BA) is a waste product from the bottom of
circulating fluidized bed combustion in thermal power plants. CFB technology has been
widely used due to its advantages such as good fuel adaptability, high efficient combustion,
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and low NOx emissions [17–19]. The annual emissions of CFB-BA are very large, but
its utilization rate is low [20]. Different from ordinary coal-fired fly ash, the particles of
CFB-BA are loose and porous inside, so it has lager water absorption. Just like fly ash,
CFB-BA also contain SiO2 and Al2O3, so it also has pozzolanic activity [21]. Researches
have shown that CFB-BA has expansibility, which is closely related to the content of
anhydrite and f-CaO [22–24]. To avoid the damage caused by expansion, the CFB-BA
should be treated or the amount should be controlled during use. Mechanical grinding
is a useful modified method for CFB-BA, which can improve the CFB-BA’s utilization
and optimize its performance [22]. Zhi Cheng et al. [23] studied the expansion and load-
deformation behavior of self-compacting concrete-filled steel tube stub column of CFB-BA.
The results show that CFB-BA can improve the bearing capacity of concrete-filled steel
tube stub columns.

The aforementioned works indicate that CFB-BA has expansibility, which is benificial
for compensating the shrinkage of concrete. This paper presents the interface bonding
behavior between the steel tube and the core concrete of CFST, which can contribute to the
application of CFB-BA in CFST. In the paper, a controlled variable method was used to
design a total of 8 groups of CFSTs, and push-out tests were carried out. The dosage of
CFB-BA, the water-binder ratio and the interface bonding length are considered to be the
main influencing factor. Load-slip curves, longitudinal strain distribution, and other data
were obtained to analyze the interface bonding behavior of the CFSTs.

2. Experiment Part

2.1. Materials

Grade P.O 42.5 Portland Cement (PC) (Chihoi, Taiyuan, China) was used in the
experiment. The physical and mechanical properties of the PC are shown in Table 1. The
CFB-BA from Pingshuo Coal Gangue Power Plant of Shuozhou, China was applied as well.
After grinding with a ball mill for 39 min, it was passed through an 80 μm square hole
sieve to gain a fine CFB-BAs. The main chemical compositions of CFB-BA are shown in
Table 2. The ground CFB-BA was used as a mixture, which partly replaced PC. The surface
area of the ground CFB-BA was 400 m2/kg. Particle size distribution of ground CFB-BA is
shown in Table 3. Figure 1 shows the images of the raw CFB-BA and the ground CFB-BA.

Table 1. Properties of Portland Cement.

Setting Time
(min)

Flexural Strength (MPa) Compressive Strength (MPa) Density
(kg/m3)

Surface Area
(m2/kg)

Initial Final 3 d 28 d 3 d 28 d

183 234 5.5 7.6 26.1 45.9 3100 350

Table 2. Main chemical compositions of CFB-BA (%).

SiO2 Al2O3 CaO SO3 Fe2O3 MgO K2O P2O5 Na2O
Loss on
Ignition

42.19 25.9 10.1 5.91 3.1 1.35 0.79 0.12 0.06 6.09

Table 3. Particle size distribution of ground CFB-BA.

Grinding Time
(min)

Specific Surface
Area (cm2/g)

×10 (μm) ×50 (μm) ×90 (μm) ×98 (μm)

39 400 1.40 15.07 63.86 97.23
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(b) (a) 

Figure 1. Digital images (a) Raw CFB-BA (b) Ground CFB-BA.

The crushed stone (G) (5~20 mm) was used as the coarse aggregate, which meets the
demand of the Chinese Industry Standard “GB/T 14685-2011 Pebble and crushed stone for
construction” [25]. The fine aggregate was the natural sand (S) with a fineness module of
2.86–2.94, and the apparent density and bulk density were 2590 kg/m3 and 1550 kg/m3,
respectively. The sand was sieved in compliance with the Chinese Industry Standard
“GB/T 14684-2011 Construction sand” [26]. All aggregates were air-dried before use.

The polycarboxylate superplasticizer (PS) was from Baoding Muhu Hengyuan New
Building Material Company (Baoding, China). Grade Q235 circular steel tubes with a
straight slit (Tangshan Iron & Steel Group, Tangshan, China) were adopted to fabricate the
test specimens. The steel tube was 2.5 mm in thickness and 89 mm in outer diameter. The
material properties of steel are shown in Table 4.

Table 4. Properties of the steel tubes.

Thickness (mm)
Elastic Modulus

(GPa)
Yield Strength

(MPa)
Ultimate

Strength (MPa)
Poisson’s Ratio

2.5 206 312 441 0.3

2.2. Preparation of the Specimens

A total of 8 groups CFSTs were fabricated with a dosage of CFB-BA, W/B, and interface
bonding length as variables. Each group contained two specimens, and the final test results
were averaged accordingly. The self-compacting concretes (SCCs) were prepared, and the
values of slump flow all exceed 650 mm. Before pouring the specimens, both ends of the
steel tubes were polished, and the bottom was sealed with thin-film plastic to prevent the
poured concrete from flowing out. The specimens were fabricated in the laboratory with a
temperature of 20 ± 2 ◦C and a relative humidity of 50%. Three standard test cubes were
reserved for each group to test the compressive strength of SCCs. The Mix proportions of
SCCs is shown in Table 5, and the component parameters of CFSTs is shown in Table 6.

Table 5. Mix proportions of SCCs.

SCC
CFB-BA

(%)
W/B PC (kg)

CFB-BA
(kg)

W (kg) S (kg) G (kg) PS (%)

SCC-1 0 0 548.8 0.0 164.6 790.6 885.5 1
SCC-2 10 0.3 493.7 54.9 164.7 785.4 877.8 1.2
SCC-3 30 0.3 383.6 164.4 164.4 784.7 976.9 1.3
SCC-4 50 0.3 274.3 274.3 164.6 782.2 872.2 1.7
SCC-5 30 0.34 365.8 156.8 177.7 784.7 876.9 1.3
SCC-6 30 0.38 350.7 150.3 190.4 784.5 877.1 1.2
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Table 6. Component parameters of CFSTs.

Group SCC CFB-BA (%) W/B
Bonding Length

(mm)
D × T × L

(mm)

GP1 SCC-1 0 0.3 250 89 × 2.5 × 300
GP2 SCC-2 10 0.3 250 89 × 2.5 × 300
GP3 SCC-3 30 0.3 250 89 × 2.5 × 300
GP4 SCC-4 50 0.3 250 89 × 2.5 × 300
GP5 SCC-5 30 0.34 250 89 × 2.5 × 300
GP6 SCC-6 30 0.38 250 89 × 2.5 × 300
GP7 SCC-5 30 0.3 200 89 × 2.5 × 300
GP8 SCC-3 30 0.3 150 89 × 2.5 × 300

2.3. Test Setup and Instrument

The static grading load method was adopted in the push-out test. The test device
model is shown in Figure 2. The steel tube at the free end of the test specimen was
compressed. The core concrete at the loading end was also compressed. A rigid pad with a
diameter slightly smaller than the steel tube was placed at the bottom of the core concrete
at the loading end. Slippage occurred, and the core concrete was pushed out. Strain gauges
were affixed every 50 mm in the longitudinal height of the steel tube specimen to measure
the strain value along with the height. Two dial gauges were symmetrically arranged on
the surface of the pressure plate to measure the relative slip between the steel tube and the
concrete. Figure 3 shows the actual test device system, and Figure 4 shows the specimen
before loading and after loading.

Figure 2. Test device model of CFST.

The loading process of the CFST specimen is divided into two stages, known as the
pre-loading stage and formal loading stage.

During the process of test loading, the 5 kN load was pre-applied. The upper and
lower pressure plates, specimens and pads of the press were in close contact so that the
core concrete was evenly stressed.

In the formal loading stage, the load was graded, the rate was lower than 200 N/s,
and the load was recorded every 5 kN load until the test specimens failed. At the beginning
of loading, there was no change in the value displayed by the dial gauge and strain gauge.
As the load increased, the loading process was gradually stabilized, and a small amount of
slippage occurred at the end of the loading process. The relative amount of slippage became
even larger as the load increased from the initial stage. The produce of the slippage means
the chemical bonding force failure between the steel tube and the CFB-BA concrete [23].
In the later loading process, the load remained unchanged. The value of the dial gauge
continued to increase, and the rigid pad has a pivotal displacement change, but the steel
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tube did not collapse. At this time, the bonding force at the interface of the CFST, and the
specimens were broken. The test results of the specimens are shown in Table 7.

(a) (b) 

Figure 3. Test device system of CFST (a) loading system (b) data collection system.

(a) (b) 

Figure 4. Comparison of CFST specimen (a) before loading (b) after loading.

Table 7. Test results of specimens.

Group
CFB-BA

(%)
W/B

Bonding
Length (mm)

Compressive
Strength at 28 d

Age (MPa)

Ultimate
Bonding Load

(kN)

Ultimate
Bonding

Strength (MPa)

Relative Slip
Value (mm)

GP1 0 0.3 250 57.1 134.1 1.97 2.514
GP2 10 0.3 250 52.4 164.5 2.42 2.486
GP3 30 0.3 250 55.5 169.6 2.50 2.286
GP4 50 0.3 250 48.8 136.1 2.00 1.200
GP5 30 0.34 250 46.6 155.0 2.13 2.199
GP6 30 0.38 250 37.1 134.4 1.92 2.097
GP7 30 0.3 200 55.5 125.2 2.54 1.573
GP8 30 0.3 150 55.5 102.5 2.51 1.017
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3. Results and Discussions

3.1. Load-Slip Curves of CFST

The load-slip curves of CFST are shown in Figure 5. It can be seen that the shape of
the load-slip curve of each group is similar to that of concrete-filled steel-tube without
CFB-BA (GP1). In the entire process of interface adhesion from occurrence to destruction,
the common characteristics can be concluded.

Figure 5. Load-slip curves of CFST (a) different dosage of CFB-BA (b) different W/B (c) different bonding length (d) ultimate
bonding load.

During the initial loading, slip occurs on a small scale between the concrete and the
steel tube, because the core concrete is in direct contact with the loading slab. The core
concrete produces the elastic compression deformation, causing slip afterward. As the load
increases, the relative slip between the steel tube and the core concrete undergoes a process
from slight slip to partial slip, and finally to full slip. When the load is increased to the
failure load of the component interface bonding, the load-slip curve grows almost linearly.
Besides, the interface bonding force is continuous along with the component length. With
the increase of the load, the relative slip also increases with the speed lower than the load
speed. When the applied load is close to the interface failure load, the relative curvature of
the load-displacement curve becomes smaller. Load-slip curve shows an evident inflection
point. With the increasing of component relative slip, the load has no significant change.
The curve stays at a certain level for a period of time.

Figure 6 shows the load-slip curve model of CFST. As seen in Figure 6, the curve is
consisted by four sections, which are OA, AB, BC and CD.

136



Materials 2021, 14, 1529

Figure 6. Load-slip curve model of CFST.

In the OA section, the initial load is rather small, and the specimens have a slight
relative slip. At this time, the interface bonding force of the CFST is mainly borne by the
chemical bonding force. The main factors affecting the chemical bonding force are cement
dosage, concrete strength, and water binder ratio [23]. The chemical bonding force is small.
When the applied load is low, an insignificant local relative slip occurs between the steel
tube and the core concrete. At this time, the chemical bonding force of the part where the
relative slip occurs has failed.

In the AB section, when the load continues increasing, a relatively large slip occurs
between the core concrete and the steel tube. The local relative slip becomes more evident.
At this time, the load on the specimen increases faster than the increase of relative slip.
The interface bonding force is mainly caused by part of the chemical bonding force and
mechanical biting force. When the chemical bonding force and mechanical biting force on
the interface reach the maximum value, the load is near to the ultimate bonding load (FU).
The load shows approximate linear distribution before the load is near to point B.

In the BC section, when the load reaches point B, the relative slip of the CFST interface
enters a nonlinear phase. The core concrete has slipped to the steel tube. At this time,
the chemical bonding force and mechanical bite force have failed. The interface bonding
force is mainly borne by the friction between the steel tube and the core concrete. In this
stage, even if a small load is applied, the displacement between the steel tube and the core
concrete will be significantly changed.

In the CD section, as the slippage continues to develop, the concrete expands circum-
ferentially under axial compression, and lateral extension produces. The concrete’s lateral
extension results in the increase of the steel tube’s lateral pressure, which enlarges the
sliding friction on the interface, so the CD section shows an upward trend.

3.2. Longitudinal Strain Distribution of CFST

The curve of longitudinal strain distribution of CFST is shown in Figure 7. It can
be seen from Figure 7 that at the initial loading process, the longitudinal strain along the
height of the steel tube shows no difference under the small load. The force transmission
between the steel tube and the concrete in the specimens are relatively uniform. As the
load gradually increases, the longitudinal strain along the height of the component also
increases. Then, the continuity of the force transmission between the steel tube and the core
concrete is gradually broke, which means that the bonding strength between the steel tube
and the core concrete is damaged. A relative slip occurs between the steel tube and the
core concrete. From the analysis on the strain curve of each specimen, it can be obtained
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that the largest longitudinal strain on the steel tube appears at its free end, and the smallest
strain appears at its loading end.

Figure 7. The curve of longitudinal strain distribution of CFST. Note: FU means the ultimate bonding load.
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Throughout the testing process, the steel tube was assumed to be always in the elastic
stage before the specimen was damaged. In this test, the elastic modulus E of the steel tube
is regarded as a fixed value. From the analysis of the stress state, when the core concrete in
the steel tube is pushed out, it will produce a particular lateral squeeze on the steel tube
with the action of thrust. The lateral squeeze makes the circular steel tube located in a
circumferential tension state, causing a certain elastic deformation in the circumference of
the steel tube. A small pushing load is applied to the test piece so that the core concrete can
closely make contact with the steel tube. At this time, the core concrete exerted a specific
lateral compression on the steel tube, which can increase the longitudinal strain of the steel
tube. The core concrete is effectively restrained, which leads to an increase in the bonding
stress. The increase of bonding stress is conducive to the cooperation of the steel tube and
the concrete under external load.

3.3. Influence Factors on the Interface Bonding Behavior of CFST

Figure 8 shows the dependence of CFB-BA dosage on the interface bonding behavior.
It can be seen from Figure 8 that when the amount of CFB-BA is 30%, the bonding load
reaches the maximum. Comparing with the concrete filled steel tube without CFB-BA, its
ultimate bonding load increased by 26.5%. The ultimate bonding loads of the concrete
filled steel tube with 10% and 50% CFB-BA were higher than those without CFB-BA by
22.7% and 1.5%, respectively. The bonding strength of the group GP2 with 10% CFB-BA,
the group GP3 with 30% CFB-BA, the group GP4 with 50% CFB-BA are 22.8%, 26.9%, 1.5%,
respectively, which are all higher than that of the group GP1 without CFB-BA. CFB-BA
contains II-CaSO4 and f-CaO. In the hydration process of the cementitious system, f-CaO
can hydrate to Ca(OH)2, and II-CaSO4 can hydrate to gypsum. Gypsum can continue to
react with Ca(OH)2 and hydrated calcium aluminate, and then produce ettringite. The
ettringite can fill the pores and improve the compactness of the core concrete, and even
produce self-stress in the CFST. So dosage of CFB-BA can improve the compressive strength
of the core concrete, and make the core concrete and steel tube closer. But too much CFB-BA
can lead to great expansion and anhydrite cannot hydrate completely, which decrease the
compressive strength of the core concrete. So there exists a reasonable amount of CFB-BA.
When the amount of CFB-BA is 30%, the CFST gains the maximum bonding load and
maximum bonding strength [24].

Figure 8. Dependence of CFB-BA dosage on the interface bonding behavior (a) ultimate bonding load (b) ultimate
bonding strength.

Figure 9 shows the dependence of W/B on the interface bonding behavior. It can be
seen from Figure 9 that when the amount of CFB-BA and the bonding length are fixed, the
bonding load will reach the maximum with the water-cement ratio of 0.3. The bonding
strength also reaches the maximum 2.50 MPa. With the increase of W/B, the bonding
strength decreases by varying degrees. When the W/B is 0.34, the bonding strength is
reduced by 14.8%. When the W/B is 0.38, the bonding strength is reduced by 23.2%. It
can be seen from Table 6 that the measured compressive strength of the concrete cube
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decreases as the water-cement ratio increases. Cement mainly provides the cohesive force
for the concrete. As the water-to-binder ratio increases, the actual amount of cement
decreases, and the pores left by the sand and gravel aggregate cannot be filled. The porosity
increases, the concrete is not dense, and the strength decreases. With higher water-cement
ratio, the excess water may remain in the cement or evaporate to form pores or channels
after the hardening process, resulting in a decrease in mechanical strength. The reduction
in the strength of the core concrete will bring a decrease in the bonding strength of the
CFST interface.

Figure 9. Dependence of W/B on the interface bonding behavior (a) ultimate bonding load (b) ultimate bonding strength.

Figure 10 shows the dependence of bonding length on the interface bonding behavior.
As shown in Figure 10, when the amount of CFB-BA and W/B is constant, the longer the
interface bonding length, the higher the bonding load. However, the interface bonding
strength shows no notable change. The reason is that, while the interface bonding length in-
creases, the bonding force between the core concrete and the steel tube also increases. Thus,
the increase of interface bonding length cannot improve the interface bonding strength.

Figure 10. Dependence of bonding length on the interface bonding behavior (a) ultimate bonding load (b) ultimate
bonding strength.

4. Conclusions

The interface bonding behavior of CFST blended with CFB-BA was studied in the
paper, and a total of 8 groups of CFST were designed for the push-out test. Several
conclusions can be drawn as the following:

• The load slip curve of CFST blended with CFB-BA can be divided into four stages.
The strains along the longitudinal height of the steel tube are the same as the ordinary
CFST without CFB-BA.

• Adding CFB-BA within a certain range has a positive effect on the bonding strength of
CFST. When the dosage of CFB-BA is 10%, 30% and 50%, the interface bonding strength
of CFST increased by 22.8%, 26.9% and 1.5%, respectively. The micro-expansion
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property of the CFB-BA can make the concrete squeeze on the sidewall of the steel tube
to improve the interface bonding strength. However, too much CFB-BA in concrete
will reduce the strength of the concrete, thereby reducing the bonding strength of CFST.

• The W/B has an important influence on the interface bonding strength of CFST with
CFB-BA. When the dosage of CFB-BA and the interface bonding length are constant,
the higher the W/B, the lower the interface bonding strength of the CFST. W/B has
negative correlation with the interface bonding load and bonding strength. When the
W/B is 0.3, the interface bonding strength of the CFST reached the maximum, the
value reaches 2.50 MPa.

• Bonding length has a significant effect on the ultimate bonding load of CFST. However,
because the force-bearing area increases with the increase of the bonding length, the
bonding strength of CFST is basically unaffected.
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Abstract: In this paper, uniaxial compression tests were carried out for recycled aggregate concrete
with water cement ratios of 0.38, 0.49, and 0.66 and replacement ratios of 0%, 25%, 50%, 75%,
and 100%, respectively. The influence of the replacement ratio of recycled aggregate and water cement
ratio on the strength, elastic modulus, and deformation characteristics of concrete was discussed.
The results show that the replacement rate of recycled aggregate has a significant effect on the macro
stress–strain behavior of concrete. In the case of a constant water cement ratio, the peak nominal
stress first decreases and then increases with the increase of the replacement rate; while the water
cement ratios equal 0.38, 0.49, and 0.66, the corresponding transition states are 25%, 50%, and 50%
of the replacement rate, respectively. The deformation and failure is characterized by two stages:
distributed damage and local failure. Combined with the statistical damage mechanics, the influence
of the aggregate replacement rate on the damage evolution mechanism of recycled concrete on a
mesoscopic scale was explored. Two mesoscopic damage modes, fracture and yield, are considered.
Their cumulative evolutions are assumed to follow triangular probability distributions, which could be
characterized by four parameters. The peak nominal stress state and the critical state are distinguished,
and the latter is defined as a precursor to local failure. With the increase of the replacement rate of
recycled aggregate, the inhomogeneous evolution of mesoscopic damage shows obvious regular
change, which is consistent with the internal chemical and physical mechanism and macro nonlinear
stress–strain behavior.

Keywords: recycled aggregate concrete; uniaxial compression; stress–strain curve; mesoscopic
damage mechanism; statistical damage mechanics

1. Introduction

In recent years, with the construction of new buildings and demolition of abandoned buildings,
a large amount of construction waste has been generated in cities. The amount of construction waste is
increasing rapidly year by year, which is more obvious in developing countries such as China and
India [1]. Currently, construction waste in many countries is mainly recycled in the form of roadbed
bedding and recycled bricks. Unfortunately, these methods not only waste limited resources, but are
generally inefficient. On the other hand, with the further acceleration of urbanization, the consumption
of natural resources is increasing, and there is an urgent need for a sustainable construction waste
utilization method [2].

The application of recycled aggregate has become a priority project in various countries,
and recycled aggregate concrete (RAC) is widely regarded as a new channel for sustainable development
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of the construction industry [3]. Precisely because of the application of RAC, a large number of
construction waste disposal difficulties and the resulting negative impact on the environment and
other problems have been solved, and the exploitation of natural resources is reduced at same time,
which could protect the ecological environment [4–6]. RAC is a new type of concrete, which is made up
of recycled aggregate obtained from crushing, screening, cleaning, and other processes of construction
waste, water, cement, sand, and other admixtures in a certain proportion. The biggest difference
between RAC and NAC (natural aggregate concrete) is that the selected coarse aggregate is recycled
aggregate rather than natural coarse aggregate, which leads to some differences in their mechanical
properties. Many scholars at home and abroad have conducted a large number of experimental studies
on the performance of RAC. On the one hand, there are many pore defects in recycled aggregate,
resulting in the weak contact surface between recycled aggregate and old mortar in RAC, and the
strength of recycled aggregate is lower than that of ordinary concrete, which is widely recognized
by the public [7–9]. On the other hand, many micro-cracks in the recycled aggregate surface will
absorb new cement particles, which makes the contact area comprehensively hydrated and increases
the compactness of RAC, thus the mechanical properties of concrete have been improved [10–13].
Owing to the above two factors and the discreteness of concrete test results, scholars draw different
conclusions through similar experiments.

Kapoor et al., GF Belén et al., Beltrán et al., and Xiao et al. respectively carried out the mechanical
test of RAC under uniaxial compression with different replacement rates of recycled aggregate, and the
full stress–strain curves of RAC were obtained. The results showed that, with the increase of the
replacement rate, the compressive strength and elastic modulus of RAC show a gradually decreasing
trend, and the peak strain increased monotonously. The corresponding stress–strain curves have
similar shape characteristics in test [14–18]. Shi et al. proposed that, as a joint result of the water
absorption and replacement rate of recycled aggregate, the increase of the total water absorption of the
aggregate is the primary cause of the reduction in compressive strength, and the compressive strength
of RAC can be improved in an appropriate water content [19]. Gupta concluded that, when the water
cement ratio is low, the compressive strength of RAC will be lower than that of NAC, otherwise it is the
opposite [20]. Chen et al. carried out uniaxial compression tests for recycled pebble and gravel concrete,
and believed that the deformation and energy dissipation performance of RAC were inferior to that of
NAC [21,22]. Du et al. found that the peak stress, peak strain, peak secant modulus, and elasticity
modulus of RAC increase with the increase of concrete strength level [23]. Xiao et al. reported the
relationship between the mechanical properties of recycled coarse aggregate and the single origin
of recycled coarse aggregate, and believed that, when the recycled coarse aggregate is composite,
the failure characteristics are the same, but the descending section of the full stress–strain curve is
obviously affected [24]. Poon et al. compared the compressive strength of RAC at the ages of 3 d, 7 d,
and 28 d, and found that it increases at first and then decreases with the increase of replacement rate at
each age [25]. Tabsh and Abdelfatah hold that using RAC as high-strength concrete material is feasible
if compressive strength, flexural strength, and elastic modulus can meet the needs of engineering
characteristics, and it is necessary to establish a new standard for the use of recycled aggregate under
different conditions, which can effectively reduce costs and protect the environment [4]. The interface
transition zone (ITZ) is widely regarded as an important area affecting the mechanical properties of
RAC, and it is the joint place between aggregate and cement slurry, which is usually weaker than
aggregate or hydrated cement slurry. Li et al., Lotfi et al., and Kou et al. attribute the low specific
strength of recycled aggregate to the existence of new and old ITZ [26–28].

Owing to the limitation of test technology, the studies on mechanical properties of RAC in the
literature are mostly focused on the experimental analysis of macro mechanical properties, while the
studies on microscopic damage mechanism are scarce. Moreover, most of the constitutive relations
established are macroscopic phenomenological, focusing on the empirical fitting of test data, and could
not establish an effective relationship between microscopic damage mechanism and macroscopic
nonlinear constitutive behavior. In fact, the deformation and failure of quasi brittle materials (such as
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concrete and rock) is essentially a microscopic to macroscopic trans-scale damage evolution process,
involving the nucleation, initiation, and propagation of micro defects (micro cracks and micro holes).
The macroscopic nonlinear stress–strain behavior is determined by the heterogeneity of microstructure
and the nonlinear damage evolution on a micro scale. Meanwhile, damage localization is a common
phenomenon for quasi-brittle solid that macroscopic ultimate failure is caused by damage evolution
and accumulation. Localization behavior deepens the complexity of material deformation and
failure and the difficulty of analysis. On the basis of the catastrophe theory, Bai et al. divided the
deformation and failure of quasi brittle solids into two stages: distributed damage accumulation
and local disaster [29]. They pointed out that this kind of macro failure phenomenon caused by
the accumulation of micro-damage has mutation characteristics. When the microscopic damage
accumulates to a certain critical state, the damage develops rapidly and leads to the ultimate failure of
the material, which reflects the process from quantitative change to qualitative change.

Statistical damage mechanics is developed from continuous damage mechanics and has gradually
become a research hotspot in the field of damage mechanics. It provides an effective method for
studying the meso damage mechanism of quasi-brittle materials such as concrete. These kinds of
models abstract quasi-brittle materials into a complex system composed of countless meso-elements
(micro bar or micro spring). By assuming that the characteristic parameters of the meso-elements obey
some form of statistical distribution, such as Weibull and normal, the heterogeneity in the microstructure
of material could be introduced. In this way, both the complicated physical details of damage process
and the complicated calculation of statistical mechanics could be avoided. It can be used to build a
bridge between the meso damage mechanism and the macroscopic nonlinear mechanical behavior
of quasi-brittle materials. Considering that there are two fundamental damage modes (fracture and
yield) in the microstructure of concrete, the statistical damage models of concrete under uniaxial and
multiaxial loading were proposed by Chen et al. and Bai et al. [30–34]. They further put forward the
theory of intrinsic mechanical properties exert mechanism, suggesting that the deformation and failure
of quasi brittle materials is not only a “degradation” process of the mechanical properties involving the
initiation and propagation of micro-cracks and the decrease of macroscopic elastic modulus, but also
a “strengthening” process manifesting that continuous optimization and adjustment of the effective
stress skeleton in the microstructure to adapt to the change of external load environment.

In the second chapter, the basic assumption of the statistical damage theory is introduced.
It describes the mesoscopic damage mechanism and macroscopic nonlinear mechanical behavior of
concrete under uniaxial compression in detail, as well as the statistical damage model of concrete
under uniaxial compression. The basic situation of the experiment, including the experimental scheme
with three water cement ratios and five replacement rates, is demonstrated in the third chapter.
Then, in Section 4, the test results are discussed. The influences of the water cement ratio and
recycled aggregate replacement rate on the stress–strain curve, elastic modulus, compressive strength,
peak strain, and failure mode are studied. In Section 5, the influence of the water cement ratio and
replacement rate on the meso damage mechanism is analyzed based on the statistical damage model.
In Section 6, the summary and prospect of the study are presented. In this paper, the tensile stress and
strain are expressed as positive, while the compressive stress and strain are expressed as negative.

2. Statistical Damage Theory

2.1. Basic Assumption

According to the theory of intrinsic mechanical properties exert mechanism [30,32,33],
the deformation and failure of quasi-brittle materials, such as concrete and rock, is essentially a
self-organized process in which the potential mechanical capacity of the material system is constantly
developed and released to adapt to the changes of the external load environment. As shown in Figure 1,
at the meso scale, there are two mechanisms of concrete under uniaxial compression: the degradation
effect and strengthening effect.

145



Materials 2020, 13, 3765

 
Figure 1. “Degradation” and “strengthening” in microstructure under uniaxial compression.

2.1.1. Degradation Effect

Owing to the existence of micro-cracks, micro-holes, and other micro-defects in the concrete matrix
before the force is applied, the micro-cracks will further expand with the increase of deformation
under the external load. At the same time, new micro-cracks will be generated in the weak parts of
the specimen because of local tensile strain exceeding the limit, accompanied by acoustic emission
phenomenon in microstructure, which is called the degradation effect. This effect is known as the
physical basis of traditional damage mechanics.

2.1.2. Strengthening Effect

Along with the degradation effect, the strengthening effect may also occur in the microstructure.
At the initial stress stage, the stress skeleton in the microstructure is not optimal. With the nucleation
and penetration of micro-cracks, the weak parts in the microstructure will gradually withdraw from the
stress state. Meanwhile, stress redistribution will occur in the microstructure, and the stress skeleton is
further optimized and adjusted, resulting in the potential mechanical capacity of the material being
further liberated to be able to withstand greater external loads (effective stress). When the effective
stress skeleton is adjusted to the optimum, it indicates that the potential mechanical capability of
materials is fully released. After that, the material will not be able to withstand greater effective
stresses, leading to local catastrophes. It is worth noting that this effect is ignored by traditional
damage mechanics.

In conclusion, in the process of damage evolution of concrete materials, the deterioration
phenomena such as the initiation and propagation of micro-cracks in microstructure are just external
representations. Meanwhile, the reinforcement effect generated by further optimization and adjustment
of the force skeleton (further development of potential mechanical capacity) should be regarded as the
internal motivation, which determines the whole course.

2.2. Uniaxial Compression

2.2.1. Meso Damage Mechanism

Under uniaxial compression, the compression direction is denoted as the main direction, and the
corresponding nominal stress, effective stress, and compressive strain are marked as σ, σE, and ε,
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respectively. The orthogonal directions on both sides are marked as direction 1 and 2, and the
corresponding tensile strains are marked as ε1 and ε2. As shown in Figure 2a, the typical nominal
stress–strain curve and predicted effective stress–strain curve of concrete under uniaxial compression
are presented. It includes four typical states, A, B, C, and D, where A is the state of limit proportion, B is
the peak nominal stress state, C is the critical state, and D is the local failure state. The corresponding
nominal stress and effective stress are noted as σA, σB, σC, σD and σEA, σEB, σEC, σED, respectively.
Figure 2b shows the meso damage evolutions in the microstructure of concrete specimen corresponding
to the four typical states, A, B, C, and D.

 

(a) 

 

A 

 

B 

 

C 

 

D 

(b) 

Figure 2. Uniaxial compression. CFZ, compression failure zone. (a) Meso damage mechanism and
macro nonlinear stress–strain relationship; (b) Schematic diagram of mesoscopic damage evolution in
typical states.
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During the loading process, owing to the Poisson effect, the concrete specimen will produce
transverse tensile strain in directions 1 and 2. Micro-cracks will occur randomly at certain weak parts
(such as the interface between aggregate and cement mortar) in the microstructure of concrete, when its
tensile strain exceeds the limit [33,34]. The orientation of the micro-crack surface is roughly parallel to
the pressure direction. At the same time, with the exit of the weak part from the stress state, the stress
redistribution in the microstructure is realized, and the effective force skeleton is further optimized
and adjusted to ensure that it can withstand more effective stress.

During the loading process from the initial to state C (O→A→B→C), the density of micro-cracks
increases gradually; the effective stress skeleton in microstructure could be further optimized and
adjusted by means of the initiation and propagation of micro-cracks. Thus, the material system can
obtain greater bearing capacity to maintain the balance with each load increment state. The effective
stress σE increases monotonically with the increase of compression deformation. At state C, the effective
force skeleton in the microstructure has been adjusted to the optimum, and σE reaches its maximum.
The nominal stress σ first increases and then decreases with the increase of compression deformation,
and reaches its maximum at state B. At this stage, the formation and penetration of micro-cracks were
random and disorderly in the whole range of the specimen, with the micro-crack density in a small
degree. The whole specimen can approximate in a state of uniform damage and deformation. Thus,
we define it as the uniform damage phase.

After state C, the force skeleton of the microstructure cannot be further optimized by means of
micro-crack generation and propagation, which indicates the potential mechanical capacities of the
material have been played to the limit, and then the specimen will enter a failure stage characterized
by local catastrophe. Damage localization will appear, forming the local compression failure zone
(CFZ). In the CFZ, the compression damage will further aggravate with the expansion of macroscopic
longitudinal tensile cracks; at state D, the localized shear band will further occur, which finally leads to
the failure. Meanwhile, the rest of the specimen will unload and remain a continuum [35,36]. At this
stage, the localized behavior of damage evolution deepens the complexity of catastrophic failure and
the difficulty of prediction. Localization makes it difficult to describe the behavior of solids in terms of
the global average [29]. The nominal stress–strain curve experimentally obtained has an obvious size
effect and cannot be regarded as a pure material property. Here, state C is further taken as a precursor
to local failure, and the whole process is divided into the uniform (distributed) damage stage and local
failure stage [31,33,34].

Van Geel studied the damage localization of concrete under compression [36]. On the basis of
the photographic observations along the different stages of the descending branch of the stress–strain
curve, he indicated that the localization occurs after the peak and on the steeper part of the softening
branch, where the macroscopic longitudinal tensile cracks start to extend toward the center of the
specimen. The remaining region of the specimen does not unload at the peak state, but will only start
to unload after a certain post-peak deformation, meaning the rest of the region still contributes to the
deformation of softening section, to some extent. This is consistent with the assumption of the position
of state C (critical state) in this paper.

2.2.2. Statistical Damage Constitutive Model

The above analysis shows that the deformation and failure of concrete under uniaxial compression
is essentially a continuous damage evolution process in three-dimensional space [31,34]. The damage
in the compression direction is controlled by the lateral tensile damage process caused by the Poisson
effect, which can be simulated by the improved parallel bar system model (IPBS) [30]. The variable ε+

(ε+ > 0, orthogonal to the compression direction) is defined as the equivalent transfer tension damage
strain corresponding to the compression direction. It can be expressed as a function of the lateral
tensile strains ε1 and ε2. For uniaxial compression, it satisfies ε+ = −νε, where ν is Poisson’s ratio.

As shown in Figure 2a, the macroscopic nonlinear stress–strain behavior (nominal/effective
stress–strain curve) of concrete in the compression direction is controlled by two kinds of mesoscopic
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damage evolution, fracture and yield [31,34]. They can be characterized by the fracture and yield
of micro-bars in the IPBS, and represent the initiation and propagation of micro-cracks and the
optimization and adjustment of the force skeleton of microstructures, respectively. It should be
emphasized here that the yield damage mode also reflects the “strengthening” effect in microstructure,
that is, the further development of the potential mechanical capacities.

q(ε+) and p(ε+) are defined as the probability density functions of mesoscopic fracture and yield
damage, respectively. To simplify the analysis, they are assumed to follow independent triangular
distributions [31,33,34]. For easy description, the strains of the x-coordinate are denoted by ε and
ε+, respectively.

The characteristic tensile strains corresponding to ε+ include εa, εh, and εb, where εa is the initial
damage strain; εh is the peak strain of p(ε+); εb is the maximum yield damage strain, and also the
peak strain of q(ε+); and εcr is the compressive strain corresponding to the critical state, satisfying
εb= −νεcr. The constitutive relation corresponding to the uniform damage stage (0 ≤ ε+ ≤ εb and
εcr ≤ ε ≤ 0) can be expressed as follows [31,34]:

σ = E(1−Dy)(1−DR)ε (1)

σE = E(1−Dy)ε (2)

Dy =

∫ ε+
0

p(ε+)dε+ −
∫ ε+

0 p(ε+)ε+dε+

ε+
(3)

DR =

∫ ε+
0

q(ε+)dε+ (4)

Ev =

∫ ε+
0

p(ε+)dε+ (5)

p(ε+) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0 (ε+ ≤ εa)
2(ε+−εa)

(εh−εa)(εb−εa) (εa < ε+ ≤ εh)

2(εb−ε+)
(εb−εh)(εb−εa) (εh < ε

+ ≤ εb)

. (6)

q(ε+) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 (ε+ ≤ εa)

2H(ε+−εa)
(εb−εa)2 (εa < ε+ ≤ εb)

(7)

H = DR (εb) (8)

where E is the initial modulus of elasticity; DR and Dy are the accumulated damage variables related
to mesoscopic fracture and yield damage, respectively; Ev is the evolution factor to describe the
“strengthening” process in the microstructure, corresponding to the yield damage mode; and H is the
fracture damage value corresponding to the critical state.

Ev could be used to assess the extent to which the potential mechanical capacity (adjustment
capacity of force skeleton in microstructure) of materials is developed, ranging from 0 to 1. When Ev = 0,
it corresponds to the initial undamaged state. When Ev = 1, it corresponds to the critical state, at which
point the potential adjustment capacity of materials reaches its limit, σE reaches its maximum, and then
the materials enter into the local catastrophic stage. The whole process embodies the characteristics of
“quantum” to “qualitative”, in which the yield damage mode plays a key role.

S is defined as the energy absorption capacity, which represents the energy absorbed by concrete
in the process of stress and deformation [37,38], and the expression is as follows:

S =

∫ ε
0
σdε (9)
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Sp =

∫ εp
0
σdε (10)

Scr =

∫ εcr

0
σdε (11)

where Sp and Scr are the energy absorption capacity corresponding to peak nominal stress state and
critical state, respectively; and σp and εp are the nominal stress and strain corresponding to the peak
nominal stress state, respectively.

2.2.3. Method of Parameter Determination

Each stress–strain curve needs to determine the following five parameters: E, εa, εh, εb, and H.
E can be obtained directly from the test curve, and its value is the secant modulus from 0.2–0.4 times
the peak nominal stress point to the origin point. εa, εh, εb, and H are obtained by the multivariate
regression analysis of the genetic algorithm module in Matlab toolbox. The specific steps are as
follows [34]:

1. Create a fitness function, including four parameters, εa, εh, εb, and H. The optimization criterion is
the minimum sum of squares of the deviation between the predicted stress and the measured stress;

2. Set the initial search interval of four parameters;
3. Genetic algorithm is implemented to obtain the optimal parameter solution of this iteration.

Adjust or narrow the parameter search interval according to the result;
4. Repeat step 3 until obtaining the optimal solution.

3. Experimental Descriptions

3.1. Materials

The cement used in this test is ordinary Portland cement produced by Henan Fengbo Tianrui
Company (Zhengzhou, China), and its performance indicators are shown in Table 1. The sand is natural
river sand (fineness modulus 2.92, medium sand) according to Chinese standard [39]. The natural
coarse aggregate is collected from continuous graded natural gravel, and the recycled coarse aggregate
is obtained by crushing and screening the abandoned concrete pavement of the school (the sampling
strength is about 35 MPa). The particle size range is 5 mm~20 mm, which can be regarded as a single
source. Figures 3 and 4 present the grain gradation curve and the apparent characteristics of coarse
aggregate, respectively. The physical properties of coarse aggregate are shown in Table 2, as measured
by the test methods provided in Chinese code [39].

Table 1. Performance indicators of cement.

Specific
Surface Area

(m2/Kg)

Coagulation Time/min 28d Strength/MPa
Chloride Ion

Content/%

Loss on
Ignition/%Initial

Coagulation
Final

Coagulation
Flexural
Strength

Compressive
Strength

348.7 176 244 7.1 48.6 0.022 3.2

Table 2. Basic properties of coarse aggregates.

Aggregate
Type

Particle Size
Range/mm

Moisture
Content/%

Water Absorption
Rate/%

Crushing
Index/%

Tight Packing
Density/(kg·m−3)

Apparent
Density/(kg·m−3)

Natural 5~20 0.23 0.65 10.07 1570.23 2722.27
Recycled 5~20 3.85 4.98 19.63 1272.67 2493.50

It can be seen from Table 2 that the moisture content, water absorption, and crushing value of
natural aggregate are lower than those of recycled aggregate, while the tight packing density and
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apparent density are higher. The apparent density of recycled aggregate conforms to the Type I
standard (apparent density > 2450 kg/m3) recommended in Chinese code [40], and the crushing index,
water absorption rate, and air void rate all conform to the Type II standard (crushing index < 20%,
water absorption rate < 5%, air void rate < 50%). The grain grading curve of coarse aggregate basically
satisfies the requirements of the continuous grain grading of Chinese standard [40]. In general,
the recycled coarse aggregate used in this experiment has relatively high quality.

Figure 3. Particle grading curve of coarse aggregate. NAC, natural coarse aggregate; RAC, recycled
coarse aggregate.

  

(a) (b) 

Figure 4. Apparent characteristics of coarse aggregate. (a) Recycled coarse aggregate; (b) Natural
coarse aggregate.

3.2. Mix Proportion

According to the test equipment conditions, cylinder specimens with a diameter of 100 mm and a
height of 200 mm were selected. Considering the dispersion of the experimental results, five specimens
were prepared for each group of tests. It is generally believed that the strength of concrete is very
sensitive to the water cement ratio. The surface of recycled aggregate is covered with an old cement
mortar compared with natural aggregate, resulting in higher water absorption of recycled aggregate,
which will inevitably have a greater impact on the mechanical properties of RAC. Therefore, it is
necessary to consider additional water in the mix design to balance the water cement ratio according
to Chinese code [40]. In order to fully consider cement hydration, the specimens were placed in a
standard curing room for 90 days. The mix proportion of three kinds of concrete with different water
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cement ratios is shown in Table 3, where RAC-I, RAC-II, and RAC-III correspond to concrete with
water cement ratios of 0.66, 0.49, and 0.38, respectively.

Table 3. Experiment mix ratio. RAC, recycled coarse aggregate; W/C, water/cement.

Specimen
Type

Replacement Rate of
Recycled Aggregate

W/C Cement Sand

Coarse Aggregate Water

Natural Recycled
Mixed
Water

Additional
Water

RAC-I

0% 0.66 311 735 1149 - 205 -
25% 0.66 311 735 861.5 287.5 205 3.94
50% 0.66 311 735 574.5 574.5 205 7.87
75% 0.66 311 735 287.5 861.5 205 11.80

100% 0.66 311 735 - 1149 205 15.74

RAC-II

0% 0.49 418 613 1164 - 205 -
25% 0.49 418 613 873 291 205 4.01
50% 0.49 418 613 582 582 205 8.02
75% 0.49 418 613 291 873 205 12.03

100% 0.49 418 613 - 1164 205 16.04

RAC-III

0% 0.38 539 563 1143 - 205 -
25% 0.38 539 563 857.2 285.8 205 3.57
50% 0.38 539 563 571.5 571.5 205 7.88
75% 0.38 539 563 285.8 857.2 205 11.81

100% 0.38 539 563 - 1143 205 15.75

Unit: Kg/m3.

3.3. Test Setup and Loading

The WAW-1000 electro hydraulic servo universal testing machine produced by Shanghai Hualong
Company (Shanghai, China) was used in the test, as shown in Figure 5. Before the test, the end face of
the specimen is ground and an anti-friction agent is applied. The specimen should be preloaded before
the formal loading test. Displacement control is adopted in the loading mode and the quasi-static
loading rate was 0.36 mm/min. The preloading end point is 40% of the designed strength. The uniaxial
compression test should start after three repeats of preloading. Quasi static loading is used for uniaxial
compression, and the loading rate is 0.36 mm/min with displacement loading mode. The longitudinal
deformation and axial force of the specimen are automatically collected by the testing system of the
testing machine, and the displacement meter measures the displacement at both ends of the specimen.
The experimental operation was conducted by referring to Chinese code [41].

 
Figure 5. Universal testing machine.

4. Experimental Results

After the test, five stress–strain curves were obtained for each group. Two curves with the
maximum and minimum peak stress were eliminated first, and the average stress–strain curve of the
middle three curves after average treatment is taken as the representative value of this group of tests.
The test parameters of the middle three curves are shown in Table 4.
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The average nominal stress–strain curves corresponding to five different replacement rates and
three different water cement ratios are as shown in Figure 6. It can be seen that the stress–strain
curves conform to the basic characteristics of the classic uniaxial compression test: good continuity and
smoothness. The stress–strain curves of different replacement rates are similar in shape and have good
regularity in curve trend. The pre-peak ascending phase of stress–strain from the origin to 50~70% of
the peak stress can be considered as a linear elastic stage, after which the slope of the curve gradually
slows down, and then the curve declines rapidly after reaching the peak stress. In the post-peak
descending phase, when the stress drops to 75–85% of the peak stress, the curve appears an inflection
point, and its shape changes from convex to concave, with the decreasing rate gradually slowing down.

(a) (b) (c) 

 σ

 

 σ

 

 σ

 

Figure 6. Stress–strain full curves under uniaxial compression. (a) RAC-I; (b) RAC-II; (c) RAC-III.

4.1. Compressive Strength

As shown in Figure 7, peak stress of RAC-I, RAC-II, and RAC-III (with water cement ratio
of 0.66, 0.49, and 0.38) decreases first and then increases with the increase of the replacement
rate R. With R = 50% as the bound, when the replacement rate increases in the interval [0%, 50%],
the compressive strength of RAC-I and RAC-II decreases monotonously, and then shows an upward
trend in the interval [50%, 100%]. In addition to the different inflexion point (R = 25%), the compressive
strength of RAC-III also conforms to the law of decreasing first and then increasing. At R = 100%,
the compressive strength of RAC-I, RAC-II, and RAC-III increases by 9.7%, 10.8%, and 11.8% compared
with NAC (R = 0%), respectively.

 

 σ

 R %

Figure 7. Summary of compressive strength.

Compared with NAC, there are two types of ITZ in RAC, namely old aggregate and old mortar,
as well as regenerated aggregate and new mortar, as shown in Figure 8. The change of macro mechanical
properties of RAC is closely related to the composition of material microstructures and the physical
and chemical reactions within RAC. There are two main mechanisms:
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• Degradation effect: old cement mortar is attached to the surface of recycled aggregate, ITZ of
new and old cement slurry is a weak area of mechanical properties [8], and there are many
micro-cracks in the production process of recycled aggregate under external force, which lead to
the degradation of mechanical properties [42].

• Strengthening effect: the high porosity of recycled aggregate means RAC contains more water
and plays an internal curing role, which makes the later hydration reaction more thorough [43].
Meanwhile, the remaining unhydrated old cement adheres to the surface of RAC particles and
reacts with water to improve the development rate of strength and the density of microstructure [44].
In addition, the porous properties of recycled aggregate allow it to bond better with new mortar
and absorb more water from ITZ, so as to reduce the water cement ratio of ITZ and effectively
improve the rigidity of local areas [10]. Moreover, the surface of recycled aggregate is rough and
angular, which increases the mutual friction and mechanical biting between aggregates [45,46].

Figure 8. Schematic of the old and new interface transition zone (ITZ) in RAC [8].

In this experiment, when R is in the range of 0–50% (RAC-III: 0–25%), the degradation effect is
dominant, and the strength of RAC decreases with the increase of the replacement rate, while R at the
range of 50–100% (RAC-III: 75–100%) shows the opposite situation to the one above.

Experiment dates of uniaxial compression obtained by different scholars for test blocks with
standard maintenance for 28 days are shown in Figure 9 [18,21,25]. As can be seen, the compressive
strength increases with the increase of the RAC replacement rate, or decreases first and then increases.
Relatively speaking, the change of compressive strength in this experiment is more obvious. According
to relevant experimental reports, the strength development rate of RAC concrete is higher than NAC,
especially in anaphase (28 days and later) [25,44,47]. As residues of unhydrated old cement adhere
to the surface of RAC particles, these particles react with water, so as to increase the strength and
development rate.

σ/

  R

Figure 9. Compressive strength statistics.
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4.2. Peak Strain

εp is the peak strain corresponding to the nominal peak stress. Figure 10 shows the change
rule of peak strain with replacement rate. The peak strain of RAC-I increases from −1.80 × 10−3 to
−4.15 × 10−3, with an increased monotonically trend. For RAC-II, with R = 50% as the limit, the peak
strain first increases from −1.94 × 10−3 to −3.28 × 10−3, and then decreases to −1.66 × 10−3. It can also
be seen clearly that, when the peak strain of RAC-III is bounded by R = 25%, it first increases from
−1.89 × 10−3 to −3.15 × 10−3 and then decreases to −2.55 × 10−3.

 

ε
 /×

  R

Figure 10. Peak strain.

4.3. Elastic Modulus

Figure 11 presents the trend and fitting curve of the initial elastic modulus E for RAC-I, RAC-II,
and RAC-III with the replacement rate, respectively. It can be seen that the curve has obvious regularity.
For RAC-I, E decreases by 51.3% from 17.96 GPa to 8.74 GPa, showing a trend of rapid decline first
and then to level, with the inflection point at R = 50%. As for the change trends of E for RAC-II and
RAC-III, they decrease first and then increase with the replacement rate. When the replacement rate is
100%, E of RAC-II increases by 17.7% from 22.3 GPa to 26.24 GPa, and E of RAC-III decreases from
26.2 GPa to 22.32 GPa with a 14.8% reduction.

E 
R

 R %

 E
/

Figure 11. Elastic modulus.

4.4. Deformation and Failure Characteristics

During the uniaxial compression test, the specimens will undergo several typical stages, each of
them corresponding to different mechanical characteristics. Figure 12 shows the typical deformation
view of the specimen at different stages. In Figure 12a, the whole specimen is in the stage of uniform
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deformation and damage; there are no macroscopic cracks here. At the post-peak softening section of
the stress–strain curve, when the stress of specimen decreases to 80–90% of the peak stress, a series of
columnar macro-cracks will appear in the middle of the specimen, forming an obvious local bulging
region (i.e., the CFZ), as shown in Figure 12b. Continuing loading, the compressive deformation and
damage are further increased in the local bulging zone, and the inclined shear cracks will appear when
the stress decreases to 50%~60% of the peak stress, as shown in Figure 12c, leading to the ultimate
failure of the specimen. Xiao et al. obtained similar results [17,18].

(a) (b) (c) 

Figure 12. Typical characteristics under uniaxial compression. (a)Uniform deformation; (b) Local
bulging; (c) Shear failure.

On the basis of catastrophe theory, the quasi-brittle solid failure is divided into the distributed
damage accumulation stage and local catastrophe stage by Bai et al. [29]. They pointed out that the
macroscopic failure of materials caused by the accumulation of micro damage has the characteristics
of mutation. When the damage accumulation reaches a certain critical value, the damage develops
rapidly and leads to final local failure of the material, which embodies the process from quantitative
change to qualitative change. Van Geel et al. studied the damage localization of concrete under
compression based on the photographic observations along the different stages of the softening branch
of the stress–strain curve [36]. They concluded that the damage localization occurs after the peak and
on the steeper part (about 90% of the peak stress) of the descending branch, which is related to concrete
type, aggregate size, and other factors. It was also observed that the concrete continuum outside the
CFZ does not unload at the peak, but will only start unloading after a certain post-peak deformation,
which has a certain contribution to the deformation of softening branch. In this paper, the state when
local bulging happens is taken as the critical state, and the deformation and failure of concrete under
uniaxial compression are divided into two stages: distributed damage and local failure, corresponding
to the catastrophe theory.

5. Analysis of Mesoscopic Damage Mechanism

Nonlinear mechanical behavior of concrete is the macroscopic representation of meso-
heterogeneous damage evolution, and the macroscopic stress–strain curve contains effective information
of mesoscopic damage evolution process. On the basis of the statistical damage model, the influence of
recycled aggregate replacement rate on the mesoscopic damage evolution of concrete under uniaxial
compression is studied according to the experimental curve. The intrinsic relationship between the
physical-chemical mechanism, the mesoscopic damage evolution mechanism, and the macroscopic
nonlinear mechanical behavior is discussed. Referring to Chinese code [39], Poisson’s ratio is 0.2.
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5.1. The Fitting of the Nominal Stress–Strain Curve

The nominal stress–strain curves fitted by the statistical damage model are presented in Figure 13,
and the calculation parameters are shown in Table 5. Moreover, the effective stress–strain curves are
also predicted using the model in this paper, as shown in Figure 14. The deformation and failure of
concrete under uniaxial compression can be better understood by this model from the perspective of
effective stress. In the distributed damage phase, nominal stress first increases and then decreases,
containing the peak nominal stress state. Meanwhile, the effective stress monotonously increases,
reaching the maximum at the critical state. After the critical state, the specimen will enter the local
failure stage characterized by the damage localization. The envelopes of the predicted nominal and
effective strain curves are as shown in Figures 15 and 16, respectively. As can be seen, with R = 50%
(RAC-III: R = 25%) as the boundary, the envelope shapes of RAC-I, RAC-II, and RAC-III show obvious
rules with the increase of the replacement rate.

Table 5. The results of the calculation parameters.

Specimen Type R/% E/GPa εa/×10−4 εh/×10−4 εb/×10−4 H

RAC-I

0 17.96 0.955 2.101 5.891 0.208
25 13.65 0.853 3.379 7.046 0.259
50 9.22 0.572 6.309 9.662 0.366
75 9.54 1.705 5.436 10.684 0.329
100 8.69 2.984 5.117 12.620 0.317

RAC-II

0 22.3 0.877 2.207 5.623 0.231
25 14.05 1.770 3.913 8.510 0.258
50 8.77 3.078 6.144 11.060 0.353
75 19.47 1.341 3.550 7.022 0.280
100 26.24 0.597 2.909 4.908 0.197

RAC-III

0 26.2 2.337 2.924 5.437 0.307
25 11.93 4.189 6.606 8.697 0.329
50 18.04 2.860 5.050 7.655 0.315
75 19.07 2.787 4.917 7.591 0.297
100 22.32 2.706 4.824 7.472 0.258

   

(a) (b) (c) 

σ/

ε ε

σ/

ε

σ/

Figure 13. Nominal stress–strain curve (plan view). (a) RAC-I; (b) RAC-II; (c) RAC-III.
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Figure 14. Effective stress–strain curve (plan view). (a) RAC-I; (b) RAC-II; (c) RAC-III.

  

(a) (b) (c) 

Figure 15. Nominal stress–strain curve envelope surface (3D view). (a) RAC-I; (b) RAC-II; (c) RAC-III.

  

(a) (b) (c) 

Figure 16. Effective stress–strain curve envelope surface (3D view). (a) RAC-I; (b) RAC-II; (c) RAC-III.

5.2. Mesoscopic Damage Mechanism

According to the four characteristic parameters (εa, εh, εb, and H), the specific shapes of triangular
probability distributions corresponding to the mesoscopic damage evolution of yield and fracture
could be determined, and the vivid physical pictures will be presented.

The change curves of yield damage related parameters, εa, εh, and εb, of RAC-I, RAC-II,
and RAC-III are indicated in Figure 17. It clearly shows the change rules of the yield damage parameters
with the replacement rate, when the water cement ratio is 0.38, 0.49, and 0.66, respectively. As shown,
when the water cement ratio is invariant, with the increase of the recycled aggregate replacement
rate, the changes of these three characteristic parameters show obvious regularity. Especially for
RAC-II and RAC-III, three parameters show the similar change law; that is, with R = 50% (RAC-III:
R = 25%) as the boundary, they present a trend of linear increase and then linear decrease. As for RAC-I,
with R = 50% as the boundary, εa first decreases and then increases, while εh displays the opposite;
εb increases linearly from 5.81 × 10−4 at R = 0% to 12.62 × 10−4 at R = 100%, as the critical state strain
increases monotonously with the replacement rate. The yield damage pattern reflects the process of
optimization and adjustment of the stress skeleton of concrete microstructure. Unfortunately, it cannot
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be measured effectively by the existing experimental techniques. In Figure 18a–c, the influence curves
of the replacement rate R of recycled aggregate on εa, εh, and εb are exhibited respectively. On the basis
of regression analysis, the expressions of the three parameters changing with the replacement rate are
obtained. The correlation coefficient R2 between the predicted and fitted values of the parameters is
also given in the figures.

(a) (b) (c) 

ε
ε
ε

 ε ×

R

εh

ε   
εb 

 ε ×

R

 ε ×

εh 
ε   
εb  

R

Figure 17. R-εa, εh, εb curves. (a) RAC-I; (b) RAC-II; (c) RAC-III.
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Figure 18. εa, εh, εb, H-R curves. (a) εa-R curve; (b) εh-R curve; (c) εb-R curve; (d) H-R curve.

The change curves of fracture damage related parameter H of RAC-I, RAC-II, and RAC-III are
shown in Figure 18d. They show obvious similar regularity with the increase of the replacement rate.
The fitting formula is obtained by regression analysis, and the correlation coefficient R2 between the
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predicted and fitted values is also given. With R = 50% (RAC-III: R = 25%) as the boundary, H shows a
trend of linear increase and then linear decrease. The fracture damage pattern of concrete is associated
with the density of micro-crack, and also closely related to the physical and chemical reactions in
concrete. As mentioned above, recycled aggregate has both a degradation and strengthening effect
on concrete. Taking RAC-II as an example, when R is in the interval [0, 50%], the degradation effect
(more microdefects and the existence of the old ITZ) of recycled aggregate is dominant, manifesting
the reduction of microstructure density and the deterioration of mechanical properties of concrete.
With the increase of the replacement rate, H increases linearly from 0.231 to 0.353. When R is in the
interval [50%, 100%], the strengthening effect (the further hydration of old cement and the roughness
of aggregate boundary) of recycled aggregate is dominant, manifesting the increase of microstructure
density and the improvement of mechanical properties of concrete. With the increase of the replacement
rate, H decreases linearly from 0.353 to 0.197.

In Figure 19, the evolution curves of evolution factor Ev of RAC-I, RAC-II, and RAC-III are
presented, respectively. Ev is related to yield damage and reflects the degree of potential mechanical
properties of concrete, that is, the degree of optimization and adjustment of the stress skeleton of the
material microstructure. It plays a decisive role in the evolution of material damage, and increases from
0 to 1 in the uniform damage stage. After the use of recycled aggregate to replace natural aggregate,
the process of micro-crack initiation and propagation and the optimization and adjustment of stress
skeleton in concrete microstructure will be changed during the stress process, which finally lead to
the change of the macroscopic nonlinear mechanical behavior of concrete. For RAC-I, the increase of
replacement rate of recycled aggregate significantly delays the evolution process of Ev, thus increasing
the ductility of concrete. The ductility is maximized at R = 100%. For RAC-II, with R = 50% as the
bound, the evolution process is first delayed and then accelerated with the increase of the replacement
rate. When R = 50%, the ductility reaches the maximum. RAC-III is similar to RAC-II, except that the
threshold replacement rate is changed to R = 25%. When Ev = 1, this means that the effective stress
skeleton of the microstructure is adjusted to the optimal, while the potential mechanical properties of
the material are exerted to the limit, and the effective stress reaches the maximum. The specimen then
enters the failure stage characterized by damage localization. The whole damage evolution process
reflects the transformation from quantitative change to qualitative change.

(a) (b) (c) 

E

 ε  ε

E

 ε

E

/ / /

Figure 19. Ev-ε curves. (a) RAC-I; (b) RAC-II; (c) RAC-III.

The evolution curves of fracture damage variable DR of RAC-I, RAC-II, and RAC-III are shown in
Figure 20. For RAC-I, with the increase of the replacement rate of recycled aggregate, the ductility of
the uniform damage stage of concrete is improved, which retards the process of micro-crack initiation
and propagation. The fracture damage value H corresponding to the critical state first increases and
then decreases with the increase of the replacement rate, and reaches a maximum value of 0.366 at
R = 50%. For RAC-II, with R = 50% as the boundary, the ductility of uniform damage stage increases
first and then decreases, which leads to the result that the growth of micro-cracks is slowed down and
then accelerated. H reaches its maximum of 0.353 at R = 50%. RAC-III is similar to RAC-II, except that
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the boundary value of R is changed to 25%. H reaches its maximum of 0.329 at R = 25%. It can be
seen that, at the critical state, the micro-crack density still remains in a relatively small range. In this
experiment, the replacement of recycled aggregate can improve the ductility of concrete. For concrete
with a water cement ratio of 0.66, 0.49, and 0.38, the replacement rates corresponding to the maximum
ductility are 100%, 50%, and 25%, respectively.

(a) (b) (c) 

D
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ε/×
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R

ε/×10−4
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ε/×10−4

Figure 20. DR-ε curves. (a) RAC-I; (b) RAC-II; (c) RAC-III.

The change curves of energy absorbing capacity S of RAC-I, RAC-II, and RAC-III with the
replacement rate of recycled aggregate are shown in Figure 21, where Sp and Scr are the energy
absorbing capacities corresponding to the nominal peak stress state and the critical state, respectively.
In previous studies, Sp was often used to characterize the energy absorption capacity of concrete before
failure [37,38]. In this paper, in order to fully consider the ductility and bearing potential of the material
at the uniform damage stage, Scr is proposed to characterize the energy absorption capacity of concrete
before local failure. It can be seen that, for RAC-I and RAC-III, Sp and Scr are monotonically increasing
with the increase of the replacement rate. For RAC-II, however, Sp and Scr show a trend of increasing
first and then decreasing, and reached the peak value at R = 50%. Obviously, the replacement of
recycled aggregate effectively improves the energy absorbing capacity of the material.

(a) (b) (c) 

Figure 21. Energy absorption capacity. (a) RAC-I; (b) RAC-II; (c) RAC-III.

Figure 22a shows the ratios of critical state strain εcr to peak strain εp under different replacement
rates. Their values range from 1.28 to 1.65, with an average of 1.47. Figure 22b shows the ratios of
critical state stress σcr to peak stress σp under different replacement rates. Their values range from
0.74 to 0.91, with an average of 0.83. The water cement ratio and the replacement rate of recycled
aggregate have no obvious effect on the above ratios. Xiao et al. [17] proposed to define the state in
the descending section of the curve with 85% of the peak stress as the ultimate state, so as to fully
consider the ductility of the softening section and to avoid too much consideration of the size effect of
the local failure stage. It is found that the position of the critical state defined in this paper is almost
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consistent with that of the ultimate state defined by Xiao. Meanwhile, the mechanical mechanism of
this softening section is explained as part of the uniform damage phase.

(a) (b) 

Figure 22. Comparison of the peak stress state and critical state. (a) εcr/εp-R relation; (b)σcr/σp-R relation.

6. Conclusions

1. Uniaxial compression tests of recycled concrete with three levels of water cement ratio (0.66, 0.49,
and 0.38) and five levels of recycled aggregate replacement rate (0, 25%, 50%, 75%, and 100%)
were conducted in this paper. The test results show that the nominal stress–strain full curves have
similar shape features under the quasi-static loading. The change rules of compressive strength,
elastic modulus, and peak strain of three kinds of concrete with recycled aggregate replacement
rate were discussed. The mechanical properties of concrete are closely related to the composition
of material microstructure and the internal physical and chemical reactions, which are jointly
controlled by the strengthening and degradation effects of recycled aggregate.

2. There are similar failure modes between RAC and NAC. Macro cracks begin to appear in the
middle of the concrete block after the peak nominal stress, and then the obvious bulging zone is
formed in this part. Continuing loading, the deformation in local bulging zone is further increased,
but unloading occurs in other parts. Inclined crack will appear in the middle, which leads to
the ultimate failure of the concrete block. Taking the state when local bulging happens as the
critical state, the deformation of concrete is divided into the distributed damage stage and local
failure stage.

3. On the basis of the statistical damage model, the mesoscopic damage evolution law of RAC
under different replacement rates is discussed quantitatively. It considers two meso damage
modes, fracture and yield, which represent the initiation and propagation of micro-cracks and the
optimization and adjustment of the stress skeleton of microstructure, respectively. Yield damage
plays a key role in the whole process of deformation and failure. The results show that, with the
increase of the replacement rate, four characteristic parameters, εa, εh, εb, and H, have obvious
regularity. The meso damage evolution law reflected by the model is in good agreement
with the internal chemical physical mechanism and the macro nonlinear stress–strain behavior.
Distinguishing between the peak nominal stress state and the critical state, the average values of
σcr/σp and εcr/εp are 0.83 and 1.47, respectively. It is suggested that the critical state be taken as
the ultimate failure state of the constitutive model, which can fully consider the ductility in the
distributed damage stage of material and avoid the size effect in the local failure stage.

4. The mechanical properties of recycled concrete are affected by many factors, including mix
proportion, source of recycled aggregate, replacement rate of aggregate, type of additive, age,
test environment, strain rate, loading mode, and so on. Owing to the limitation of the length
of this paper, only two factors, the water cement ratio and replacement rate, are considered.
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The influence of various factors on the macro and micro mechanical properties of recycled concrete
will be further studied in combination with micro test technology.
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Abstract: The shortage of natural aggregates has recently emerged as a serious problem owing to the
tremendous growth of the concrete industry. Consequently, the social interest in identifying aggregate
materials as alternatives to natural aggregates has increased. In South Korea’s growing steel industry,
a large amount of steel slag is generated and discarded every year, thereby causing environmental
pollution. In previous studies, steel slag, such as blast furnace slag (BFS), has been used as substitutes
for concrete aggregates; however, few studies have been conducted on concrete containing both BFS
and Ferronickel slag (FNS) as the fine aggregate. In this study, the compressive strength, chloride ion
penetrability, and carbonation characteristic of concrete with both FNS and BFS were investigated.
The mixed slag fine aggregate (MSFA) was used to replace 0, 25%, 50%, 75%, and 100% of the natural
fine aggregate volume. From the test results, the highest compressive strength after 56 days was
observed for the B/F100 sample. The 56 days chloride ion penetrability of the B/F75, and B/F100
samples with the MSFA contents of 75% and 100% were low level, approximately 34%, and 54%
lower than that of the plain sample, respectively. In addition, the carbonation depth of the samples
decreased with the increase in replacement ratio of MSFA.

Keywords: aggregate; blast furnace slag; ferronickel slag; compressive strength; chloride ion
penetrability; carbonation

1. Introduction

Owing to the immense growth of the global concrete industry, the shortage of natural aggregates
has emerged as a serious problem. In Korea, the lack of aggregates has often led to construction
problems. Therefore, a considerable amount of social and research interest has been focused on finding
alternative aggregate materials to replace natural aggregates [1–7]. Various types of steel slag can be
considered as alternatives to aggregates for concrete. Ferronickel slag (FNS) is an industrial byproduct
of the ferronickel production process. It is obtained after nickel ore and bituminous coal used as raw
materials in the ferronickel smelting process are melted at a high temperature and separated from
ferronickel [2]. The annual amount of FNS produced in South Korea is over 2 million tons. Most are
discarded and cause serious environmental pollution. Generally, the FNS is used as a substitute
material for foundry sand, abrasive, and serpentine [2]. In addition, studies were carried out on the
use of FNS as fine aggregate for concrete [5–7].

Saha et al. [5] studied the strength and durability of cement mortar using FNS as the replacement
of natural sand. The maximum compressive strength of cement mortar was obtained by replacing 50%
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sand with FNS. In addition, X-ray diffraction test results showed that the pozzolanic reaction of fly ash
helped to reduce the strength loss.

Choi et al. [6] investigated the alkali-silica reactivity of cementitious materials with FNS fine
aggregate produced under different cooling conditions. The alkali-silica reactivity of mortar using FNS
fine aggregate was dependent on the cooling speed and particle size of FNS.

Lee et al. [7] investigated the mechanical properties and resistances to freezing and thawing of
concrete using an air-cooled ferronickel slag (ACFNS) fine aggregate. The compressive strength and
static modulus of elasticity of the concrete with ACFNS fine-aggregate increased with increasing the
replacement ratio of ACFNS.

Blast furnace slag (BFS) is also another steel industry byproduct that is obtained from blast furnaces
used in the manufacturing of pig iron. The annual amount of produced BFS in Korea is approximately
15 million tons. The BFS has been extensively used as a successful replacement material for Portland
cement in concrete materials to improve the durability and in the production of high-strength concrete,
with environmental and economic benefits, such as resource conservation, CO2 reduction, and energy
savings [8–11]. In addition, BFS also can be used as the aggregate for cement mortar of concrete.
In previous studies [12,13], BFS was used as a substitute material for concrete aggregate; however, few
studies have been conducted on concrete with slag aggregate containing both FNS and BFS as the
fine aggregate.

In this study, the slump, air content, compressive strength, resistance to chloride ions,
and carbonation characteristic of concrete with both FNS and BFS as the fine aggregate were investigated
to effectively utilize the mixed slag fine aggregate (MSFA) as a substitute material for the natural
aggregate in the concrete industry.

2. Materials and Methods

2.1. Materials

An ASTM type I ordinary Portland cement manufactured by Asia Cement Co. (Seoul, Korea),
BFS powder obtained from Daehan Slag Co., Ltd. (Gwangyang, Korea), and fly ash obtained from the
Honam power plant in Korea were used as cementitious materials in this study. In addition, a crushed
coarse aggregate (Granite, Gmax 25 mm) with a density of 2.65 and fineness modulus of 6.49 was used.

Table 1 summarizes the chemical compositions of the cement, BFS powder, and fly ash used in
the experiment. Natural, BFS, and FNS fine aggregates were used in the experiment. Natural sand
(NS) was used as the natural fine aggregate with a maximum size of 5 mm and fineness modulus
of 2.89. The BFS sand (BS) and FNS sand (FS) used as the slag fine aggregates were obtained from
POSCO, Korea.

Table 1. Chemical composition and strength of cementitious materials.

Type SiO2 Al2O3 Fe2O3 CaO MgO K2O
Comp. str. (MPa)

7 day 28 day

Cement (C) 17.43 6.50 3.57 64.40 2.55 1.17 42.7 56.5
Blast furnace slag (BFS) powder 30.61 13.98 0.32 40.71 6.43 0.60 - -

Fly ash (FA) 64.88 20.56 6.06 2.58 0.80 1.45 - -

Figure 1 shows the used fine aggregate samples, while Table 2 summarizes their physical properties.
Figure 2 shows the particle size distributions of the NS, BS, FS, and MSFA (B/F) with a BFS:FNS ratio
of 5:5 by volume. The particle size distribution of each aggregate was compared with the standard
proposed by KS F 2527. The fineness modulus of the BS was smaller than that of the NS, while that of
the FS was higher than that of the NS. The fineness modulus of B/F was 2.94, similar to that of the NS.
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(a) (b) (c) 

Figure 1. Fine aggregate samples. (a) Natural sand (NS); (b) BFS sand (BS); (c) FNS sand (FS).

Table 2. Physical properties of fine aggregates.

Type FM
Density
(g/cm3)

Water Absorption
(%)

Unit Weight
(kg/L)

Ratio of Absolute
Volume (%)

Natural sand (NS) 2.89 2.63 1.1 1.645 62.56
BFS sand (BS) 2.37 2.81 2.1 1.737 61.80
FNS sand (FS) 3.51 3.04 0.6 1.871 61.56

Figure 2. Particle size distribution of fine aggregate.

2.2. Mixing Proportions and Specimen Preparation

In this study, the MSFA with the BFS:FNS mixture ratio of 5:5 was used to replace 0 (plain), 25%,
50%, 75%, and 100% of the volume of the NS. A constant water-to-binder ratio of 0.518 was used.
In all mixtures, the BFS powder and fly ash were used to replace 20% and 10% (weight) of the cement,
respectively. The mixing proportions of the concrete samples are summarized in Table 3. In addition,
a water-reducing agent (WRA; S Co., Seoul, Korea) was used to control the fluidities of all mixtures.
The components of the concrete samples were mixed in a mechanical mixer. Cylindrical molds
(∅100 × 200 mm) were fabricated for the compressive strength test. After 24 h, the specimens were
removed from their molds and cured at 20 ◦C in a water tank.

Table 3. Mix proportion of concrete.

Mix
W/B
(%)

S/a
(%)

Unit Weight (kg/m3) WRA
(B*%)Water Cement BFS Powder Fly Ash NS BS FS Gravel

Plain

51.8 47

176 238 68 34 812 - - 916 0.9
B/F25 176 238 68 34 609 109 117 916 0.7
B/F50 176 238 68 34 406 219 234 916 0.5
B/F75 176 238 68 34 203 328 351 916 0.3
B/F100 176 238 68 34 - 437 469 916 0.2

B*: Binder.
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The slump and air content tests of the concrete samples were carried out in accordance with
Korean Standards (KS) F 2402 [14] and KS F 2421 [15], respectively. The compressive strength test was
carried out after 7, 14, 28, and 56 days in accordance with KS F 2405 [16]. The presented strength test
values are the average values of three samples.

Chloride ion penetration tests were carried out after 7, 14, 28, and 56 days, according to ASTM
1202 C [17]. Specimens having dimensions of ∅100 × 50 mm, obtained by cutting the ∅100 × 200 mm
cylindrical specimens, were used in the test. The specimen and equipment used in the chloride ion
penetration test are shown in Figure 3.

  
(a) specimen (b) equipment 

Figure 3. Specimen and equipment for chloride ion penetration test.

Accelerated-carbonation test (Figure 4) of the concrete samples (∅100 × 200 mm) was carried out
during 7, 28, and 56 days, according to KS F 2584 [18], by using an accelerated-carbonation chamber at
a constant temperature of 20 ± 2 ◦C, constant humidity of 60 ± 5%, and constant CO2 concentration of
5 ± 0.2%. During the testing period, the samples were split into two halves and the carbonation depth
was measured by spraying an approximately 1% phenolphthalein solution on the broken surface of the
sample, after the dust was removed.

  
(a) carbonation chamber (b) split into two halves 

  
(c) spraying (d) measurement 

Figure 4. Accelerated carbonation test.
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3. Results and Discussion

3.1. Slump and Air Content

Figure 5 shows the slumps and WRA dosages of the samples with the MSFAs. The slumps of all
mixtures were similar, in the range of 200 to 210 mm, regardless of the replacement ratio of MSFA.
In addition, the dosage of WRA used to control the fluidity of the plain sample with the NS was
0.9% of the binder weight. The WRA dosage decreased with the increase in replacement ratio of
MSFA. The WRA dosage of the B/F100 sample (only with the MSFA) was 0.2% of the binder weight.
The tendency that the fluidity of the mixture with the BFS fine aggregate is better than that of the
mixture with the NS owing to the vitreous texture of the BFS particle is similar to those in previous
reports [13,19].

Figure 5. Slump and WRA dosage.

Figure 6 shows the variation in air content of the concrete sample with both BFS and FNS as the
fine aggregate with the replacement ratio of MSFA. The air contents of the concrete samples were
similar (2.3% to 2.6%), regardless of the replacement ratio of MSFA.

Figure 6. Air content.

3.2. Compressive Strength

Figure 7 shows the variation in compressive strength of the concrete sample with both BFS and
FNS as the fine aggregate with the replacement ratio of MSFA. After seven days, the compressive
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strength of the plain sample without MSFA was approximately 23.1 MPa, while those of the samples
with the MSFAs were in the range of 21.2 to 23.5 MPa. After 14 days of curing, the compressive
strengths of all samples, except the B/F75 sample, were similar (approximately 29 MPa). After 28 days
of curing, the compressive strength of the plain sample was approximately 33.5 MPa, while those of
the samples with the MSFAs were in the range of 32.2 to 34.3 MPa. The compressive strength of the
sample with the MSFA increased with the replacement ratio of MSFA. After 56 days, the compressive
strengths of all samples were increased; those of the samples with the MSFAs were in the range of 36.6
to 38.8 MPa. The highest compressive strength (approximately 38.8 MPa) was obtained for the B/F100
sample, which contained only the MSFA. The increase in compressive strength could be explained as
the particle size distribution of the MSFA was similar to that of the NS and the formation of a secondary
calcium silicate hydrated (CSH) gel was initiated [20].

Figure 7. Compressive strength.

3.3. Chloride Ion Penetrability

Figure 8 shows the variation in chloride ion penetrability of the sample with both BFS and FNS
as the fine aggregate. The total charge passed through the sample during the considered period was
calculated according to ASTM C 1202. After seven days, the charge passed through the plain sample
was approximately 9273 C. The charge passed through the B/F100 sample with 100% MSFA was the
smallest, approximately 37% smaller than that of the plain sample. After 14 days of curing, the largest
passed charge (approximately 8083 C) was observed for the plain sample, which contained only the
NS. The charges passed through all samples with the MSFAs were smaller than that through the plain
sample. The charge passed through the B/F100 sample was the smallest (4106 C), approximately 50%
smaller than that through the plain sample (8084 C). After 28 days of curing, the charge passed through
the sample decreased with the increase in replacement ratio of MSFA (3993 C (plain) to 2041 C (B/F100)).
The chloride ion penetrabilities of all samples were moderate level (2000–4000 C; ASTM C 1202 [17]).
After 56 days, the charge passed through the sample decreased with the increase in replacement ratio
of MSFA. The chloride ion penetrabilities of B/F50, B/F75, and B/F100 with MSFA contents of 50%, 75%,
and 100% were low level (1000–2000 C; ASTM C 1202), approximately 17%, 34%, and 54% lower than
that of the plain sample, respectively. The resistances to penetration of chloride ions of the samples
with the MSFAs were better than that of the plain sample. The tendency that the concrete with BFS has
a good resistance to chloride ions is similar to those observed in previous studies [21,22].
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Figure 8. Chloride ion penetrability.

Figure 9 shows the relation between the compressive strength and chloride ion penetrability for
the samples with different replacement ratios of MSFA. The chloride ion penetrability decreased with
the increase in compressive strength. In addition, the chloride ion penetrabilities of the samples with
the MSFAs were lower than that of the sample with the NS at the same compressive strength.

Figure 9. Relationship between compressive strength and chloride ion penetrability.

3.4. Carbonation Depth

Figure 10 shows the variation in carbonation depth of the sample with both BFS and FNS as the
fine aggregate. A higher replacement ratio of MSFA led to a smaller carbonation depth. After seven
days of treatment in the accelerated carbonation chamber, the carbonation depth of the plain sample
was approximately 1.18 mm, while those of the samples with the MSFAs were approximately 45%
to 69% (0.53 to 0.82 mm) of that of the plain sample. After 28 days, the carbonation depths of the
plain, B/F25, B/F50, B/F75, and B/F100 samples were approximately 1.16, 0.94, 0.83, 0.76, and 0.68 mm,
respectively. The carbonation depth of B/F100 was approximately 41% smaller than that of the plain
sample. After 56 days of accelerated carbonation testing, the carbonation depths of all samples were
increased. The largest carbonation depth (1.26 mm) was observed for the plain sample. The carbonation
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depth decreased with the increase in replacement ratio of MSFA. The carbonation depth of B/F100 was
the smallest (0.79 mm). The tendency that the resistance to carbonation of the concrete with the steel
slag as the aggregate is better than that of the concrete with the natural aggregate is similar to that in a
previous report [23]. This shows that the use of the MSFA in the mortar or concrete can be effective for
the improvement in carbonation resistance.

Figure 10. Carbonation depth.

Figure 11 shows the relation between the compressive strength and carbonation depth for the
concrete samples with different replacement ratios of MSFA. With the increase in accelerated carbonation
testing period, the carbonation depth increase was accompanied by an increase in compressive strength.
In addition, the carbonation depths of the samples with the MSFAs were smaller than that of the plain
sample at the same compressive strength.

Figure 11. Relationship between compressive strength and carbonation depth.

4. Conclusions

The conclusions of this study can be summarized as follows.

(1) The slumps of all mixtures were similar (200 to 210 mm), regardless of the replacement ratio of
MSFA. The WRA dosage decreased with the increase in replacement ratio of MSFA.

(2) The compressive strength of the plain sample was approximately 23.9 MPa, while those of the
samples with the MSFAs were in the range of 21.2 to 23.5 MPa after seven days. After 56 days,
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the highest compressive strength (approximately 38.8 MPa) was observed for the B/F100 sample.
The increase in compressive strength could be explained as the particle size distribution of the
MSFA was similar to that of the NS and the formation of the secondary CSH gel was initiated.

(3) After seven days, the charge passed through B/F100 was the smallest, approximately 37% smaller
than that through the plain sample. After 28 days of curing, the chloride ion penetrabilities of
all samples were moderate level according to ASTM C 1202. After 56 days, the chloride ion
penetrabilities of B/F50, B/F75, and B/F100 were low level, approximately 17%, 34%, and 54%
lower than that of the plain sample, respectively.

(4) The resistances to penetration of chloride ions of the samples with the MSFAs were better than
that of the plain sample. The tendency that the concrete with BFS has a good resistance to chloride
ions is similar to those in previous reports.

(5) The chloride ion penetrability decreased with the increase in compressive strength. In addition,
the chloride ion penetrabilities of the samples with the MSFAs were lower than that of the plain
sample at the same compressive strength.

(6) The higher replacement ratio of MSFA led to a smaller carbonation depth. The carbonation depth
(0.79 mm) of B/F100 was the smallest after 56 days. The results show that the use of the MSFA in
the mortar or concrete can be effective for the improvement in carbonation resistance.

However, further studies are needed to establish the strength development mechanism and
respective relationships between the strength properties of mortar containing various slag aggregate
and water-binder ratio, density, alkali content, and durability, etc.
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Abstract: This article presents physical and mechanical properties of concrete composites that include
waste thermoplastic elastomer (TPE) from the production process of car floor mats. Waste elastomer
(2–8 mm fraction) was used as a substitute for fine aggregate in quantities of 2.5, 5.0, 7.5, and 10%
of the cement weight. For all series of concrete, the following tests were carried out: compression
strength, bending tensile strength, splitting tensile strength, absorbability, density, resistance to
water penetration under pressure, frost resistance, and abrasion resistance, according to applicable
standards. Moreover, SEM/EDS analysis was carried out on the surface microstructure of synthesized
concrete composites. It was proven that the use of production waste from the production process of
car floor mats in the quantity of 2.5% does not influence the change of the concrete microstructure
and it does not result in the decrease of the mechanical parameters of concrete modified with waste.
All concrete modified with the addition of waste meet standards requirements after carrying out 15
cycles of freezing and thawing, and the average decrease in compression strength did not exceed
20%. Adding waste in the quantity of 2.5% allows for limiting the use of aggregate by about 5%,
which is beneficial for the natural environment.

Keywords: waste thermoplastic elastomer; concrete; compression strength; frost resistance; mi-
crostructure

1. Introduction

Concrete, which is a composite material with a cement matrix, is commonly used
in the construction industry. A systematic increase in the quantity of manufactured con-
crete causes the use of large quantities or natural aggregates, and the excessive use of
natural resources results in environment degradation. Therefore, in recent years, many
research centers have carried out tests concerning the possibility of using various waste
materials, such as domestic and industrial waste [1], bottom ash [2], sanitary and utilitarian
ceramic [3,4], cathode ray tube glass (CRT ) [5], recycled glass sand aggregates [6], and
slag aggregate [7]. Amongst various waste materials, there is a large focus on polymer
waste [8–11]. According to the literature, one of the most tested materials in terms of waste
use for the said purpose is polyethylene terephthalate (PET) used as aggregate [12–16] or
fiber [17–19]. Recyclate obtained from PET waste has been used in concrete as the substi-
tute for aggregate or in the form of fiber as reinforcement. The manner of PET recyclate
preparation and its form have a large impact on the parameters of manufactured concrete.
Recyclate with a smooth, spherical surface has less impact on the concrete workability
than recyclate with an uneven form. As proven by most authors, adding waste PET to
concrete results in decreasing compression strength, tensile strength, and bending strength
of concrete, as well as the modulus of elasticity, irrespective of tested consistency and
water–cement ratio.

Moreover, tests concerning the use of waste recyclate from polyethylene and polypropy-
lene [20–23] as the substitute for aggregate or as the reinforcement of concrete have also
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been carried out. Recycling mixtures of this material are characterized with various quality
and mechanical properties [24,25]. Due to the fact that the properties of fibers from pure
synthetic material are significantly different than the properties of fibers obtained from
recycling material, fibers made of pure polypropylene or polyethylene are more often used
in tests [26–28]. Concrete with polypropylene fibers in the quantity up to 1% present higher
compression strength and splitting or bending strength than concrete that does not contain
such material (standard concrete).

An increase in the quantity of synthetic fibers above such level results in the worsening
of the mechanical properties of modified concrete. There is also much information on the
use of waste polystyrene [29–32] and rubber [33–43] to manufacture concrete. Along with
the increase in the quantity of rubber waste used as a substitute for sand, concrete mixtures
are characterized with lower [36–41] or higher [34] workability. Concrete containing rubber
recyclate presents lower values of mechanical parameters than concrete manufactured
without the addition of waste [35,36]. On the other hand, the use of rubber recyclate
together with waste glass powder or silica sand has a positive impact on the mechanical
properties of manufactured concrete [44,45]. The mechanical properties of concretes can
be improved, according to literature reports, by introducing polymer, sisal, or steel fibers
into the concrete [46–48]. The compressive, tensile, and bending strength of concrete
composites increases in comparison to normal concretes with an increase in the quantity of
fibers amount.

Currently, a large quantity of polymer waste materials is available on the market,
which are of no practical use. However, it is worth testing them to possibly use them in the
production process of composite materials. This group covers waste thermoplastic elas-
tomer from the production process of car floor mats. According to the waste catalogue [49],
waste from the production of car floor mats is classified as waste group 12 01 05. Car floor
mats are usually made of needle velour (polypropylene or polyamide) finished with rubber
crumbs (e.g., polybutadiene or polyolefin). Moreover, car floor mats are also manufactured
on the basis of polyethylene terephthalate and polyethylene–polypropylene copolymer.
What is more, this material contains modifying additives, such as flame retardant agent,
mineral fillings, reinforcing fillings, plasticizer, UV stabilizers, antioxidants, and color-
ing agents. The diverse composition of modifying additives and the diverse chemical
structure of the main polymer makes segregation of this type of waste ineffective, and
renders recycling impossible. Thus, the search for new possibilities for the use of waste
thermoplastic elastomer from the production process of car floor mats is an essential topic
due to environmental protection.

2. Materials and Methods

2.1. Materials

The following concrete was used for the tests: Portland cement CEM I 42.5R (Cemex,
Rudniki, Poland), which meets the requirements of standard PN-EN 197-1, sand, gravel
aggregate with 2–8 mm and 8–16 mm fractions, water, additives of CHRYSTO Plast 331, and
CHRYSTO Air LB (the company CHRYSTO, Błonie, Poland), as well as waste thermoplastic
elastomers from the production process of car floor mats at the production company
Gumotest (Bielsko Białą, Poland). The waste used in this research was a thermoplastic
elastomer (TPE-V; Bielsko Biała, Poland) based on an ethylene propylene diene blend
(EPDM). Following initial crushing, production waste (Figure 1) was crushed into a 2–8 mm
fraction in a granulator (SG-2417 SHINI, Donggung, China). With the use of the X-ray
spectrometer WDXRF (Model S8 Tiger of the company Bruker, Billerica, USA), the elemental
composition of the waste thermoplastic elastomer used in the tests was identified, which is
presented in Table 1. For the tests, tap water from the water intake in Czestochowa was used,
which meets the requirements of standard PN-EN 1008:2004 [50]. The average quantity of
nitrate in the water was 37.0 mg/dm3, the average quantity of chlorides in the. water was
31.5 mg/dm3, and the average quantity of sulphates in the water was 53.8 mg/dm3.
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TGA-DTA analysis was carried out for the waste used in the tests. The test was carried
out in the thermal analysis device Jupiter STA 449 F5 (of the company Netzsch, Netzsch,
Selb, Germany) in the temperature range from 30 to 600 ◦C, with the temperature increase
rate 10 ◦C/min in an air atmosphere, and with the gas flow rate 100 cm3/min. The results
of thermogravimetric analysis (TG), differential thermogravimetric analysis (DTG), and
differential scanning calorimetry (DSC) are presented in Figure 2. A loss of weight of the
samples can be seen in a wide range of temperature from ca. 200 to 500◦C, and is ca. 11%.
The processes connected with weight loss are endothermic.

Figure 1. Production waste from the production process of car floor mats: (a) initially crushed material; (b) material crushed
to 2–8 mm fraction.

Table 1. Percentage content of the elements in the production waste.

Chemical Composition [% (m/m)]

Ca Si Al Zn Mg S Ti Fe K

2.20 0.49 0.28 0.51 0.10 0.28 0.02 0.02 0.03

Figure 2. TGA−DTA thermogram for the waste thermoplastic elastomer.
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2.2. Methods

Five series of concrete were prepared. To design the composition of the concrete
mixture of the reference concrete (RC), an experimental method developed by Professor
Kuczyński was used. It is the most popular Polish computational–experimental method of
designing a concrete mix called the method of successive approximations or starting with
iteration. It involves the calculation of three unknowns, i.e., the amount of cement, water,
and aggregate, by using three basic equations: strength, tightness, and water demand
(consistency). The obtained results are verified experimentally. The water–cement ratio
was assumed to be 2:22 and the consistency class was assumed to be S2. To prepare the
reference concrete, Portland cement CEM I 42.5R, the mixture of gravel–sand aggregates
with a particle size distribution of 0–16 mm and a sand content of 33.1%, tap water and
plasticizing admixture CHRYSTO Plast 331 in the quantity of 0.35% of the cement weight,
and air entraining admixture CHRYSTO Air LB in the quantity of 0.2% of the cement
weight were used. The reference concrete (RC) was modified with waste thermoplastic
elastomer from the production process of car floor mats. The waste was added to concrete
in the quantities of 2.5%, 5.0%, 7.5%, and 10% of the cement weight, adjusting the volume
of gravel aggregate with a particle size distribution of 2–8 mm. The series of concrete were
identified as S1-1, S1-2, S1-3, and S1-4, accordingly, and the composition of the designed
mixtures is presented in Table 2. The waste thermoplastic elastomers from the production
process of car floor mats were added directly to the mixer and pre-mixed with the aggregate.
The workability of the mixture modified with waste did not change. The samples were
shaped in accordance with the applicable standards, and then disassembled after 24 h and
stored at a temperature of 18 ± 2 ◦C and relative humidity above 90%.

Table 2. The composition of the reference concrete and concrete modified with waste as the substitute
for gravel aggregate with a particle size distribution of 2–8 mm.

Composition Units
Series

SK S1-1 S1-2 S1-3 S1-4

Cement kg/m3 327.50 327.50 327.50 327.50 372.5
Water dm3/m3 167.50 167.50 167.50 167.50 167.5
Sand kg/m3 463.70 463.70 463.70 463.70 463.7

Gravel 8–16 kg/m3 776.20 776.20 776.20 776.20 776.2
Gravel 2–8 kg/m3 635.10 593.90 552.80 511.70 470.5
Plasticizing
admixture dm3/m3 1.30 1.30 1.30 1.30 1.30

Air entraining
admixture dm3/m3 0.745 0.745 0.745 0.745 0.745

Production
waste kg/m3 − 9.31 18.63 27.94 37.25

For all concrete mixtures, the consistency was defined according to standard PN-
EN 12350-2:2011 [51], and the air quantity was defined according to standard PN-EN
12350-7:2011 [52]. On the other hand, concrete was tested for compression strength after
7, 28, and 56 days of the curing period according to standards PN-EN 206-1+A1:2016-12,
PN-EN 12390-1:2013-03, PN-EN 12390-2:2019-07, PN-EN 12390-3:2019-07, and PN-EN
12390-4:2001 [53–57], and the following tests were carried out: bending tensile strength
according to standard PN-EN 12390-5:2019-08 [58], and splitting tensile strength according
to standard PN-EN 12390-6:2011 [59]. What is more, concrete absorbability was tested
according to standard PN-B 06250 [60], density was tested according to standard PN-EN
206-1+A1:2016-12 [53], and resistance to water penetration under pressure was tested
according to PN-EN 12390-8:2019-08 [61]. In addition, frost resistance was identified for
the tested concretes: decrease in resistance and weight loss after frost resistance test
according to standard PN-B 06250 [61], and abrasion resistance according to standard
PN-EN 13892-3:2015 [62].
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SEM/EDS analysis of the microstructure of the synthesized concrete composites that
included the waste thermoplastic elastomer was also carried out. Scanning electron mi-
croscopy (SEM), LEO Electron Microscopy Ltd., Cambridge, UK) was used for the tests,
which was equipped with a system for chemical composition analysis based on X-ray en-
ergy dispersion—EDS (energy dispersive spectroscopy, Bruker AXS, Karlsruhe, Germany).

3. Results and Discussion

For the concrete mixture of the reference concrete, an S2 consistency was assumed
(concrete slump at 50–90 mm). After preparation of the concrete mixture, samples were
collected to define the consistency class and air content in the concrete mixture. For
the reference mixture (RC), the slump was 70 mm, which corresponds to the S2 class.
Air content in this mixture was 3.5%. For concrete mixtures modified with the waste
thermoplastic elastomer (S1-1–S1-4), the slump was between 50 and 75 mm, which also
corresponds to the S2 consistency class (Table 3). The air content in the concrete mixtures
modified with production waste was at the level of 3.65–4.1%.

Table 3. Consistency class and air content in concrete mixtures subject to tests.

Series Consistence mm/Class Air Content [%]

SK 70/S2 3.50
S1-1 55/S2 3.95
S1-2 55/S2 3.90
S1-3 50/S2 3.65
S1-4 75/S2 4.10

For each series of concrete, 18 cubic samples with a 150 mm side were prepared,
which were subject to compression strength tests after 7, 28, and 56 days of the curing
period under laboratory conditions. For the results obtained in the individual series, the
standard deviation and confidence level at 95% were identified. The reference concrete
(RC) after seven days of curing was characterized with an average compression strength
of 46.6 ± 0.95 MPa, whilst after 28 days it was 57.0 ± 1.59 MPa, and 61.9 ± 1.19 MPa after
56 days (Table 4). The average compression strengths for the concretes modified with the
waste thermoplastic elastomer in the quantity of 2.5% after seven days of curing period
were at the level of the average compression strength of the reference concrete. On the other
hand, the average compression strength of the concretes containing the waste elastomer in
the quantities of 5.0%, 7.5%, and 10% was lower than in the case of the reference concrete.
Therefore, from the point of view of compression strength tested after seven days of the
curing period, only the use of the waste thermoplastic elastomer in the quantity below
2.5% does not cause a significant decrease in this parameter. The average compression
strength for the concrete series S1-1 containing 2.5% of waste tested after 28 days of the
curing period was at the level of the reference concrete (57.8 ± 0.36 MPa), whilst the other
series of concrete (S1-2, S1-3, and S1-4) modified with waste presented a lower 28-day
average compression strength than the reference series concrete. The decrease in the
average compression strength for the individual concrete series was between 9.6% and
22.6%. After 56 days of the sample curing period, the reference concrete (RC) obtained
an average compression strength higher by 8.5% than the 28-day average compression
strength, which was 61.9 ± 1.19 MPa. In the event of the concrete series modified with
waste, the compression strength increased compared to the strength obtained after 28 days.
Concrete series S1-1 containing 2.5% waste obtained strength (62.1 ± 1.7 MPa) at the level
of the reference concrete, whilst the other series of concrete, which are S1-2, S1-3, and S1-4,
obtained lower average compression strengths compared to the reference concrete—from
11.3% to 24.3%.
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Table 4. Compression strength of the tested concrete and the resistance class.

Series
Compression Strength [MPa] Resistance Class

After 7 Days After 28 Days After 56 Days

SK 46.6 57.0 61.9 C40/50
S1-1 46.5 57.8 62.1 C40/50
S1-2 44.0 51.5 54.9 C35/45
S1-3 42.9 50.1 53.0 C35/45
S1-4 36.1 44.1 46.8 C30/37

The addition of the waste thermoplastic elastomer to concrete also influenced the
bending strength and splitting tensile strength of the concrete (Table 5). Adding production
waste, which was used as a substitute for aggregate with particle size distribution 2–8 mm,
at the quantities of 2.5% and 5.0% to concrete had a positive impact on the tested parameters.
For series S1-1 and S1-2, an increase in the average bending strength by 3.1% and 2.2%,
accordingly, as compared to the reference concrete, was noted. For the other series of
modified concrete (S1-3 and S1-4), a slight decrease in the average bending strength by
0.8% and 1.2%, accordingly, as compared to the reference concrete series, was noted. On
the other hand, the average splitting tensile strength of the reference concrete was equal to
3.78 ± 0.98 MPa. In the event of concrete containing the addition of production waste in
the quantities of 2.5% and 5.0% (series S1-1 and S1-2), an increase of the tested parameter
by 13.5% and 9.0%, accordingly, as compared to the RC series, was noted. Meanwhile, in
the event of other series (S1-3 and S1-4), a decrease in the average splitting tensile strength
of concrete by 5.3% and 12.2%, accordingly, as compared to the reference series, was noted.
The increase in bending tensile strength and splitting tensile strength is most likely related
to the grain surface of the waste thermoplastic elastomer granulate and the surface of
the natural aggregate grain. Both sand and gravel are natural pebble aggregates with a
very smooth surface, while the waste granulate used had a much rougher surface, which
perhaps resulted in better adhesion with the cement matrix and increased the mechanical
properties of the concrete.

Table 5. Concrete bending tensile strength and splitting tensile strength.

Series Bending Strength [MPa] Splitting Tensile Strength [MPa]

SK 3.59 3.78
S1-1 3.70 4.29
S1-2 3.67 4.12
S1-3 3.56 3.58
S1-4 3.44 3.32

The next stage of tests was to determine the absorbability, density, water penetration
under pressure, frost resistance, and abrasion resistance of the concrete (Table 6). The
absorbability test was carried out after 28 days of curing the samples. In the event of
the reference concrete (RC), the absorbability was 5.4%. A similar level of absorbability
(from 4.9% to 5.6%) was presented by the concrete modified with production waste in
the quantities of 2.5%, 5.0%, 7.5%, and 10%. According to standard PN-B 06250 [56], the
absorbability of concrete exposed to environmental factors should not be higher than 5%,
whilst concrete covered from the direct influence of environmental factors should not
exceed 9%. Both the reference series concrete, as well as the concrete modified with the
waste thermoplastic elastomer, obtained absorbability below 9%. This means that concrete
manufactured with this type of production waste should be covered from the direct
influence of environmental factors. Due to its density, which was 2271 kg/m3, the reference
concrete was classified into a standard concrete category according to standard PN-EN
12390-4:2001 [53]. Similarly, all concretes modified with the waste thermoplastic elastomer
were included in the standard concrete category, since their density was between 2000 and
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2600 kg/m3. The reference concrete obtained an average depth of water penetration equal
to 65 mm. For the series of concrete modified with the waste thermoplastic elastomer, the
average depth of water penetration was from 60 to 67 mm. The lowest value of the tested
parameter (60 mm) was obtained for series S1-1, in which 2.5% of production waste was
used, whilst the highest value (67 mm) was obtained for concrete series S1-4, in which
10% of the said waste was used. In the event of the reference concrete (RC), the abrasion
strength was 7.4 cm3/50 cm2. For the concrete modified with the waste of thermoplastic
elastomer, a lower abrasion strength was obtained than for the reference series concrete—it
was 2.7–6.8%.

Table 6. Parameters tested for each series of concrete.

Series Water Absorbability [%] Density [kg/m3] Water Penetration [mm] Abrasion Strength [cm2/50 cm2]

SK 5.4 2271 65 7.4
S1-1 5.2 2258 60 6.9
S1-2 5.6 2218 63 6.7
S1-3 5.6 2214 65 7.0
S1-4 5.3 2172 67 7.2

A frost resistance test was carried out for all series of concrete. For each series of
concrete, 12 cubic samples with a 100 mm side were prepared, of which six samples
were subject to frost resistance tests, and six samples were left in water as the reference
samples. In the event of the reference concrete, the average decrease in compression
strength after 150 cycles of freezing and thawing was 4.4%, and the average weight loss
was 0.34% (Figure 3).

Figure 3. The average decrease in compression strength of the concrete after the frost strength test (a) and the average
weight drop (b), both in %.

In the event of the concrete modified with the waste thermoplastic elastomer used as
the substitute for gravel aggregate with particle size distribution 2–8 mm in the quantities of
2.5% and 5.0% of the cement weight, a lower average decrease in the compression strength
than for the reference series concrete was noted. The average compression strength of the
concrete after the frost resistance tests decreased, along with an increase of the amount of
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production waste added to the concrete. The lowest decrease in the average compression
strength after the frost resistance test was noted for concrete series with the addition of 2.5%
production waste, where it was 2.4%, whilst the highest (11.6%) was noted for concrete
containing 10% of production waste. After the frost resistance test, the average weight loss
was at the level of 0.05–0.34%. None of the samples cracked and there were no scratches.

During the next stage of tests, analysis of the surface layer of the synthesized com-
posites was carried out, mainly defining their morphology and elemental composition.
Figure 4 presents a microscopic image for the reference concrete (RC) enlarged 80 times
(Figure 4a), together with location maps of the dominant elements in this area (Figure 4b).
In the reference concrete (RC), a lighter structure of concrete matrix is visible, as well
as a darker area, which represents the aggregate based on silicon. The microstructure at
the border of the aggregate with the cement matrix is of high density. According to EDS
analysis of concrete surface visible on the image, in addition to calcium (33.06%; blue color),
significant amounts of silicon (20.36%; green color) and iron (4.49%; pink color) are visible.
At a quantity below 1.0%, the following elements are visible: aluminum, sulfur, potassium,
magnesium, and carbon. In the event of concrete series S1-1 modified with the waste
thermoplastic elastomer in the quantity of 2.5%, the microscopic images present a structure
very similar to the reference series concrete (Figure 5). Equally located aggregate particles
can be seen in the concrete. EDS analysis of the surface of the S1-1 series concrete shows
the presence of calcium (23.48%; blue color), silicon (14.70%; green color), and carbon
(4.71%; red color). In addition, the following elements are also present: iron and titanium
in quantities of 7.07% and 6.54%, accordingly, as well as aluminum, magnesium, sulfur,
potassium, sodium, and zinc in quantities below 1.0%. Similarly, in the event of the cement
series S1-4 modified with the waste thermoplastic elastomer in the quantity of 10.0%, a
structure very similar to the reference series concrete was observed. EDS analysis shows
the presence of calcium (18.98%; blue color), silicon (16.35%; green color), and carbon
(9.20%; red color). In addition, the following elements are also present: aluminum and iron
in quantities of 1.19% and 1.0%, accordingly, as well as sulfur, magnesium, potassium, and
zinc in quantities below 1.0%. The carbon quantity increased by 9.0% in series S1-4, which
was caused by the increased quantity of waste in the concrete mixture. The structure of
the concrete modified by elastomer waste did not differ significantly from the structure of
control concrete. The bending and splitting strength of the concrete containing 2.5% and
5% of waste (amount of carbon < 5%) increased compared to control concrete. On the other
hand, a greater amount of waste in the concrete (carbon content of 9.2%) had a negative
impact on these strength parameters.

Figure 4. Microstructure of the controlled series concrete: (a) enlarged by 80×; (b) location map of the dominant elements
in a given area.
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Figure 5. Concrete microstructure: (a) reference series S1-1 enlarged by 80×; (b) location map of the dominant elements in a
given area, concrete series S1-1; (c) series S1-4 enlarged by 80×; (d) location map of the dominant elements in a given area,
concrete series S1-4.

4. Conclusions

Tests of the properties and structures of concrete composites containing a waste
thermo-plastic elastomer from the production process of car floor mats, as well as analysis
of obtained the results, showed the suitability of this waste type for the production of
concrete. The early compression strength of concrete (tested after seven days of curing)
modified with production waste in the quantity of 2.5% of the cement weight that was
used as the substitute for fine gravel aggregate was similar to the compression strength
of the reference concrete. On the other hand, in the event of concrete containing waste
in the quantities of 5.0%, 7.5%, and 10% of the cement weight, a decrease of a seven-
day compression strength was noted at the level between 5.5% to 11.3%. Similarly, the
compression strength tested after 28 and 56 days of curing of samples of concrete modified
with 2.5% additive of waste was comparable to the strength of the reference samples
(increased by 0.3–1.4%). The addition of a higher quantity of waste resulted in a decrease in
the values of this parameter by 9.6–22.6% in the event of samples tested after 28 days, and
by 11.3–24.4% in the event of samples tested after 56 days of curing. The tests showed that
adding a waste thermoplastic elastomer to concrete in the quantities of 2.5% and 5.0% of
the cement weight as a substitute for fine gravel aggregate with a particle size distribution
2–8 mm had a positive impact on the increase of the bending strength of concrete. For
concrete of these series, an increase in the bending strength by 3.1% and 2.2%, accordingly,
as compared to the reference concrete, was noted. Concrete modified with waste in the
quantities of 7.5% and 10% showed a decrease in bending strength by 0.8% and 4.2%,
accordingly, as compared to the reference concrete. The addition of production waste in
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the quantities of 2.5% and 5.0% also had a positive impact on the splitting tensile strength
of concrete. For these series of concrete, this parameter was higher as compared to the
reference concrete by 9.0% and 13.5%, accordingly. In the event of concrete modified with
waste in the quantities of 7.5% and 10%, a decrease in the splitting tensile strength of the
concrete by 5.3% and 12.3%, accordingly, as compared to the reference concrete, was noted.

All concretes modified with waste obtained lower densities than the reference concrete,
which was between 2000 and 2600 kg/m3. This allowed for classifying them into the
standard concrete category. Both the reference concrete and the concrete modified with
waste thermoplastic elastomer obtained absorbability at the ca. 5.0% level. All concretes
modified with the waste thermoplastic elastomer met the standard requirements. After
150 cycles of freezing and thawing, the average decrease in compression strength did not
exceed 20%, and the average weight loss did not exceed 5%. Therefore, it may be concluded
that it is beneficial to add a waste thermoplastic elastomer from the production process of
car floor mats in the quantity of 2.5% of the cement weight to concrete, which allows for the
saving of natural resources and decreases the costs of concrete manufacture by 20 kg/m3,
which is about 5.0%.
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Abstract: This paper investigates the possibility of utilizing steel slags produced in the steelmaking
industry as an alternative to burnt clay brick aggregate (BA) in concrete. Within this context, physical,
mechanical (i.e., compressive and splitting tensile strength), length change, and durability (porosity)
tests were conducted on concrete made with nine different percentage replacements (0%, 10%, 20%,
30%, 40%, 50%, 60%, 80%, and 100% by volume of BA) of BA by induction of furnace steel slag
aggregate (SSA). In addition, the chemical composition of aggregate through X-ray fluorescence (XRF)
analysis and microstructural analysis through scanning electron microscopy (SEM) of aggregates
and concrete were performed. The experimental results show that the physical and mechanical
properties of concrete made with SSA were significantly higher than that of concrete made with BA.
The compressive and tensile strength increased by 73% when SSA fully replaced BA. The expansion of
concrete made with SSA was a bit higher than the concrete made with BA. Furthermore, a significant
lower porosity was observed for concrete made with SSA than BA, which decreased by 40% for 100%
SSA concrete than 100% BA concrete. The relation between compressive and tensile strength with
the porosity of concrete mixes are in agreement with the relationships presented in the literature.
This study demonstrates that SSA can be used as a full replacement of BA, which is economical,
conserves the natural aggregate, and is sustainable building material since burning brick produces a
lot of CO2.

Keywords: steel slag aggregate; concrete; compressive and tensile strength; length change; porosity

1. Introduction

In the utilization of industrial residues as construction raw materials, the concrete industry can
play an important role in sustainable development, leading to considerable environmental benefits.
Generally, aggregates (coarse and fine) occupy about 60–85% of the total volume of hardened concrete [1].
Aggregates are important constituents in the concrete composite that help to improve the various
properties of concrete, including reducing the shrinkage and providing workability, volume stability,
strength, and durability to the concrete [2]. In the numerous countries of South Asia, the concrete
industry mostly depends on burnt clay brick aggregate (BA) due to the shortage of natural stones [3].
The production process of BA increases CO2 in the air, resulting in a large negative environmental
impact and risk to human life. Though crushed stone aggregates are used in the concrete industry due
to rapid urbanization, they are mostly imported from abroad, thereby, increasing the cost of concrete
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production. Due to the aforementioned issues, indeed, it is necessary to find possible alternative
construction raw materials that can be used as coarse and fine aggregates in concrete construction
works [4–6].

Steel slag is a byproduct of the steelmaking process which is produced during the separation of the
molten steel from impurities in the steelmaking furnace, and it is used as coarse aggregate in concrete.
It was found that steel slag aggregate (SSA) has superior physical and mechanical properties as well as
lower carbon footprint and reduced negative environmental effects [7,8]. The compressive strength
of concrete containing steel slag at 28 days was about 35% higher than the reference concrete [9].
The incorporation of different replacement percentages (15%, 25%, 50%, 75%, and 100%) of natural
stone aggregate by SSA increased compressive and flexural strength, while it reduced the chloride ion
permeability from 40% to 70% compared to concrete made with natural stone aggregate [10]. Similarly,
research demonstrated that the physical and mechanical properties of concrete made of slag aggregate
were higher as compared to natural aggregate [11]. Conversely, the reduction in workability was
observed for concrete containing SSA compared to natural aggregate.

Netinger et al. [12] investigated the mechanical properties and corrosion resistance of concrete
made with SSA. It was found that SSA can be used in concrete since it provides acceptable mechanical
properties and no risk of corrosion of reinforcement. It was found that the carbonation treatments can
significantly improve the strength and volume stability of concrete made with carbonated granulated
steel slag aggregate [13]. Abu-Eishah et al. [14] observed that the concrete made with steel SSA provides
high-strength compared to similar conventional concrete mixtures, which could be due to the strong
bond between the cement/mortar matrix and SSA. It has been observed that concrete made with SSA
decreased the workability of fresh concrete; it was claimed that SSA particles were angularly resulting in a
reduction of the flowability of concrete [13]. Similarly, Qasrawi [15,16] observed that the addition of SSA
decreased the workability of concrete and produced an unacceptable flow when more than 50% SSA were
used. The reduction in a slump of concrete containing SSA was also observed by Sheen et al. [17].

Several studies have been carried out to investigate the mechanical performance of concrete
made with SSA, but few focused on durability (e.g., porosity). To the authors’ knowledge, there
seems to be no published work on concrete made with induction furnace SSA as a replacement of BA.
This induction furnace slag is used mainly for landfills and sometimes as an alternative aggregate in
road construction, which is not very common due to lack of research data. The lack of research data,
limited information, and knowledge on the mechanical and durability performances of concrete made
with SSA as a replacement for BA motivate this research work. Within this context, comprehensive
experimental studies were conducted on the possibility of using induction furnace steel slag as coarse
aggregate replacement for BA. This is with the goal to reduce the consumption of industrial-made
brick (reduce CO2) and natural aggregate which is mainly imported from abroad (reduce the cost
of concrete and obtain a sustainable construction material). The aim of this research work is to
investigate the physical, mechanical (i.e., compressive and splitting tensile strength), length change,
and durability (porosity) performances of concrete made with nine different replacement percentages
(0%, 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100% by volume of BA) of BA by induction furnace
SSA. To gain a deeper understanding of the role of SSA on the performance of concrete, the relation
between strength (compressive and tensile) and porosity of concrete mixes was discussed. Additionally,
the chemical composition of aggregate through X-ray fluorescence (XRF) analysis was determined
and microstructural analysis using scanning electron microscopy (SEM) of aggregates and concrete
was performed.
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2. Experimental Methodology

2.1. Material Characterization

2.1.1. Aggregates

Two types of coarse aggregates (first-class burnt clay brick and induction furnace SSA) were
used in this study. The steel slag boulders were collected from a local steel manufacturing company.
Two different types of steel slag boulders were found: some were light in weight with more voids
(more porous, see Figure 1a), those were used in wastewater treatment [18], and others were denser
with less voids (see Figure 1b). The SSAs with the denser structure were used in this study.

   
(a) (b)  (c)  

 

 

 

  
(d) (e)   (f)  

Figure 1. Induction furnace steel slag boulders: (a) steel slag with more void, (b) steel slag with less
void; steel slag aggregate (SSA): (c) steel slag coarse aggregate, (d) close view of SSA; brick aggregate
(BA): (e) brick coarse aggregate, (f) close view of BA.

The steel slag boulders were manually crushed to smaller sizes to be used as coarse aggregate
in concrete (see Figure 1c). Similarly, the first-class burnt clay bricks were collected from the local
market and then crushed into coarse aggregate (CA) (see Figure 1e). Thereafter, the slag and brick
aggregates were sieved in the laboratory using the ASTM C136 standard sieves [19] and compared
with the upper and lower limits recommended in the ASTM C33 standard [20]. To avoid the effect of
grading on the mechanical and porosity performances of the concrete, similar gradation was used for
both BA and SSA. The grading curves of coarse and fine aggregates are shown in Figure 2. For the
physical properties of both BA and SSA, aggregates were tested for unit weight, voids, specific gravity,
absorption capacity, and Los Angeles (LA) abrasion resistance as per ASTM standards. The aggregate
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impact value, aggregate crushing value, angularity number, flakiness index, and elongation index
were measured according to BS EN 1097-3:1998 [21].

Figure 2. Grading curve of coarse aggregate (CA: BA and SSA) and fine aggregate (FA), and comparison
with the upper limit (UL) and lower limit (LL) recommended in ASTM C33 standard [20].

The chemical composition of both BA and SSA was performed by using XRF analysis. The results
of the XRF analyses are presented in Table 1. The SSA contains about 26% SiO2, 44% Fe2O3, 4.9%
Al2O3, and 4.9% CaO. By contrast, BA contains 60% SiO2, 14% Fe2O3, 9.9% Al2O3, and 4.1% CaO.
Indeed, the oxide percentage of steel slag or brick aggregates depends on the type, source, origin, and
furnace systems. It can be seen that the Fe2O3 of SSA was quite higher than the BA, which could be
responsible for the higher specific gravity and density of SSA (see Table 1).

Table 1. Chemical composition of brick and induction furnace steel slag.

Chemical Composition BA (%) SSA (%)

SiO2 60.43 26.18
Fe2O3 14.27 44.39
Al2O3 9.96 4.94
K2O 5.23 0.56
CaO 4.18 4.94
TiO2 1.81 1.73
MgO 1.69 0.47
Na2O 0.90 0.45
SO3 0.57 0.43
MnO 0.30 12.9
P2O5 0.24 0.08
ZnO 0.10 2.33
ZrO2 0.05 0.11
SrO 0.05 0.09

2.1.2. Binder

CEM II cement was used as a binder for all mixes. The physical properties of cement such as
normal consistency, initial and final setting time, as well as compressive strength were carried out
as per ASTM C187 [22] ASTM C191 [23], and ASTM C109 [24], respectively. The physical and main
constituents of cement are presented in Table 2.
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Table 2. Physical and main constituents of cement.

Properties Observed Values

Normal consistency (%) 27.50
Initial setting time (min) 110
Final setting time (min) 360
Compressive strength (MPa) at 3, 7, 14, and 28 days 15.20, 19.50, 25.80 and 31.74
Chemical composition:
Clinker (%) 80–94
Slag and fly ash, limestone (%) 6–20
Gypsum (%) 0–5

2.2. Experimental Programs, Apparatus, and Test Procedures

All the concrete specimens were produced at constant water to cement ratio (w/c) of 0.45 and
cement content of 350 kg/m3. The experimental programs were divided into two parts: mechanical
properties and porosity tests. The SSA was used to replace BA at nine different replacement levels
(0%, 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100% by volume of BA). Although no chemical treatment
procedure was applied, the SSA was washed with tap water before use. The mixture proportions of
the concrete mixes are summarized in Table 3. The workability of the concrete mixes was investigated
by measuring the slump values of fresh concrete.

Table 3. Mixture proportion of concrete mixes (kg/m3).

Mix ID. % SSA % BA Cement Coarse Aggregate Fine Aggregate Water

SSA BA

0% SSA 0 100 350 0 775 872 158
10% SSA 10 90 350 82 735 872 158
20% SSA 20 80 350 172 687 872 158
30% SSA 30 70 350 270 631 872 158
40% SSA 40 60 350 377 566 872 158
50% SSA 50 50 350 493 493 872 158
60% SSA 60 40 350 616 411 872 158
80% SSA 80 20 350 889 222 872 158

100% SSA 100 0 350 1196 0 872 158

In addition, the temperature of the fresh concrete mixes was measured at all replacement
levels. Since SSA is the byproduct of the steelmaking industry, the rate of expansion (length change)
of the hardened concrete was monitored. Specimens (three replicates each) from three concrete
mixes containing 0%, 50%, and 100% (by volume of BA) SSA were used for the investigation of
expansion. The measurement of the longitudinal deformation of the specimens was conducted
at different ages according to the French standard, NF P18-454 [25], using prismatic specimens
(70 mm × 70 mm × 280 mm) (see Figure 3). As a reference, the first value was taken right after 24 h of
casting concrete samples. A high-accuracy digital dial gauge with a precision of 0.001 mm was used to
monitor the longitudinal length change.

2.2.1. Mechanical Properties

A total of 216 cylindrical specimens (100 mm in diameter and 200 mm in length) for the nine
different mixes was cast for compression and tensile (splitting) strength of the concrete mixes. Then, 24 h
after casting, specimens were cured underwater (20 ± 2 ◦C) up to the day of the tests. The compressive
and tensile strength tests were performed at 14, 28, 60, and 90 days to monitor the evolution of strength
as per ASTM C39 [26] and ASTM 496 [27], respectively. During the compression test, the deformation
of concrete specimens was measured by a strain measurement setup with dial gauges attached
with an extensometer. The gauge length was 100 mm in the central part of the cylinder specimen.
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Three specimens were used for each curing age and each mix of both compressive and splitting tensile
strength tests, and then the average strength was calculated by the arithmetic mean of three specimens.
Moreover, the dry density of concrete specimens was measured on the same specimens that were used
for the mechanical tests. Finally, the fractured surfaces of the specimens after compression and tension
tests were studied.

  
(a) (b) 

Figure 3. Measurement of concrete expansion made with 100% BA (a) and 100% SSA (b).

2.2.2. Porosity

The porosity of the concrete mixes was investigated using a technique based on water absorption
porosity according to the French standard, NF P18-459 [28]. The porosity test was performed using
concrete specimens of a quarter-cylinder, 104 mm in diameter and 50 mm in thickness (see Figure 4).
To monitor the evolution of apparent porosity as a function of time, the porosity test was conducted at
14, 28, 60, and 90 days for all the mixes. Within the scope of the study, a total of 108 concrete specimens
for the nine different mixes was tested. The porosity of concrete (in %) was calculated by measuring
the mass of concrete specimens in three states of saturation: (i) mass of dry (Mdry) test specimen,
(ii) apparent mass of immersed (Mimm

sat ) test specimen, and (iii) mass of soaked (Msat) test specimen.
To do this, first, the specimens were dried in an oven at a temperature of 105 ◦C ± 5 ◦C until a constant
value of mass was reached, and the mass of the dry specimen was recorded. Then, the mass of the
specimen was measured in a saturated state when it was immersed in water. In this stage, a vacuum
pressure of 25 mbar was attained and maintained for 4 h. After that, the specimens were immersed
in water for 24 h. Finally, the saturated specimens were removed from the water and a damp cloth
was used to remove excess surface water. The mass of all specimens was measured, and the apparent
porosity, Pa (%), was computed for the three states investigated according to Equation (1).

Pa =
Msat −Mdry

Msat −Mimm
sat

(1)

where Mdry is the mass of dry test specimen, Mimm
sat is the apparent mass of immersed test specimen,

and Msat indicates the mass of the soaked test specimen.

2.2.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) of the BA and SSA was performed to understand the pore
structure and surface roughness of the aggregates. Indeed, pore structure and surface texture of the
aggregates are very important for concrete since they influence the physical, mechanical, and durability
performances of concrete. Furthermore, SEM observations were also carried out on the concrete
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samples to detect possible cracking at the interface between BA/SSA and cement paste. Observed
cracks could be correlated to the mechanical and durability performances of concrete made with these
aggregates. All SEM tests were carried out using JEOL JSM-7600F Schottky Field Emission Scanning
Electron Microscope. For the investigation of the interfacial transition zone (ITZ), completely dry
concrete specimens were used, which had been polished with sandpaper and then submersed in
ethanol solution.

  
(a) (b) 

Figure 4. Test setup for porosity according to the French standard NF P18-459 [28] (a) and specimens
for porosity test (b).

3. Experimental Results and Discussion

3.1. Physical Properties of Aggregates

The physical properties of the coarse and fine aggregates are summarized in Table 4. The specific
gravity of the SSA was higher than the BA, which is believed to have been caused by its higher Fe2O3

content as shown in Table 1. Conversely, significantly lower values of LA abrasion, impact value,
flakiness index, and elongation index were observed for SSA than BA, resulting in higher mechanical
properties and durability of concrete made with SSA than BA (see Table 4). As regards the angularity
number, SSA provides higher values than BA (9.13 for SSA and 11.20 for BA); therefore, on the one hand,
SSA could reduce the workability of the concrete because of high stability due to better interlocking
and friction. On the other hand, it could result in better ITZ between SSA and cement mortar, meaning
higher strength and durability. Moreover, significantly lower absorption capacity was observed for
SSA than BA (1% for SSA and 20% for BA). The lower absorption capacity of SSA could be explained
by the impervious nature of SSA compared to BA, resulting in less permeable and durable concrete
when SSA is used.

Table 4. Physical properties of coarse (SSA and BA) and fine (FA) aggregates.

Properties BA SSA FA

Fineness modulus 6.35 6.35 2.92
*SSD unit weight (kg/m3) 1120 1835 1530
Specific gravity in SSD condition 2.10 3.24 2.56
Absorption capacity (%) 20.00 1.00 3.10
Los Angeles (LA) abrasion (%) 42.70 19.40 -
Impact value (%) 28.10 8.95 -
Crushing value (%) 41.21 20.64 -
Angularity number 9.13 11.20 -
Flakiness index (%) 13.60 7.19 -
Elongation index (%) 40.67 24.19 -

Note: *SSD means saturated surface dry
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3.2. Fresh Concrete Properties

The workability of different concrete mixes was evaluated by measuring the slump value of
fresh concrete at the time of placing (Table 5). No segregation and bleeding were observed during
and after the fresh concrete placement. It was observed that the concrete made with SSA had lower
workability as compared to concrete made with BA. The slump values of concrete made with 0%,
50%, and 100% of SSA were 21.70 cm, 18.70 cm, and 16.20 cm, respectively. It was about 13% and
25% lower slump for concrete containing 50% and 100% SSA, respectively, as compared to concrete
made with 100% BA. The visual observation of SSA shows that SSA was highly angular in shape with
sharp edges and had a rougher surface texture than BA (see Figure 1d,f), resulting in the reduction
of the flowability of concrete due to better interlocking in the mix. Similar results were found in the
literature [7]. The reduction in the flowability could also be linked to the temperature of concrete at the
time of placing. As shown in Table 5, as the temperature of the fresh concrete increases, the workability
of the concrete decreases due to faster heat of hydration of cement paste. It was observed that the
temperature of the fresh concrete at the time of placement was higher for SSA than BA.

Table 5. Slump and temperature of fresh concrete made with nine concrete mixes.

SSA 0% 10% 20% 30% 40% 50% 60% 80% 100%

Slump (cm) 21.70 20.40 21.00 20.90 19.50 18.70 18.30 16.90 16.20
Temperature (◦C) 27.70 28.10 28.60 29.00 30.20 29.80 30.40 30.60 30.90

3.3. Concrete Expansion

The longitudinal expansion of concrete mixes as a function of time is presented in Figure 5. It was
observed that the expansion of concrete made with 100% SSA was higher than the concrete made with
50% SSA and 0% SSA (100% BA). The average expansion of concrete made with 0% SSA, 50% SSA,
and 100% SSA measured at 90 days was 0.012%, 0.014%, and 0.017%, respectively. These values
of expansion of SSA concrete are consistent with the results found in previous studies [11,17,29].
The higher expansion of concrete made with SSA could be explained by the higher amount of calcium
oxide (4.18% for BA and 4.94% for SSA, see Table 1). Several researchers reported that free calcium
and magnesium oxides were the main reasons for the expansion of SSA concrete [11,17]. However,
the expansion of SSA concrete was not significantly high as compared to BA concrete, which is
consistent with the XRF results. In Table 1, it is reported that the calcium oxide content of SSA was very
close to BA, while the magnesium oxide was much lower for SSA than BA (1.69 for BA and 0.47 for
SSA, see Table 1). It is well-known that the expansion and cracking of concrete lead to loss of strength
and slope of the stress–strain curve (i.e., modulus of elasticity). It should be noted that no cracking
was observed at the ITZ of concrete made with SSA (see Section 3.7), and both compressive and tensile
strength were also higher for SSA than BA, which is consistent with the expansion results.

Figure 5. Longitudinal expansion of concrete mixes as a function of time.
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3.4. Dry Density of Concrete Mixes

The dry density of concrete was measured on the same concrete cylinders that were used for the
compressive strength tests. The average dry density and increase in dry density of hardened concrete
are presented in Table 6. As expected, with an increase in the percentage replacement of BA by SSA,
the density of hardened concrete also increases.

Table 6. The average dry density (ρ) and the increase in density of hardened concrete mixes.

Age SSA 0% 10% 20% 30% 40% 50% 60% 80% 100%

14 days
ρ (Kg/m3) 2078 2290 2405 2378 2429 2494 2540 2591 2633

Increase (%) 0.00 10.20 15.80 14.50 16.90 20.0 22.30 24.70 26.70

28 days
ρ (Kg/m3) 2132 2299 2351 2391 2439 2514 2555 2634 2668

Increase (%) 0.00 7.90 10.30 12.20 14.40 18.00 19.90 23.60 25.20

60 days
ρ (Kg/m3) 2117 2320 2373 2401 2465 2531 2571 2628 2691

Increase (%) 0.00 9.60 12.10 13.40 16.40 19.60 21.50 24.20 27.10

90 days
ρ (Kg/m3) 2145 2321 2385 2455 2487 2539 2595 2658 2724

Increase (%) 0.00 8.20 11.20 14.50 15.90 18.40 21.00 23.90 27.00

The average density of concrete made with 0% SSA (100% BA), 50% SSA, and 100% SSA was
2132 kg/m3, 2514 kg/m3, and 2668 kg/m3, respectively, at 28 days and 2145 kg/m3, 2539 kg/m3,
and 2724 kg/m3 accordingly at 90 days. The highest density was observed for the concrete made with
100% SSA, which was about 25–27% higher for all ages than the concrete made with 100% BA (without
SSA). This higher density of concrete made with SSA is directly linked with the higher specific gravity
(3.24 for SSA and 2.1 for BA, see Table 4) and better interlocking between SSA than BA. The higher
density of concrete made with SSA was also reported by Adegoloye et al. [11].

3.5. Mechanical Properties

3.5.1. Stress–Strain Behavior of Concrete Mixes

The example of the stress–strain curves in compression of all concrete mixes performed at 28 days
and 90 days is plotted in Figure 6. Although three specimens for each curing age and each mix were
tested in compression, the curves presented in Figure 6 are the result of one specimen for each mix.
The results show that the compressive strength and the modulus of elasticity increase with the increase
of replacement percentage of BA by SSA. This behavior was more pronounced when the BA was fully
replaced by SSA. The strain corresponding to the compressive strength decreases with the increase
of compressive strength, especially for the concrete specimens made with a higher percentage of
SSA (e.g., 80% and 100% SSA). This is attributed to higher stiffness and hardness of SSA than BA,
which limits the deformation (i.e., cracking on the aggregate and at ITZ) of concrete. The results also
indicate that the modulus of elasticity increases over time, which could be linked to the development
of strength, porosity, and ITZ around the aggregates. A similar conclusion was drawn by Qasrawi [16].

3.5.2. Compressive Strength

The average compressive strength of concrete mixes measured at 14, 28, 60, and 90 days is reported
in Figure 7a. It is clearly shown that the concrete made with SSA has significantly higher compressive
strength at all curing ages as compared to 100% BA, and this behavior was more pronounced at later
ages. It is noteworthy that none of the concrete specimens made with SSA shows lower strength
in compression as compared to that of 100% BA. For example, the average compressive strength of
concrete made with 0%, 50%, and 100% SSA was 22.24 MPa, 32.63 MPa, and 34.98 MPa at 28 days,
respectively, and 28.03 MPa, 32.18 MPa, and 48.00 MPa at 90 days accordingly (see Figure 7a and
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Table 7). The increase in the compressive strength of concrete mixes made with the nine different
percentage replacements of BA by SSA for all curing ages was in the range of 10% to 70% of the strength
of BA (see Figure 7b). The higher compressive strength of concrete made with SSA could be attributed
to higher aggregate strength (LA abrasion: 19.4% for SSA and 42.7% for BA), higher crushing and
impact resistance, impervious nature (i.e., lower porosity, see Figure 1d), higher angularity (angularity
number: 11.20 for SSA and 9.13 for BA), and stronger bond with cement paste of SSA than BA.

 

Figure 6. Stress–strain curves of concrete made with SSA measured at 28 days (a) and 90 days (b).

 

 

Figure 7. Compressive strength f ′c (a), an increase in f ′c as a function of SSA (b), and normalized f ′c of
concrete mixes measured at 28 days were compared with other results found in the literature (c), respectively.
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Table 7. The average compressive strength ( f ′c ) and coefficient of variation (CoV) of concrete.

Age SSA 0% 10% 20% 30% 40% 50% 60% 80% 100%

14 days
f ′c (MPa) 19.08 23.60 22.47 23.37 21.11 23.82 29.24 32.09 32.63

CoV (%) 8.94 4.98 4.61 11.72 6.68 14.60 3.35 2.88 8.39

28 days
f ′c (MPa) 22.24 25.63 26.98 29.02 28.57 32.63 31.73 34.67 34.98

CoV (%) 8.06 7.00 2.51 7.01 4.94 3.17 4.27 9.84 9.03

60 days
f ′c (MPa) 24.30 25.85 30.15 29.24 30.83 32.41 36.02 37.60 39.41

CoV (%) 15.13 9.21 6.87 4.82 5.53 2.09 2.87 2.75 7.16

90 days
f ′c (MPa) 28.03 32.18 32.63 30.83 30.37 32.18 37.83 40.54 47.99

CoV (%) 11.63 3.22 1.20 1.27 9.73 1.22 3.58 3.34 3.74

By visual inspection it was observed that the SSA was highly angular in shape, had higher
rough surface texture and lower flaky particles than the BA, which is the key feature to a stronger
bond between the aggregate and cement paste in the concrete matrix. These results are consistent
with the results available in existing studies [11]. For a uniaxially loaded concrete, on the one hand,
the micro-cracks and cracks are open parallel to the applied loading direction; on the other hand,
it decreases the crack opening that is perpendicular to the load [30,31]. Generally, the cracks are more
pronounced for weak ITZ and weak aggregate. Therefore, the cracks were higher in BA concrete
than SSA due to its softer and porousness behavior, thus providing a weak ITZ and then lower
strength. Moreover, significant lower porosity was observed for the concrete made with SSA than BA
(see Section 3.6), which could also explain the higher strength of SSA concrete.

The analysis of the fractured surfaces of concrete specimens after compressive strength tests shows
that the failure plane passes through the SSA (see Figure 8a) and cement mortar (i.e., combined failure).
This failure pattern confirmed the stronger bond between the aggregate and cement paste. Though a
similar failure pattern was observed for the concrete made with BA (see Figure 8b), the relatively
low strength, higher porosity, and flakier particles of BA than SSA restricted the concrete to gain
higher strength.

To gain a deeper understanding of the role of different percentage replacement of BA by SSA on
the compressive strength of concrete, normalized compressive strength at 28 days was calculated by
dividing the 100% BA (SSA = 0%) concrete (i.e., f ′SSA %

c / f ′SSA=0%
c ) and comparing it with the results

found in the literature [10,16,32–36] (see Figure 7c). It was observed that the experimental results are
in good agreement with the results found in the literature. Most of the researchers found similarities
with this experimental work. Hence, it implies that without compromising the compressive strength,
100% BA can be replaced by SSA in concrete.

3.5.3. Tensile strength of Concrete Mixes

The splitting tensile strength of concrete mixes made with different percentage replacements of
BA by SSA is presented in Figure 9a.

It is seen that the tensile strength increases with the increasing percentage of SSA for all curing ages,
which is in good agreement with the results of the compressive strength as discussed in Section 3.5.2.
The splitting tensile strength of the concrete made with 100% BA (0% SSA) and 100% SSA was 2.00 MPa
and 3.40 MPa, respectively, at 28 days and 2.50 MPa and 4.00 MPa accordingly at 90 days (see Table 8).
The increased strength in tension of all concrete mixes made with the nine different percentage
replacements of BA by SSA for all curing ages was in the range of 15% to 73% of the tensile strength of
BA (see Figure 9b), which is almost similar to the strength increase in compression (see Figure 7b).
These results are consistent with the results available in the existing studies [29,32–34,36]. Figure 9c
presents the normalized splitting tensile strength at 28 days of all concrete mixes and compares with the
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results found in the literature. It shows that splitting tensile strength was increased with the increased
amount of SSA and the results are consistent with the literature.

As described briefly in Section 3.5.2, this higher tensile strength of concrete made with SSA could
be linked to the higher strength, higher angularity, and excellent surface roughness of SSA than the
BA, which ensured strong ITZ around the SSA than the BA. It is noted that the combined (cement
mortar and aggregate) failure occurs for both SSA and BA concrete, which shows good adherence and
cohesion between aggregates and cement mortar (see Figure 8c,d). As mentioned earlier, the lower
tensile strength of BA concrete could be attributed to the relatively softer and more porous behavior of
BA than SSA. In addition, SEM observations show that BA has more cracks on the aggregate as well as
at the ITZ, while no cracking of this type was observed for SSA, which could be another reason for
lower tensile and compressive strength of concrete made with BA than SSA (see Section 3.7).

  
(a) (b) 

  
(c) (d) 

Figure 8. Fracture surface after compressive strength test of SSA concrete (a) BA concrete (b) and
splitting tensile strength test of SSA concrete (c) and BA concrete (d) samples.
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Figure 9. Tensile (splitting) strength: f ′t (a) and an increase in f ′t as a function of SSA (b), and normalized
f ′t of concrete mixes measured at 28 days compared with other results found in the literature (c).

Table 8. The average tensile strength ( f ′t ) and coefficient of variation (CoV) of concrete.

Age SSA 0% 10% 20% 30% 40% 50% 60% 80% 100%

14 days
f ′t (MPa) 1.91 2.19 2.29 2.39 2.67 2.90 3.02 3.27 3.26

CoV (%) 15.28 9.48 6.36 2.31 4.29 7.21 6.40 4.39 1.49

28 days
f ′t (MPa) 1.98 2.28 2.42 2.63 2.83 2.99 3.21 3.29 3.38

CoV (%) 14.56 11.70 8.63 6.88 7.02 9.09 5.51 2.79 9.04

60 days
f ′t (MPa) 2.19 2.27 2.57 2.59 2.68 3.10 3.15 3.44 3.72

CoV (%) 11.68 14.99 12.04 12.13 14.83 9.55 10.64 2.45 6.45

90 days
f ′t (MPa) 2.46 2.56 2.67 2.91 3.06 3.33 3.38 3.61 3.96

CoV (%) 10.04 8.83 3.57 3.85 6.83 9.43 2.37 9.18 5.71
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3.6. Porosity of Concrete Mixes

To gain an understanding of the pore volume of the concrete mixes and the role played by SSA,
the total porosity of concrete was measured by means of water absorption porosimetry, as reported
in Figure 10a. It is seen that the porosity of the concrete mixes decreases for all ages with increasing
percentage replacement of BA by SSA, see Figure 10b. This lower porosity of concrete made with
SSA than BA is consistent with the higher compressive and tensile strength of concrete. The apparent
porosity of the concrete made with 100% BA and 100% SSA was 30.20% and 18.30%, respectively,
at 28 days and 23.40% and 12.60%, accordingly, at 90 days. The maximum decrease in porosity was
observed for 100% SSA concrete, which was about 34%, 39%, 44.5%, and 45.8% at 14, 28, 60, and 90 days,
respectively, lower than 100% BA concrete (see Figure 10b). This lower porosity of SSA concrete could
be attributed to the dense microstructure (i.e., stronger due to lower LA abrasion, see Table 4) and
lower voids (lower permeable and impermeable pores and lower connectivity of pores, see Figure 1d)
of SSA than BA.

 

 

 

Figure 10. Apparent porosity (a), decrease in apparent porosity as a function of SSA (b), and the
relation between f ′c and f ′t compared with different models/exponential relationships available in the
literature (c,d), respectively.
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It is well-known that porosity and permeability have a direct link [31]. Though permeability
of concrete was not measured in this study, the lower porosity and better ITZ of SSA concrete
imply that the permeability of SSA concrete could be lower, which could be an indication of higher
durability. The relationship between porosity and both compressive and tensile strength of the concrete
mixes are plotted in Figure 10c,d. The experimentally measured compressive and tensile strength of
concrete mixes were compared with models/exponential relationships available in the literature [37–40].
As expected, as the porosity increases, the compressive strength decreases. It is noted that the relation
between both compressive and tensile strength with the porosity of the concrete mixes for all ages are
in agreement with the relationships presented in the literature (see Figure 10c,d). This relation implies
that the measurement of both compressive strength and porosity are quite satisfactory.

3.7. Scanning Electron Microscopy (SEM) Analysis

The microstructure of concrete and aggregate is very important since it influences the mechanical
and durability performances of concrete. The images captured by SEM analysis of SSA and BA are
shown in Figure 11a,b. It is shown that the SSA was denser (i.e., strong), had a highly rough surface
texture, and less voids than BA. This higher surface roughness is an important factor that affects
the bonding between aggregate and cement paste (i.e., ITZ). SEM images of BA showed that it has
more voids and internal cracks (see Figure 11b), while no cracking of this type was observed in SSA.
These higher voids and cracks of BA affect the global strength and durability of concrete, which is in
good agreement with the lower strength and higher porosity of concrete made with BA than SSA.

  
(a) 

  

(b)  

Brick aggregate (BA)  BA: More voids  

Steel slag aggregate (SSA)  

SSA: dense, rough surface 

texture and less void  

Figure 11. Cont.

203



Materials 2020, 13, 2865

  

(c)  

  
(d)  

SSA 
Cement paste 

SSA 

Cement paste 

BA 

Crack at ITZ 

Cement paste 

BA 

Cracks at ITZ 

Crack on BA 

Cement paste 

Crack on BA 

Figure 11. SEM images of SSA (a), BA (b), interfacial transition zone (ITZ) of concrete made with SSA
(c) and ITZ of concrete made with BA (d), respectively.

To relate strength performance and possible cracks in the concrete, SEM observations were carried
out on concrete samples made with 100% SSA and 100% BA at the interface between the aggregates
(SSA and BA) and cement paste. The SEM images at the ITZ for both concrete mixes are presented
in Figure 11c,d. A clear dense ITZ was observed around the SSA (see Figure 11c), which could be
attributed to the rough surface texture of SSA (improving the bond between cement paste and SSA)
that ensures better mechanical and higher durability of concrete. In contrast, it should be noted that
more clear cracking through the BA and at the ITZ (see Figure 11d) and more voids (see Figure 11b) are
visible in BA concrete, which has a significant effect on the global strength and durability of the concrete.
The cracking in the ITZ of cement paste and BA can be explained in two ways. Firstly, the compressive
strength of BA is lower than the cement paste. Typically, BA has a compressive strength of about
20 MPa, and under the compression loading test, BA reaches its ultimate load capacity level before the
cement paste. Thus, the cracks can be formed in the ITZ. Lastly, the higher water absorption capacity of
BA can create a weak ITZ by absorbing water from its surrounding cement paste, which may increase
the unhydrated binders in BA concrete. Therefore, under the compression load, these unhydrated
binders can also lead to the cracking in the ITZ. Nevertheless, these cracks and voids should be the
main reason for lower compressive and tensile strength as well as higher porosity of concrete made
with BA than SSA.
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4. Concluding Remarks

In this paper, the effect of steel slag aggregate (SSA) as a substitute for conventionally used
brick aggregate (BA) on the physical, mechanical, and durability (i.e., porosity) performances of
concretes was investigated. It is worth noting, however, that many studies have been conducted on
the mechanical properties of concrete, while comparatively, few published data are available on the
durability (e.g., porosity) as well as length change. To this end, nine concrete mixes made with different
percentage replacements of BA by SSA were studied. The main findings of the influence of SSA on the
physical, mechanical, and porosity of concrete can be summarized as follows:

I. The use of SSA as a replacement for BA in concrete shows significantly higher compressive
and tensile strength, which was 73% higher when BA was fully replaced by SSA.

II. Lower workability was noticed for the concrete made with SSA than BA, which could be
attributed to the higher rough surface texture and higher angularity of SSA than BA as well as
better interlocking, which reduces the mobility of fresh concrete.

III. The concrete made with SSA exhibited higher expansion than the concrete made BA.
IV. A significantly lower porosity was observed for the concrete made with SSA than BA.

The maximum decrease in porosity was observed when BA was fully replaced by SSA, and the
decrease was 45.80% lower than BA concrete.

V. A satisfactory relationship between strength (compressive and tensile) and porosity was
observed, which is consistent with the literature.

VI. SEM images showed that SSA was denser and has a stronger ITZ, which leads to the higher
strength of concrete. By contrast, BA has more voids and cracks on aggregate as well as at the
ITZ, which explains the lower strength of this concrete.

VII. From the experimental results of the nine mixes, this study reveals that SSA can be used as a full
replacement for BA since SSA is denser, less porous, higher angularity, and has excellent surface
roughness, which provides better mechanical and durability performances. Furthermore,
SSA concrete provides environmental solutions by reducing the dumping problem, economical,
conservation of natural aggregate, and sustainable green construction material since burning
brick produces a lot of CO2.

Future research should focus on utilizing other industrial by products and sustainable technologies
such as 3D concrete printing [41–43] without compromising the mechanical properties required for
civil applications.
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Abstract: The natural aggregates are one of the main components in the production of concrete.
Although deposits of natural aggregates lie on the earth’s surface or at low depths and belong to
common deposits, the shortage of aggregate, especially natural sand, is presently observed in many
countries. In such a situation, one is looking for other materials that can be used as a substitute
for natural aggregates in mortars and concrete production. This paper presents the results of an
experimental investigation carried out to evaluate the potential usage of waste basalt powder in
concrete production. For this purpose, the waste basalt powder, which is a by-product of the
production of mineral–asphalt mixtures, was substituted with 10%, 20%, and 30% sand replacement.
In the experimental program, the workability, compressive strength, water transport properties,
and microstructural performances were evaluated. The results showed that the production of
concretes that feature a strong internal structure with decreased water transport behavior is possible
with waste basalt usage. Furthermore, when waste basalt powder is used as a partial sand replacement,
the compressive strength of concretes can be increased up to 25%. According to the microstructural
analyses, the presence of basalt powder in concrete mixes is beneficial for cement hydration products,
and basalt powder substituted concretes have lower porosity within the interfacial transition zone.

Keywords: concrete; waste basalt powder; compressive strength; water absorption; permeability;
microstructure

1. Introduction

The economic development of the country is reflected, among other things, in the increasing
demand for construction projects, and thus the increased production of construction materials. As a
result, the demand for materials for construction projects is constantly growing, and the limitations
resulting from the need to protect the environment significantly reduce the range of natural resource
deposits that can be used for their production. Currently, the most frequently used building materials
in the world are cement composites, among which the dominant role is played by structural concrete.
One of natural raw materials used in the production of cement composites are natural aggregates.

The production and utilization of aggregates in Europe is about 4 billion tons per year, most of
which, i.e., 91% comes from natural deposits [1]. Although deposits of natural aggregates lie on the
earth’s surface or at low depths and belong to common deposits, the shortage of aggregate, especially
natural sand, is presently observed in many countries. There are also great problems with obtaining
new deposits of natural resources despite relatively large geological resources of aggregate deposits.
For example, the documented balance resources of natural aggregates in Poland are relatively large.
However, based on the much smaller amount of industrial resources, the gravel-sand aggregate
reserve is estimated to be only 18 years, and the broken and block stone reserve is estimated to be
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only 42 years [2]. Due to resource losses, these numbers may be further reduced by 20–30% [3].
The establishment of the Natura 2000 European network of protected areas has resulted in more
than 900 documented deposits, including about 500 exploited rock deposits, located in these areas in
Poland. The need to comply with the principles of the EU Habitats Directive causes the reduction of
approximately 35% of current extraction capacity [4].

In such a situation, one is looking for other materials that can be used as a substitute for natural
aggregates in mortars and concrete production. As a partial substitute of fine aggregate, i.e., sand,
the blast furnace slag and fly ash can be used. For this, there are many experimental studies available
in the literature.

Bilir [5] investigated the effect of non-ground coal bottom ash and non-ground granulated blast
furnace slag on the permeability properties of concretes. Rashad [6] reviewed more than 40 studies
in the literature in the past 15 years before 2015, and he stated that the blast furnace slag and copper
slag can be used as a partiall/full replacement of natural fine aggregate in mortar and concrete. Yuksel
and Genc [7] investigated the possibility of using granulated blast-furnace slag, furnace bottom ash,
and their combination as fine aggregates in concrete. They used these powder materials without
applying any preprocesses such as sieving and grinding, and they reported that concrete strength
decreases with increasing replacement ratio with respect to reference concrete.

Bilir et al. [8] reported that the usage of a high volume of fly ash (at the ratio of 60–70%) as fine
aggregate without causing significant changes on the properties of mortars is possible. Ravina [9]
utilized a large quantity of Class F fly ash in structural concrete as a partial fine sand replacement and
found that the fly ash has a good effect on the compressive strength, particularly at a later age. Besides,
the author mentioned that the maximum penetration depth of water under the pressure of fly ash
substituted mixtures is smaller than that of the reference mix. Siddique [10] substituted the class F fly
ash with 10%, 20%, 30%, 40%, and 50% partial sand replacement, and he determined the compressive
strength, splitting tensile strength, flexural strength, and the modulus of elasticity after 7, 14, 28, 56, 91,
and 365 days of curing. According to the findings, the author mentioned that the C class fly ash can be
effectively used in structural concrete.

The rock dust, which is a by-product obtained from the production process of crushed-stone
aggregates, is another well-known powder material to be used in concrete. During rock extraction and
mechanical processing, and due to their sorting, large quantities of waste material are produced in the
form of rock dust. Similar dust waste is produced during the drying process of the aggregate used for
the production of mineral–asphalt mixtures and at stonemason facilities. The storage of this type of
fine material poses serious environmental problems. Dust released to the atmosphere significantly
contributes to the accumulation and harmful dispersion of fine solids in air, water, and soil [11,12].

The chemical and mineral composition of dusts is the same as of the bedrock from which they
originate. This makes them suitable for the production of cement mortars and concretes as a partial
substitute of fine aggregate or even cement. Not only will it reduce the cost of construction production,
it will also make the management of this waste more efficient. Such waste utilization is consistent
with the principle of sustainable development that assumes an efficient management of non-renewable
(consumable) natural resources and their replacement with recycled waste substitutes.

Most authors believe that the introduction of rock dust as a replacement for the part of sand
contributes to the improvement of the mechanical properties of mortars and cement concretes (Figures 1
and 2) as well as durability. As early as 1976, Soroka and Stern [13] noted the beneficial effect of
fillers on the mechanical properties of cement mortars. Strength increases with the dust share in sand
mass and with the increase of its fineness. The same conclusions have been drawn by many authors
who have studied mortars and concretes with the following additives as replacement for sand lime
dust [14–18], marble dust [15,19–21], granite dust [12,22–26], and basalt dust [14,27].

210



Materials 2020, 13, 3503

 

Figure 1. The influence of rock dust on the compressive strength of cement mortars after 28 days of
hardening [14,21,24,27,28].

 

Figure 2. The influence of rock dust on the compressive strength of concrete after 28 days of
hardening [12,15–20,22,23,25,26,29,30].

Abdelaziz et al. [14] studied the use of two different quarry dusts as cement and fine aggregate
replacement materials and experimentally demonstrated the usability of quarry dust as fine aggregate
replacement. It was concluded that the strength properties of blended cement mortars with quarry
dusts are higher than those of the control mortars. Binici et al. [15] used marble dusts and limestone
dusts instead of fine sand aggregate. The authors stated that higher abrasion resistant concrete
can be produced by using this waste instead of sand. Furthermore, the authors reported that the
sulfate resistance also increased in concretes containing this waste. The study of Çelik and Marar [16]
revealed that the use of breaker powder in concrete has been worked on for a long time. The authors
noticed that the addition of dust improved the compressive strength and abrasion resistance, while
reducing the absorption and permeability of concrete. Eren and Marar [17] found a reduction in water
permeability with the increasing replacement level of the crusher dust replacement in fine aggregate.
Topçu and Uğurlu [18] used the mineral filler as a replacement for sand, and they investigated the
effect of applying different amounts of mineral filler on concrete. They found that the addition of
7–10% of mineral filler to fine aggregate (0–2 mm) considerably improved the mechanical properties of
concrete and decreased its permeability. Aliabdo et al. [19] studied the utilization of waste marble
dust in cement and concrete production. They added the marble dust with 0.0%, 5.0%, 7.5%, 10.0%,
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and 15.0% replacement ratios by weight of cement and sand. They concluded that concrete made of
marble dust as a sand replacement indicated better performance compared to cement replacement.
Alyamaç and Aydın [20] produced the concrete samples by replacing sand with marble powder at 10%,
20%, 30%, 40%, 50%, and 90% by volume. They concluded that using up to 40% marble powder in
concrete had a positive effect on the mechanical properties of concrete, including abrasion resistance,
and it also reduced water absorption. Corinaldesi et al. [21] used a by-product of marble sawing and
shaping in concrete production and it was found that 10% substitution of sand with marble powder
provided maximum compressive strength. Arivumangai and Felixkala [22] studied the usage of granite
powder with 0, 25%, and 50% sand replacement. They mentioned that the concrete with increased
performance in compressive strength as well as in the durability aspect can be produced. Bonavetti
and Irassar [24] used the stone dusts of quartz, granite, and limestone in percentages ranging from 0
to 20% as a replacement for equal weights of sand. They found an improvement in mortar strength
at early ages, and no detrimental effects were observed at later ages. Reddy et al. [25] and Divakar
et al. [26] studied waste granite powder and concluded that locally available granite is a useful partial
substitution material for concrete. This material can improve the compressive, tensile, and flexure
strengths of concrete.

The improvement of properties of cement composites with rock dust additives is primarily related
to the filler role of rock dust. The operation mechanism of chemically inert dust neither depends on
the type of rock material the dust originates from nor its chemical composition [31,32]. Therefore,
the dust grain size of rock dust is much more important in these cases. Fine dust material acts
as an inert filler, which contributes to better filling of the intergranular free space in a composite.
This results in a compact cement matrix structure with lower porosity and therefore greater strength
and durability [24,33,34]. Apart from the dominant filler effect, the heterogeneous nucleation of C–S–H
on rock dust grains plays a secondary role in shaping the microstructure of the hardened cement
slurry, which leads to the increased content of hydrated calcium silicates [35,36]. This contributes to
the additional sealing of the cement matrix and thus to its strength increase.

The use of waste materials in the production of cement composites, the properties and evaluation
criteria of which have not been specified in the standards, requires a comprehensive analysis and
evaluation of the properties of mortars and concretes produced with their use. Despite the growing
interest in the use of various rock dust types in concrete production, many problems still remain
unexplained. There is no literature related to basalt dust utilization as a partial sand substitute in
concrete. The scientific goal of the research presented in the paper was to determine the effect of the
basalt dust additive, partially replacing sand, on the properties of concrete. The influence of basalt
dust on the technological properties of concrete mixtures, including the compressive strength, water
absorption, permeability, and microstructure of hardened concrete with basalt dust additive were
analyzed. The results of research on the concrete mechanical properties presented by the authors in this
paper are consistent with those of other scientists who analyzed the influence of rock dusts of different
mineral origin (lime, marble, and granite dusts) on concrete properties. Moreover, the presented
analyses concerning the influence of basalt dust on the porosity and microstructure of the cement
matrix supplement the knowledge deficiency, especially with regard to basalt dusts used in concrete as
a sand substitute.

2. Materials and Methods

Waste basalt powder generated in the production process of asphalt mixtures with basalt aggregate
was used. During the drying of the mineral aggregate, exhaust fumes leave the dryer with various
powder particles. A coarser fraction of waste powder is collected in a special separator, while a very
fine fraction is retained in a dryer filter. Asphalt mixture production leads to the formation of rock
powder in an amount of about 5% of the aggregate mass used to produce the asphalt mixture. This very
fine material is treated as a waste.
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The chemical composition of the basalt powder used in this study is presented in Table 1. Figure 3
presents the particle size distribution of the basalt powder, which is similar to OPC (ordinary Portland
cement). The range of the basalt powder particle diameters is 0.5 to 200 μm, and the average particle
size is 20 μm in diameter. The basalt powder specific gravity is 2.99, and the specific surface area
determined by the Blaine method is 3500 cm2/g.

Basalt powder particles have a rough surface and an angular shape (the scanning electron
microscope SEM image (Scanning Electron Microscope (SEM) Quanta 250 FEG by FEI (Hilsboro,
OR, USA), equipped with the system of chemical content analysis based on the energy dispersion of
the X-ray using Energy Dispersive X-ray Spectroscopy (EDS, Panalytical, Almelo, The Netherlands)
by EDAX) is presented in Figure 4). The mineralogical composition of the basalt powder was
determined based on the XRD diffractogram (X-ray diffraction (XRD) method using a X’pert MPD
X-ray diffractometer (Panalytical, Almelo, The Netherlands) with a goniometer PW 3020, Cu lamp and
a graphite monochromator. Diffraction patterns were recorded by step scanning from 5 to 65, with a
step size of 0.02◦. HighScore Pro software version 4.1 (Panalytical, Almelo, The Netherlands) was used
to process diffraction data. The identification of mineral phases was based on the PCPDFWIN ver.
1.30 formalized by JCPDS-ICDD (ICDD, Newtown, CT, USA)) (Figure 5). Plagioclase rich in anorthite
particles (Ca-Plagioclase) dominates in the mineral composition of basalt powder, as well as pyroxene
and amphibole. There is a small amount of illite, which is probably the effect of plagioclases weathering.

Table 1. Chemical composition of basalt powder.

Chemical Composition (%)

SiO2 42.61
Al2O3 12.90
Fe2O3 14.05
CaO 13.00
MgO 7.82
SO3 0.07
K2O 1.15

Na2O 1.76
Cl− 0.10

P2O5 1.80
MnO 0.25

 

Figure 3. Particle size distribution of basalt powder and Portland cement.
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(a) 

 
(b) 

Figure 4. Scanning electron microscope image of basalt powder: (a) mag. ×4000; (b) mag. ×10000.

Figure 5. XRD diffractogram of the basalt powder.

The concrete mixtures were prepared with the use of ordinary Portland cement CEM I 42.5R
(Lafarge Cement Plant Kujawy in Bielawy, Poland). Table 2 presents the chemical and mineral
composition of the OPC. The particle size distribution of cement is shown in Figure 3. The ordinary
Portland cement specific gravity is 3.13, and the specific surface area determined by the Blaine method
is 3500 cm2/g. As a coarse aggregate (CA) (Pędzewo, Zławieś Wielka, Poland), the gravel of the group
of fractions 2/16 was used, and as a fine aggregate (FA) (Pędzewo, Zławieś Wielka, Poland), river sand
(Pędzewo, Zławieś Wielka, Poland) was used. In order to obtain the desired workability of concrete
mixtures, the high-range water-reducing (HRWR) admixture was added.
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Table 2. Chemical and mineral composition of cement.

Chemical Composition (%) Mineral Composition (%)

SiO2 19.39
C3S 59.7Al2O3 4.67

Fe2O3 3.34
CaO 63.17

C2S 12.4MgO 1.24
SO3 2.95
K2O 0.62 C3A 2.8Na2O 0.17
Cl− 0.07 C4AF 11.8P2O5 0.12

To analyze the effect of basalt powder on the properties and microstructure of concrete, four concrete
mixes were prepared. The reference concrete, i.e., concrete without waste basalt powder, was named
C0, and the concretes with different amount of basalt powder replacing 10%, 20%, and 30% of the
sand by mass were named C10, C20, and C30, respectively. The comparison between the properties
and microstructure of reference concrete without basalt powder and concretes containing different
amounts of waste basalt powder was made. The composition of the concrete mixtures is presented in
Table 3. The water/cement ratio was maintained constant at 0.4.

To analyze the technological properties of concrete mixtures, the concrete slump test according to
European Standard EN-12350-2:2011 was performed. Maintaining the same consistency and similar
workability level of each concrete mixture was assumed, therefore with increasing basalt powder
content, the high-range water-reducing admixture amount was increased.

Table 3. Concrete mixture proportions. C10, C20, and C30: concretes with different amount of basalt
powder replacing 10%, 20%, and 30% of the sand by mass, CA: coarse aggregate, HRWR: high-range
water-reducing.

Concrete
Cement
(kg/m3)

Water
(kg/m3)

Basalt
Powder
(kg/m3)

Fine Agg.
(kg/m3)

CA
HRWR Admix.

(kg/m3)2/8 mm
(kg/m3)

8/16 mm
(kg/m3)

C0

350 140

0 676

512 640

4.6
C10 68 608 5.6
C20 135 541 7.7
C30 203 473 11.6

To assess the influence of different amounts of basalt powder on the physical properties of
concrete, the compressive strength, permeability, and water absorption were analyzed. Compressive
strength and permeability were conducted according to European Standards EN-12390-3:2011 and
EN-12390-8:2011. The compression tests were performed using a computer-controlled test machine of
3000 kN capacity. The hardness value of the compressive test machine loading heads is 550 HV 30 (HRC
53), which conforms to the EN12390-4. For tests, the loading rate was selected constant as 0.5 MPa/s.
The permeability of concrete was determined with a measuring device designed to determine the
depth of water penetration in hardened concrete specimens under pressure. Research was conducted
in accordance with the procedure set out in EN 12390-8. The measuring device enables the transfer of
water pressure to the test area and its current indications. Water absorption was determined based on
the relative mass loss of samples dried up to constant mass compared with samples fully saturated
with water. Cube specimens 100 mm × 100 mm × 100 mm and 150 mm × 150 mm × 150 mm (for
permeability determination) were prepared for each concrete, i.e., the reference concrete and concretes
with waste basalt powder. A laboratory mixer was used to prepare concrete mixtures. After placing in
the molds, concrete specimens were consolidated in two layers by using mechanical vibration. Until
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demolding, all specimens were kept covered in a chamber at controlled temperature 20 ± 2 ◦C for 24 h.
After demolding, specimens were stored in water until testing. The testing of compressive strength
was conducted at 7, 14, 28, 90, 180 and 360 days, the testing of permeability was conducted at 28 days,
and the testing of water absorption was conducted at 28, 180, and 360 days.

In order to determine the effect of basalt powder on the cement matrix microstructure, the scanning
electron microscope (SEM) observation and energy-dispersive spectroscopy (EDS) analysis were
performed. SEM analyses were performed with Quanta 250 FEG by FEI (Hilsboro, OR, USA)
instrument, equipped with the system of chemical content analysis based on the energy dispersion of
the X-ray using Energy Dispersive X-ray Spectroscopy (EDS, Panalytical, Almelo, The Netherlands) by
EDAX.). Fractured samples were specially prepared. The phases presented in the interfacial transition
zone and bulk hydrated cement paste were identified based on EDS analysis.

3. Results and Discussion

The partial replacement of sand with basalt dust leads to a change in two parameters of the
analyzed concrete, i.e., the particle size distribution of the aggregate and rock material (quartz on
basalt). The introduction of basalt dust into the concrete mix in exchange for the corresponding sand
dust fraction allows maintaining the same screening curve of the aggregate mix and analyzing the
impact of the type of rock material on the properties of concrete. However, in such a situation, it is
difficult to talk about the physical effect of the additive, i.e., the effect of the filler, because the sand
dust fraction is replaced with the same dust fraction. The addition of mineral dust as a substitute
exclusively for the fine aggregate dust fraction will affect the properties of concrete when this additive
has a clear activity in relation to the solution in the pores of the hardened cement paste. Conducting
research with the substitution of sand with basalt dust allowed, first of all, to analyze the influence of
aggregate mixture sealing on the properties of mortars and concretes.

3.1. Properties of Concrete Mixtures

The change in concrete mix consistency, measured with a slump cone test, when the level of
sand substitution with basalt dust at constant and variable fluidizing admixture content increases is
presented in Figure 6. Incorporating dust in the concrete mix leads to a change toward a less liquid
mix consistency, as well as to a deterioration of workability.

Figure 6. Change of the value of concrete mix slump cone test as a function of basalt dust content at
constant and variable HRWR admixture content.
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The results of the conducted tests show that a constant content of fluidizing admixture causes the
slump cone test to vary from 140 mm, in a mixture without basalt dust, to 40 mm when 30% of sand is
replaced with dust. This denotes the change of the concrete mix fluidity from an S3 to S1 consistency
class according to European Standard EN-206:2016. The decreased workability of concrete mix with
basalt powder addition is attributed to the greater compactness of the concrete mixture. As a result of
the significant sorptivity of basalt powder, water is absorbed by its particles when mixing, which leads
to a workability reduction of the concrete mixture [37]. Basalt dust features a large specific surface area,
which needs more water to obtain proper consistency than in the case of sand. Therefore, when the
basalt dust share in the sand mass increases, the concrete mixture fluidity significantly decreases.

When modifying the concrete composition, it was assumed that the same consistency of concrete
mixture, characterized by the slump cone (or Abrams cone) test, was maintained within 140 ± 10 mm.
Therefore, as sand was gradually replaced with basalt dust, it was necessary to increase the amount of
high-range water-reducing (HRWR) admixture. At 30% basalt dust content, the fluidizing admixture
content has more than doubled compared to the reference mixture.

The results of studies on the influence of basalt dust on the properties of concrete mixtures with
constant consistency with an increasing amount of basalt dust replacing sand are presented in Table 4.
As the basalt dust content increases, the air content decreases significantly from 4.1% in the case of
the reference mixture to 2.5% in a 30% added dust mixture. The gradual substitution of sand with
basalt dust leads to the sealing of aggregate composition, which results in lower air content in the
concrete mix and thus a lower porosity of hardened concrete. Along with the increased basalt dust
content in the sand mass, the increase in concrete mixture density is observed. The basalt dust density
is 2.99 g/cm3 and is higher than sand density (2.65 g/cm3), which is the reason why the density of the
concrete mixture increases with the dust share increase in the sand mass.

Table 4. Properties of concrete mixes with basalt dust additives.

Concrete Mix Concrete Slump Test (mm) Air content (% vol.) Density (kg/m3)

M0 150 4.1 2.31
M10 140 3.2 2.41
M20 130 3.0 2.44
M30 130 2.5 2.51

The introduction of dust material into the concrete mix reduces bleeding [38]. The content of very
small aggregate grains with a diameter of less than 150 μm reduces water bleeding from the concrete
mix mainly due to the lower sedimentation rate of fine grains [39].

3.2. Compressive Strength

Obtained results clearly indicate the positive influence of basalt dust as a sand replacement on
the concrete strength (Figure 7). With the increase of basalt dust content, the compressive strength of
concrete increased in each curing time.

The greatest strength increase in relation to the reference concrete, i.e., 19%, 24%, 25%, and 23%
was reported respectively after 14, 28, 90, and 180 days of hardening, when replacing 30% of sand
with basalt dust. Then, in the case of early 7-day strength, the highest 13% increase was obtained in
concrete with 20% basalt dust additive. Concrete strength with basalt dust after 360 days of hardening
does not significantly differ from that of the reference concrete. It is worth mentioning that concrete
with 10% basalt dust additive gained 28-day reference concrete strength just after 7 days and 90-day
reference concrete strength after only 14 days.
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Figure 7. Compressive strength of concrete as a function of time and content of basalt dust as sand
replacement (C0–reference concrete, C10–C30–concrete with additive of basalt dust replacing 10–30%
of sand).

The beneficial effect of basalt dust on the mechanical properties of concrete is connected with
the physical effect of this additive, i.e., with the filler effect. Basalt dust grains fill empty spaces
(pores) between sand grains and coarser aggregate. This results in a higher tightness of the aggregate
composition, a more compact cement matrix microstructure, and thus lower porosity and higher
material strength [24,33]. From the grain size distribution of basalt dust and cement shown in Figure 3,
it can be seen that the granularity distribution of both materials is similar. However, basalt dust is of
the bimodal grain size type. The largest volume is occupied by grains with a diameter of approximately
20 μm. However, on the basalt dust grain curve, there is another, smaller maximum corresponding to
a grain diameter of 1 μm. These very small dust particles were most likely located among slightly
larger cement grains, which sealed the microstructure of the cement matrix as well as contributed to
improvements in the mechanical properties of mortars and concretes.

The introduction of basalt dust has contributed to an increased level of active centers where it is
possible to crystallize hydration products, especially the C–S–H phase, which also has an influence on
the increased mortar strength. Cement grains, electrostatically charged differently, tend to attract one
another in water slurry, resulting in aggregate creation (flocculation). In this case, water is not able to
freely penetrate all the space between cement grains, and not all cement particles are effectively used
in the hydration process. Microfiller introduction causes a greater dispersion of cement grains, which
contributes to the accelerated hydration of clinker phases and therefore a faster strength increase [12,33].

3.3. Water Absorption

Basalt dust additive has little effect on the water absorption of concrete. The mass absorption of all
tested concretes did not exceed the value of 4.5% and decreased with hardening time (Figure 8). After
28 days of hardening, the absorption of all tested concretes was identical. In longer periods, i.e., after
180 and 360 days of hardening, the absorption began to decrease slightly with the increase of basalt
dust content. Water absorption decrease with increasing hardening time is attributed to the gradual
completing hydration, which leads to the better compactness of cement matrix and the refinement of
the pore structure [36,39].

It is worth mentioning that the concrete absorption was determined without evaluating the actual
volume of water-saturated material, which may significantly affect the test results. This specific test
method uses the mass of water absorbed by the concrete to refer to the mass of the whole dried sample
and not only to the mass of the volume of the water-saturated material. It may have a particular effect
when determining the absorption of concrete after 28 days of hardening. A longer sample hardening
period in wet conditions means a larger volume of water-saturated samples. Therefore, it can be
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considered that a more reliable assessment of the impact of basalt dust on the concrete absorption can
be performed after a longer hardening period, i.e., after 180 and 360 days of concrete cure.

Figure 8. Water absorption of concrete as a function of basalt dust content and hardening time.

3.4. Permeability

The research showed that the penetration depth of pressurized water in all analyzed concretes is
very low and is between 10 and 17 mm (Table 5). Here, 50 mm of water penetration allows defining
concrete as impermeable. However, concrete in which the depth of water penetration under pressure
does not exceed 30 mm meets the requirements of impermeable concrete in corrosive conditions [37].

Table 5. Depth of water penetration in concrete with basalt dust additive.

Concrete C0 C10 C20 C30

Penetration Depth (mm) 17 15 10 13

Although all concretes feature low permeability, the water penetration depth in concrete with
basalt dust additive is slightly lower in comparison with the reference concrete. The pore system
has a significant influence on the permeability of concrete. The reduction of permeability is strongly
influenced by the pore system. The share and structure of continuous capillary pores is of the greatest
importance here [37]. The interruption of capillary pores reduces the penetration and movement
of water in the concrete, thus reducing its permeability. Very small basalt dust particles most likely
blocked the continuous capillary pores, which undoubtedly reduced the concrete permeability.

3.5. Microstructure

In order to analyze the microstructure, porosity tests of cement mortar samples were performed.
Basalt dust was a sand substitute in the amount of 10% and 20%. It was found that as the basalt dust
share increases, the total pore volume and porosity decreases. Basalt dust additive reduces mortar
porosity in the capillary pore range. On the other hand, the share of fine pores below 50 nm in diameter
and of gel pores below 10 nm is significantly increased (Figure 9). This has a positive effect on mortar
microstructure sealing, which translates into increased strength and durability. A higher share of fine
pores in the total material porosity means greater strength at the given porosity [37,40–43]. This is
in line with the results of strength tests of concrete with basalt dust additive as a sand replacement,
which show that mortar strength increases with the increase in basalt dust content. The basalt dust
used in the study features a bimodal grain size distribution with a small maximum around 1 μm in
diameter (Figure 3). These very small particles of basalt dust caused the cement matrix microstructure
to be sealed, resulting in lower porosity. The heterogeneous C–S–H nucleation on dust particles, which
results in a higher C–S–H content and thus a lower porosity of the basalt dust slurry that replaced sand,
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is not to be underestimated. The reduction of porosity across capillary pores undoubtedly reduced the
absorption and permeability of concrete with basalt dust additives.

Figure 9. Share of pores of a certain diameter in the total pore volume in cement mortar with basalt
dust additive [44].

From SEM observation and EDS analysis, it was found that products of hydration, the C–S–H phase
in particular, crystallize on basalt dust particles. Very fine particles of basalt dust act as crystallization
centers and provide additional areas where C–S–H nuclei can settle (Figures 10 and 11).

  

(a) (b) 

Figure 10. Microstructure of paste with basalt dust: (a) after 2 h of hydration; (b) after 5 h of hydration;
point 1—basalt dust grain, points 2 and 3—C–S–H phase.

In cement paste without basalt dust additive, large hexagonal portlandite plates were identified
(Figure 12), while these were not found during the research of paste microstructure with basalt dust
addition. In many places, large portlandite crystals in the interfacial transition zone between aggregate
and paste in concrete without basalt dust were also found (Figure 13), which was not noticed in
the case of concrete with dust additive (Figure 14). However, the results of research on the calcium
hydroxide content in cement paste did not confirm that the basalt dust additive reduces its content.
Therefore, it can be assumed that basalt dust particles finer than cement grains sealed the cement paste
microstructure, as a result of which there were no large pores giving space for the formation of larger
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portlandite crystals. Much smaller, evenly dispersed portlandite crystals started to form in the cement
matrix, and they were more difficult to identify in the images of the SEM microstructure.

   
(a) (b) (c) 

Figure 11. X-ray analysis in the micro-areas indicated in Figure 10: (a) olivine crystal—point 1, (b) and
(c) thin layer of C–S–H phase on olivine grain—points 2 and 3.

  
(a) (b) 

Figure 12. Microstructure of cement paste without basalt dust; (a) After 2 h of hydration; (b) After 5 h
of hydration. Large hexagonal portlandite plates are visible: points 1 and 2—portlandite, points 3 and
4—C–S–H phase.

The presented SEM image of a concrete fracture with basalt dust additive (Figure 14) contains a
visible compact interfacial transition zone that consists mainly of the C–S–H phase, which adheres
tightly to the aggregate grain surface. Within the interfacial transition zone, very small basalt dust
grains are visible, which tightly adhere to the mass of hardened cement paste (points 1 and 3 in
Figures 14 and 15). The lack of large portlandite crystals indicates the lower porosity of the interfacial
transition zone in concrete with basalt dust additive, which, as we know, indicates that this zone has
been reinforced.
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(a) (b) 

Figure 13. Microstructure of interfacial transition zone: (a) Concrete without basalt dust after 28 days
of hydration: point 1—aggregate grain, point 2—portlandite, point 3–C–S–H phase; (b) Analysis in the
micro-area defined in point 2.

Figure 14. Microstructure of interfacial transition zone: concrete with 10% basalt dust addition after 28
days of hydration: point 1 and 3—basalt dust grain, point 2 and points 4–6—C–S–H phase.
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(a) (b) 

 
(c) 

Figure 15. X-ray analysis in micro-areas indicated in Figure 14: (a) and (b) Basalt dust grains—points 1
and 3; (c) C–S–H phase—point 5. C–S–H was also found in points 2, 4, and 6, the X-ray analyses of
which were not included.

4. Conclusions

This study discusses an experimental program carried out to investigate the effects of basalt powder
replacement on the physical, mechanical, and microstructural properties of concretes. The following
conclusions can be drawn based on the results of this study:

Basalt powder affected the workability of fresh concretes. When mixing water is kept constant in
concrete mixtures, the workability of concrete mixes decreased with the increase in substitution
ratios of basalt powder. When the basalt powder replacement rate was increased to 30%, a 71%
decrease in consistency occurred (slump value decreased from 140 to 40 mm). For the production
of basalt powder substituted concrete with constant consistency, HRWR should be increased
based on the increasing rate of basalt powder substitution. Thus, the consistency of concretes
can be maintained by increasing HRWR based on the increase of basalt powder. This increase in
water demand can be attributed to the relatively greater surface area of basalt powder.
The amount of air in the reference mixture, which is 4.1%, decreased up to 2.5% with 30% basalt
powder addition. This indicates that the use of basalt powder reduces the void rate in the concrete.
In addition, concrete densities also increased inversely proportional to the amount of air and
supported the improvement in the internal concrete structure. This result can be related to the
higher density of basalt powder compared to the sand used in the mixture. This means that the
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concrete internal structure has become more compact and the impermeability has increased with
basalt powder substitution, and thus a better concrete internal structure has been obtained.
The compressive strength of concretes increased in all mixes based on the concrete curing age.
In addition to this well-known result, the substitution of basalt powder instead of sand increased
the compressive strength of all substitution rates and curing periods. In concrete mixes containing
basalt powder, the increase in compressive strength has been achieved up to 25%. The increase in
compressive strength, which is an expected result due to the decrease in the amount of concrete air
and the increase in density, can be explained by the fact that the internal structure of the concrete
becomes more compact as a result of basalt powder usage.
Although there is no significant relationship between water absorption and basalt substitution
rate, very clear information was obtained from the pressurized water penetration depth data.
As it is well-known, the pore system has a significant influence on the permeability of concrete.
According to the achieved findings, it can be concluded that the relatively small particles of basalt
dust blocked the continuous capillary pores and thus reduced the concrete permeability.
Microstructural analyses showed that the presence of basalt powder in concrete mixes is beneficial
for cement hydration products. According to the SEM observation and EDX analysis, very fine
particles of basalt dust acted as crystallization centers and provided additional areas where
C–S–H nuclei can settle. It was observed that the basalt powder well adhered to the hydrated
cement paste, and the portlandite crystals did not appear in large quantities between the basalt
powder and the C–S–H gels. Contrary to reference mixes, the lack of large portlandite crystals
was observed in the microstructures of basalt powder-substituted concrete. This observation
indicates that basalt powder-substituted concretes have lower porosity through the interfacial
transition zone. This is the result of the reinforcement effect of basalt powder on ITZ (interfacial
transition zone).

As a result, the experimental study showed that in addition to improving some physical,
mechanical, and microstructural performances of concretes and reducing the usage of natural raw
materials, using basalt dust leads to the consumption of this industrial waste, thus providing a
twofold benefit.

This study may be extended with new experimental studies related to concrete durability and the
steel–concrete bond performance of basalt dust-substituted concretes to better understand the potential
of basalt powder usage in concrete production.
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Abstract: In the present study, a recycled concrete aggregate (RCA) coating treatment using a cement
paste dissociation agent (CPDA) with different mixing methods was newly incorporated in RCA
concrete mixtures. First, a preliminary test program was conducted to determine the proper dosage
of the CPDA solution throughout its RCA concrete test results from compressive strength, flexural
strength, and elastic modulus. Then, a series of experimental tests were carried out to investigate
the effect of RCA coating treatment, different mixing method such as the equivalent mortar volume
(EMV) method and conventional method, and different RCA replacement ratios on durability test
results of RCA concrete such as drying shrinkage values and rapid chloride penetration test (RCPT)
values. The test results showed that all RCA concretes mixed with the coated RCAs were found to
be workable regardless of different mix methods, with the slump and air contents of all the mixes
being almost identical. All the concrete specimens, which were mixed with the coated RCAs with
CPDA solution, represented lower drying shrinkage and RCPT values than those mixed without
RCA coating treatment, regardless of different mix proportioning methods or RCA replacement
ratios. This holds for the concrete specimens proportioned with the EMV method, regardless of
different RCA replacement ratios.

Keywords: recycled concrete aggregate; cement paste; dissociation agent; RCA coating;
mixture proportioning

1. Introduction

It is widely acknowledged that various types of waste materials can be transformed into
recycled aggregates, powders, or additives and are used in concrete. Ceramic materials have
been used as ceramic powder and ceramic aggregates in concrete [1]. This use of glass waste in
concrete production and its advantages were summarized well by Zegardło et al. [2], and recent
studies related to the use of rubber aggregates and chips were reported by Guettla et al. [3].
Wood chips can also be used for wood plastic composite paver blocks [4].

Recycled concrete aggregate (RCA) is one of many types of recycling aggregates
that are used for concrete. RCA is known to be more porous, less dense, and more
heterogeneous than natural aggregates. However, the residual mortar (RM) adhering to
RCA has a negative impact on the concrete properties. Additionally, it has been reported
that RM in RCA reduces the compressive strength and elastic modulus by up to 42% and
45%, respectively [5]. The data reported for Federal Highway Administration (FHWA)
also revealed deceases of up to 30% and 50% in the coefficient of thermal expansion and
permeability, respectively [6].

Numerous research teams have carried out experimental studies with the goal of en-
hancing the material properties of RCA concrete. These studies include high-quality RCA
produced from precast or preserved quality concrete [7–9], the two-lift paving method [10],
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improvement of the mixing process [11,12], the use of oil-contaminated sand [13], new mix-
ture design methods [14–17], strengthening through residual mortar (RM) coating [18–22],
and supplementary cementitious materials.

First, high-quality RCA can be obtained from precast concrete [7], concrete sleepers,
and returned concrete mixtures [8,9]. RCA acquired from such concrete can produce reliable
products of consistent quality and can reduce the cost of sorting aggregates during processing.

Next, two-lift concrete paving has been successfully adopted and employed in Western
Europe and the U.S. This method involves the use of low-quality RCA concrete in the lower
layer of the concrete pavement. Two-lift construction using recycled concrete in the lower
layer has been reported to provide the greatest impact socially and environmentally [10].
In a similar way, it was reported by Siddika et al. [23] that RCAs with other construction by-
products can be used with the application of additive manufacturing, so-called, 3D printing.

The application of oil-contaminated sand in concrete was considered effective in en-
hancing concrete strength properties. Abousning et al. [13] reported that the presence of
crude oil up to 4% could improve the properties of mortar compared to the uncontami-
nated samples.

After the two-stage mixing approach (TSMA) [11] was introduced, a triple mixing
procedure [12] was presented for manufacturing strong and durable RCA concrete. The
triple mixing process divides the mixing process into 3 steps. The first step involves coating
the mixed coarse aggregate with additives and a fixed quantity of water. The second step
adds cement and fine aggregates, and the last step mixes in the remaining amount of water
and plasticizer. Increased density, water absorption performance, and strength properties
were reported.

Improved mixing methods for RCA concrete have also been proposed by a number
of other researchers [14–17]. The equivalent mortar volume method was proposed by
Fathifazl et al. [14] and received significant interest. In this method, RM was considered
part of the total mortar needed for concrete. Additionally, a method that processes a portion
of the RM as mortar and the remainder as aggregates was presented [15]. Gupta et al. [16]
proposed the equivalent coarse aggregate mass method. The major concept behind this
method is processing the mortar adhered to the RCA as sand. New approaches to improv-
ing existing mixing methods have continued to be presented and consider the properties
of RM of RCA after Fathifazl et al. [14], such as the identical mortar volume design
method [17]. Through these new mixing methods, it was shown that the mechanical
strength and drying shrinkage of RCA concrete improved to a level similar to the proper-
ties of concrete using natural aggregates.

Researchers also investigated the strengthening of RM. Various materials were used to
fill pores and interfacial transition zones (ITZs) to improve RCA quality [18–22], including
polyvinyl alcohol (PVA) solution [19], siloxane and silane polymer solutions [20], and
pozzolanic material slurry [21]. Overall, the surface treatment materials mentioned above
helped reduce water absorption in RCA. Recently, the bio-deposition method was intro-
duced as a way to enhance RCA quality [22]. This method used bacteria to produce calcium
carbonate on the cell surfaces near the pores of ITZs (when appropriate calcium sources
existed). Water absorption and compressive strength were improved using this method.

Drying shrinkage is a very important property of cementitious composites influencing
their durability. Several models to predict the concrete drying shrinkage using influential
factors have been empirically proposed in terms of slump, air content, fine aggregate,
cement content, compressive strength, relative humidity, and volume-to-surface ratio,
etc. [24,25]. In addition, it was reported that RCA treatment by PVA solution [19] affects
concrete drying shrinkage. It has been widely accepted that the use of more RCA in the
conventional concrete mix leads to an increase in drying shrinkage [5,6,8,9,11,17]. Some
researchers summarized that drying shrinkage of the RCA concrete exhibited a 6–111%
increase in 11 studies [5] while a 20–50% increase for coarse RCA and 70–100% increase
for coarse and fine RCA in concrete pavement research areas [6] compared to that of the
natural aggregate concrete.
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Chloride penetration resistance, which is a measure of concrete durability, is important
in reinforced concrete structures as well as plain concrete structures that do not use rebars.
The presence of chloride ions was found to affect the spalling of concrete pavement below
the freezing temperature of the pore solution and increased the saturation state of rebar
corrosion [26]. The Rapid Chloride Penetration Test (RCPT), which is another such test, pro-
vides a diffusion-related conductivity measurement and index, where a higher RCPT value
indicates greater concrete diffusion [26]. Factors that affect the RCPT include the compres-
sive strength [26]; mineral admixtures such as fly ash [27–29]; aggregates [8,30–33]; curing
conditions such as autoclaving, steam curing, and normal curing [34]; pore size [26,27];
RCA replacement ratio [35–37]; specimen temperature [38–40]; regional environment con-
ditions [26]; test conditions [40]; multiple-stage mixing approaches [41,42]; and sodium
silicate and silica fume coating of the RCA aggregate [41,42]. Especially, the RCA coating
was observed to fill the cracks and pores using the ITZ of the concrete sample through
microstructural analysis [41,42].

The above studies highlight the importance of an idealized mixing process, a mix
proportioning method, ITZ strengthening, and a coating method to provide enhanced
mechanical properties for RCA concretes. However, most previous studies have been
limited to investigating the mechanical strength properties of RCA concretes. Readers may
notice that, so far, no research determining the effect of RCA coating treatment by cement
type solutions has been conducted on durability properties such as drying shrinkage and
chloride ion penetration resistance. Thus, in the present study, an RCA coating treatment
using a cement paste dissociation agent (CPDA) with different mixing methods was newly
incorporated in RCA concrete mixtures. First, a preliminary test program was conducted
to determine the proper dosage of CPDA solution using its RCA concrete test results on
compressive strength, flexural strength, and elastic modulus. Then, a series of experimental
tests were carried out to investigate the effect of RCA coating treatment, different mixing
methods such as the equivalent mortar volume (EMV) method and conventional method,
and different RCA replacement ratios on the durability test results of RCA concrete such as
drying shrinkage values and RCPT values [43]. Therefore, the results of this study provide
guidance that can be used to assess the beneficial increment in durability properties by
adopting RCA coating treatment with the optimized mix proportioning method.

2. Experimental Program

2.1. RCA Production

This experimental study used RCAs produced from two different sources in South
Korea. The RA aggregate was crushed with a maximum size of 25 mm from old runway
concrete pavement at an air base reconstruction site. The RP was obtained with a maximum
size of 20 mm by crushing the precast concrete (PC) culverts (see Figure 1). It should be
noted that the first letter R from RA and RP refers to recycled coarse aggregate and the
second letter denotes aggregate types used in this study where A is an arbitrary symbol
while P was named since RP was manufactured from precast concretes.

Figure 1. Recycled concrete aggregate (RCA) sources.
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The PC culverts had a compressive strength of 35 MPa with a maximum aggregate of
20 mm and a water–cement ratio of 35% or lower according to the Korean Construction
Specification [44] and were manufactured by steam curing.

2.2. Aggregate Properties

Table 1 shows the specific gravity, absorption rate, and residual mortar content (RMC)
of the RCA and the specific gravity and absorption rate of the natural coarse aggregate
and fine aggregate. The specific gravity and absorption ratio of the RA were 2.54 and
4.81%, respectively. The specific gravity and absorption ratio of the RP were 2.60 and 2.62%,
respectively.

Table 1. Basic aggregate properties.

Test Items RA RP NCA Fine Aggregate 1 Fine Aggregate 2

Specific gravity 2.54 2.60 2.69 2.58 2.60
Absorption rate (%) 4.81 2.62 0.54 0.52 0.95

RMC - 20.0 - - -

Crushed granite (which was the same source of aggregate previously used in PC
culvers) was used as the natural coarse aggregate, and its specific gravity and absorption
rate were 2.69 and 0.54%, respectively. Natural river sand was used as the fine aggregate.
RA and fine aggregate 1 were used in the first mix series, while RP and fine aggregate 2
were used in the second mix series. Figure 2 shows the particle size distribution for the RP,
natural coarse aggregate (NCA), and fine aggregate 2, satisfying Korean standards.

Figure 2. Aggregate gradation for RP, natural coarse aggregate (NCA), and fine aggregate 2.

In order to obtain the RMC value for RP, the heat treatment method proposed by Juan
and Gutierrez [45] was used. After heating the prepared RCA samples for 2 h at 500 ◦C in
an electric furnace, the heated samples were removed from the furnace and immersed in
ice water to subject the samples to thermal shock and to separate the mortar. The RMC
value was calculated by substituting the measured values in Equation (1). The RMC value
was 20.0%.

RMC = (WRCA − WOVA)/WRCA × 100 (1)

where WRCA is the weight of the RCA dried in an oven dryer after first collecting the
samples and WOVA is the weight of the original virgin aggregate (OVA) dried in an oven
dryer after removing residual mortar.
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2.3. Cement Paste Dissociation Agent

The cement paste dissociation agent (CPDA) used in this study was a product com-
posed of SiO2, CaO, NaCl, NaNO3, Na2SO4, and K2CO3. The chemical equations below
explain the additional hydration reaction of calcium hydroxide from the cement and the
CPDA [46]. Free calcium oxide of cement forms calcium hydroxide when mixed with water.
Then, calcium hydroxide takes part in the reactions with the second and forth components
to the left in the following equations, which are the main components of the CPDA to
further form inorganic crystallization or ettringite around old ITZs or new ITZs.

3Ca(OH)2 + 6NaCl + 30H2O + (3CaOAl2O3) ⇒ 3(CaOAl2O3CaCl210H2O) + 6NaOH (2)

3Ca(OH)2 + 6NaNO3 + 32H2O + Ca3(AlO3)2 ⇒ 3Ca3(AlO3)23Ca(NO3)232H2O + 6NaOH (3)

3Ca(OH)2 + 3Na2SO4 + 31H2O + Ca3(AlO3)2 ⇒ 3(CaOAl2O3)2CaSO431H2O + 6NaOH (4)

As a percentage of cement, 1.25% CPDA powder was recommended for conventional
cement concretes by the CPDA manufactured company [46]. However, in this study, to
coat the weak parts of old ITZs in the RCA concrete, 2.5% CPDA powder as a cement
percentage, which is two times higher than the recommended dosages, was selected. Thus,
for a preliminary test program (first mix series in Table 2), 0, 2.5, and 5% CPDA powder as
a percentage of cement amounts were added in RCA concrete mixes. The test results from
Section 4.1 showed that the addition of 2.5% CPDA as chemical admixtures in the RCA
concrete mixes helps improve compressive strength, flexural strength, and elastic modulus
properties. Thus, in the main test program (second mix series in Table 2), 300 g of CPDA
was diluted in 1 L of water instead of powder but with the same dosage and sprayed on
the RCA surface as shown in Figure 3. The coated RCAs were poured in a pan and covered
with plastic for curing for 2 days. Then, they were used in the concrete mixture.

Table 2. Concrete mixture designs and material quantities.

Test Series Mix W/C S/a RCA wt %
Mix Proportions (kg/m3)

W C S F/A NCA RCA CPDA Admixture

1
CRA-0 0.37 38.9 100 138 370 695 - - 1093 0 -

CRA-2.5 0.37 38.9 100 138 370 695 - - 1093 9.25 -
CRA-5 0.37 38.9 100 138 370 695 - - 1093 18.5 -

2

CNC 0.36 39.1 0 158 396 675 44.0 1051 0 - 2.56
CRP-a 0.36 40.4 25 158 396 694 44.0 767 256 - 2.49
CRP-b 0.36 41.7 50 158 396 712 44.0 499 498 - 2.49
CRP-aS 0.36 40.4 25 158 396 694 44.0 767 256 - 2.49
CRP-bS 0.36 41.7 50 158 396 712 44.0 499 498 - 2.49
ERP-a 0.36 37.0 25 152 380 648 42.3 830 276 - 2.60
ERP-b 0.36 34.6 50 145 363 619 40.3 584 583 - 2.61
ERP-aS 0.36 37.0 25 152 380 648 42.3 830 276 - 2.74
ERP-bS 0.36 34.6 50 145 363 619 40.3 584 583 - 2.62

Figure 3. Spray coating RCAs.
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3. Experimental Tests

3.1. Mix Design

In this experiment, type I Portland cement was used with a specific gravity of 3.15 and
specific surface area of 3380 cm2/g. The chemical admixture used in this experiment was
an air entraining and water reducing agent solution. All of the aggregates were prepared
in a saturated surface-dry condition.

Two series of mixes were prepared and tabulated in Table 2. The first series of mixes
were designed in order to investigate the optimal amounts of cement paste dissociation
agent (CPDA) powder. In the nomenclature from the first mix series, the numbers denote
CPDA contents as a percentage of cement amounts.

The second series of mixes were then designed to find whether coating the RCAs with
CPDA solution is an effective way to improve the durability properties such as drying
shrinkage and chloride penetration resistance as well as mechanical strength properties of
recycled aggregate concrete (RAC). This mix series involved nine mixtures. The conven-
tional American Concrete Institute (ACI) mixing method and the equivalent mortar volume
(EMV) mixing method were used. In the nomenclature, first, C and E in mix identification
denote conventional and equivalent mix design, respectively. Next, R and N denote natural
coarse aggregate and RCA, respectively. Thirdly, A refers to type A aggregate while P
refers to aggregate manufactured from precast concretes. Fourthly, -a and -b refer to the
25% and 50% RCA replacement ratios per total coarse aggregate, respectively. Lastly, S
used in the mixture nomenclature refers to the use of spray coating of the recycled concrete
aggregate (RCA) surface in the mixture.

A pan mixer that could perform 60 L volume mixing was available in a research
laboratory from Hongik University in Sejong, Korea, which is where the experimentation
was conducted. First, the coarse aggregate and fine aggregate were poured in the mixer and
mixed together for around 30 s. Then, cement was added and mixed for 30 s. Afterwards,
the admixture was diluted sufficiently in water and added to the mixture for additional
mixing for around 2 min.

3.2. Specimen Preparation

The specimens for concrete compressive strength measurement were prepared using
a 100 mm × 200 mm plastic mold following a predetermined method [47]. The fabricated
specimens were removed from the mold after 24 h and moist cured at approximately
20 ± 2 ◦C until the compressive strength testing. Three specimens were tested for each
mixture, and their average values were calculated.

Drying shrinkage experiments were performed using a dial gauge, as suggested by KS
(Korean Standards) F 2424 [48], which is equivalent to ASTM (American Society for Testing
and Materials) C 157-08 [49]. Two rectangular specimens with 100 × 100 × 400 mm were
prepared for each mixture. The drying shrinkage strain was measured by the dial gauge.
The specimens were kept inside an environmental chamber, which was controlled at 20 ◦C
and 60% Relative Humidity (RH). Figure 4 shows a schematic diagram and experimental
specimens with the dial gauges installed.

In order to test the chloride ion penetration resistance, three cylindrical specimens
with a 100 mm diameter and 200 mm height were prepared, followed by fabrication into
disc specimens of 50 mm thickness in accordance with ASTM C 1202 [50]. The prepared
disc specimens were placed in a vacuum state maintained for 3 h; then, the specimens were
immersed in distilled water for 18 h to fulfill the saturation state pretreatment. For the
100 mm diameter and 50 mm thickness specimens, the cathode was filled with 3% NaCl
aqueous solution and the anode was filled with 0.3 M NaOH aqueous solution followed by
the application of 60 V for 6 h. Figure 5 shows a schematic diagram for the Rapid Chloride
Penetration Test (RCPT) setup. After the initial current measurement, the passing current
value was measured in 30-min intervals and the total passed charge was calculated using
Equation (5).

Q = 900(I0 + 2I30 + 2I60 + · · · + 2I300 + 2I330 + I360) (5)
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where Q refers to the total passed charge and In refers to the current at n minutes.

Figure 4. Experimental specimens with a dial-gauge installed: (a) schematic diagram and (b) picture.

Figure 5. Chloride ion penetration resistance test setup.

4. Experimental Test Results

4.1. Preliminary Test Results from First Mix Series

Figure 6 shows average mechanical concrete strength properties such as compressive
strength, flexural strength, and elastic modulus with error bars of the first mix series.
In Figure 6a, the compressive strengths increased by 32% and 24% at 7 and 28 days,
respectively, in CRA-2.5 mix compared to CRA-0 mix (control specimen). On the other
hand, the compressive strengths in CRA-5 mix decreased by 27% and 24% at 7 and 28 days,
respectively. The flexural strength test results showed a similar pattern to the compressive
strength test results. The flexural strengths increased by 56% and 18% at 7 and 28 days,
respectively, in CRA-2.5 mix compared to the control mix, whereas the flexural strengths
in CRA-5 mix decreased by 21% and 3% at 7 and 28 days, respectively. Figure 6c shows
the elastic modulus of the concrete test results at 28 days. In a similar manner to the
compressive and flexural strength test results, elastic modulus increased by 3% in CRA-2.5
mix but decreased by 9% in CRA-5 mix compared to the control specimen. Thus, it appears
that the addition of 2.5% of cement paste dissociation agent (CPDA) in the recycled concrete
aggregate (RCA) concrete mixes helps improve the mechanical strength properties.
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Figure 6. Mechanical strength results of first mix series: (a) compressive strength, (b) flexural strength,
and (c) elastic modulus.

4.2. Test Results from Second Mix Series
4.2.1. Fresh and Hardened Properties

It is commonly accepted that concrete durability is thoroughly related to fresh and
hardened properties. Table 3 presents the measured fresh and hardened concrete properties
from the second mix series. Generally, concrete, which is prepared with workable slump
and proper air content and is compacted with high density, is expected to be durable with
reasonable compressive strength. It was observed from Table 3 that all RCA concrete mixes
proportioned with the conventional mix design method and the equivalent mortar volume
(EMV) design method were found to be workable, with their slump ranging between 150
and 160 mm. The air contents of all the mixes were almost identical, ranging from 3.9% to
4.2%. Thus, it can be inferred that slump or air content of RCA concretes from the second
mix series does not affect the mechanical strength or durability of RCA concretes.

Table 3. Fresh and hardened properties of the mixes.

Mix iD

Fresh Property Hardened Property

Slump
(mm)

Air Content
(%)

Density
(kg/m3)

Density
(kg/m3)

Compressive Strength
(MPa)

Coefficient of Variation
(%)

CNC 155 3.9 2414 2334 32.2 3.00
CRP-a 150 4.0 2333 2428 31.6 2.60
CRP-b 155 4.1 2360 2332 30.8 3.67
CRP-aS 155 4.0 2364 2301 30.3 4.84
CRP-bS 150 4.2 2389 2389 31.6 2.25
ERP-a 160 4.1 2294 2267 27.7 2.00
ERP-b 150 4.2 2336 2336 30.5 3.68
ERP-aS 155 4.1 2354 2306 30.1 2.53
ERP-bS 150 4.3 2314 2249 24.8 2.48

Table 3 summarizes density values at the fresh state and hardened state. While there
were some deviations depending on the degree of aggregate coating, RCA substitution
ratio, and fresh or hardened state, it seems that the densities of the ERP mixes are 1–2%
lower values compared to that of the CNC and CRP mixes.
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The compressive strength values at 28 days are represented in Table 3. Excluding
ERP-a and ERP-bS, the compressive strength values were similar, at around 30.1–32.2 MPa.
It was predicted [14,15] that the concrete that uses the EMV mixing method would exhibit
higher strength than concrete that uses the conventional volume mixing method. However,
in the case of the RCA used in this mixture, its quality was excellent, with a specific
gravity of 2.60 and absorption rate of 2.62%, resulting in favorable strength even when the
conventional ACI volume mixing method was used.

Figure 7 shows the average Young’s modulus of the concrete samples at 28 days. All
the elastic modulus values ranged from 26.3–27.7 GPa within 5% difference, regardless of
different mixing methods or use of coating treatment method.

Figure 7. Elastic modulus and relative values: (a) elastic modulus and (b) relative elastic modulus.

4.2.2. Drying Shrinkage

The drying shrinkage test results are shown in Figure 8. Drying shrinkage tests were
conducted for all the specimens initially for 111 days, as shown in Figure 8a. It must
be noted that the initial wet curing period of 8 days instead of the standard wet curing
period of 7 days was employed for the control specimen (CNC) and CRP specimens by
malfunction of the environmental chamber. Therefore, it can be seen in Figure 8a that the
ERP-a specimen produced higher drying shrinkage test values at early ages compared
to the CRP specimens. However, previous researches [5,9,15] revealed that the EMV
mixing method yielded a drying shrinkage property of the RCA concrete lower than
that of the RCA concrete mixed with the conventional mixing method. Therefore, to
verify that this comparatively higher shrinkage value of the ERP at early stages becomes
a gradually lower value than that of the CRP specimens, drying shrinkage strains of the
CNC, CRP-a, CRP-b, and ERP-a specimens were further measured for 648 days, as shown
in Figure 8b. The test results are subsequently discussed in terms of three influencing
factors: (1) mix proportioning method, (2) with and without RCA coating treatment, and
(3) RCA replacement ratio.

Dependence of Mix Proportioning Method

The effect of different mix proportioning methods on drying shrinkage was studied,
and their average test results are plotted with error bars in Figure 9. First, as shown in
Figure 9a, the drying shrinkage values of CRP-a and ERP-a specimens were almost identical
at 111 days, as mentioned before, but the drying shrinkage of the ERP-a specimen decreased
by 4.6% at 648 days compared to that of CRP-a specimen. Likewise, in Figure 9b–d, the
drying shrinkage values of the ERP-aS, ERP-b, and ERP-bS specimens decreased by 5.1%,
9.6%, and 0.1% compared to those of the CRP-aS, CRP-b, and CRP-bS specimens at 111 days,
respectively. Hence, a lower drying shrinkage of RCA concrete can be achieved using
the EMV mix proportion method compared to the RCA concrete proportioned by the
conventional mix design method. This was confirmed by Fathifazl et al. [5] that drying
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shrinkage is proportional to the total volume of the mortar and that the conventional RCA
concrete mix contains a higher volume of mortar due to residual mortar.

Figure 8. Drying shrinkage test results: (a) all specimens tested for 111 days and (b) some specimens tested for 648 days.

Figure 9. Concrete drying shrinkage results and relative values between different mix design method: (a) CRP-a versus
ERP-a, (b) CRP-aS versus ERP-aS, (c) CRP-b versus ERP-b, and (d) CRP-bS versus ERP-bS.

Dependence of Coating Treatment

The effect of RCA coating on drying shrinkage was studied, and their average test
results are plotted in Figure 10. Figure 10a–d show that the drying shrinkage values of
CRP-aS, CRP-bS, ERP-aS, and ERP-bS mixes at 111 days decreased by 1%, 11%, 6%, and 2%,
respectively, compared to those of CRP-a, CRP-b, ERP-a, and ERP-b. Thus, all the concrete
specimens, which were mixed with coated RCA, represented better drying shrinkage
performance than those mixed without RCA coating treatment, regardless of different mix
proportioning methods and RCA replacement ratios.
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Figure 10. Concrete drying shrinkage results and relative values with and without recycled concrete aggregate coating
treatment: (a) CRP-a versus CRP-aS, (b) CRP-b versus CRP-bS, (c) ERP-a versus ERP-aS, and (d) ERP-b versus ERP-bS.

Dependence of RCA Replacement Ratio

The test results were compared to investigate the effect of the RCA replacement ratios
on the drying shrinkage of RCA concretes. In Figure 11a, compared to the drying shrinkage
value of the CRP-a concrete specimen, which is made with 25% RCA replacement ratio, that
of the CRP-b concrete specimen with 50% RCA replacement ratio was increased marginally
by 2% at 111 days. However, reversed test results were observed in Figure 11b–d. In
Figure 11b, CRP-bS specimens resulted in an 8.5% drop in concrete drying shrinkage
compared to CRP-aS specimens. Although CRP-bS specimens were mixed with a 50% RCA
replacement ratio using the conventional mix proportioning method, double the amount
of coated RCAs led to a drop in drying shrinkage value compared to CRP-aS specimens.
It is generally accepted that more RCA replacement in concrete mix leads to inferior
drying shrinkage performance. However, the little increase or reversed result of drying
shrinkage in concrete made with double the amount of RCA replacement may be attributed
to the good-quality RCA adopted in this study. In Figure 11c, an 8% drop in concrete
drying shrinkage of the ERP-b specimen was obtained with a 50% RCA replacement ratio
compared to that of the ERP-a specimen with a 25% RCA replacement ratio. It should be
remembered that the drying shrinkage values of the EMV mixes are expected to be similar
regardless of different RCA replacement ratios incorporated in the EMV mix design, as the
total mortar is the same. In a similar manner, about a 4% decrease in drying shrinkage for
the ERP-bS specimen was observed in Figure 11d compared to the ERP-aS specimen.

4.2.3. Chloride Ion Penetration Resistance

Figure 12 shows the chloride ion penetration resistance experiment results for the
concrete specimens. In the same manner as in Section 4.2.2, the test results are subsequently
discussed in terms of three influencing factors: (1) mix proportioning method, (2) with and
without RCA coating treatment, and (3) RCA replacement ratio.
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Figure 11. Concrete drying shrinkage results and relative values between different recycled concrete aggregate replacement
ratios: (a) CRP-a versus CRP-b, (b) CRP-aS versus CRP-bS, (c) ERP-a versus ERP-b, and (d) ERP-aS versus ERP-bS.

Figure 12. Chloride ion penetration resistance experiment results.

ASTM C 1202 [50] recommends the total charge passed between 2000 to 4000 C to
be a moderate condition for concrete specimens. From this recommendation, except for
CNC, CRP-a, and CRP-b, all other mixes in Figure 12 represented good resistance against
the chloride ion penetration resistance. Thus, it may be said that the ERP mixes have
unparalleled resistance regardless of RCA coating treatment, but combined with the RCA
coating treatment, it produced the finest performance against chloride ion penetration.
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Mix Proportioning Method

The effect of different mix proportioning methods on chloride ion penetration resis-
tance was studied and their Rapid Chloride Penetration Test (RCPT) results are plotted
in Figure 13. In Figure 13a–d, the RCPT values of the ERP-a, ERP-aS, ERP-b, and ERP-bS
specimens decreased remarkably by 30%, 19%, 40%, and 28%, compared to those of the
CRP-a, CRP-aS, CRP-b, and CRP-bS specimens, respectively. In fact, the RCPT values for
RCA concrete specimens proportioned by the EMV method were substantially lower than
those of the specimens made of a mixture proportioned by the conventional method. Thus,
it may be inferred that the RCPT values are related to the total mortar volume of the RCA
concrete mix since the total mortar volume in the ERP mixes is reduced due to the residual
mortar attached to the RCAs.

Figure 13. Rapid Chloride Penetration Test results and relative values between different mix design method: (a) CRP-a,
(b) CRP-aS, (c) CRP-b, and (d) CRP-bS.

Coating Treatment

The effect of RCA coating on the RCPT results was studied, and their average test
results are plotted in Figure 14. Figure 14a–d show that the RCPT values of CRP-aS, CRP-bS,
ERP-aS, and ERP-bS mixes decreased by 21%, 37%, 10%, and 24%, respectively, compared
to those of CRP-a, CRP-b, ERP-a, and ERP-b. Thus, all the concrete specimens, which were
mixed with the coated RCAs, represented reduced RCPT values compared to those mixed
without RCA coating treatment, regardless of different mix proportioning methods or RCA
replacement ratios. In fact, implementing the RCA coasting treatment using the CPDA
solution before concrete mixing resulted in better performance for drying shrinkage as well
as chloride ion penetration resistance.
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Figure 14. Rapid Chloride Penetration Test results and relative values between different mix design method with and
without recycled concrete aggregate coating: (a) CRP-a, (b) CRP-b, (c) ERP-a, and (d) ERP-b.

RCA Replacement Ratio

The test results were compared to determine the effect of RCA replacement ratios on
the RCPT values of RCA concretes, as shown in Figure 15. In Figure 15a, compared to the
RCPT value of the CRP-a concrete specimen, which is made with 25% RCA replacement
ratio, that of the CRP-b concrete specimen with 50% RCA replacement ratio increased
by 11%. It is also widely accepted that more RCA replacement in concrete mix leads to
inferior chloride ion penetration resistance. However, contrary test results were observed
in Figure 15b–d. In Figure 15b, the CRP-bS specimens resulted in a 12% drop in the RCPT
value compared to CRP-aS specimens. Although CRP-bS specimens were mixed with 50%
RCA replacement ratio, using the conventional mix proportioning method, double the
amount of coated RCAs led to a drop in the RCPT value compared to CRP-aS specimens.
In Figure 15c, a 6% drop in the RCPT value of the ERP-b specimen was obtained with 50%
RCA replacement ratio compared to that of the ERP-a specimen with 25% RCA replacement
ratio. As mentioned before, those two test values were supposed to be similar, regardless of
different RAC replacement ratios, since their total mortar is the same. Likewise, about a 20%
drop in the RCPT value for the ERP-bS specimen was observed in Figure 15d compared
to ERP-aS specimen. Similar to the test results from Section 4.2.2 Drying Shrinkage, the
reversed result of the RCPTs in concrete made with double the amount of RCA replacement
except for CRP-a versus CRP-b may be attributed to the good-quality RCA adopted in this
study. Further study on this effect is necessary.

4.2.4. Micro Structural Analysis of RCA

A scanning electronic microscope (SEM) was used to observe the microstructural
characteristics of RCA concretes. In this study, CRP-b and CRP-bS samples only were tested
to check whether the CPDA coating effect was seen in the image analysis. In Figure 16b,
the darker area is the original virgin aggregate, while the lighter part in Figure 16b is old
mortar. The strip area between aggregate and old mortar is the interfacial transition zone
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(ITZ). It can be seen that the old ITZ in CRP-b (Figure 16a) is different from the old ITZ in
CRP-bS (Figure 16b). The old ITZ width in Figure 16a ranges between 22 to 47 μm, while
the old ITZ width in Figure 16b ranges between 7 to 11 μm. This implies that the coating
effect of the CPDA can modify the microstructure of ITZs. Further research is needed to
explore image analysis related to this topic.

Figure 15. Rapid Chloride Penetration Test results and relative values between different recycled concrete aggregate
replacement ratios: (a) CRP-a, (b) CRP-b, (c) ERP-a, and (d) ERP-b.

  
(a) (b) 

Figure 16. Scanning electronic microscope in the interfacial transition zone (ITZ) of different RCAs: (a) CRP-b and
(b) CRP-bs.

5. Conclusions

In this study, recycled concrete aggregate (RCA) manufactured from precast concrete
(PC) culvert was used to carry out durability experiments on concrete fabricated using
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the conventional ACI volume mixing method and the equivalent mortar volume (EMV)
mixing method. Moreover, a cement paste dissociation agent (CPDA) was used to coat
the RCA surface followed by curing to investigate the drying shrinkage and the chlo-
ride ion penetration resistances of the concrete coated at the RCA surface with CPDA
compared with concrete that did not. The following conclusions were obtained from the
experimental results.

1. From the preliminary test, it appears that the addition of 2.5% of CPDA in the RCA
concrete mixes helps improve the mechanical strength properties such as compressive
strength, flexural strength, and elastic modulus. The test results showed that about
24%, 18%, and 3% increases were observed for compressive strength, flexural strength,
and elastic modulus, respectively, at 28 days.

2. All RCA concretes mixed with coated RCA were found to be workable regardless of
different mix methods, with the slump and air contents of all the mixes being almost
identical. Additionally, all the concrete specimens that were mixed with the coated
RCAs with CPDA solution had lower drying shrinkage values and RCPT (Rapid
Chloride Penetration Test) values than those mixed without RCA coating treatment,
regardless of different mix proportioning methods or RCA replacement ratios. The
variation in compressive strength and density of the RCA concrete did not affect
drying shrinkage or RCPT values.

3. This holds for the concrete specimens proportioned with the EMV method, regardless
of different RCA replacement ratios. Especially, it may be inferred that the RCPT
values are related to total mortar volume of RCA concrete mix since total mortar
volume in the ERP mixes is reduced due to the residual mortar attached to the RCAs.

4. For the conventional RCA mixes, in comparison to test results from the 25% RCA
replacement ratio, the little increase or reversed test result of drying shrinkage val-
ues and RCPT values in concrete made with 50% RCA replacement ratio may be
attributed to the good-quality RCA adopted in this study. Further study on this effect
is necessary.
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Abstract: Novel green concrete (GC) admixtures containing 50% and 100% recycled coarse aggregate
(RCA) were manufactured according to the ACI 211.1 standard. The GC samples were reinforced
with AISI 1080 carbon steel and AISI 304 stainless steel. Concrete samples were exposed to 3.5 wt.%
Na2SO4 and control (DI-water) solutions. Electrochemical testing was assessed by corrosion potential
(Ecorr) according to the ASTM C-876-15 standard and a linear polarization resistance (LPR) technique
following ASTM G59-14. The compressive strength of the fully substituted GC decreased 51.5%
compared to the control sample. Improved corrosion behavior was found for the specimens reinforced
with AISI 304 SS; the corrosion current density (icorr) values of the fully substituted GC were found
to be 0.01894 μA/cm2 after Day 364, a value associated with negligible corrosion. The 50% RCA
specimen shows good corrosion behavior as well as a reduction in environmental impact. Although
having lower mechanical properties, a less dense concrete matrix and high permeability, RCA green
concrete presents an improved corrosion behavior thus being a promising approach to the higher
pollutant conventional aggregates.

Keywords: corrosion; AISI 304 SS; AISI 1018 CS; green concrete; recycled coarse aggregate; sugar cane
bagasse ash; Na2SO4
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1. Introduction

Traditionally, the world’s most widely used building material is hydraulic concrete that,
when combined with AISI 1018 carbon steel (CS) rebars, forms a system known as reinforced concrete.
Reinforced concrete structures are known for their long-lasting service life and low-maintenance
requirements. However, due to the corrosion of the steel reinforcement, billions of dollars are
spent in the repair and maintenance of bridges, tunnels, roads and docks, among others, by each
country [1–5]. The corrosion of steel embedded in concrete is an electrochemical process in which
the oxidation of iron occurs at the anode, whereas at the cathode, oxygen reduction takes place.
Corrosion occurs due to several factors that promote passivity breakdown, primarily the carbonation
or the ingress of aggressive ions [6,7]. The aggressive depassivating ions are chlorides, present in
marine environments [8–10] and sulfates from inorganic salts normally present in both groundwater
and in surface water. However, the concentration of aggressive agents in these environments can
be highly variable [11–14]. The presence of sulfates in contact with a hardened cement paste can
significantly increase the solubility of matrix components and cause degradation of concrete through
leaching, thus decreasing the degree of protection of the reinforcement [15–17]. In other studies,
laboratory simulations also show that the galvanized reinforcements outperform traditional carbon
steel reinforcements not only in aggressive environments, but also in contact with contaminants found
in the concrete mixture [18–21].

Presently, the use of ordinary Portland cement (OPC) is responsible for 10% of global CO2 emissions,
a value that can increase up to 15% in the near future [22]. As a solution to this highly pollutive binder,
different approaches combining reduced greenhouse emissions and acceptable corrosion resistance
properties have been proposed, such as new alkali-activated materials. Some examples of these novel
binders are fly ash (FA), slags, metakaolin sugar cane bagasse ash (SCBA) or rice husks ashes (RHA),
among others [19,20]. Interest in SCBA and RHA has recently increased due to the fact that both
are an agricultural waste product with a similar corrosion performance to OPC [23,24]. After being
treated, the SCBA shows pozzolanic activity, making it a suitable binder to replace OPC [24]. However,
the required post-treatment to obtain the binder can increase the greenhouse emissions or decrease
the workability of the concrete, apart from the mechanical and chemical properties as presented by
Franco-Luján et al. [25]. Regarding corrosion behavior, few studies can be found considering these
novel binders. For instance, FA in some studies presents a lower diffusion coefficient than OPC [26,27].
Although SCBA presents lower workability, substitution of OPC ranging between 10% and 30% reduces
not only the diffusion coefficient of chloride ions, but also the permeability [25,28–32]. As a result,
their use has been limited to supplementary cementitious materials (SCMs) as a conservative solution
due to the lack of agreement on their corrosion performance [26–38]. This partial replacement of the
OPC presents an environmentally friendly and cost-effective approach due to the by-product’s nature
of the novel binders [39–42].

Furthermore, the recycling of concrete is considered a key process in the current sustainable
development trends. This is because concrete is widely used as a construction material. Its manufacturing
consumes a large amount of nonrenewable natural resources: aggregates (80%), OPC (10%), SCM (3%)
and water (7%). The natural aggregates (NA) used in the manufacturing of concrete are inert granular
materials such as sand, gravel, or crushed stone. Gravel and natural sand are generally obtained from
a well, river, lake, or seabed [43]. Currently, the global production of aggregates is estimated to be
40 trillion tons, which leads to the exhaustion of natural resources, high energy consumption and
extreme impacts on the environment [44].

For the aforementioned reasons, recycled coarse aggregate (RCA) as a replacement for natural
coarse aggregate (NCA), in addition to replacing OPC by 20% with SCBA, represents a substantial
reduction in the environmental impact of concrete manufacturing [44]. This topic is of great concern in
Europe and in developed countries such as the USA and Canada, among others [45]. A total of
78,000 tons of RCA were used in the Netherlands in 1994, due to the fact that the use of 20% RCA
thick did not differentiate properties of fresh or hardened concrete, according to the corresponding
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national organization [46]. The increasing trend of research efforts of RCA for the manufacturing of
new concrete has also increased the interest in the production of high-performance, high-strength
concrete [47]. It should be noted that the use of thick RCA (up to 30%) is usually recommended,
but it is often considered necessary to add superplasticizers [48] to achieve the required workability of
the new concrete. These materials can improve the durability of concrete [44–54]. Due to the scarce
works found in the literature, further research efforts are needed to determine the effect of the RCA
as well as the partial substitution of OPC with SCBA in the corrosion performance of these novel
concretes [55–57].

The aim of this work was to study the effect of the substitution of NCA by the environmentally
friendly RCA on the GC embedding AISI 1018 carbon steel (CS) and AISI 304 SS rebars. This GC was also
partially substituted with SCBA to further decrease the environmental impact of the traditional OPC
concrete. Furthermore, the mechanical strength of the new GC was investigated to describe its future
real-world applications. Five different concrete mixtures were prepared according to the ACI 211.1
standard [58], two reinforcement alloys, AISI 304 SS and carbon steel 1018, were investigated under
control and aggressive environments. Corrosion monitoring techniques, such as open circuit potential
(OCP) and linear polarization resistance (LPR), were used to elucidate the corrosion behavior of the
novel green concretes. This work contributes to the corrosion performance knowledge as there is not a
clear mechanism on how RCA affects the corrosion phenomenon. Furthermore, it presents concrete
mixtures with a substantial reduction in the environmental impact due to the partial substitution not
only of OPC with SCBA, but also the natural aggregates by the RCA, thus reducing the CO2 emissions
substantially [22].

2. Materials and Methods

2.1. Green Concrete (GC)

Three different concrete mixtures were made: a conventional concrete control mixture
(MC) made with 100% OPC following the standard for Portland blended cement (CPC 30R,
NMX-C-414-ONNCCE-2014) [59], natural fine (NFA) and coarse (NCA) aggregates and two mixtures of
green concrete (GC)—the first green concrete with a 50% substitution of NCA for RCA and with a partial
20% substitution of cement for SCBA, and the second green concrete with a 100% substitution of RCA
and the same SCBA ratio. The SCBA was obtained from Mahuixtlan sugar mills, located in Coatepec,
Mexico. The characterization of the physical properties of aggregates, NCA, NFA and RCA, was made in
accordance with the ASTM standards, the tests were relative density (specific gravity) [60,61], bulk density
(unit weight, kg/m3) [62], absorption (%) of coarse aggregate and fine aggregate [63], maximum aggregate
size and fineness modulus [58]. Figure 1 shows the proposed experimental testing procedure to determine
the optimal mixture design. Table 1 shows the physical properties of the materials in this research.

 
Figure 1. Experimental testing procedure schematic.
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Table 1. Physical properties of the natural coarse aggregate (NCA), natural fine aggregate (NFA) and
recycled coarse aggregate (RCA).

Type of
Aggregates

Relative Density
(Specific Gravity)

Bulk Density
(Unit Weight,

kg/m3)

Absorption
(%)

Fineness
Modulus

Maximum
Aggregate Size

(mm)

NCA 2.62 1433 1.73 - 19
NFA 2.24 1695 1.85 2.2 -
RCA 2.20 1367 12.00 - 19

2.2. Design Mixtures of Conventional Concrete (MC) and GC

The design of concrete mixtures for MC and GC created according to the standard ACI 211.1 [58].
This standard describes a method that is based on the physical properties of coarse and fine aggregates
(see Table 1). The proportioning of the concrete mixture indicates the amount of material needed to
produce a meter cubic of concrete. In this case, the manufacture of the three concrete mixes used a
water/cement ratio of 0.65 for a specified compressive strength of concrete ( f ′c = 22.5 MPa according to ACI
214R-11 [64]). Table 2 summarizes the proportions for the MC and the two GC mixtures (M50 and M100).

Table 2. Proportioning of concrete mixtures in kg for 1 m3 of concrete ( f ′c = 22.5 MPa).

Materials

MC
(100% CPC)

M50
(50% RCA)

M100
(100% RCA)

Kg/m3

Cement 315 252 252
Water 205 205 205
SCBA 0 63 63
NCA 917 458.5 0
NFA 914 914 914
RCA 0 458.5 917

2.3. Physical and Mechanical Properties of Concrete Mixtures (Fresh and Hardened State)

For the evaluation of the physical properties of fresh-state concrete mixtures, tests of slump [65],
freshly mixed concrete temperature [66] and density [67] were carried out according to the ONNCCE
and ASTM standards. Table 3 shows the results obtained for the two concrete mixtures.

Table 3. Physical properties of concrete mixtures.

Concrete Mixture Slump (cm) Temperature (◦C) Density (kg/m3)

MC 10 cm 24 2220
M50 3 cm 19 2187

M100 2 cm 22 2040

To determine the mechanical strength (compressive strength, f ′c ) of the concrete mixtures in the
hardened state, compression tests were carried out according to the standard NMX-C-083-ONNCCE-
2014 [68], at the ages of 14 and 28 days. Table 4 shows the results obtained.

Table 4. Compressive strength at 14 and 28 days ( f ′c in MPa).

Concrete Mixture
Compressive Strength (MPa)

14 Days 28 Days

MC 14.02 19.91
M50 7.71 11.54
M100 6.75 9.66
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The compressive strength decreased as the content of recycled coarse aggregate (RCA) present in
GC increased. The GC mix with 50% RCA and 20% SCBA was substituted for the cement CPC 30R
(M50) and showed a compressive strength of 11.54 MPa at 28 days. This represents a decrease of 42%
with respect to the MC, and a decrease of 51.5% for GC with 100% RCA and 20% SCBA replacing
cement CPC 30R, reporting a compressive strength of only 9.66 MPa at an age of 28 days. The decrease
in compressive strength in GC mixes is related to the incorporation of RCA. This behavior agrees with
that reported in various investigations. Ali et al. found in their investigation of glass fibers incorporated
in concrete with RCA that when RCA completely replaces NCA, it reduces the compressive strength,
split tensile strength and flexure strength by about 12%, 11% and 8%, respectively [69]. Kurda et al.
concluded that both materials, FA and RCA, are detrimental to the mechanical properties of concrete.
For instance, compressive strength, splitting tensile strength and modulus of elasticity are negatively
affected. The SiO2 present in the FA and the Ca(OH)2 present in the RCA experience a pozzolanic
reaction that increases the rate of concrete strength development over time [70]. The SiO2 is also
present in the SCBA according to previous results [71], thus being a likely source of this detrimental
behavior. Li et al. explained in their research in the structural area that there is a reasonable consensus
regarding the structural behavior of composite members combined with RCA. Mechanical strength
is slightly lower compared with OPC with no RCA additions. Nevertheless, the manufacturing of
composite materials using RCA presents a safe and feasible approach [72]. However, the compressive
strength observed for GC was sufficient for use in structures that do not require high strength, such as
houses, parks, sidewalks, floors, etc.

2.4. Specifications, Characteristic and Nomenclature of Specimens for Electrochemical Tests

The MC and the two mixtures of GC (M50 and M100) were made with a water/cement ratio of 0.65.
The specimens were prisms with dimensions of 15 × 15 × 15 cm. In all the specimens, AISI 304 SS and
AISI 1018 CS rebars were embedded with a length of 15 cm and a diameter of 9.5 mm; the AISI 304
SS and AISI 1018 CS rebars were cleaned to remove any impurities [73]. In addition, each rebar was
coated 4 cm from the top and 4 cm from the bottom using insulating tape in order to limit the exposed
area with a length of 5 cm, as reported previously [74,75].

The specimens were manufactured in accordance with the standard ASTM C 192 [76] and
the curing stage of all specimens was carried out water immersion according to the NMX-C-159
standard [77]. After the curing period, the eight specimens were placed in the exposure media, a control
medium (DI-water) and 3.5 wt.% Na2SO4 solution for 364 days, simulating a sulfate aggressive medium
such as contaminated soils, marine and industrial environments [78,79]. The specimens were then
subjected to electrochemical tests. Figure 2 shows the compressive strength tests of the different GC
mixtures and the electrochemical test to determine the corrosion behavior after exposure to 3.5 wt.%
Na2SO4 solution.

Table 5 shows the elemental composition of the austenitic AISI 304 stainless steel and AISI 1018
carbon steel.

The nomenclature used for the electrochemical monitoring of AISI 304 SS and AISI 1018 CS
embedded in the MC and the two GC (M50 and M100) exposed in a control medium (DI-water) and
3.5 wt.% Na2SO4 solution is shown in Table 6, which has the following meaning:

• MC, M50 and M100 indicate the concrete mixture (conventional and green concrete);
• W indicates exposed DI-water (control medium);
• S indicate exposed to 3.5 wt.% Na2SO4 solution (aggressive medium);
• 18 for rebars of AISI 1018 CS;
• 304 for rebars of AISI 304 SS.

249



Materials 2020, 13, 4345

 

 
 

(a) (b) 

Figure 2. Experimental test conducted on green concrete: (a) compressive strength and (b) electrochemical
corrosion monitoring.

Table 5. Elemental composition (wt.%) of the reinforcements tested, AISI 1018 carbon steel (CS) and
austenitic AISI 304 SS.

Material
Element, wt.%

C Si Mn P S Cr Ni Mo Cu Fe

AISI 1018 0.20 0.22 0.72 0.02 0.02 0.13 0.06 0.02 0.18 Balance
AISI 304 0.04 0.32 1.75 0.03 0.001 18.20 8.13 0.22 0.21 Balance

Table 6. Nomenclature of the reinforced green concrete specimens for electrochemical monitoring.

Mixtures Concrete
Nomenclature of Specimens

Exposed DI-Water
(Control Medium)

Nomenclature Specimens Exposed
to 3.5 wt.% Na2SO4 Solution

(Aggressive Medium)

MC
(Conventional Concrete:

100% NA and 100% CPC)
MC-W-18 MC-W-304 MC-S-18 MC-S-304

M50
(Green Concrete:

50% RCA and 20% SBCA)
M50-W-18 M50-W-304 M50-S-18 M50-S-304

M100
(Green Concrete:

100% RCA and 20% SBCA)
M100-W-18 M100-W-304 M100-S-18 M100-S-304

MC and GC specimens were exposed to two different media, the control medium (DI-water) and
3.5 wt.% Na2SO4 solution, for a period of 364 days. The corrosion behavior was characterized by
corrosion potential (Ecorr) and corrosion current density (icorr) measurements. The electrochemical
cell setup used was AISI 304 SS or AISI 1018 CS rebars with a diameter of 9.5 mm for working
electrodes (WE). AISI 314 SS rebars were used as counter electrodes (CE; see Figure 3) and standard
copper–copper sulfate (Cu/CuSO4, CSE) as the reference electrode (RE). icorr was monitored using
the linear polarization resistance (LPR) technique. The sweep potential range was ±20 mV with
respect to the Ecorr and the sweep rate was 10 mV/min according to standard ASTM-G59 [80].
Electrochemical measurements were performed in a Gill AC Galvanostat/Potentiostat/ZRA (ACM
Instruments, Cark in Cartmel, UK). The results were analyzed using Version 4 Analysis specialized
software from ACM Instruments [81,82]. All tests were carried out at room temperature. Ecorr and icorr

were monitored every four weeks and all experimental measurements were performed in triplicate.
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Figure 3. Specifications of specimens for electrochemical tests.

The icorr and the corrosion rate (vcorr) were estimated from the LPR technique using the Stern and
Geary relation (see Equation (1)) [83]:

icorr =
B

Rp
(1)

where B is the proportionality constant equal to 26 and 52 mV/dec for active and passive corrosion
state rebars, respectively, and Rp is the polarization resistance [84,85].

Ecorr was used to assess the degree of deterioration of reinforced concrete specimens according
to ASTM C-876-15 [86], which presents the criteria or ranges that relate the Ecorr values with the
probability of corrosion for embedded steel specimens made with MC and GC (see Table 7).

Table 7. The measured half-cell corrosion potential (Ecorr) versus a Cu/CuSO4 in reinforcement concrete [86].

Ecorr (mVCSE) Corrosion Condition

Ecorr > −200 Low (10% of risk corrosion)
−200 > Ecorr > −350 Intermediate corrosion risk
−350 > Ecorr > −500 High (<90% of risk corrosion)

Ecorr < −500 Severe corrosion

To determine the vcorr values of steels embedded in the mixtures of MC and GC, the icorr values
were used. The criteria used to analyze the icorr results are based on the state of corrosion of CS in OPC
reported in the literature [84], as shown in Table 8.

Table 8. Level of corrosion in concrete, corrosion current density (icorr) and the corrosion rate (vcorr) [84].

icorr (μA/cm2) vcorr (mm/d) Corrosion Level

icorr ≤ 0.1 vcorr ≤ 0.001 Negligible (Passivity)
0.1 < icorr < 0.5 0.001 < vcorr < 0.005 Low Corrosion
0.5 < icorr < 1 0.005 < vcorr < 0.010 Moderate Corrosion

icorr > 1 vcorr > 0.010 High Corrosion
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3. Results and Discussion

3.1. Half-Cell Potential—Corrosion Potential

Half-cell potential monitoring (Ecorr) and interpretation of the corrosion state were performed
using the criteria presented in Table 7, which is in accordance with ASTM C876-15 [86].

3.1.1. Ecorr Specimens Exposed DI-Water (Control Medium)

Figure 4 shows the results obtained from monitoring the Ecorr, of the specimens MC-W-18,
M50-W-18 and M100-W-18. It is observed that the MC-W-18 specimen presents corrosion potentials in
the curing stage ranging from −260 to −160 mVCSE, moving from Days 7 to 28 from the intermediate
corrosion risk to 10% risk, according to ASTM C-876-15. The trend towards more positive values
continued throughout the evaluation period, reaching values up to −45 mVCSE on Day 196, and finally
reaching values in the range of −60 to −75 mVCSE, which indicates a 10% of risk corrosion. For the
M50-W-18 specimen, the behavior is very similar to the MC-W-18 specimen, with Ecorr values in the
curing stage of −250 mVCSE, reaching a value of −140 mVCSE on Day 28, maintaining a trend towards
more positive values until Day 196, reaching an Ecorr value of −45 mVCSE. At the end of the monitoring
period, more negative Ecorr values are found ranging between −120 and −145 mVCSE, thus indicating a
10% corrosion risk.

The M100-W-18 specimen shows a more unfavorable behavior from Day 196, from Ecorr values
lower than −200 = to −330 mVCSE for Day 280, until values of −300 mVCSE observed at the end of
the monitoring period. Therefore, the specimens indicate intermediate corrosion risk according to
ASTM C-876-15 and with a tendency to more negative values of Ecorr, which agrees with the findings
of Al-Yaqout et al.; the corrosion potential for normal mixtures decreases as the RCA replacement level
increases compared to the control mixture. This behavior shows the same trend for the compressive
strength, decreasing as the amount of RCA increased in all normal and slag mixtures and under all
exposure conditions [87].

The MC-W-304 (MC, 100% CPC-100% natural aggregates), M50-W-304 (GC with 50% RCA and
80% CPC-20% SCAB) and M100-W-304 (GC with 100% RCA and 80% CPC-20% SCAB) specimens
were reinforced with AISI 304 SS steel rebars. The Ecorr results obtained after more than 360 days of
monitoring show the following behavior. The MC-W-304 specimen presented a tendency to more
noble Ecorr values from the curing stage, presenting values from −192 mVCSE on Day 7 to −84 mVCSE

on Day 28, continuing with a tendency to passive Ecorr values in the range of −80 to −75 mVCSE

from Day 196 [88,89], presenting values below or more positive than −200 mVCSE, which indicates,
according to the ASTM C-876-15, a 10% corrosion risk or passivity of the steel–concrete system analyzed.

The M50-W-304 specimen behaves similarly to the control MC-W-304, with corrosion potentials
in the curing stage ranging from −218 mVCSE on Day 7 to −95 mVCSE on Day 28, presenting a small
activation on Day 56 with an Ecorr value of −143 mVCSE. From this point to the present, a stage of
stability in the Ecorr values is observed from Days 84 to 364, in the range of −90 and −120 mVCSE,
interpreted according to the ASTM C-876-15 as a 10% corrosion risk. The M100-W-304 specimen,
presented a similar behavior to the two MC-W-304 and M50-W-304 specimens in the curing stage,
showing an Ecorr value of −183 mVCSE on Day 7 and −97 mVCSE on Day 28. From this point on, the Ecorr

values become −82 and −124 mVCSE until the end of the testing, indicating according to the ASTM
C-876-15 as a 10% corrosion risk. The behavior in the Ecorr values is less than −200 and congruent with
the nonaggressive medium of exposure, which is also interpreted as the passivity of the AISI 304 SS
steel used as reinforcement in GC and MC.
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Figure 4. Ecorr specimens exposed DI-water (control medium).

3.1.2. Ecorr Specimens Exposed 3.5 wt.% Na2SO4 Solution (Aggressive Medium)

Figure 5 presents the results obtained from the Ecorr monitoring of the specimens when exposed
for 364 days to 3.5 wt.% Na2SO4 solution (aggressive medium). The evaluated specimens were MC-S-18
(MC, 100% CPC-100% natural aggregates), M50-S-18 (GC with 50% RCA and 80% CPC-20% SCAB)
and M100-S-18 (GC with 100% RCA and 80% CPC-20% SCAB). The MC-S-18 specimen in the curing
stage presented an Ecorr value of −217 mVCSE on Day 7 and −180 mVCSE for Day 28. These Ecorr

values indicate, according to the ASTM C-876-15, a 10% corrosion risk. Later, the specimen presents
Ecorr values in the range from −173 to −159 mVCSE after Day 112, from this point to the present,
an activation occurs with Ecorr values from −203 to −256 mVCSE from Day 140 to 224, which would
indicate intermediate corrosion risk according to ASTM C-876-15. For Days 252 and 280, Ecorr values
are lower than −200 mVCSE, which would be associated with a passivity stage or a 10% corrosion risk;
however, after Day 280, there is a trend towards more negative values of −200 mVCSE, reaching
−239 mVCSE on the last day of monitoring. The M50-S-18 specimen presents more negative values of
Ecorr in the curing stage than those presented by the control MC-S-18 specimen, with an Ecorr value of
−261 mVCSE on Day 7 and −218 mVCSE for Day 28, showing from Days 56 to 140 Ecorr values that
ranged between −189 and −243 mVCSE. Then, the specimen shows a decreasing trend towards lower
values until the end of the testing, with values reaching −284 mVCSE, after Day 140 and until the end of
monitoring, Day 364, the Ecorr values for the M50-S-18 specimen when exposed in 3.5 wt.% Na2SO4

solution (aggressive medium) indicate intermediate corrosion risk according to the ASTM C-876-15.
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Figure 5. Ecorr specimens exposed 3.5 wt.% Na2SO4 solution (aggressive medium).

The specimen that presented the worst performance when exposed to 3.5 wt.% Na2SO4 solution
(aggressive medium) was M100-S-18, presenting a tendency to lower Ecorr values with an Ecorr value of
−193 mVCSE on Day 7 of the curing stage and −233 mVCSE for Day 28, continuing with the negative
trend throughout the entire exposure period, reaching a potential of −348 mVCSE on Day 336 and
ending on Day 364 with a corrosion potential of −369 mVCSE. This indicates a <90% corrosion risk
according to the ASTM C-876-15 standard. This behavior of more negative corrosion potentials (Ecorr)
coincides with that reported in other investigations when evaluating AISI 1018 steel in sustainable
concrete made with SCBA and exposed to sulfates [24]. However, the M100-S-18 specimen presents
more negative values, which is associated with lower corrosion resistance of the specimens made with
GC (M50-S-18 and M100-S-18) when exposed to sulfates, related to a less dense matrix and higher
permeability due to the presence of 50% and 100% RCA, as well as the substitution of Portland
cement in 20% by SCBA. This decrease in the mechanical properties and durability when RCA
has been used was reported by Lovato et al. [90], indicating that the durability properties are also
negatively affected by the increment of RCA in concrete. In order to achieve the required workability,
the water-to-cement ratio must be increased. This not only leads to an increased demand for water
during the manufacturing stage, but also an increase in the porosity of the matrix and consequently
reducing the durability of the concretes [90].

The specimens with AISI 304 SS steel were MC-S-304 (MC, 100% CPC-100% natural aggregates),
M50-S-304 (GC with 50% RCA and 80% CPC-20% SCAB) and M100-S-304 (GC with 100% RCA
and 80% CPC-20% SCAB), exposed for 364 days to 3.5 wt.% Na2SO4 solution (aggressive medium).
The MC-S-304 specimen presented an Ecorr value of −157 mVCSE on Day 7 of the curing stage and
−202 mVCSE for Day 28, from this point, the specimen presents a trend towards higher Ecorr values,
related to the passivity of AISI 304 SS steel, and reached a minimum Ecorr of −92 mVCSE on Day 224
of exposure. Then, the specimen showed Ecorr values in the range from −108 to −138 mVCSE until
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the end of the monitoring period, all the Ecorr values of the MC-S-304 specimen during the entire period
of exposure to the aggressive medium were less than −200 mVCSE, thus indicating a 10% corrosion risk
according to the ASTM C-876-15. The M50-S-304 specimen presented a behavior similar to MC-S-304,
with corrosion potentials in the curing stage with a decreasing trend. The M50-S-304 specimen displays
an Ecorr value of −178 mVCSE on Day 7 and −213 mVCSE for Day 28, then increases and become more
passive to −138 mVCSE by Day 168 and remains stable in the range of −135 and −149 mVCSE until
the final measurement, maintaining Ecorr values below −200 mVCSE throughout the exposure period,
thus indicating, according to ASTM C-876-15, a 10% corrosion risk. Finally, the M100-S-304 specimen
presents a similar behavior to the two previous specimens in the curing stage, with corrosion potentials
ranging from less to more negative, with an Ecorr value of −151 mVCSE on Day 7 and −247 mVCSE on
Day 28. Unlike the MC-S-304 and M50-S-304 specimens, the M100-S-304 specimen presents Ecorr values
less than −200 mVCSE until Day 112, which would indicate intermediate corrosion risk according to the
ASTM C-876-15. Thereafter, the specimen shows a trend towards higher Ecorr values, reaching an Ecorr

value of −110 mVCSE for Day 224 and remaining stable in the range between −136 and −113 mVCSE

until the end of the testing. Like the previous specimens, the M100-S-304 specimen presented Ecorr

values less than −200 mVCSE during almost the entire exposure time to 3.5 wt.% Na2SO4 solution
(aggressive medium), which indicates a 10% corrosion risk according to ASTM C-876-15. The previous
results agree with those reported in the literature, where the excellent corrosion resistance of stainless
steel grades AISI 304, AISI 316, etc., has been demonstrated when used as reinforcement in conventional
concrete, sustainable concrete, green concrete, and when exposed to aggressive environments such as
marine, sulfated and industrial environments [91,92].

3.2. Corrosion Current Density, icorr

The icorr results of the AISI 304 SS and AISI 1018 CS reinforcement in MC and both GC mixtures
(M50 and M100) exposed to control medium (DI-water) and 3.5 wt.% Na2SO4 solution were interpreted
according to the criterion of Table 8.

3.2.1. icorr Specimens Exposed DI-Water (Control Medium)

Figure 6 shows the icorr results of the conventional concrete and GC specimens reinforced with
AISI 1018 CS and AISI 304 SS steel exposed in water as a control medium. The MC-W-18 specimen
presents an icorr value of 0.67 μA/cm2 for Day 7 of the curing stage, decreasing on Day 28 to a value of
0.21 μA/cm2. For Day 56, a passive icorr value of 0.095 μA/cm2 was observed, and subsequently,
values remained less than 0.091 μA/cm2 until the end of monitoring in the range of 0.09 to 0.05 μA/cm2.
The icorr values obtained from the MC-W-18 specimen indicate passivation of the reinforcing steel and,
according to Table 8, a negligible level of corrosion (absence of corrosion). The M50-W-18 specimen
presents a similar passivation behavior as MC-W-18; however, with higher icorr values from the
curing stage, presenting on Day 7 an icorr value of 0.58 μA/cm2 and 0.29 μA/cm2 for Day 28. From Day
56 to the end of monitoring, icorr values were below 0.1 μA/cm2 in the range of 0.07 to 0.04 μA/cm2,
indicating a negligible level of corrosion. The M100-W-18 specimen had a similar behavior to the
two previous specimens with an icorr on Day 7 of 0.64 to 0.26 μA/cm2 for Day 28 and presenting an
icorr value of 0.067 μA/cm2 until Day 140. From Day 168 until the end of monitoring, icorr values
were in the range of 0.144 to 0.214 μA/cm2, indicating a low level of corrosion according to Table 8
and supporting the corrosion potential monitoring technique. The corrosion potentials presented by
the same M100-W-18 specimen, after Day 168 were in the range of −200 to −340 mVCSE, indicating
corrosion uncertainty according to ASTM C-876-15. With the LPR test, the icorr could be determined,
confirming the activation of the system with the presence of a low level of corrosion from Day 196 for
the M100-W-18 specimen in a nonaggressive environment. The corrosion present in the M100-W-18
specimen exposed to a nonaggressive medium is related to the less dense and more permeable
matrix of green concrete (M100), as indicated by the low compressive strength at 28 days with
f ′c = 9.66 MPa. This decrease in the durability of concrete made with RCA has been demonstrated in
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various investigations, Kurda et al. found that the water absorption increases and electrical resistivity
decreases with the increasing incorporation level of RCA; the opposite occurs with the addition of
FA for both tests [93]. The behavior of the icorr of the other two specimens, MC-W-18 and M50-W-18,
indicated a negligible level of corrosion (passivity).

Figure 6. icorr specimens exposed DI-water (control medium).

The MC-W-304 specimen in the curing stage showed an icorr value of 0.0043 μA/cm2 on Day 7 with
a trend towards more passive values, presenting an icorr value of 0.0031 μA/cm2 on Day 28. A trend to
lower icorr values is observed until Day 224 with an icorr value of 0.0018 μA/cm2. Then, the specimen
exhibits a small increase of icorr to 0.0028 μA/cm2 for Day 252 and from icorr values of 0.0021 μA/cm2 on
Day 280 to 0.0023 μA/cm2 for the last monitoring on Day 364. All icorr values of the MC-W-304 specimen
indicate a negligible or null corrosion level according to that indicated in Table 8. It is also found that
this specimen presents the lowest icorr values, followed by the M50-W-304 specimen, which presented
icorr values of 0.0085 μA/cm2 on Day 7 to 0.0041 μA/cm2 for Day 28, then continues with a decrease
in icorr until Day 168 with a value of 0.0023 μA/cm2. Subsequently, the icorr increases from 0.0026 to
0.0032 μA/cm2 from Days 196 to 364, respectively. Finally, the M100-W-304 specimen (100% RCA and
20% SCBA) presented the highest icorr values, presenting an icorr value of 0.0045 μA/cm2 on Day 28,
decreasing to 0.0024 μA/cm2 on Day 168. Following, icorr increases from 0.0027 μA/cm2 on Day 196
to a value of 0.0040 μA/cm2 for the last day of monitoring, Day 364. A clear difference is observed
in the icorr values presented by the three studied specimens, the lowest icorr values are shown for the
MC-W-304 specimen, followed by the M50-W-304 specimen, and finally the M100-W-304 specimen,
the icorr range of the three specimens is more than 10 times less than 0.1 μA/cm2, which indicates that all
the specimens present a negligible level of corrosion throughout the period of exposure to the control
medium according to Table 8. The results coincide with what is reported in the literature [21,94,95].
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3.2.2. icorr Specimens Exposed 3.5 wt.% Na2SO4 Solution (Aggressive Medium)

Figure 7 presents the vcorr and icorr results of the specimens with AISI 304 SS and AISI 1018 CS
steel bars embedded in MC and GC exposed to 3.5 wt.% Na2SO4 solution (aggressive medium) for a
period of 364 days. The vcorr and icorr of the control specimen, MC-S-18, decreased from an icorr value of
0.2435 μA/cm2 on Day 7 to an icorr value of 0.1144 μA/cm2 for Day 28. This behavior is attributed to
being in the curing stage where the icorr values tend to decrease due to the formation of the passive layer
and the increase in the protection of the concrete. The icorr values decrease until Day 140 of exposure
with a value of 0.0729 μA/cm2, indicating a negligible level of corrosion or passivity according to Table 8.
However, after Day 168, the activation of the system occurs with a constant increase in icorr values
greater than 0.1 μA/cm2 on Day 196 with an icorr value of 0.1656 μA/cm2 and reaching 0.2148 μA/cm2 at
the end of monitoring. This indicates that, as of Day 196, the MC-S-18 specimen presented corrosion at
a low level due to the exposure to sodium sulfate solution as an aggressive medium. In the case of the
M50-S-18 specimen, the curing stage showed decreasing icorr values, reporting 0.3375 μA/cm2 on Day 7
to 0.1844 μA/cm2 for Day 28. This trend continued to decrease until Day 56, reaching an icorr value of
0.1506 μA/cm2. However, after Day 84, the icorr values begin to increase, becoming more active due to
exposure to the aggressive environment and a decreased matrix density and increased permeability
because it contains 50% of RCA. The values increase to 0.2779 μA/cm2 and remain stable in an icorr

range of 0.2419 and 0.3386 μA/cm2 until the end of monitoring. From Day 84, the M50-S-18 specimen
presents icorr values that indicate a low level of corrosion according to Table 8. Finally, the M100-S-304
specimen, although showing a tendency for lower icorr values in the curing stage, displays an icorr

value of 0.4175 μA/cm2 on Day 7 and 0.2482 μA/cm2 for Day 28. For Day 86, the activation of the
system with an increase in its icorr is shown, reaching a value of 0.3417 μA/cm2. On Day 140, an icorr

value of 0.519 μA/cm2 indicates a moderate level of corrosion according to Table 8. The icorr increases
for the M100-S-18 specimen continued irregularly from Day 168 to 308, ending on Day 364 with an icorr

value of 0.7389 μA/cm2. The influence of the 100% RCA in the specimen is observed, influencing the
mechanical properties and durability of GC due to a more permeable concrete matrix, lower density
and a low resistance to compression compared to the control concrete (concrete with 50 and 100% of
coarse natural aggregate). However, the use of mineral admixture (SF, MK, FA and ground granulated
blast slag) resulted in a decrease in the charge passed through the concrete specimens [96]. According to
Alhawat et al., not only the corrosion initiation process happened faster in RCA concrete, but also a
higher corrosion rate was observed as the RCA content increased due to the higher porosity and water
absorption [97].

The MC-S-304 specimen presents the best performance against corrosion when exposed for 364 days to
3.5 wt.% Na2SO4 solution (aggressive medium), reporting icorr values in the curing stage of 0.0047 μA/cm2

on Day 7 to reach an icorr value of 0.0034 μA/cm2 on Day 28, observing a decrease associated with the
increase in concrete protection due to the hydration process of said stage. The decrease in the corrosion
rate occurs until Day 56, when the MC-S-304 specimen reports a minimum icorr of 0.0028 μA/cm2,
from this point, the values stabilize in the range between 0.0039 and 0.0047 μA/cm2 between Days 112 and
196 of exposure the aggressive medium. Subsequently, the icorr increases gradually from 0.0054 μA/cm2

on Day 224 to the highest value in the entire exposure period at the end of monitoring, Day 364, with an
icorr value of 0.0106 μA/cm2. As indicated previously, its performance was excellent in the presence of
sodium sulfates, with icorr values well below 0.1 μA/cm2, which is the limit that would indicate the onset
of corrosion according to Table 8. This resistance to corrosion of AISI 304 steel embedded in concrete
exposed to aggressive media has been demonstrated in various studies [98–100].
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Figure 7. icorr specimens exposed 3.5 wt.% Na2SO4 solution (aggressive medium).

In the case of the M50-S-304 specimen, it has a much higher anticorrosive efficiency than that
presented by the specimen reinforced with AISI 1018 CS steel (M50-S-18). The M50-S-304 specimen
presents icorr values in the curing stage ranging from 0.0080 and 0.0031 μA/cm2 from Days 7 to 28,
respectively. Day 56 shows an icorr value of 0.0032 μA/cm2, an increase in icorr from Day 56 to 196,
with constant increases from Days 56 to 112 going from an icorr value of 0.0032 and 0.0052 μA/cm2,
from there to stabilize and oscillate in the range of 0.0058 and 0.0061 μA/cm2. From Day 140 to 196,
there is a constant increase until the end of the monitoring period, from an icorr value of 0.0077 μA/cm2

on Day 224 to 0.1321 μA/cm2 for the Day 364. Like the MC-S-304 specimen, the icorr values are
much lower than 0.1 μA/cm2, which indicates that its corrosion level is negligible, or passivity occurs,
according to the provisions of Table 8. However, it can be observed that the M50-S-304 specimen
presents higher values than those reported by the MC-S-304 specimen. This behavior is associated with
a less dense and more permeable concrete matrix due to the presence of RCA, as reported by Cakir et al.
The compressive strength of the concrete decreases by incorporating RCA and that the presence of
RCA causes the concrete to have a higher porosity and lower density [101]. However, another study
concluded that the RCA content in the concrete is found to have a detrimental effect in the compressive
strength, but at low replacement concentrations <20%, this effect is negligible [102]. The monitored
icorr values for AISI 304 SS during the curing period were 0.0071 and 0.0047 μA/cm2 on Days 7 and 28,
respectively, during the curing stage. Next, the icorr increases from 0.0041 to 0.0098 μA/cm2 for Days
56 to 168, respectively. A second period of increase occurs from Days 196 to 280, from an icorr value
of 0.00989 to 0.1143 μA/cm2. Finally, the third period with near-constant icorr of 0.01346 μA/cm2 on
Day 308 to icorr of 0.01894 μA/cm2 on Day 364. The icorr values during all the periods of exposure
showed values less than 0.1 μA/cm2, which indicates an excellent performance against sulfate corrosion
for the M100-S-304 specimen with 100% of RCA and 20% of SCBA.
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The corrosion resistance was not influenced by the high permeability, low density and low
mechanical resistance of the GC with which the M100-S-304 specimen was made. By data fitting,
the durability properties generally decrease linearly with the increase of RCA replacement and the
average water absorption rate [103]. The concrete containing NA and RCA showed a carbonation
rate of 1.8 times higher [104]. The increase in the carbonation depth observed in samples containing
RCA could be attributed to the higher permeability of RCA due to the presence of old mortar adhering
to the NA and the old interfacial transition zone (ITZ) [105]. The geopolymer RCA, with a higher
content of granulated blast furnace slag, had a lower mass loss and a higher residual compressive
strength after the sulfate exposure [106]. The results indicate a direct influence between the percentage
of aggregate used in the GC mixes and the level of corrosion that all the specimens present in both
the control medium and the aggressive medium. Higher contents of RCA lead to higher icorr in both
AISI 1018 CS and AISI 304 SS steels. This behavior is the opposite of the reported behavior in another
research, where it was found that the influence on the performance against most usual corrosion
processes displayed similar results under a natural chloride attack [107]. Therefore, it is of great
importance to continue to study different types of reinforcing steels as an alternative to AISI 1018
steel [108,109] that can increase the resistance to corrosion of GC based on recycled aggregates and
alternative materials to OPC, such as SCBA, FA and SF.

4. Conclusions

According to the results from the study, the following conclusions were reached:
GC samples showed a significant decrease in the slump in their fresh state, GC-M50 with a slump

of 3 cm and GC-M100 with a slump of 2 cm, decreasing their workability compared to conventional
concrete (MC) which presented a slump of 10 cm.

The compressive strength shows a decreasing trend as the content of RCA present in GC increases.
The GC-M50 mix with 50% RCA and 20% SCBA must be substituted for the CPC 30R. A compressive
strength of 11.54 MPa was observed at 28 days, which represents a decrease of 42% with respect to the
MC. A decrease of 51.5% for GC with 100% RCA and 20% SCBA replacing CPC 30R. A compressive
strength of only 9.66 MPa was seen for Day 28.

The results obtained in the present investigation indicate a direct influence between the percentage
of aggregate used in the GC mixes and the level of corrosion that all the specimens present in both the
control medium and the aggressive medium, the higher the content of RCA, the higher the corrosion
rate in both CS 1018 and AISI 304 SS reinforcements.

The icorr values of the GC specimens reinforced with AISI 304 SS exposed to Na2SO4 were found
to be 0.01894 μA/cm2 on Day 364, two orders of magnitude lower than the icorr values (0.7389 μA/cm2)
obtained for CS 1018 in the same period. Therefore, it is shown that even with low mechanical
properties, less dense concrete matrix and high permeability, the durability of GC is increased by
presenting excellent resistance to corrosion when exposed to 3.5 wt.% Na2SO4 for more than 364 days,
associated with the excellent corrosion performance of AISI 304 SS as reinforcement in concrete exposed
to aggressive media.
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Abstract: The use of mineral additives from the power and metallurgy industries in the production of
building materials still raises questions about the ecological safety of such materials. These questions
are particularly associated with the release of heavy metals. The article presents research related to
the leaching of chromium from concretes made of Portland cement CEM I and slag cement CEM III/B
(containing 75% of granulated blast furnace slag). Concrete was evaluated for leaching mechanisms
that may appear during tank test over the long term (64 days). It has been presented that the
dominating process associated with the leaching of chromium from both types of concrete is surface
wash-off. Between the 9th and 64th day of the test, leaching of Portland cement concrete can be
diffusion controlled. It has been proven that the participation of slag in the composition of concrete
does not affect the level of leaching of chromium into the environment from concrete.

Keywords: chromium; leaching; concrete; Portland cement; slag cement; tank test

1. Introduction

In the European cement industry, waste materials are used in the production of Portland clinker and
cement. At present, alternative fuels (composed of the combustible parts of industrial and municipal
waste) are used on a large scale as partial substitutes for natural fuels, and waste from other industries
as an alternative to raw materials naturally extracted from the environment. In addition, cement plants
significantly reduce the production and use of Portland clinker (the most expensive component of cement)
by introducing so-called mineral additives into the composition of cement as main components. Among
the most commonly used are wastes from the power industry and metallurgy, such as silica fly ash,
granulated blast furnace slag and silica dust [1–3].

They enable the adjustment of concrete properties so that this composite can meet increasingly
difficult requirements in applications such as communication and underground infrastructure;
engineering and mining works; and environmental protection facilities [3,4].

The use of waste in the cement industry and construction has therefore become an irreversible
process, consistent with the idea of sustainable development. Over time, this solution has raised questions
not only about the quality of the end products, but also about their impact on the environment. In many
countries, various organizations have begun establishing a system for the environmental assessment of
materials used in construction, which is to take particular account of the degree of release of heavy metals
into the environment. The process of performing an environmental assessment on a material (concrete) is
extremely difficult and complex. It requires consideration of factors related to the internal structure of the
composite and external factors affecting concrete objects and structures in their working environment
(usually in the natural environment), which may affect the release of hazardous substances. Attention
should be paid to the level of release of heavy metals from concrete (concrete objects and structures),
depending on the application conditions, considering the “life cycle” of the composite [5,6].

An important aspect, from the scientific point of view, is to know the processes that accompanies
the release of heavy metals from building materials, especially during exposure to external factors
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(variable temperatures, chemically aggressive liquids, carbon dioxide). The materials may then release
additional portions of heavy metals or lose their functional properties (e.g., strength properties) [7].

From a point of view of the author, it is wise to control the content of heavy metals at every “stage
of life” of the mineral material, from production to application in the environment. Such a modern
approach will protect the environment against the uncontrolled spread of metals. Only knowledge of
the processes affecting the level of leaching can strengthen this control and predict the development of
the situation under certain concrete application scenarios. A modern approach is needed to show the
mechanisms that accompany release from these structures. The comprehensive leaching assessment
system will give information on how concrete will behave over a long period of time in a given
application environment and whether it will affect both its structure and the leaching of heavy metal.
Only such a modern approach will give full control and environmental protection in the future. There
are not many publications worldwide that would present this approach. Such publications most often
concern only Portland cement.

The author of paper would like to emphasize the importance of research of heavy metal leaching
from mineral matrices using diffusion tests; e.g., a tank test. Such tests allow the evaluation of the
release in aqueous conditions of the long residence time of the sample. Construction materials are
considered neutral to the environment. However, this external environment (natural or anthropogenic
changed) is not without influence on concrete. During long-term exposure of concrete in water or an
environment with reduced pH or under the influence of carbonation (CO2 impact), structural, physical
and chemical changes may occur in the concrete matrix, which contributes to the release of larger
portions of heavy metals. Available literature data show very few sources that would describe the
relationship of leaching and the mechanisms associated with it. The author has therefore attempted
to determine the mechanisms that accompany the long-term leaching from concrete. The author’s
research can be used to predict long-term heavy metal leaching. Such research also would allow one to
avoid the destruction of concrete during the leaching process.

In this paper, the author presents the state of knowledge about the incorporation of chromium
ions into the structures of mineral composites and the factors and processes that may affect the release
of heavy metals from such matrices. The author also presented the results of her own research related
to the leaching of chromium from concrete produced with Portland cement CEM I and with slag
cement CEM III/B. The author found out what mechanisms accompany the leaching of chromium
during the hydration process taking place at the same time and whether the composition of the matrix
has a decisive effect on the chromium release level.

1.1. Immobilization of Chromium Ions in Cement Composites

Studies on the mechanism of heavy metal bonding and their influence on the physical and
mechanical properties of mineral binders are widely discussed in the literature [8–14]. The authors
of these works agree that each heavy metal has different characteristics in terms of the level of
immobilization in the structures of mineral composites and the accompanying processes and products
of hydration. Therefore, in many issues, researchers have different opinions in the literature, which
gives the impression that the knowledge about the incorporation of heavy metal ions into the structures
of mineral binders has not been systematized yet.

Mattus and Gilliam [15] and de Korte and Broewers [16] placed particular emphasis on the dependence
of the level of heavy metal leaching on the metals’ valencies, indicating, for example, that chromium (III)
obtains a higher level of binding in the hydrated phases of mineral binding materials than chromium (VI).
Very often, the environment has a reducing effect and Cr (VI) is reduced to Cr (III). The reduction of Cr
(VI) to Cr (III) enables the formation of insoluble Cr (OH)3 hydroxide in an alkaline environment.

It is also known that hexavalent chromium is permanently bonded by substituting the sulphate group
in ettringite structures (C3A·3CaCrO4·32H2O). According to Glasser [17], such a reaction is also possible,
but to a lesser extent, with calcium monosulfate aluminate hydrate (C3A·CaCrO4·12H2O). Replacement of
SO4

2− by CrO4
2− is possible, but for a high degree of chromium oxidation. Therefore, immobilization of
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chromium is difficult and usually does not exceed 80%. Glasser [17] also claims that the relatively worse
binding of hexavalent chromium may also be caused by the fact that it forms very soluble chromates.

Cr (III), on the other hand, is ingrained into the structures of phase C-S-H (hydrated calcium
silicates), where substitution takes place [11,12,18]

The effect of this reaction is to stabilize the disturbed structure of the C-S-H phase and to inhibit its
transition into crystalline phases [18]. The researchers do not agree on the influence of chromium ions
on the hydration process. According to [19], the introduction of small amounts of chromium into the
cement paste gives the effect of accelerated hydration regardless of whether Cr cation occurs at the third
or sixth degree of oxidation. Wang and Vipulanandan [20] added K2CrO4 in amounts ranging from
0.5% to 5% in relation to the weight of Portland cement in binders and observed the delay of setting time
of cement paste hydration along with the increase of potassium chromate additive. Tamás et al. [21]
demonstrated that the introduction of trivalent chromium into cement pastes reduces the total porosity
and volume of air pores, and the volume of capillary pores does not change. They claim that the
reduction in pore volume may be caused by the precipitation of insoluble chromium (III) hydroxide
in the space occupied by the liquid phase. However, a different thesis on the effect of chromium on
the porosity of matrices is given in the paper [22]. Namely, that chromium reduces capillary porosity,
but increases total porosity.

1.2. Processes Influencing the Leaching of Heavy Metals from Cement Composites

On the basis of the works [23–25], it should be concluded that the level of immobilization of
heavy metals in cement matrices depends on many physical and chemical factors, which include the
form of the sample (monolith or crushed sample) and environmental factors (soil, water, sewage,
chemically aggressive environments, variable temperature and humidity). The level of leaching of
heavy metals from a cement composite is also influenced by its composition and the water to cement
ratio (w/c) a given composite was made with. The water to cement ratio (w/c); the selection of concrete
components; and the amount and type of cement are the factors determining water resistance; resistance
to chemical aggression; frost resistance; and strength, i.e., durability of concrete, and thus influencing
the leachability of heavy metals to the environment during the whole concrete life cycle [23]. Factors
and processes responsible for the release of heavy metals from construction materials are schematically
presented in Figure 1. The knowledge about those factors is based on [24].

External factors include, among others, application scenario, liquid to solid ratio (L/S), time of
contact with the leaching medium, ambient pH, temperature and mechanical influences (e.g., abrasion,
erosion, frost).

The internal factors characterizing the tested structural material include: the porosity, thermal
conductivity, shape, specific surface area, size and reactivity of the material (carbonatization susceptibility,
alkalinity), and its age [12].

Much attention is paid in literature to the influence of pH on the release of heavy metals [23–26].
Both the reaction of the environment surrounding the structural material (water, soil) and the reaction
of the pore water of the material are important. Each heavy metal has pH-dependent solubility [27].
An example is presented in Figure 2 based on information in [27].

As a result of the decreasing pH of cement mortar (e.g., in the carbonatization process),
the solubilities of heavy metals change. They usually form slightly soluble compounds in a strongly
alkaline environment, whereas at a lower pH they show an increased solubility. Amphoteric metals
(e.g., lead) have the lowest solubility at pH between 8 and 10 [27,28]. Studies carried out by van Gerven
and others [28] have shown that elements such as magnesium, nickel and copper have the lowest
solubility at pH slightly above 7. On the other hand, barium is much more easily soluble at neutral pH
than at an alkaline pH.

The results of van der Sloot’s works [29] also indicate, as a result of carbonatization (which reduces
the pH of cement composites), an increased leaching of heavy metals; i.e., lead, arsenic, cobalt, zinc,
molybdenum and cadmium.
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(a) 

 
(b) 

Figure 1. Factors and processes influencing the release of heavy metals from monolith (a) and crushed
(b) mineral materials.

Figure 2. pH-dependent release of anions and cations of heavy metals.

2. Materials and Methods

The author conducted research on the leaching of chromium from concrete on Portland cement
CEM I 32,5R (abbreviation: CEM I) and on slag cement CEM III/B 32,5N-LH-HSR/NA (abbreviation:
CEM III/B). The content of granulated blast furnace slag in slag cement was 75%. Table 1 shows the
chemical compositions of cements, and Table 2 shows the heavy metal contents.
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Table 1. Chemical compositions of cements used in the tests.

Component
Content [Weight %]

CEM I CEM III/B

Ignition losses 3.46 0.42
Insoluble parts 0.44 0.48

CaO 64.60 49.75
SiO2 19.20 32.92

Al2O3 4.69 6.96
Fe2O3 3.04 1.80
MgO 1.22 5.04
SO3 2.65 1.44
K2O 0.81 0.83

Na2O 0.09 0.28
Cl− 0.047 0.067

Table 2. Heavy metal contents of cements used in the tests [30].

Heavy Metal
Content [mg/kg]

CEM I CEM III B

Cr 54 31
Zn 316 105
Cd <1 <1
Pb 24 39
Co 7 3
Ni 18 11
Mn 288 1638
V 34 31

Cu 60 27
As 6 0,3
Hg <0.08 0.08
Tl <5 <5

In the research, concrete was designed and made using both cements. The composition of the
concrete mix was as follows: cement—300.0 kg/m3; sand—685.2 kg/m3; gravel 2–8 mm—600.4 kg/m3;
gravel 8–16 mm—628.6 kg/m3; water—180.0 kg/m3; water/cement ratio (w/c)—0.6. The gravels we
used were natural aggregates with a density 2.63 kg/dm3.

Cubes measuring 10 cm× 10 cm× 10 cm were formed from the obtained concrete mixes. After 24 h
the concrete cubes were subjected to leaching tests taking into account the form of the material (integral
form), time (up to 64 days of the test) and the impact of water.

The assessment of inorganic component leaching from mineral materials in the monolithic form
involves tank tests, often referred to as diffusion tests. The Netherlands Standardization Institute
(NEN), European Committee for Standardization (CEN) and Environmental Protection Agency (EPA)
have created a leaching test for different types of materials (building materials, stabilized waste,
compacted granular materials). The most common test is based on the EA NEN 7375 standard [31].
The test procedure involves the placing of a sample with a given capacity in a vessel filled with
demineralized water. The volume of water in the vessel should be two to five times greater from the
volume of the sample. It is also important to place the sample at the distance of at least 2 cm from the
vessel walls and to ensure that it is completely immersed in the leachant (Figure 3). The materials are
then subjected to leaching over the period of 64 days. The tank test [32] allows assessing the impact of
the duration of contact between the leachant and the material on the leaching of pollutants, and the
analysis of the cumulative leachability of a given component per specific unit of waste surface. Thanks
to the application of the tank test, it is also possible to determine the nature of the leaching; i.e., whether
it is dominated by diffusion, surface wash-off, depletion or dissolution.
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Figure 3. Principle of sample placement in the tank according to EA NEN 7375.

The test was performed at the temperature range 19–21 ◦C. The eluates used in the test were
extracted according to the following time schedule: after 0.25, 1, 2.25, 4, 9, 16, 36 and 64 days. After
each extraction of the eluate, the liquid was completely replaced and the samples were immersed in
the liquid again. The eluates were filtered through the membrane filters with the pore size of 0.45 μm.
The concentrations of Crtotal in eluates were determined with an inductively-coupled plasma-mass
spectrometer (ICP MS) by Perkin Elmer. Each measurement was carried out with three repetitions
holding relative standard deviation (RSD) <5%.

3. Results and Discussion

In each of the eight eluates, the concentration of chromium was analyzed.
In the course of the study, the level of leaching per eluate fraction, total leachability per unit of

surface area and the emerging leaching processes were determined according to [31].
In the course of calculations for the analyzed heavy metal, the leachability in particular fractions

was determined using the Equation [31]:

E∗i =
ci V
f A

(1)

where:

E∗i —leaching of the component in fraction i (mg/m2);

ci—concentration of the component in fraction i (μg/dm3);
V—volume of eluate (dm3);
A—sample surface area (m2);
f—factor: 1000 (μg/mg).

Table 3 shows the leaching of chromium calculated in individual fractions. Measured cumulative
leaching (ε∗n) of a component was calculated (Table 3) according to the formula [31]:

ε∗n =
n∑

i=1

E∗i for n = 1 to N (2)

where ε∗n is the measured cumulative leaching of a component for period n comprising fraction i = 1
to n, in mg/m2 of sample surface area; E∗i is the measured leaching of the component in fraction i,
in mg/m2; and N is the total number of leachant replenishment periods.

Derived cumulative leaching εn of a component was calculated using the formula [31]:

εn = E∗i

√
ti√

ti − √ti−1
(3)

where εn is the derived cumulative leaching of a component for period n comprising fraction i = 1 to n,
in mg/m2 of sample surface area; E∗i is the measured leaching of the component in fraction i, in mg/m2;
ti is the replenishment time of fraction i, in s; and ti−1 is the replenishment time of fraction i−1, in s.
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Table 3. Chromium leaching out of concrete with CEM I and CEM III/B cement.

Eluate Fraction Time [h]

Chromium Leachability
E*

i [mg/m2]
Measured Cumulative Leachability

of Chromium ε*n [mg/m2]

CEM I
Concrete

CEM III/B
Concrete

CEM I Concrete
CEM III/B
Concrete

1 6 0.0045 0.0031 0.0045 0.0032
2 24 0.0037 0.0015 0.0082 0.0046
3 54 0.0020 0.0016 0.0102 0.0063
4 96 0.0020 0.0014 0.0122 0.0077
5 216 0.0020 0.0014 0.0142 0.0091
6 384 0.0022 0.0017 0.0163 0.0107
7 846 0.0023 0.0028 0.0187 0.0136
8 1536 0.0072 0.0070 0.0258 0.0206

Based on the above calculations, it can be determined which mechanisms accompany heavy metal
leaching; i.e., whether each is dominated by diffusion (DIF) or other mechanisms, such as:

—Surface wash-off (SWO);
—Depletion (DEP);
—Dissolution (DIS);
—Delayed diffusion or dissolution (DDD).

For such an analysis, it is recommended [31] that the cumulative leaching (ε∗n and εn) should be
shown graphically. For this purpose, the logarithm of the cumulative leaching εn obtained in relation
to the time logarithm ti for n = 1 to N should be plotted in order to visually assess the measurements
obtained. In the same graph, the logarithm of the calculated total leaching ε∗n should be plotted.
Graphical analyses are shown in Figures 4 and 5.

g

 
Figure 4. Cumulative leaching εn of chromium with a determined regression curve for concrete with
CEM I.
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Figure 5. Cumulative leaching εn of chromium with a determined regression curve for concrete with
CEM III/B.

The eluate fractions obtained and tested during periods 1–8 should be divided into increments
long enough to recognize the mechanisms involved in release of heavy metals. Eluate fractions
collected in periods 1–8 should be grouped into the ranges like shown in Table 4 [31].

Table 4. Ranges of eluates and increments.

Number of Range Eluate Fraction Increments a−b

1 Fractions 2 to 7 Increment 2−7
2 Fractions 5 to 8 Increment 5−8
3 Fractions 4 to 7 Increment 4−7
4 Fractions 3 to 6 Increment 3−6
5 Fractions 2 to 5 Increment 2−5
6 Fractions 1 to 5 Increment 1−4

The CFa−b concentration factor (Equation (4)), slope (rc) of linear regression line of log ε versus
log t and the standard deviation (sdrc) shall be determined for a given heavy metal under assessment
and for each of the ranges identified.

CFa−b =
Mean concentration in the increment

Lowest limit of determination of a heavy metal
(4)

On the basis of the slope of the regression function in individual increments (Table 5), it can be
specified which mechanisms control the release of heavy metals from the test sample.

Table 5. Interpretation of rc slopes within individual increments [31].

Increment a−b
Slope, rc

≤0.35 > 0.35 i ≤ 0.65 >0.65

Increment 2−7 Surface Wash-off (SWO) Diffusion (DIF) Dissolution (DIS)
Increment 5−8 Depletion (DEP) Diffusion (DIF) Dissolution (DIS)
Increment 4−7 Depletion (DEP) Diffusion (DIF) Dissolution (DIS)
Increment 3−6 Depletion (DEP) Diffusion (DIF) Dissolution (DIS)
Increment 2−5 Depletion (DEP) Diffusion (DIF) Dissolution (DIS)

Increment 1−4 Surface Wash-off (SWO) Diffusion (DIF) Delayed diffusion or
dissolution (DDD)
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Graphical representations of the results obtained for chromium are shown in Figures 6 and 7.
p

 
Figure 6. Cumulative leaching εn of chromium with determined regression curve in increments,
for concrete with CEM I.

Figure 7. Cumulative leaching εn of chromium with determined regression curve in increments,
for concrete with CEM III/B.

On the basis of the above analyses, it can be concluded that the leachability of chromium from
concrete with Portland cement and with slag cement is not controlled during the entire test cycle by
one leaching mechanism. However, it can be claimed that the release of chromium in both the longest
(increments 2–7) and the shortest and earliest test period (increment 1–4) occurs by surface wash-off
(SWO). The tests also showed that the matrix with CEM I does not dissolve, which means that the
matrix did not deteriorate during long (64 days) chromium leaching tests. In later test periods (between
the 9th and 64th day of the test) the leaching of chromium from concrete may be accompanied by
diffusion processes.

Dissolution occurs in the case of concrete with CEM III/B (increment 5−8), which may indicate the
destruction of the concrete during long-term exposure to water. However, during this time there are
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no increased doses of released chromium per area unit, compared to concrete with Portland cement
(Table 3). Studies have shown that the achieved level of chromium release from concrete with CEM
III/B can be even lower compared to concrete on Portland cement. This may be related to the caulking
structure of concrete affected by granulated blast furnace slag. Composites made of slag cement are
characterized by a smaller number of capillary pores, and greater tightness of the structure, and thus a
reduction in the permeability and penetration of aggressive substances and water [32,33].

4. Conclusions

The use of alternative fuels and by-products from the power and metallurgy industries as valuable
components of clinkers, cements and mineral composites has become in the last twenty years a fully
intentional activity of the cement and construction industry, consistent with the idea of sustainable
development. This has led to the development of a wide range of industrial by-products that are able to
meet the challenges of modern construction. On the other hand, however, the system of environmental
assessments has become extremely topical, which should cover the difficult subject of releasing heavy
metals from mineral composites into the environment through research procedures. Concrete is
commonly present in the environments surrounding people. Therefore, it must not affect the quality of
the environment with which it is in contact, and particularly, it must not impair human health.

The paper presents considerations on the mechanisms accompanying the leaching of heavy metals
from building materials, focusing on the release of chromium from concrete produced with Portland
cement and slag cement.

The results of chromium leaching from concrete seasoned up to 64 days were obtained. Processes
accompanying the release of chromium from concrete matrices were evaluated. It was found that the
dominant process which controls the leaching of chromium from the analyzed concretes is surface
wash-off. It has also been proven that the use of large amounts of granulated blast furnace slag in the
cement composition does not release additional portions of chromium from concretes in long contact
with water. Concrete with slag cement can be influenced by dissolution. In practice, therefore, more
tight concrete of this type should be used (e.g., by lowering the w/c ratio of the concrete), which would
allow obtaining a compact structure with a lower capillary content. This can protect slag concrete from
dissolving during long term contact with water. As a result, this will contribute to not releasing further
portions of chromium into the environment.

There is not much research in the literature on the mechanisms controlling the leaching process;
hence, the author took up this subject. However, this issue should be further developed considering
other concrete exposure conditions and other kinds of concrete. If such complex tests are carried out,
it will be possible to plot the matrices of the use of individual concretes in various application scenarios,
so additional heavy metal concentrations are not released.
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4. Klemczak, B.; Batog, M.; Giergiczny, Z.; Żmij, A. Complex Effect of Concrete Composition on the
Thermo-Mechanical Behaviour of Mass Concrete. Materials 2018, 11, 2207. [CrossRef]

274



Materials 2020, 13, 1891
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Abstract: This article covers new application for char as a carrier of phase-change materials (PCM)
that could be used as an additive to building materials. Being composed of bio-char and PCM,
the granulate successfully competes with more expensive commercial materials of this type, such
as Micronal® PCM. As a PCM carrier, char that was obtained from the pyrolysis of chestnut fruit
(Aesculus hippocastanum) with different absorbances of the model phase-change material, Rubitherm
RT22, was tested. DSC analysis elucidated several thermal properties (such as enthalpy, phase
transition temperature, and temperature peak) of those mixtures and the results were compared
with a commercial equivalent, Micronal DS 5040 X. Comparative research, approximating realistic
conditions, were also performed by cooling and heating samples in a form of coatings that were
made from chars with different content of RT22. These results indicated that the use of char as a PCM
carrier was not only possible, but also beneficial from a thermodynamic point of view and it could
serve as an alternative to commercial products. In this case, adsorption RT22 into char allowed for
temperature stabilization comparable to Micronal DS 5040 X with ease of use as well as the economic
advantages of being very low cost to produce due to microencapsulation. Other advantage of the
proposed solution is related with the application of char obtained from waste biomass pyrolysis as a
PCM carrier, and using this product in building construction to improve thermal comfort and increase
energy efficiency.

Keywords: PCM; phase-change materials; activated carbon; PCM carriers; biomass pyrolysis; thermal
stability; building materials modification

1. Introduction

Analyzing the development directions of modern building construction, there is a clear effort to
build with attention towards a reduction in energy consumption without sacrificing comfort [1–3]. We
increasingly seek to develop new materials with better thermal and insulation properties that could be
used in building construction because we attach so much importance to reduce energy consumption,
optimizing its use and searching for new, pro-ecological ways to obtain it. Current building materials
do result in significant energy consumption reduction; however, they are still relatively expensive and
require new solutions not only to reduce energy consumption, but also to be more cost effective [4–7].
As conventional building material selection occurs primarily with cost in mind, one such example
comes from buildings in Central and Eastern Europe, which are primarily made from silicate blocks
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with moderate thermodynamic properties. Styrofoam is also a popular supportive building material
that works with silicate blocks and also lowers energy consumption, but, due to the possibility of
thermal bridges between the contacting blocks, lowers energy consumption to a certain level. In
low-energy, and especially passive building constructions, materials with better insulation properties
should be used, but those materials are more expensive and drive up investment/construction costs.
In addition to improving the insulation of materials used in energy-efficient buildings, they can be
modified by addition of phase-change materials (PCM), which further improves the energy balance
of that building [8]. Unfortunately, despite commercial availability, these solutions have not been
widely adopted, due to their high price. Therefore, it is necessary to look for opportunities to develop
inexpensive building materials, which can not only prevent energy loss in the first place, but temporarily
store excess energy (like solar energy) for release in a timely manner. Such solutions have already been
analyzed many times [9–14]; with several proposed solutions [15–18]. However, ongoing research in
this area is still critical and valued in the building construction industry.

There are many known methods for the practical use of phase-change materials, especially in
building construction, where microcapsules are most commonly used [19–27] (e.g., Micronal 5040X, i.e.,
Rubitherm RT22 trapped inside a polyethylene coating). These microcapsules, mixed with gypsum,
cement, or mortar, are included in gypsum walls, mortars, screeds, or plasters. The disadvantages
that are associated with these materials include: high price (due to difficulty obtaining the Micronal
product), low thermal conductivity, and low mechanical strength. At higher loads, those problems
result in cracking and the depressurization of polymer coatings and pouring of the PCM after exceeding
its melting point.

This last drawback does not appear in the solution using metal, ceramic, glass, or other hermetic
containers filled with PCM, the mechanical strength of which can be adjusted by wall thickness.
However, they have a high thermal inertia, due to the low thermal conductivity of materials that are
solidified within. This limits their application in heat storages and regenerators, in which fast-changing
thermal energy occurs. Additionally, in building construction, due to the need to redesign traditional
building material shapes (bricks, hollow bricks, etc.) to utilize PCM materials within them has
hampered the development of this approach.

There are some known attempts of using lightweight aggregate (LWA), e.g., Pollytag® as a
carrier [28,29] with PCM (Ceresin) completed with a patent [30]. PCM that was trapped in the LWA
pores was able to stabilize the temperature of the asphalt road surface in laboratory conditions at a
lower level, when compared to a surface without PCM. This behavior could theoretically protect the
asphalt mineral mixture from softening and rutting under real conditions. However, this solution
has not yet been put into practical use due to implementation difficulties related to the mechanical
strength of the resulting products. A relatively low amount of Ceresin (3% by weight) adsorbed into the
pores of Pollytag® construction aggregate; however, achieving the required stabilization temperature
necessitated the addition of large amounts of modified aggregate into the asphalt mixture, which
lowered its mechanical strength when compared to the traditional mineral aggregate and reduced
the pavement surface hardness. Research on the use of LWA and PCM was also conducted relative to
traditional building materials [14], but, as a carrier, its use has encountered some limitations due to
the specificity of Pollytag®. First, the air remaining in its pores hindered heat exchange and inhibited
PCM phase changes. The second limitation was the relatively large granulate size, which poses an
obstacle when adding it or filling traditional building materials with it (holes, hollow bricks, etc.).
However, filling with this granulate gypsum wall or plaster, as well as covering the surface with it,
was already problematic.

In this paper, the use of post-pyrolytic carbonate that was obtained from waste biomass as a PCM
carrier is proposed. The effects of the above solution were verified in an experimental way, examining
the heating and cooling time of the coatings that were applied to the temperature sensors made of
char containing various amounts of Rubitherm (PCM), wherein one of the coatings, made from the
char without PCM, was taken as a reference sample. Although the experiments presented in this
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manuscript were mainly limited to coatings, the material can also be implicitly used in a wide range
in construction.

2. Theoretical Background

The starting point for these considerations were studies on the possibility of heat accumulation
using phase change materials that were previously mentioned, as it related to modified asphalt
pavement for its temperature stabilization [28,29]. Lightweight aggregate was then used as the PCM
carrier and it provided a porosity that was high enough to absorb a sufficient amount of PCM with
acceptable strength. This solution has patent protection [30] and it paves the way for other similar
applications such as classic building construction, in which solutions based on the PCM sealing
modification in containers, capsules, bags, or microgranules as a protection against potential leakage
had been most common. In these solutions, PCM was trapped in porous aggregate and, thanks to
the van der Waals forces, remained in LWA, even at high temperatures and it was experimentally
confirmed [14]. Those experiments showed that use of PCM mixtures with an aggregate additive had
a positive effect on temperature stabilization of other building materials and improved the thermal
comfort of rooms. For hollow blocks and gypsum blocks that were modified with the aggregate and
PCM mixture, a significant extension of the temperature stabilization period (thermal comfort) was
achieved, but depended on the initial conditions [14]. Aside from cost reduction, this modification
additionally resulted in resource savings through the replacement of expensive yet easy to use Micronal
DS 5040 X with a less expensive and more durable alternative—Rubitherm RT22 adsorbed on a cheap
and mechanically durable carrier, which would be difficult to apply directly in liquid form. This new
solution enables the easy implementation of phase-change materials in construction.

A natural consequence of research on PCM carriers is the search for novel materials with high
porosity and environmental friendliness. One of those novel materials might be char, which, through
activation and increased absorption capacity, has potential as an excellent PCM carrier. Another
advantage is its production via pyrolytic utilization as both waste biomass and municipal waste
combustion (RDF; tires, sewage sludge, etc.). The possibility of valorization and use of waste products
that are currently incinerated is a commercially attractive research direction.

The purpose of the research described is the use of char obtained after pyrolysis as a PCM
carrier. It was assumed the simplest solution would involve adsorption that was carried out above
the PCM melting point. The same char was used in this study; however, the resulting product was
comprehensively examined for its physical and thermodynamic properties as well as its potential in
practical application by comparing synthesized materials with commercially available microcapsules
containing the same PCM due to different activation methods showing a different specific surface areas
and different absorption capacities. Heating and cooling this modified char allowed for a determination
of the hysteresis and repeatability of the process as well as its durability, which certainly impact
potential applications, such as building, road construction, and even gardening.

The amount of PCM, relative to the total weight of building materials, determines the effectiveness
of temperature stabilization within a building. For example, in tests that were carried out with a 3% (by
weight) addition of ceresin trapped in LWA [29], the decrease in surface temperature, as compared to
parallel measurements for surfaces without ceresin, was ~5 K. In this work, in which the PCM share the
biocarbonate, should be 5–7 times higher, which represents an adequate increase in the thermodynamic
effect or a reduction in the amount of modified PCM carbonate added to building materials (gypsum,
cement, mortar, etc.).

In this study, a product of waste biomass pyrolytic decomposition was used; in this case, it was
the fruit of inedible chestnut (Aesculus hippocastanum), although the general source of the char might
originate from any type of waste biomass, which increases the rationale for undertaking research in
this area. It is worth emphasizing that the formation of the adsorptive structure of the char begins
during the thermal, anaerobic biomass degradation. Parameters, such as temperature, presence of
inert gas, heating rate, and reactor type, have a significant impact on the quantity and quality of

279



Materials 2020, 13, 1268

pyrolysis products [31,32]. The wide range of available pyrolyzers for both laboratory and technical
scale applications allows for their selection in terms of the desired product properties.

A muffle furnace was used due to the laboratory scale of this work. It was assumed that the
char that was obtained after these processes might not have sufficiently developed a surface, which
negatively impacted its adsorption properties. Therefore, several activation pathways were examined
to improve the carbonate sorption parameters. These pathways unblocked their pores, being often
blocked by gaseous and liquid post-pyrolytic residues, which resulted in porosity and specific surface
increases. Char, like any activated carbon, has a specific surface area, depending on its porosity
(macro-meso and micropores), which can be increased by activation. The greater the ratio of the total
area of all pores to the mass of activated carbon, the more extensive its structure and the greater its
absorption potential.

Activation is divided into two classifications—physical, where the activator can be carbon dioxide,
steam, and/or oxygen at temperatures from 800–1000 ◦C; and, chemical, where the activator is sodium
hydroxide, zinc chloride, and phosphoric acid (V) at temperatures from 400–1000 ◦C. An advantage
of chemical activation is that is a one step process in conjunction with biomass pyrolysis previously
impregnated with the activator. In the tests described below, the effect of the surface area development
and pore size on PCM adsorption was assessed; chemically and physically activated samples were used.

It is expected that the insertion of PCM in place of air into porous char will increase its mechanical
strength, especially pressure and hardness; where strength, depending on the type of PCM, might even
surpass that of the biomass itself, e.g., wood from which this char can be obtained. These features, in
addition to better thermal conductivity, should also provide a definite advantage for the char as a PCM
carrier, relative to other carriers (Pollytag®, Leca® KERAMZYT, aerated concrete, porous gypsum to
name a few), and over encapsulated PCM, foil, or placed in containers.

3. Methodology and Experimental Study

The methodology in this work is difficult to formally describe without reference to individual
experiments, as it was different for each test. Utilized methodologies include:

- pyrolysis of various types of waste biomass (N2—inert gas, temperature: 800 ◦C, time: 90
min.—Section 3.1);

- determining the composition, as well as physical and sorption properties of the obtained biochar
(proximate and elementary analysis);

- methods used to activate the biochar (Section 3.2) and study the effects of increasing the sorption
surface (BET surface and pore size analysis);

- PCM sorption procedure in biochar (typical vacuum sorption in liquid Rubitherm RT22 for
approx. 30 min., and thermal draining at 80 ◦C in the same time period);

- testing and selecting biomass in terms of the sorption capacity of the biochar that was obtained
from it, from currently available biomass types: coconut shell, walnut shell, chestnuts (validation
of the sorption capacity of various types of activated and inactivated biochars, based on DSC
analysis—Section 3.3); and,

- conducting experimental studies of thermodynamic properties of a material obtained from
selected biochar (chestnuts), modified by PCM (Section 3.4).

In this situation, while considering the accessibility and readability of the work, the authors
decided to provide information on the methodology successively, within the individual descriptions of
the experiments.

3.1. Preparation of Post-Pyrolytic Carbon

Biomass is required to obtain char as a PCM carrier, which can be obtained from various sources.
From ecological and economical points of view, this should be waste biomass that is intended
for disposal.
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Therefore, chestnut fruits (Aesculus hippocastanum), often referred to simply as chestnuts—an
inedible resource often subjected in Poland to waste disposal—was selected as the biomass example
for this study.

The process of obtaining char was as follows. Chestnuts were dried for 12 h at 105 ◦C and ground
using a knife mill (3 mm mesh diameter). Pyrolysis of ~100 g of the granulate was carried out without
an inert gas flow for 90 min. at 800 ◦C in a steel reactor with an outlet tube placed in a muffle furnace.
The solid recovery after pyrolysis was 25% of the initial mass.

After mixing several batches, the elemental analysis of chestnut fruit and the char obtained from
it was determined (Thermo Scientific™ FLASH 2000 CHNS/O Analyzer, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) as well as basic property tests (Table 1). Elemental analysis showed an increase
in elemental carbon (relative to the original biomass), while the hydrogen, oxygen, and sulfur levels
all decreased, which indicated the release of volatile compounds. Precursors with a high levels of
elemental carbon enable effective activation.

Table 1. Raw waste material properties.

Proximate Analysis (wt.%) Elemental Analysis (wt.%)

Sample Moisture Ash Volatiles C H N O S

Chestnut 3.5 3.5 74.6 43.6 6.6 1.4 47.8 0.2

Chestnut char - - - 74.3 1.1 1.8 24.3 0.0

Table 1 presents the proximate (moisture, ash, volatiles) and elemental analysis (CHNSO) of the
raw material (chestnut) used for the pyrolysis experiments. The moisture content was about 3.5 wt.%
(the sample was dried before analysis). The volatile matter was detected to be 74.6 wt.%, whereas the
ash content was 3.5 wt.%. For comparison purposes, in the same table (Table 1), the results that were
obtained for the solid product of the pyrolysis (char) were also included. The thermal degradation of
raw material removed the volatile compounds from the sample (COx, H2O, H2), which resulted in
lower hydrogen and oxygen content.

3.2. Char Activation and Surface Analysis

The carbonate was chemically activated using KOH and physically with carbon dioxide to improve
sorption parameters. Chemical activation consisted of mixing the char with KOH in a 3:1 weight
ratio, followed by heating in a tubular furnace at 800 ◦C for approximately 90 min.; this mixture was
comminuted in a mortar. Unlike pyrolysis, the activation process took place under a stream of nitrogen.
The mass ratio of the activating agent to char was chosen based on previous results from our own work.
After adding 50 mL of deionized water, the sample was purified in an ultrasonic bath (30 min.) from
excess KOH, washed with 5 M HCl and deionized water until pH 7, and then dried for 24 h at 105 ◦C.

The activation mechanism of KOH char is described, depending on the temperature, by the
following primary reactions [33]:

2 KOH (below 700 K)→ K2O + H2O,

C + H2O→ CO + H2

CO + H2O→ CO2 + H2

CO2 + K2O→ K2CO3,

6 KOH + 2 C (under 900 K)→ 2K + 3H2 + 2K2CO3,

which may also be accompanied by secondary reactions:

C + CO2 → CO
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C + K2O→ 2K + CO

2C + K2CO3 → 2K + 3CO.

Physical activation of ~20 g samples were carried out in a tubular furnace at 800 ◦C under a
stream of carbon dioxide (10 dm3/h). Two physical activation series of CO2 carbonized char were
performed; the difference between them was the washing times with the activating agent (1 h, 10 dm3

of CO2; 2 h, and 20 dm3 of CO2). The physical activation mechanism is described by an endothermic
(ΔHº298 = +172.42 kJ/mol) Boudouard reaction:

C + CO2 = 2CO.

The simultaneous assessments of sorption properties and the effectiveness of the activation
process were performed using surface and pore size analysis; the Brunauer-Emmett-Teller (BET) was
determined by N2 absorption-desorption isotherms at 77 K while using a Micromeritics Gemini V200
Shimadzu analyzer (Table 2).

Table 2. Surface area (SBET) and pore size (Vp) of activated carbon obtained from the chestnut.

Material Chestnut

No Activation Method SBET [m2/g] Vp [cm3/g]

I, II Reference Samples 31.6 0.016

III CO2 (1 h) 58.7 0.030

IV CO2 (2 h) 143.3 0.073

V KOH 1252.5 0.643

The biochar samples were activated using two main methods, namely chemical and physical
activation (10 and 20 dm3 of CO2 used in 1 h and 2 h of activation process). The amount of activating
agent was calculated proportionally to the carbon content in the sample (taken from the elemental
analysis, Table 1). In this regard, CO2-to-carbon molar ratio was set to be 1:0.5 and 1:1. The efficiency
of activation was evaluated by the BET surface analysis (Table 2). As the reference sample, inactivated
biochar with a surface area of 31.6 m2/g was used. It was found that the surface area and volume of
pores of biochar after physical activation performed at 1000 ◦C using CO2 (sample III) increased with
the amount of CO2 used in the experiment (sample IV). Nevertheless, the highest SBET was obtained
for the sample that was chemically activated with KOH. The surface area achieved was 1252.5 m2/g
with the pore volume of 0.64 cm3/g.

The significantly improved performance was observed when KOH was applied while analyzing
the effect of developing the porous structure due to the activation. However, the physical activation
process was more economical, as the amount of activator and its cost (exhaust gas) is negligible.

3.3. Thermal Calorimetry Study

Another component of this research was a PCM introduction (commercially available Rubitherm
RT22) to various samples of the carbonate: II—inactivated, III—activated 1 h with CO2, IV—activated
2 h with CO2, and V—activated with KOH. Char sample I, as a reference, was neither activated nor
containing PCM. The synthesis began with ~2 g of the char was added to the molten Rubiterm RT22
and stirred for 1 h at 80 ◦C. The excess Rubiterm was vacuum filtered and the samples were dried on
paper at 80 ◦C for 12 h. This procedure was utilized for all samples, except sample I. In this way, only
PCM remained permanently adsorbed by the van der Waals forces in samples II–V.

Thermal comparison tests were performed using a DSC (Differential Scanning Calorimeter Q20,
TA Instruments-Waters LLC, USA) from−90 to 450 ◦C with a temperature accuracy of±0.1 ◦C, precision
of ±0.01 ◦C, and enthalpy precision of ±0.1%. A preliminary comparison was carried out for six
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different carrier types of post-pyrolytic biomass carbonate (chestnut fruit, coconut, and walnut shells),
without activation, or activated by four different methods. A 90 min. CO2 activation was added in
addition to the methods of physical activation discussed above. Three different samples of the same
substance were tested each time for DSC tests. These were subjected to six complete runs (three times
cooling and three times heating) in the temperature range between −10 and 40 ◦C. Figure 1 shows the
averaged results of those comparisons for heating cycle (exo down).

 

Figure 1. DSC diagram presenting results of testing char samples soaked with Rubitherm RT22 and
reference samples, including; carbonate from chestnut fruit: A (sample II)—not activated, B (sample
III))—activated with CO2 (1 h), C (sample IV) )—activated with CO2 (2 h), D (sample V) )—activated
with KOH; char from: E)—coconut shell activated with CO2 (1/2 h), F)—walnut shell activated with
CO2 (1/2 h); and, reference samples: G)—pure Rubitherm RT22 and H)—Micronal DS 5040 X.

The comparative analysis of thermographs that is shown in Figure 1 indicated, as expected, that
pure Rubitherm RT22 showed the best heat storage properties. The commercial product Micronal DS
5040 X was next, despite a drop in heat capacity of ~60%. However, results obtained for chestnut char
that were subjected to KOH activation showed similar heat capacities (~50% relative to RT22) and an
almost identical temperature per peak maximum of 25 ◦C. Table 3 summarizes a detailed summary of
DSC test results for individual samples, the biomass origin, and how it was activated.
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Table 3. Comparison of DSC results for different char samples, including; carbonate from chestnut
fruit: A—not activated, B—activated with CO2 (1 h), C—activated with CO2 (2 h), D—activated with
KOH; char from: E—coconut shell activated with CO2 (1/2 h), F—walnut shell activated with CO2

(1/2 h), and reference samples: G—pure Rubitherm RT22 and H—Micronal DS 5040 X.

A B C D E F G H

Sample Weight [mg] 5.27 5.48 5.78 5.59 5.51 6.16 6.52 6.45

Enthalpy ΔH [kJ/kg] 49.2 67.1 84.0 125.7 42.9 66.2 256.4 150.4

Onset Temp. T * [◦C] 25.3/24.6 23.0/22.9 23.4/23.7 22.8/22.3 23.3/22.9 23.2/22.3 21.7/21.6 18.6/17.7

Peak Temp. T ** [◦C] 28.0/23.6 26.2/21.1 26.2/21.4 25.6/21.3 25.3/22.0 26.1/21.8 26.9/17.8 25.5/15.3

(*) measured at phase change onset for heating/cooling process (**) heating/cooling process.

3.4. Thermodynamic Study

The DSC results confirmed that, from a thermodynamic point of view, it is possible to use char as
a PCM carrier and also indicated the most beneficial type of biomass based on the method to activate
the char. However, it was decided to conduct tests on a laboratory scale to confirm these DSC results
before executing expensive and time-consuming tests on a technical scale using real building materials.

For this purpose, a measuring station (Figure 2) was built to study the heating and cooling times
of coatings made using the most thermodynamically promising char that was obtained from pyrolysis
of common nut fruit. This was, as shown by earlier DSC tests, the absorption of Rubitherm RT22 and
depended on the activation type or lack thereof.

Five different coatings were synthesized from the same chestnut char. Coatings corresponding to
samples I and II contained non-activated char. Sample I was the reference sample, did not contain
PCM (Rubitherm RT 22), and sample II did. The remaining samples all contained PCM; their char
were activated, as follows: sample III—with CO2 (for 1 h), sample IV—with CO2 (for 2 h), and sample
V—with KOH. The coating numbers correspond to the sample numbers in Figures 3–5.

All of the coatings were conducted in the same manner. The same amount of char (0.2 g) with
differing amounts, depending on the type of activation, of RT22 were ground in a mortar with one drop
of saponin and seven drops of liquid PVA (poly(vinyl alcohol)) glue. After obtaining a homogeneous
semi-liquid mass, it was applied to temperature sensors, placed in a stainless-steel cover (5 mm
diameter, 30 mm long).

After the coatings dried, the samples were attached between two slats (250 mm × 30 mm × 10
mm), according to the method that is shown in Figure 2, and subjected to two tests. The first procedure
consisted of heating (0.5–1.0 h) samples with a solar simulator (infrared radiator in the form of a special
reflector) in a thermostatic room, then cooling them (1.0 h) after switching off the radiator (Figures 3
and 4). In the second procedure, the heating times and temperatures of samples previously cooled in
the refrigerator were measured several times in a thermostatic room (Figure 5).

The infrared radiator that was used in these tests was located 0.5 m from the strip with the samples
attached. The value of light intensity incident on the samples was Ef = 18.5 klux, and irradiation
measured in the same place Eir = 385 W/m2.

The measuring system consisted of eight DS18B20 temperature sensors. Five measured the coating
temperatures; the other three measured temperatures in non-disturbed areas at distances between 1.5
and 2 m from the coatings. The temperature sensor cables were connected to the AVT 5330 module as
well as the data processing and counting system. The obtained results were recorded on a computer
that was equipped with the station.
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Figure 2. Measuring the heating and cooling times of the tested coatings with infrared radiation.
(a) Scheme of measuring station, (b) view of the reflector and stand, (c) temperature sensors without
and with coating. For cooling, after placing, exposing and heating the samples, no simulator was
needed. Composition of individual char coatings: I—without RT22, II—with RT22, III—activated with
CO2 (1 h), including RT22, IV—activated with CO2 (2 h), including RT22, V—activated with KOH,
including RT22.

 

 k  k  k

Figure 3. Testing of coatings using a solar lighting simulator - SI. The diagram shows results of the
heating and cooling steps, for 0.5 h and 1 h, respectively, for five chestnut char samples: I—without
activation and without RT22, II—without activation with RT22, III—activation with CO2 (1 h) with
RT22, IV—activation with CO2 (2 h) with RT22, V—activation with KOH with RT22.
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Figure 4. Testing of coatings using a solar lighting simulator - SI. The diagram shows the results of the
heating and cooling process for each of five chestnut char samples for 1 h: I—without activation and
without RT22, II—without activation with RT22, III—activation with CO2 (1 h) with RT22, IV—activation
with CO2 (2 h) z RT22, V—activation with KOH with RT22.

 

 k

k

Figure 5. Results of natural heating for five chestnut char samples—SIII: I—without activation and
without RT22, II—without activation with RT22, III—activation with CO2 (1 h) with RT22, IV—activation
with CO2 (2 h) with RT22, V—activation with KOH with RT22.
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Measurement uncertainties that were related to sensor accuracy were specified by the manufacturer
as 0.25 ◦C. The standard deviation calculated for the sensors was 0.6 ◦C; the total measurement
uncertainty was estimated as 0.85 ◦C.

The temperature of each sample was determined as a function of time, both during heating and
cooling, based on these results. Figure 2 shows the overall diagram of the test stand.

4. Results of Thermodynamic Properties of the Obtained Material

In the first series of simulation tests (SI), all of the samples were exposed to infrared radiation for
a period of 0.5 h. This made it possible to heat the sample coatings to a temperature approximating
hot summer days (ambient temperature > 30 ◦C). After heating, the samples were allowed to cool to
ambient temperature; the cooling times increased slightly during subsequent cycles (from ~19.7 ◦C
(I cycle), 20.8 ◦C (II cycle) to 21.0 ◦C (III cycle)). The ambient temperature was taken as the average
temperature from three sensors that were positioned at 1.5–2.0 m from the measuring station. The
final temperature of the heated samples also increased during subsequent cycles and ranged from
28.5–30.0 ◦C in cycle I, 30.5–32 ◦C in cycle II, and 31.0–33.0 ◦C in cycle III. The heating and cooling tests
in this and subsequent series were conducted in triplicate; Figure 3 presents the aggregate results that
were obtained in the initial heating/cooling tests. The thick horizontal sections in the figure represent
the three cycle times (Δτ = τk,22.0 − τ0,22.0), measured for each of the samples upon exceeding 22.0 ◦C,
(τ0,22), during heating until 22.0 ◦C was reached during cooling τk,22. Table 4 summarizes the cycle
lengths obtained for this series (SI) and the next three (SII).

It was decided to compare the cycle times that were measured from τ0, i.e., the moment when the
sample exceeded the set initial temperature T0 to the final time τk—i.e., the moment of the last reading
of the set final temperature Tk. The temperatures were selected, so that the results of all measurement
series could be compared, and their values were as close as possible to the phase transition temperature,
which for Rubitherm RT22 is 22 ◦C.

In this study, instead of measuring the temperature increase ΔT in given time frames (τ0, τk),
the time intervals between the transition of sample temperatures from T0 to Tk were measured, due
to greater accuracy of time measurement than the accuracy of temperature increase measurement,
especially in fast-changing processes.

This procedure was repeated for a second series of tests (SII) with an increase in the sample heating
time to 1 h (Figure 4). This resulted in a slight final temperature increase that was nearly identical to
the results that were obtained for heating for 30 min. The final ambient temperatures at the end of each
cycle in both procedures were practically the same; however, fluctuations in ambient temperatures
during individual cycles in the second series were greater. This slightly influenced the maximum
coating temperature level, but proved that a longer exposure time in this case is not intentional and the
assumed cooling time of one hour was sufficient for describing the cooling phenomenon; after that one
hour, all of the samples reached the same temperature and they also cooled at the same rate.
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Table 4. Summary of individual heating and cooling cycle durations for coatings made from the tested
char with different Rubiterm RT22 content.

Samples I II III IV V

SI—First Heating-Cooling Cycle

τk,22,0 00:39:44 00:39:44 00:39:44 00:39:44 00:39:44

τ0,22.0 00:02:10 00:02:32 00:02:14 00:02:04 00:02:16

Δτ = τk,22.0 − τ0,22.0 00:37:34 00:37:12 00:37:30 00:37:40 00:37:28

Percentage 100 99.7 103.1 106.6 108.6

SI—Second Heating-Cooling Cycle

τ k,22,0 02:14:10 02:14:16 02:15:14 02:16:54 02:18:26

τ0,22.0 01:29:10 01:29:20 01:29:12 01:29:06 01:29:10

Δτ = τk,22.0 − τ0,22.0 00:45:00 00:44:56 00:46:02 00:47:48 00:49:16

Percentage 100 99.8 102.3 106.2 109.5

SI—Third Heating-Cooling Cycle

τk,22,0 03:51:11 03:51:11 03:53:05 03:55:31 03:57:57

τ0,22.0 02:58:21 02:58:25 02:58:21 02:58:19 02:58:21

Δτ = τk,22.0 − τ0,22.0 00:52:50 00:52:46 00:54:44 00:57:12 00:59:36

Percentage 100 99.9 103.6 108.3 112.8

SII—First Heating-Cooling Cycle

τk,22,0 01:15:38 01:15:26 01:16:18 01:17:30 01:18:32

τ0,22.0 00:02:28 00:02:46 00:02:30 00:02:18 00:02:32

Δτ = τk,22.0 − τ0,22.0 01:13:10 01:12:40 01:13:48 01:15:12 01:16:00

Percentage 100 99.3 100.9 102.9 103.9

SII—Second Heating-Cooling Cycle

τk,22,0 03:26:29 03:26:41 03:28:05 03:30:07 03:31:57

τ0,22.0 02:01:21 02:01:29 02:01:21 02:01:17 02:01:21

Δτ = τk,22.0 − τ0,22.0 01:25:08 01:25:12 01:26:44 01:28:50 01:30:36

Percentage 100 100.1 101.9 104.3 106.4

SII—Third Heating-Cooling Cycle

τk,22,0 05:36:53 05:38:07 05:40:05 05:40:59 05:43:23

τ0,22.0 04:01:01 04:01:05 04:01:01 04:01:01 04:01:01

Δτ = τk,22.0 − τ0,22.0 01:35:52 01:37:02 01:39:04 01:39:58 01:42:22

Percentage 100 101.2 103.3 104.8 106.8

SIII—Heating-Cooling Cycle

τk,22,0 01:05:02 01:05:18 01:05:14 01:05:54 01:09:10

τ0,22.0 00:00:42 00:00:42 00:00:42 00:00:42 00:00:42

Δτ = τk,22.0 − τ0,22.0 01:04:20 01:04:36 01:04:32 01:05:12 01:08:28

Percentage 100 100.4 100.3 101.3 106.4

Average 100 100.2 102.4 105.2 107.5

Both of the studies on the heating and cooling process of char containing RT22 confirmed that there
was a clear difference between temperature changes as a function of time obtained for the individual
samples. Differences in the cooling rates were more pronounced than the heating rates. Radiative
heat exchange during heating was more intense than during convection cooling, which steepens the
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heating curves of individual samples and differences in the heat exchange time between individual
samples become less visible. The coatings were thin, as were the amounts and mass of char, and
Rubitherm RT22 contained in them in relation to the weight of the temperature sensors. However,
the effect of the absorbed RT22 on the heat capacity of the modified char turned out to be sufficiently
clear, especially on the cooling curves. It was concluded that, for larger amounts of PCM modified
carbonate, in relation to the mass of the sensor, this effect will be even greater due to the change of heat
accumulation from the surface to the interior.

The comparative analyses shown in Figures 3 and 4 indicated that extended sample heating
time did not impact the cooling curve shape, which were almost identical for every cycle in the first
two testing series. However, longer heating times did cause greater dissection and flattening of the
heating curves for individual samples, especially after exceeding the phase transition temperature of
Rubitherm RT22 (22 ◦C, according to manufacturer specifications and the results in Table 3). However,
after heating the thin char coating, additional heating was carried using a temperature sensor with a
much higher mass and heat capacity than the tested coatings.

Differences in individual sample final temperatures, which are visible in all test cycles carried
out in both series, come from the termination of the sample heating process after exceeding the phase
transition temperature of Rubitherm RT22, but before they reach thermodynamic equilibrium.

A most interesting aspect of this research corresponds to temperatures near the phase transition
temperature, at which the storage and release of thermal energy occurs. This was observed and
measured for both series, though the impact of Rubitherm RT22 was only sufficiently clear for sample
cooling. The excessively high sample heating rate masked the effects of differences that are caused
by phase change in Rubitherm. As such, a third series of tests (SIII) was devised, during which the
heating rate was reduced and the final temperature was lowered to better correspond to the RT22
phase transition temperature.

The SIII series was carried out using only one cooling and heating cycle, as the results that were
obtained in the previous SI and SII series showed that repeating the cycles resulted in no changes. For
this series, samples were initially cooled to 3 ◦C for 30 min., placed in a room maintained at 25 ◦C,
and were then heated automatically and at a much slower rate than radiant heating. Those results,
together with the enlarged fragment, enabled a more accurate analysis of the heating curves and a
more qualitative assessment of the differences that were obtained for individual samples; those are
presented in Figure 5.

As expected, the heating curve that was obtained in this experiment was more inclined, which
made it easier to analyze differences in the sample process times.

The results that were obtained for SI and SII for all three test cycles, determining the total time of
full cycles measured from the initial temperature T0 = 22 ◦C, by heating–cooling, until the individual
samples reach the final temperature Tk = 22 ◦C, are summarized in Table 4. Table 4 also shows the
results obtained in SIII over the same temperature range, though that cycle involved cooling the
samples prior to heating them. A graphical illustration of the results that are listed in Table 4 are thick
horizontal sections in Figures 3–5, determining the cumulative times for full heating and cooling cycles
or cooling/heating for all samples.

5. Analysis and Discussion

Analyzing curves in Figures 3–5, and combined with results collected in Table 4, selected at one
temperature (22 ◦C), clearly indicated the impact of different Rubitherm RT22 amounts in the char
on the cycle time length Δτ = τk,22.0 − τ0,22.0 of heat exchange processes taking place in individual
samples. Differences in the process times are visible, even though the amount of Rubitherm RT22
adsorbed was small relative to the much higher mass and thermal capacity of the temperature sensors.

When compared to the reference sample (I) with no Rubitherm RT22, the total cooling and heating
times (Δτ = τ0,22.0 − τk,22.0) of all samples with differing levels of Rubitherm RT22 were longer. For
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sample V (activated with KOH), this time was extended by 7.5%, 5.2% for sample IV, 2.4% for III, and
only 0.2% for sample II (non-activated char).

It was decided to reanalyze the obtained results to better understand the effect of char with
different contents of Rubitherm RT22 on the mechanism of heat exchange occurring in the samples. It
was conducted by eliminating fast-changing heat exchange processes and only focusing on the cooling
times of the samples in the SI and SII series (Table 5), and their heating times in SIII (Table 6).

Table 5. Summary of cooling times of coatings from temperature T0 = 28.5 ◦C to temperature Tk = 21.5
◦C for series SI and SII.

Samples I II III IV V

SI—First Cooling Cycle

τ0,28.5 00:29:58 00:29:44 00:30:02 00:30:22 00:30:06

τk,21.5 00:42:36 00:43:20 00:44:58 00:46:20 00:47:44

Δτ = τk,21.5 − τ0,28.5 00:12:38 00:13:36 00:14:56 00:15:58 00:17:38

Percentage 100 107.6 118.2 126.4 139.6

SI—Second Cooling Cycle

τ0,28.5 01:58:48 01:58:40 01:58:58 01:59:22 01:59:06

τk,21.5 02:19:38 02:20:08 02:21:40 02:22:54 02:26:04

Δτ = τk,21.5 − τ0,28.5 00:20:50 00:21:28 00:22:42 00:23:32 00:26:58

Percentage 100 103.0 100.0 113.0 129.4

SI—Third Cooling Cycle

τ0,28.5 03:29:27 03:29:13 03:29:35 03:29:59 03:29:47

τk,21.5 04:03:27 04:04:33 04:09:15 04:09:09 04:13:37

Δτ = τk,21.5 − τ0,28.5 00:34:00 00:35:20 00:39:40 00:39:10 00:43:50

Percentage 100 103.9 116.7 115.2 128.9

SII—First Cooling Cycle

τ0,28.5 01:01:18 01:01:08 01:01:26 01:01:48 01:01:32

τk,21.5 01:19:00 01:18:56 01:20:04 01:22:12 01:23:36

Δτ = τk,21.5 − τ0,28.5 00:17:42 00:17:48 00:18:38 00:20:24 00:22:04

Percentage 100 100.6 105.3 115.2 124.7

SII—Second Cooling Cycle

τ0,28.5 03:02:47 03:02:31 03:02:55 03:03:21 03:03:15

τk,21.5 03:36:47 03:37:55 03:40:51 03:41:23 03:45:19

Δτ = τk,21.5 − τ0,28.5 00:34:00 00:35:24 00:37:56 00:38:02 00:42:04

Percentage 100 104.1 111.6 111.9 123.7

SII—Third Cooling Cycle

τ0,28.5 05:03:35 05:03:19 05:03:41 05:04:09 05:04:07

τk,21.5 05:54:12 05:55:04 05:59:16 05:58:16 06:00:58

Δτ = τk,21.5 − τ0,28.5 00:50:37 00:51:45 00:55:35 00:54:07 00:56:51

Percentage 100 102.2 109.8 106.9 112.3

Average 100 103.6 111.7 114.8 126.4
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Table 6. Summary of coating heating times during the third round of measurements from T0 = 5.0 ◦C
to Tk = 23.5 ◦C and their cooling from T0 = 23.5 ◦C to Tk = 5.0 ◦C for SIII.

Samples I II III IV V

SIII—heating round

τ0,5.0 00:45:12 00:45:10 00:45:12 00:45:12 00:45:10

τk,23.5 01:18:12 01:18:00 01:19:34 01:23:28 01:25:28

Δτ = τk,23.5 − τ0,5.0 00:33:00 00:32:50 00:34:22 00:38:16 00:40:18

Percentage 100 99.5 104.1 116.0 122.1

The results obtained in SI and SII included in Table 5 were selected because they featured the
widest temperature range of all cycles (between 21.5–28.5 ◦C). The results obtained in SIII, because
they cover a different temperature range (5.0–23.5 ◦C) and in a different heating/cooling order, are
separately presented in Table 6.

The results in Tables 4–6 indicated that Rubitherm RT22 contained in char affected heat exchange
during the heating and cooling of the samples. However, during cooling, as the RT22 content in char
increased, the sample cooling time also increased relative to the reference sample (I), which did not
contain Rubitherm. This is clearly seen in the last row of Table 5, which clearly shows the average
cooling time extensions for all SI and SII cycles, which are: 26.4% for sample V, 14.8% for sample
IV, 11.7% for sample III, and 3.6% for sample II, relative to sample I. The cooling time differences
of individual samples are greater than differences in full cycle times (Table 4). This is due to the
much larger heat capacity of the temperature sensor relative to the mass of the RT22 char tested. The
extension of the total heating and cooling times caused by this resulted in a reduction of the differences
in the individual samples. The results collected in Table 5 were analyzed at shorter cooling times,
limited by a lower temperature range (28.5–21.5 ◦C). This elimination of the effect on the heating time
results allowed for an observation of larger differences in cooling times between individual samples.

Fearing that the rapid heating rate of the samples in SI and SII might affect result interpretations,
which may be ambiguous, accidental, and contradictory, a modified SIII experiment was planned and
carried out.

The order of heating and cooling processes was changed with the rate and final heating temperature
lowered. Consequently, it was possible to obtain less steep heating curves (Figure 5), from which it
was easier to observe heating time differences of individual samples.

At high rates of temperature change, e.g. steep heating curves in Figures 3 and 4, as well as cooling
curves in Figure 5, fast temperature changes take place in a short period. As time was measured in
these studies, the shorter it was, the less accurate the results were. On less steep cooling (Figures 3
and 4) or heating (Figure 5) curves, differences in the time to reach the same temperature could already
be measured with much greater accuracy that allowed for the differences between individual samples
to be determined.

The results obtained in SIII, as summarized in Table 6 for heating time, show a similar, but inverse,
trend to those in Table 5; the effect of Rubitherm RT22 on changes in heat transfer times for individual
samples. This time, cooling curves obtained in SIII—opposite to those in SI and SII—were too steep
to determine the effect of Rubitherm RT22 levels; therefore, they were excluded from consideration.
Table 6, instead, focuses on results that are related to heating times.

The interpretation of the heating process time results was unambiguous and consistent with the
results obtained in SI and SII, which are presented in the bottom row of Table 5. As the levels of
Rubitherm RT22 in the char increased, so did the sample heating times: by 22.1% (V), 16.0% (IV), and
4.1% (III). Only for sample II was there a slight, within the margin of error (0.5%) heating time decrease
relative to the reference sample (I).

These results obtained for SI and SII and collected in Table 5, as well as the results obtained in SIII
for the heating process (Table 6), are unambiguous and clearly indicate that Rubitherm RT22 contained
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in the carbonate directly impacts the thermal processes occurring in it. During phase transitions
(melting-solidification), thermal energy is stored and then released; this work clearly documents the
extension of heat transfer times.

6. Conclusions

A novelty in this work is the research and testing of a new carrier for phase-change material. Thus
far, no one has tried to utilize pyrolytic biochar with a well-developed internal surface for permanent
PCM adsorption (due to the van der Waals forces).

The proposed and conducted research procedure of cooling during SI and SII series and heating
in SIII, designed for small masses of tested char RT22 carrier (about 0.2 g) and small thicknesses of
coatings (0.1–0.15 mm), proved to be so accurate that it provided unambiguous results that were
consistent with data obtained at the remaining stages of the study. These measurements, as well as
the measurements of the degree of activation for various methods of activated carbon obtaining, and
the adsorption studies showed that the amount of Rubiterm RT22 is the highest in the activated KOH
carbonate (sample V), smaller in activated 2 h CO2 (sample IV), even smaller in activated 1 h CO2

(sample III), and the smallest in non-activated carbonate (sample II).
The results showed that the use of char as a PCM carrier meets expectations regarding accumulation

and slower heat release to the environment. Heating and cooling tests both showed similar dynamics
of increases/decreases during heat exchange and represent a function of its accumulation and release
during phase transitions.

Thermal analysis tests using DSC confirmed the potential of using carbonate as a potential
PCM carrier. Further simulation studies, consisting of measuring heating/cooling times of coatings
made of RT22 modified char, further confirmed that properly activated char that was obtained from
waste biomass had similar thermodynamic parameters to commercial materials of this type upon the
absorption of PCM, but were much less expensive than commercial products.

In addition, it has been shown that PCM impregnated carbonate materials have significant
pro-ecological values because:

• it is a recycled product of waste biomass subjected to torification or pyrolysis;
• char as a PCM carrier is an inexpensive, chemically, and environmentally neutral product; and,
• the PCM used in these studies is a hydrocarbon derived from the distillation of crude oil, a type of

paraffin that is chemically unreactive and, therefore, environmentally neutral.

Thanks to its well-developed surface and high absorption capacity, the activated char permanently
adsorbs such an amount of PCM that obtaining up to 50% greater heat capacity in relation to RT22 is
possible and, due to van der Waals forces, the PCM will not be desorbed, even in liquid state.

The use of the char modified in the above manner, in the form of plaster addition, paints, screeds,
asphalt mixtures, etc., in addition to stabilizing the temperature, storing temporary excess energy, and
releasing it in a timely fashion, also prevents local overheating, both on the surface and within an
object. Overheating can lead to softening, flowing, thermal deformation and degradation by oxidation,
drying, or cracking; all of which can lead to material damage as well as objects that are made of them.

Research conducted in this work proves that the development of such a building material, which,
when compared to commercial products, will be much cheaper, equally effective, and possible to
use in the production of gypsum boards, plasters, screeds, etc., just as Micronal, is only a matter of
time. However, detailed research on the implementation of this new material will be the subject of a
separate paper.

The continuation of this research topic is justified because the research showed that biochar can
be a PCM carrier, and even a coating created from it clearly affects the time of heat transfer. Heat
transfer studies should be conducted—no longer on the surficial scale (2D), however, but on the
capacitively-volumetric (3D) scale. Larger amounts of PCM modified biochar will be required to carry
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out this research and, thus, the scale of research conducted in this work (pyrolysis, activation, sorption)
should be increased from a laboratory scale to a technical or semi-technical one.
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Abstract: Due to the rational shaping of the environment and the management of environmental
resources in accordance with the principle of sustainable development, calcareous fly ash
(CFA)—high-calcium as a by-product of lignite combustion—is a valuable addition to concrete.
This additive, however, due to its high-water demand lowers the workability of the concrete mix,
which is a problem, especially in the first 90 min after mixing the components of the mix. In order
to meet this challenge, plasticizers (P) and superplasticizers (SP) for concrete are used with various
effects which are designed to reduce the yield value and plastic viscosity. To check the technical
efficiency of admixtures P and SP with different chemical bases, the main objective of this research
was to investigate the influence of raw and ground CFA on the rheological properties and other side
effects of admixtures, such as the amount of air in the mixture and the amount of heat of hydration.
The use of P, particularly SP, effectively improves the workability of the mortar containing CFA,
especially ground CFA. With these admixtures, it is possible to obtain mortars containing ground CFA
with similar rheological properties to mortars without its addition. To obtain a specific workability of
mortar with CFA, it is usually necessary to introduce a higher dose of P or SP than used for mortars
without CFA. The presence of raw CFA does not alter the effectiveness of P and strongly reduces the
effectiveness of SP. The reduced effectiveness of SP manifests primarily as a high workability lost.
The presence of ground CFA does not change the effectiveness of P (or is higher). The effectiveness of
the superplasticizer SNF (with a chemical base of naphthalene sulfonate) and PE (with a chemical base
of polycarboxylate ether) is slightly lower or does not change. The effectiveness of the superplasticizer
SMF (with a chemical base of melamine sulfonates) is significantly lower. We found that the presence
of ash affects the efficiency of P and SP, while processing via the grinding of ash makes the effect
negligible. These results are novel in both their cognitive and practical aspects.

Keywords: calcareous fly ash; plasticizer; superplasticizer; rheological properties; fly ash processing
methods; cement mortars, workability

1. Introduction

Waste management for the coal fired power plants is gaining key importance in connection with
threats to the environment and health. Such power plants in Poland alone produce millions of tons of
fly ash per year, whose properties depend on the type of coal (lignite or hard coal) and the method of
combustion. The reuse of this fly ash in the composition of concrete relates to sustainable development
by reducing the amount of cement and thereby reducing cement production, which is associated with
a reduction in the amount of CO2 released into the atmosphere. In addition to this ecological aspect,
there is also an economic one, as fly ash can provide measurable benefits to investors by replacing
cement and clinker with waste materials. Fly ash from the combustion of hard coal is characterized by
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its pozzolanic properties, and due to its beneficial effect on the properties of concrete, it is a valued and
widely used addition to concrete. When lignite is burned, calcareous fly-ash (CFA) is produced—i.e., fly
ash that contains large amounts of calcium compounds. However, due to its composition and physical
properties, not every CFA is suitable for concrete [1]. The studies carried out to date [2] show that,
among the CFA available in Poland, only the CFA from the Bełchatów power plant has properties that
allow it to be used as an additive to cement and concrete. This CFA has high pozzolanic and hydraulic
activity and meets the requirements of the EN 197-1 standard [3] for the main constituents of common
cement. After the grinding process, it can also be used as an active mineral additive to concrete [1,3–5].
As established in several studies [6–12], the use of this CFA in up to 30% of cement as an additive to
concrete or as the main component of cement, in general, does not negatively influence the strength and
durability of the concrete. Notably, it is necessary to use CFA processed by grinding, not in a raw state.
Moreover, the authors in [13] investigated the effects of nanoclay additions on the fresh properties,
mechanical performance, and microstructure properties of high volume fly ash mixes designed for 3D
printing. The results in [13] showed that the addition of high volume fly ash improved the thixotropic
properties of the mixtures, thus increasing its suitability for concrete printing applications.

Unfortunately, the use of CFA as a concrete additive is significantly hindered by problems related
to fresh concrete’s workability. In a raw state, CFA is characterized by very high water demands,
much higher than those of cement [5,14]. These demands can be reduced by processing, preferably by
grinding [2,14]. Even then, the water demands remain higher than those of cement [2,6]. The high
water demands of CFA make it difficult to obtain fresh concrete with the required stable workability
in the long term, whether it is used as an additive to cement or as an additive to concrete [6,12–18].
The processing of CFA solves this problem to some extent, but it should be noted that the use of
ground CFA undoubtedly has a beneficial effect on the rheological properties of mortars and their
variability [12,14,16–18].

Therefore, to obtain the required workability of CFA containing concrete, it is necessary to use
plasticizers (P) or superplasticizers (SP). Indeed, the possibility of using CFA is conditional on the
use of these admixtures [12,14,18]. Therefore, the effectiveness of these admixtures in the presence
of CFA is particularly important. However, the experimental data on this topic has been limited.
In general, to obtain a specific workability of fresh concrete with CFA, it is necessary to use more P
or SP than for of the corresponding compositions without CFA [16–22]. This is likely due primarily
to the higher water demand of fresh concrete with CFA. Consequently, there is a smaller amount of
free water in the mixture [23]. The potentially lower efficiency of P and SP in the presence of CFA is
indicated by the faster loss of workability of mixes with CFA [6], but such effects do not occur in every
case [16,17,22]. To date, there has been no in-depth study on how different types of P and SP work
with CFA with different properties, both in terms of the primary effect—the rheological properties of
the mortars—and the secondary effects—setting time, air entrainment, or hydration heat. Generally,
this indicates that present knowledge of the impact of CFA on the effectiveness of P and SP is very
limited and not systematic; thus, further studies are needed.

The main objective of this research was to investigate the influence of raw and ground CFA on the
effectiveness of P and SP activity. The basic effect of P and SP on rheological properties was studied
using rheometric techniques. The secondary effects of the admixture’s effects, such as setting time,
heat of hydration, and air content, were also studied.

2. Effectiveness of Plasticizers and Superplasticizer Action

The effectiveness (efficiency) of concrete admixtures is a criterion based on the characteristics of
the quality of its effects in its given function and its associated primary effect [24]. The primary effect is
defined here as an effect of the admixture corresponding to its function as a direct consequence of the
physical mechanism of its action. Typically, the assessment of the effectiveness of an admixture and its
applications should take into account secondary effects because of the possible adverse impact of the
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admixture on the important properties of the concrete and (or) the hardened concrete. The types and
primary and secondary effects of P and SP are summarized in Table 1.

Table 1. Types, primary and secondary effects of plasticizers (P) and superplasticizers (SP) [24].

Admixture Type Primary Effect
Secondary Effects-Side

Effects

P

• lignosulfonates and its salts (Ca,
Na, Mg, NH4);

• hydroxy-carboxylate acids and
its salts (containing groups (OH),
(COOH)).

Influence on rheological
properties of cement mixtures
enabling:

• increase in workability
(fluidity) of mixture
(constant w/b ratio)

• decrease in w/b ratio at given
workability of cement
mixture (enabling increase in
compressive strength and
durability of hardened
cement composite)

• decrease in cement content at
given fresh and hardened
cement mixture properties

• influence on cement
setting time

• influence on air
content in mixture

• influence on heat of
cement hydration

SP

• salts of sulfonated naphthalene
formaldehyde polymers (SNF);

• salts of sulfonated melamine
formaldehyde polymers; (SMF);

• polycarboxylate acrylic acids
polymers and cross-linked
polymers (PC and CLPC)

• polycarboxylate ethers polymers
(PE);

• Rother substances in example
modified lignosulfonates.

The effectiveness of P and SP should be considered from technical, technological, and economic
perspectives. Technical effectiveness determines the changes in the rheological properties of the fresh
concrete in terms of the minimum dosage of admixture needed for its effects to take place in the
intended time needed for transporting and arranging the mix at the installation site; the conventionally
adopted time is 90 min. Economic effectiveness refers to the cost of obtaining certain changes in the
rheological properties using the above additives. Technological effectiveness is the ease and safety
of using the admixture and the sensitivity of its effects to changes in environmental conditions. This
article focuses on the technical and rheological aspects of the effectiveness of P and SP in the presence
of CFA. In practice, the choice of admixture also depends on economic and technological factors.
The fulfilment of these factors will achieve the desired effect of the admixture at the lowest cost and in
a safe manner.

The aim of using P and SP is to adequately modify the rheological properties of the fresh concrete
according to the technology used and the conditions for the implementation process of concreting.
The basis for evaluating the effectiveness of these additives is measuring their impact on the changes
of their rheological properties and workability. Therefore, the effectiveness tests of these admixtures
focus primarily on the identification effect on the rheology of fresh concrete under certain technological
conditions and the possibility of side effects of the admixtures, such as changes in the aeration of the
mix or changes in the heat release curve during cement hydration. For this purpose, it is necessary
to adopt a rheological model of the fresh concrete, and then measure the changes in its rheological
parameters alongside the air content in the mix and changes in the nature of heat release during the
hydration process, as a result of the addition of an admixture in terms of the variable factors and type
of the concrete components.

Physically, mortar and concrete are similar. Both are a mixture of cement, water, aggregate,
admixtures, and additives. Numerous studies show that the tests carried out on mortars can also
be used to predict the rheological properties of fresh concrete. Simple mathematical relationships
between the rheological properties of fresh mortars and fresh concrete mixes are presented in past
studies [25–33]. Thus, it is commonly accepted that mortars can be used to test the effectiveness of P
and SP. Thanks to this, the cost of research can be significantly reduced, and its scope can be increased.
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Therefore, studies on the effects of CFA on the performance of plasticizers and superplasticizers were
also performed on mortars.

3. Experimental Section

3.1. Variables and Research Plan

The research plan is presented in Table 2. The research was conducted for three batches of CFA
(raw fly ash; batches: A, B, C, and ground fly ash; batches: AG, BG, and CG), sampled in a time range
of a half year from the intermediate reservoirs of the Bełchatów Power Plant. We used both raw and
ground CFA, which were added as a substitute for 20% of the cement mass. The effectiveness of different
admixtures was assessed by testing changes in the rheological properties of the mortars and the testing
side effects of the admixture, including the heat of hydration and air content, with and without CFA.
We selected two P and four SP that are typically used and represent the main types of this admixture.
Admixtures were also selected based on their different chemical bases that were representative of
the given admixture group: For P: lignosulfonates, iminodietanol, bis ethanol, phosphate (V) tri
butyl acetate, formaldehyde, methanol, and (Z)-octadec-9-enyloamine; for SP: polycarboxylate ether,
melamine sulfonates, and naphthalene sulfonate.

Table 2. Research plan—type of calcareous fly ash (CFA), w/b ratio, admixture dosage and
tested properties.

Type and Batches
of Calcareous Fly

Ash (CFA)

w/b
Ratio

Symbol of
Admixture

For Testing
Rheological Properties

[% b.m]

For Testing
Air Content

[% b.m]

For Testing Heat
of Hydration

[% b.m]

Raw CFA:
A B, C

Ground CFA: AG,
BG, CG

CFA content: 20% as
cement mass
replacement

0.55
P

P1 0, 0.25, 0.5% 0, 0.25% x

0.55 P2 0, 0.25, 0.5% 0, 0.25% 0, 0.25%

0.55

SP

SMF 0, 0.6, 1.15, 2.3% 0, 1.15% 0, 1.15%

0.45 SNF 1.8, 2.4, 3.6% 1.8% 0, 1.8%

0.45 PE1 1.0, 1.25, 2.0, 2.5% 1.25% 0, 1.25%

0.45 PE2 0.5, 0.75, 1.0% 0.5% x

The maximum amount of P and SP corresponded to the maximum amount recommended by the
producer of the admixture. The maximum content of admixture also did not exceed the saturation
point, which was verified in preliminary studies.

This study was conducted on mortars, but due to the similarity of the rheology of mortars and
concrete mixes, it can also be used to design the workability of a concrete mix.

3.2. Materials and the Composition

The composition and selected physical properties of the raw and ground CFA used in this research
are compiled in Table 3. Blaine specific surface was tested according to [34].

Table 3. Chemical composition of CFA.

CFA LOI SiO2 Al2O3 Fe2O3 CaO SO3 K2O Na2O CaOw

Bulk
Density
[kg/m3]

Fineness
Blaine Specific

Surface [34]
[cm2/g]

Raw
Ground

G
Raw

Ground
G

A 2.56 33.47 19.19 5.37 31.18 4.33 0.11 0.31 3.43 1098 36.4 23 2860 3500
B 2.12 40.98 19.00 4.25 25.97 3.94 0.14 0.13 1.07 1028 46.3 20.8 2370 3520
C 2.67 45.17 20.79 4.58 20.6 2.5 0.19 0.23 1.18 960 57.2 16.7 1900 3700

Ground CFA was created by subjecting raw CFA to a grinding process in a laboratory ball mill.
The residue on the 45 μm sieve was taken as the measure of grinding. Due to its coarse granulation and
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value of fineness (minimum, 36%; average, 50%), the tested CFA did not meet the basic requirements
set by the ASTM C618 standard [35] (retention on a 45 μm sieve at a maximum of 34.0%) and PN-EN
450-1 standard [36] (retention on a 45 μm sieve at a maximum of 40%). The other requirements for the
CFA composition were, however, met. Fluctuations in the chemical composition and properties of
the ash are significant, especially the amount of CaO, SO3, and Na2O. However, it should be noted
that CFA is characterised by a relatively low changeability in the amount of SiO2 and Al2O3 and a low
loss on ignition. The X-ray diffraction (XRD) pattern of CFA is presented in Figure 1. The differential
thermal analysis (DTA) pattern of CFA is presented in Figures 2–4. The cumulative distribution of ash
grain size is presented in Figure 5. This ash contains above 25% reactive silica and above 10% reactive
calcium oxide, which shapes its pozzolano–hydraulic properties. The results of the supplementary
tests in terms of phase composition and granulation confirm the above-mentioned observations on
the usefulness of calcareous fly ash as a pozzolan–hydraulic component of cement for batches of
materials with different phase compositions (see the diffractograms and thermograms in Figures 1–4)
and variable particle sizes within the fluctuations shown during intensive monitoring, as shown in
Figure 5. Observations of calcareous fly ash using scanning electron microscopy showed the presence
of grains with a spherical shape and a smooth surface, as well as irregularly shaped porous grains,
as displayed in Figures 6–8.

Figure 1. Cont.
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Figure 1. The X-ray diffraction (XRD) pattern of CFA batch A, B, C.

 
Figure 2. The differential thermal analysis (DTA) pattern of CFA batch A.

 

Figure 3. The differential thermal analysis (DTA) pattern of CFA batch B.
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Figure 4. The differential thermal analysis (DTA) pattern of CFA batch C.

Figure 5. Cumulative distribution of ash grain size of CFA batch A, B, C.

After processing by grinding, the requirement of fineness under 34% is always met, and the Blaine
specific surface is 3500–3700 cm2/g. The water demand of the tested CFA is high. Replacing 20% of
the cement with CFA causes the water demand to increase from 8% to 12% (on average, 10%) (the
test procedure according to PN EN 450-1 [36]). Processing of the CFA by grinding causes the water
demand to decrease. Replacing 20% of the cement with ground CFA causes the water demand to
increase from 2% to 6% (on average, 4%).
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The properties used for P and SP are presented in Table 4. The properties of the CEM I 42.5 cement
used in this research are presented in Table 5. The mortar proportions are shown in Table 6. In order to
eliminate the influence of the type and grading of sand on the rheological properties of the mortars,
normal sand (2 mm maximum with a bulk density of 2.65 g/cm3, according to PN-EN 196-1 [37]) was
used. The grading curve of the normal sand is presented in Figure 9. The proportions of the mortar
mixture were based on standard mortar proportioning according to PN-EN 196-1 [37] but with the w/b
ratio changed to 0.45 or 0.55.

 

Figure 6. Morphology of calcareous fly ash grains batch A (magnification of 1500 times).

 

Figure 7. Morphology of calcareous fly ash grains batch B (magnification of 1500 times).
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Figure 8. Morphology of calcareous fly ash grains batch C (magnification of 1500 times).

Table 4. The type, chemical base, density and volume of chemical admixtures. Date obtained from the
manufacturer of admixture.

Symbol of
Admixture

Chemical Base
Density at 20 ◦C,

[g/cm3]

Maximum
Recommended

Dosage, [% b.m]

P

P1 lignosulfonates 1.00+/−0.01 0.5%

P2

iminodietanol, bis ethanol,
phosphate (V) tri butyl acetate,

formaldehyde, methanol,
(Z)-octadec-9-enyloamine

1.07+/−0.01 0.5%

SP

PE1 polycarboxylate ether 1.07+/−0.02 2.5%

PE2 polycarboxylate ether 1.07+/−0.02 1.0%

SMF melamine sulfonates 1.20+/−0.03 2.3%

SNF naphthalene sulfonate 1.15+/−0.03 3.6%

Table 5. Properties of cement CEM I 42.5. Data obtained from the cement producer.

SiO2

[%]
Al2O3

[%]
Fe2O3

[%]
CaO
[%]

SO3

[%]
Na2Oe

[%]
C3S
[%]

C2S
[%]

C3A
[%]

C4AF
[%]

Spec. Surf., [34]
[cm2/g]

20.5 4.89 2.85 63.3 2.76 0.73 65 10 8.1 8.7 3500

Table 6. Composition of mortars for testing the rheological properties.

Constituent Amount, [g/batch]

Cement 450/405/360/315
Calcium Fly Ash -/45/90/135

w/(c + CFA) 0.45/0.55
Water 202.5/247.5

Standard sand 1350
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Figure 9. The grading curve of normal sand [34].

3.3. Testing Effectiveness of the Plasticizer and Superplasticizer Action

3.3.1. Rheological Properties

The rheological behaviour of mortar and concrete is commonly described by the Bingham model
using the parameters of yield value and plastic viscosity.

The yield value determines the shear stress necessary for initiating flow. When the shear stress is
higher than the yield value, the mixture starts to flow at a speed inversely proportional to the plastic
viscosity. The yield value controls the workability of ordinary fresh concrete, while the role of plastic
viscosity is secondary. In the case of self-compacting concrete characterized by a low yield value, the
plastic viscosity determines the flowability, stability, and ability to self-deaerate. Problems with the
rheology of mortars and concretes are discussed in detail in [28,38,39].

The mortars for testing the rheological properties were prepared according to PN-EN 196-1 [37],
and the mixer and mixing procedures were compliant with PN-EN 196-1 [34]. CFA was added together
with cement, and the admixtures were added to water (PE) and delayed for 30 s (P, SNF, and SMF).
After the end of mixing, the mortar samples were transferred to a Viskomat NT rotational rheometer.
The rheological parameters g (Nm) and h (Nm s), corresponding to yield value and plastic, were then
determined. The values of g and h can be presented in physical units, but the measurement constants
of the rheometer have to be defined. According to [29], in an apparatus like the one used in this work,
τo = 7.9 g and ηpl = 0.78 h. However, since the rheometer constants were not verified, the results are
presented as g and h. The mean relative errors of determination of the rheological parameters g and h
of the mortars containing CFA were, respectively, 4.4% and 4.5%, which are identical to other studies.
This proves that the Bingham model is acceptable for describing the rheological properties of mortars
with CFA and P or SP. The general basis and rules for rheological measurements are detailed in [38,39].
The tested mortars were prepared and stored between measurements under conditions that allowed its
temperature to remain at 20 ◦C. During the measurements, the required temperature was maintained
with an automatic thermostatic controller.

3.3.2. Air Content

The air content in the mortar was determined by PN-EN 1015-7 [40].

3.3.3. Heat of Hydration

The heat of hydration for the cement–CFA–admixture systems was determined using an isothermal
microcalorimeter (TamAir). This apparatus measures the amount of heat (in J/g) that is emitted under
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isothermal conditions during binder hydration (CFA and CEM I) from the moment of its contact
with water and admixture in relation to an inert referential sample with an analogous heat capacity.
The water–binder ratio (w/b) of the tested cement paste was 0.45 (P, SMF) or 0.55 (SNF, PE). This
measurement was conducted on a binder sample weighting 5 g, mixed with 2.25 g or 2.75 g of water.
During the measurement, the temperature of the cement paste was 20 ◦C. The measurement of the
heat of hydration lasted 12 h.

4. Results and Discussion

The influence of P and SP on the rheological properties of CFA mortars is shown in Figures 10–13,
and their influence on the air content and heat of hydration is shown in Tables 7 and 8, respectively.

 
(a) after 5 min 

 
(b) after 90 min 

Figure 10. Influence of P1 and P2 and SMF on yield value g of mortars with raw and ground CFA.
(a) after 5 min; (b) after 90 min.
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(a) after 5 min 

 
(b) after 90 min 

Figure 11. Influence of P1 and P2 and SMF on plastic viscosity h of mortars with raw and ground CFA.
(a) after 5 min; (b) after 90 min.

The PL and SP used in this study liquefied the cement mortars containing CEM I without the
addition of CFA. Studies have shown that the workability and stability of mortar are retained for a
period of 90 min. Thus, the admixtures used are compatible with the cement used in the study.

Adding raw CFA to mortars as a cement replacement causes a significant increase in the yield
value g and plastic viscosity h, depending on the type of CFA. The range of changes in the yield
value g of mortars increases over time, but the presence of CFA insignificantly affects changes in the
plastic viscosity h over time. The nature of the influence of ground CFA on the rheological parameters
of mortars is the same as that of raw CFA. It also worsens the workability of mortar, however, to a
much lesser extent than raw CFA. The influence of CFA type and processing method is presented and
discussed in [14,19].
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In order to determine the significance of the influence of the compositional factors and their
interactions on the rheological properties, an analysis of variance (ANOVA) was carried out using
one-dimensional significance tests for the rheological parameters (g5, g90, h5, and h90) of the
mortars with P and SP. The results are shown in Tables 9 and 10, which present the ANOVA with
parameterization, sigma-restrictions, and a decomposition of the effective hypotheses. The ANOVA
statistical analysis showed that the largest statistical effects on rheological parameters were yield value
and plastic viscosity, regardless of the time at which the measurement was made, and the type of batch.
The rheological parameters of the mortars with P were also affected by the type of batches and type of
P. However, the rheological parameters of the mortars with SP were affected by the dosage of SP.

 
(a) after 5 min 

 
(b) after 90 min 

Figure 12. Influence of SNF, PE1 and PE2 on yield value g of mortars with raw and ground CFA.
(a) after 5 min; (b) after 90 min.
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(a) after 5 min 

 
(b) after 90 min 

Figure 13. Influence of SNF, PE1 and PE2 on plastic viscosity h of mortars with raw and ground CFA.
(a) after 5 min; (b) after 90 min.

Table 7. Influence of P and SP on air content in mortars with and without CFA.

CFA

Air Volume [%]

without
Admixture

0.25% P1 0.25% P2 1.15% SMF 1.8% SNF 1.25% PE1 0.5% PE2

CEM I 5.2 4.6 19.0 2.5 13.5 2.8 9.5
A 2.8 2.4 16.6 3.3 13.1 2.4 13.2

AG 2.5 1.4 15.1 2.3 12.1 2.0 14.4
B 3.5 2.7 16.3 2.6 12.5 3.0 12.3

BG 2.9 2.4 17.5 1.2 11.9 4.0 11.2
C 4.2 2.1 17.2 2.7 12.9 2.0 11.6

CG 2.2 1.7 18.0 1.0 11.0 3.8 10.5
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Table 8. Heat of hydration of cement and CFA paste with P2 and SMF, SNF and PE1 [J/g] during 12 h.

Heat of Hydration, [J/g]

Sample 10 min 1.5 h 12 h Sample 10 min 1.5 h 12 h

w/b = 0.55 w/b = 0.45

CEM I 0.166 3.600 50.315 CEM I 0.177 3.619 51.764
CEM I + 1/2 max P2 0.011 1.588 20.520 CEM I + 1/2 max SNF −0.121 0.904 5.977

CEM I + 1/2 max SMF 0.122 1.295 19.330 CEM I + 1/2 max PE1 −0.109 1.313 4.712
A 0.850 7.336 47.157 A 0.753 6.909 47.032

A + 1/2 max P2 0.885 6.697 32.721 A + 1/2 max SNF 0.627 5.854 21.384
A + 1/2 max SMF 0.852 6.277 34.699 A + 1/2 max PE1 0.650 4.583 14.576

AG 1.433 9.018 49.557 AG 1.230 8.596 69.799
AG + 1/2 max P2 1.252 7.032 35.273 AG + 1/2 max SNF 0.991 6.437 21.983

AG + 1/2 max SMF 1.297 7.139 36.311 AG + 1/2 max PE1 1.034 6.101 18.514
B 0.876 6.843 44.860 B 0.876 6.843 44.860

B + 1/2 max P2 0.652 5.212 27.130 B + 1/2 max SNF 0.853 5.766 19.844
B + 1/2 max SMF 0.684 5.645 32.767 B + 1/2 max PE1 0.506 4.462 13.293

BG 1.095 7.994 49.350 BG 1.095 7.994 49.350
BG + 1/2 max P2 0.715 5.627 30.805 BG + 1/2 max SNF 0.723 6.021 21.042

BG + 1/2 max SMF 0.882 5.913 33.511 BG + 1/2 max PE1 0.765 5.660 17.697
C 0.907 6.905 46.781 C 0.849 6.526 47.159

C + 1/2 max P2 0.770 5.363 31.955 C + 1/2 max SNF 0.644 4.716 14.542
C + 1/2 max SMF 0.578 4.511 27.013 C + 1/2 max PE1 0.606 3.880 10.974

CG 1.335 7.049 46.999 CG 1.256 6.838 48.463
CG + 1/2 max P2 1.493 7.253 40.282 CG + 1/2 max SNF 1.150 6.224 17.704

CG + 1/2 max SMF 1.105 5.631 32.095 CG + 1/2 max PE1 0.945 5.244 10.189

Table 9. Analysis of Variance (ANOVA). One-dimensional significance tests for rheological parameters
of mortar with P.

Impact of CFA and P
on Rheological
Parameters of

Mortars

g5 [Nmm] g90 [Nmm] h5 [Nmms] h90 [Nmms]
The

Value of
F

Level of
Significance p

The
value of

F

Level of
Significance p

The
Value of

F

Level of
Significance p

The
Value of

F

Level of
Significance p

Raw and ground CFA;
type of batches 55.97577 0.000000 59.9000 0.004932 53.69909 0.000000 25.33230 0.000009

Type of P 1.25945 0.120692 19.5596 1.85693 1.89624 0.190867 1.69624 0.255697
Dosage of P, [% b.m.] 1. 95367 0.100815 13.5963 2.26472 1.69185 0.300257 1.23665 0.30236
Raw and ground CFA;
batches and Type of P 9.68102 0.000205 56.5476 0.00998 17.53595 0.000009 9.16799 0.000270

Raw and ground CFA;
batches and Dosage of

P, [% b.m.]
1.89637 0.140802 20.0119 1.01307 2.19993 0.093236 1.89624 0.140827

Type of P and Dosage
of P, [% b.m.] 2.71871 0.111022 12.5952 3.37841 1.19355 0.336703 1.10185 0.363647

Significant statistical influence is marked in bold italics.

Table 10. ANOVA. One-dimensional significance tests for rheological parameters of mortar with SP.

Impact of CFA and
SP on Rheological

Parameters of
Mortars

g5 [Nmm] g90 [Nmm] h5 [Nmms] h90 [Nmms]
The

Value of
F

Level of
Significance p

The
Value of

F

Level of
Significance p

The
Value of

F

Level of
Significance p

The
Value of

F

Level of
Significance p

Raw and ground CFA;
type of batches 549.774 0.0178 18.4861 0.000027 3.937173 0.020769 4.84901 0.010359

Type of SP 25.263 5.3485 5.7630 0.006398 2.536958 0.096357 2.5693 0.019653
Dosage of SP, [% b.m.] 1854.023 0.000000 512.1678 0.000000 52.2563 0.000569 23.45659 0.000215
Raw and ground CFA;
batches and Type of

SP
33.214 8.3383 1.6148 0.188646 3.094208 0.034357 2.33994 0.045490

Raw and ground CFA;
batches and Dosage of

SP, [% b.m.]
54.996 13.8065 1.7850 0.015218 1.021517 0.498316 2.09643 0.081593

Type of SP and
Dosage of SP, [% b.m.] 10.816 25.5603 1.3870 0.025324 1.315541 0.304389 2.76971 0.016045

Significant statistical influence is marked in bold italics.

In the presence of P1 and especially P2, the negative influence of raw CFA on the yield value g of
mortars is clearly lower. After the addition of 0.5% P1 or P2, the yield value g of the mortars with
ground CFA is usually lower than that of mortar without CFA. For P1, this effect disappears over time,
while for P2, it remains strong after 90 min. P1 has an insignificant effect on the plastic viscosity h of
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the CFA mortar. P2 significantly reduces plastic viscosity h. The addition of plasticizers makes the
changes in the plastic viscosity h of the CFA mortars less significant over time. The results obtained are
consistent with the results of the tests on cements containing CFA in [16,17].

However, the increased SMF addition yield value g of the CFA mortars generally remains higher
than that of the mortar without CFA until the maximum recommended dose of SMF is applied (only for
mortars with ground CFA). The presence of SMF accelerates the increase in yield value g for mortars
over time. This increase is greater for mortars containing CFA. In general, the impact of SMF on the
plastic viscosity h of the tested mortars is insignificant from a workability point of view.

The test results agree with those in [24,41,42], in which it appears that admixtures based on
melamine sulfonates demonstrate a possible decrease in the water content in concrete by up to 20%–30%
compared to synthetic polymers, such as polycarboxylates and acrylic copolymers (PCEs), which have
versatile chemical structures and can achieve up to 40% water reduction.

Obtaining consist CFA mortars to measure their rheological properties requires the addition of
1.8% SNF. When raw CFA is used, the yield values of these mortars range from 2.5 to 3.5 times higher
than the yield values g of the reference mortars, but when ground CFA is used, the yield value g of
mortars only ranges from 1.5 to 2 times higher. Increasing the amount of SNF to 3.6% causes the yield
value g of the mortars with ground CFA to drop lower than that in the reference mortar (an average of
15%). Mortars with raw CFA are then characterized by an average yield value g higher than 75%. At a
dose of up to 2.4%, the SNF range of changes over time for the yield value g of mortars with CFA is
clearly higher than that of the reference mortar. When 3.6% SNF is used, the increase in the yield value
g over time for the reference mortar and mortars with ground CFA is negligible. To a small extent, the
amount of SNF in the mortars with and without CFA influences the plastic viscosity h. The range of
changes in the plastic viscosity h over time for the mortar and mortars with ground CFA is low and
shows no clear trend; the workability these changes can thus be considered negligible. For mortars
with raw CFA, with 2.4% SNF, they show a large decline in their plastic viscosity h resulting from
stiffening of the mixture [26].

Obtaining consistent CFA mortars to measure the rheological properties requires the addition
of 1% PE1 or 0.5% PE2. When raw CFA is used, the yield value of these mortars ranges from 2.2 to
3.4 times higher than the yield value g of the reference mortars, but when the ground CFA is used, the
yield value g of the mortars only ranges from 1.25 to 2 times higher. The increase in the yield value g
over time for the raw CFA mortars is very high, and after 90 min, these mortars are too stiff to perform
rheological measurements. The increase in the yield value g of ground CFA mortars is usually clearly
higher than that of the reference mortar (from 1.5 up to 2 times), but in some cases, it can be similar
(PE1 or AG). The plastic viscosity h of the mortars with both ground and raw CFA is similar to or
slightly higher than that of the reference mortar, and the plastic viscosity h of the PE1 mortars is higher
than that of the PE2 mortars. The plastic viscosity h of the P1 mortars generally does not change in
90 min, while that of the PE2 mortars decreases.

Further increasing the amount of PE1 and PE2 reduces the yield value g and plastic viscosity h.
This reduction is higher for mortars containing CFA. With the addition of 2% PE1 and 1% PE2, the
rheological properties of the reference mortar and the mortars with ground CFA are similar (sometimes
the yield value g of ground CFA is even lower), and the mortars do not show significant changes in their
yield value over time. For the raw CFA mortars, the yield value g and its growth over time are reduced
by increasing the SP addition but remain considerably higher than those of the reference mortar.
Increasing the dose of PE1 insignificantly influences the plastic viscosity h of the mortars. This is due
to the properties of raw CFA and the high water demands, which were confirmed in [16,22]. Increasing
the dose of PE2 lowers the plastic viscosity h of the mortars with ground CFA and increases the plastic
viscosity h of the mortars with raw CFA. The plastic viscosity h of the mortars with raw CFA with PE2
at a dose of 0.75% significantly decreases, and with a dose of 1.0% PE2, it insignificantly increases.

The effects of P and SP action are affected by the type of CFA. On the basis of the conducted
studies, it is not possible to identify clear trends. However, the use of P and SP reduces the influence
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of the type of CFA (particularly when the CFA is ground ) on the rheological properties of mortars
(particularly when large amounts of P and SP), but the influence of CFA type may still be noticeable
even if the maximum recommended dose is used.

The introduction of P1, SMF, and PE1 does not aerate the mortars, while the use of P2, SNF, and
PE2 does aerate the mortars, both with and without CFA, as shown in Table 7. This effect may be
partially responsible for the relatively smaller plastic viscosity of the mortars with the addition of P2,
SNF, and PE2.

The introduction of P2, SMF, SNF, and PE1 reduces the cement hydration heat emitted after 2 h by
60–80%, as shown in Table 8. These results are consistent with those of other studies in this field [43].
In the presence of CFA, the reduction in the amount of heat released by adding these admixtures is
smaller and ranges from 10% to 45%, depending on the nature and processing of the CFA (without
showing clear trends). This indicates the retarding effect of admixtures, which is lower in the presence
of CFA. The reasons for this can also be seen in the mechanism of the increased absorption of P and SP
described above by large, irregular CFA grains. This phenomenon causes a smaller amount of P and
SP to act in the cement paste, thereby exerting a smaller effect on the hydration process. It should be
noted that a reduction in the heat generated after 2 h and 12 h by PE1 is higher than that for SMF and
SNF. This indicates the strong retarding effect of PE1.

5. Evaluation of the Effectiveness of Plasticizers and Superplasticizers in the Presence of CFA

Evaluation of the effectiveness of P and SP in the presence of CFA was focused on the changes in
the yield value g of mortars. Thus, the initial yield value g and its changes over time were taken into
account. Plastic viscosity h, as indicated earlier, is normally of secondary importance to the mixture’s
workability. Additionally, as shown in this research, the range of plastic viscosity h changes in mortars
due to the addition of P or SP with or without CFA is, in most cases, insignificant.

The obtained results for PL and SP activity do not indicate that the presence of CFA significantly
affects their mechanisms of action described in [24,44]. The introduction of CFA as a cement replacement,
due to its increased water demands, reduces the amount of free water in the mixture. Accordingly,
mortars with CFA are characterized by a much higher yield value g and a faster increase in the yield
value g over time than in mortar without CFA. Thus, to obtain a certain yield value g of mortars
with CFA, it is necessary to use a higher addition of P or SP than for similar mortars without CFA.
The amounts of P1 and P2 and SNF, SMF, and PE necessary to obtain a mortar yield g equal to 20 Nm
are shown in Figures 14a and 15a. These relationships demonstrate the beneficial effect of using
ground CFA. Obtaining the specific yield value g of ground CFA mortars requires a significantly lesser
amount of admixture than that of raw CFA mortars. Importantly, it also shows that immediately
after mixing, in the presence of ground CFA, plasticizers P1 and P2 are more effective, while the
superplasticizers SNF, PE1, and PE2 and SMF are significantly less effective than in mortars without
CFA. Only the effectiveness of P1 and SMF depend on the type of CFA; the effectiveness of the other
types of admixtures, to a lesser extent, depends on the type of CFA, especially when the CFA is ground.
The increase in the yield value g of mortars with an initial yield of 20 Nm is shown in Figures 14b
and 15b. This increase is generally much higher for mortars with CFA, especially when raw CFA and
SMF and PE2 are used. Only for P2 and PE1 is the increase in the yield value g over time for mortars
with ground CFA less than or similar to that for mortars without CFA. This means that the effectiveness
of P and SP with respect to time of action is generally reduced in the presence CFA. Analyzing the
available literature [1,24,42,44,45] shows that the morphology of CFA grains affects the lower efficiency
of P and SP. Raw CFA is characterized by large, porous grains with a large developed surface, which
also contain large porous residues of unburned coal. This is the reason for the increased absorption of
P and SP on CFA grains. This phenomenon significantly reduces the amount of admixtures that can
work effectively in a cement mix. During processing by grinding, large grains are destroyed, which
both reduces the CFA’s water demand [14] and contributes to an increase in the amount of active P
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or SP. The CFA processed by grinding increases the effects of the admixtures in comparison with the
operations in cement mixes modified by raw CFA.

  
(a) (b) 

Figure 14. Influence of CFA on effectivness of P1, P2 and SMF (mortars of w/b = 0.55); (a) relative
admixture content (in relation to reference mortar without CFA) neccessary to be added to obtain
mortar with g5 = 20 Nmm; (b) increase in yield value g of mortars with initial yield value g equal
20 Nmm in time.

  
(a) (b) 

Figure 15. Influence of CFA on effectivness of SNF, PE1 and PE2 (mortars of w/b = 0.45); (a) relative
admixture content (in relation to reference mortar without CFA) neccessary to be added to obtain
mortar with g5 = 20 Nmm; (b) increase in yield value g of mortars with initial yield value g equal
20 Nmm in time.

312



Materials 2020, 13, 2245

For mortars with CFA, the effectiveness of P and SP in the presence of CFA was also analyzed
according to the changes in the initial yield value g5 and the increase in the yield value g over time of
up to 90 min (g90–g5) caused by the addition of these admixtures compared to the analogous changes
of (i) the reference mortar (without CFA) and (ii) the CFA mortar without an admixture. The relative
influence of CFA type and processing on the effectiveness of P and SP is shown in Figures 16 and 17.

  
Figure 16. Relative effect of CFA presence on initial yield value g (g5) and yield value g increase in
time (g90–g5) of mortars in respect to reference mortars REF without CFA (Mortars without and with
P1 or P2 or SMF − 1/2 of recommended maximum dosage, w/b = 0.55).

  
Figure 17. Relative effect of CFA presence on initial yield value g (g5) and yield value g increase in
time (g90–g5) of mortars in respect of reference mortars without CFA. (Mortars with SNF or PE1 or PE2
− 1/2 of recommended maximum dosage, w/b = 0.45).
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The presence CFA favourably impacts the initial effectiveness of P1 and P2. The range of the
reduction of the yield value g caused by the addition of P is higher in the mortars with CFA, particularly
in mortars with ground CFA. The yield value g of the ground CFA mortars with a P addition of 0.25%
is always lower than that of the mortars without CFA. The presence of CFA negatively affects the
effectiveness of P1 with respect to workability changes over time. The relative increase in the yield
value g over time for all mortars with CFA and P1, but especially those with raw CFA, is significantly
higher than that for analogical mortar without CFA. At the same time, the presence of CFA favourably
impacts the effectiveness of P2. The relative increase in the yield value g over time for mortars with P2
and with unprocessed and (particularly) ground CFA is lower than that of the mortar without CFA.
Thus, using processing with CFA increases the effectiveness of P.

The effectiveness of SMF in the presence of CFA is clearly lower. The relative reduction of the
initial yield value g of the CFA mortars is lower than of the mortar without CFA, even when the ground
CFA is used. It should be noted, however, that despite lower effectiveness in the presence of CFA,
the effects of SMF action remain higher than those of P1 and P2. The effects that adding SMF have
quickly disappear over time (faster than for P1 and P2), which is typical for this type of admixture [24].
With the addition of 1.15%, the SMF increase in the yield value g of the mortars with ground CFA
is clearly higher than that in the reference mortar and even higher than that in mortars without the
addition of SMF. This means that the effectiveness of SMF with respect to time is vulnerable to CFA,
especially raw CFA.

The initial effectiveness of the SNF in the presence of ground CFA does not reduce significantly
but, at the same time, is reduced in the presence of raw CFA. Thus, at an SNF dose close to maximum,
the mortar with ground CFA has a lower yield value g than the mortar without CFA. For workability
loss, the effectiveness of SNF in the presence of CFA (both raw and ground) is reduced. Only at a
dose of 3.6% SNF (the maximum recommended dose) was it possible to obtain ground CFA mortars
with the range of changes in yield value g over time analogous to those of the mortar without CFA.
In conclusion, the presence of CFA reduces the effectiveness of SNF. This reduction is lower when
ground CFA is used.

The initial effectiveness of PE1 in the presence of ground CFA is higher but decreased in the
presence of raw CFA. At 2% and higher dosages of PE1, the mortars with ground CFA achieve a similar
yield to the mortars without CFA. In terms of workability loss, the effectiveness of PE1 in the presence
CFA is lower. However, it should be noted that at high PE1 dosages, the workability loss of the ground
CFA mortars and the reference mortar is negligible. On the other hand, the mortars with raw CFA
show a considerable loss of workability even when the maximum recommended dose of PE1 is used.
Thus, the presence of raw CFA reduces the effectiveness of PE1, but the presence of ground CFA affects
it much less significantly.

The effectiveness of PE2 is generally lower than that of PE1. The presence of CFA, especially raw
CFA, reduces the effectiveness of PE2. At a dose of 0.50%, PE2 was able to fluidize the raw CFA mortar
only to a small extent. The mortars with raw and ground CFA present a rapid workability loss—much
faster than that of the reference mortar. Increasing the dose of PE2 slightly reduces the yield value g
of mortars with raw CFA, but even at its maximum recommended dose, such mortars show a rapid
workability loss. An increased dose of PE2 strongly influences the reduction of the yield value g of
mortars with ground CFA. At the maximum dosage, the yield values of these mortars are smaller than
those of the reference mortar. The mortar with ground CFA still shows a rapid loss of workability.
Therefore, in general, the presence of CFA negatively impacts the effectiveness of PE2, but to a lesser
degree when ground CFA is used.

The type of CFA affects the efficiency of all tested SP. However, based on the current research, it is
not possible to identify clear trends (SP usually works clearly better in the presence of CFA-type A and
worse with CFA type C, but this effect cannot be clearly linked to the specific properties of the CFA).
With an increased amount of SP, the influence of the type of CFA on the rheological parameters of the
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mortar is reduced. However, for raw CFA, even at the maximum recommended dosage, this influence
remains evident.

6. Conclusions

We confirmed that the use of raw CFA has a very negative impact on the workability of mortars.
This effect is much less if ground CFA is used. The practical application of this ash without the
simultaneous use of plasticizers or superplasticizers can be difficult in many cases.

The use of an admixture, particularly SP, allows one to effectively control the workability of
mortar containing CFA, especially ground CFA. With these admixtures, it is possible to obtain mortars
containing ground CFA with similar rheological properties to mortars without this addition. To obtain
a specific workability of mortar with CFA, it is usually necessary to introduce a higher dose of a P or
SP than found in mortar without CFA.

The presence of CFA also influences the effectiveness of the P and SP. This effect depends mostly
on the rheological admixture type and CFA processing. Table 11 presents the general results of the
impact of raw and ground CFA additions on the technical effectiveness of P and SP. With a value of
(−1) for obtaining the specified effect of mix workability, a higher admixture dosage is necessary, and
with a value of (−2), a higher admixture dosage is necessary (or the specified mix’s workability may
be impossible).

Table 11. Influence of raw and ground CFA addition on the technical effectiveness level of P and
SP action.

Type of Admixture In Raw CFA Presence In Ground CFA Presence

P: Technical effectiveness of P action

P1- lignosulfonates (max 0.5%) −2 * 0 *

P2- iminodietanol, bis ethanol,
phosphate (V) tri butyl acetate,

formaldehyde, methanol,
(Z)-octadec-9-enyloamine (max 0.5%)

2 * 2 *

SP: Technical effectiveness of SP action

SMF- melamine sulfonates (max 2.3%) −2 * −2 *

SNF- naphthalene sulfonate (max 3.6%) −2 * −1 *

PE1- polycarboxylate ether (max 2.5%) −2 * 0 *

PE2- polycarboxylate ether (max 1.0%) −2 * −1 *

Explanation of symbols in the table: *−2- significantly reduced efficiency compared to operation without CFA; −1-
slightly reduced efficiency compared to operation without CFA; 0- unchanged efficiency compared to operation
without CFA; 1- slightly increased efficiency compared to operation without CFA; 2- significantly increased efficiency
compared to operation without CFA.

The properties of CFA have an impact on the effectiveness of P and SP; this effectiveness is clearly
lower when ground CFA is used. In the presence of CFA, the secondary effects of using P or SP for air
entrainment or setting the time are similar. However, the effects of these admixtures on the heat of
hydration are lower in the presence of CFA.

The obtained results may be used as an indicator for admixture selection or for the workability
design of fresh mortars and concretes containing CFA. The use of P or SP allow one to effectively use CFA
in concrete technology as a concrete or cement additive and thereby obtain significant environmental
benefits. However, the selection of specific P or SP should always be verified experimentally while
taking into account the CFA and cement’s properties, as well as the specific demands of the mixture’s
workability and the secondary effects of the admixture.
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Ahmet Beycioğlu 1, Orhan Kaya 1, Zeynel Baran Yıldırım 1, Baki Bağrıaçık 2,
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Abstract: There is an increasing global trend to find sustainable, environmentally friendly and
cost-effective materials as an alternative to limited natural raw materials. Similarly, the use of waste
materials has been gaining popularity in the production of hot-mix asphalt (HMA). In this study, the
sustainable use of glass-fiber-reinforced polyester (GRP) pipe waste powder (GRP-WP), gathered
from the cutting and milling process of GRP pipe production, utilizing it in asphalt mixes as a filler, is
evaluated based on lab testing to find out: (i) if it produces similar or better performance compared
to the most conventionally available filler material (limestone) and, (ii) if so, what would be the
optimum GRP-WP filler content to be used in asphalt mixes. For this reason, an experimental test
matrix consisting of 45 samples with three different amounts of binder content (4%, 4.5% and 5.0%),
and a 5% filler content with five different percentages of the GRP-WP content (0%, 25%, 50%, 75% and
100% replacement by weight of the filler), was prepared to figure out which sample would produce
the similar Marshall stability and flow values compared to the control samples while also satisfying
specification limits. It was found that the samples with 4.5% binder content, 3.75% GRP-WP and
1.25% limestone filler content produced the results both satisfying the specification requirements and
providing an optimum mix design. It is believed that use of GRP-WP waste in HMA production
would be a very useful way of recycling GRP-WP.

Keywords: hot-mix asphalt; GRP composite pipe; manufacturing waste powder; filler
replacement; sustainability

1. Introduction

The World Bank has announced that our global waste production is increasing day by day. By 2030,
the world is expected to generate 2.59 billion tons of waste annually. By 2050, the world is expected to
increase its waste generation by 70 percent, from 2.01 billion tons of waste in 2016 to 3.40 billion tons
of waste annually [1]. Recycling and disposal are two current waste management options [2]. When
the current amounts of waste and its potential increase are considered, recycling wastes instead of
disposing of them is more important for sustainability.

Asphalt concrete is one of the vital structures in terms of civil engineering and is used in very
large-scale applications including roads and waterproofing due to its high resistance to durability,
water resistance and good stability properties [3]. The global road network consists of more than
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36 million km of unpaved and paved road network. Since this is an engineering field with such
a great production potential, highway construction is a dominant industry consuming substantial
amounts of natural resources, especially mineral aggregates derived from quarry extraction. In the
last few decades, recycling of industrial waste materials in pavement preservation, maintenance and
reconstruction has been a very popular way to achieve sustainable solutions. Billions of tons of waste
materials have been produced annually around the world, and pavement applications can be one of
the best ways to consume these wastes by reducing the accumulation of landfills, saving raw materials
extracted from the environment and consuming lower amounts of energy [4–9].

As is well known, asphalt concrete is a composite material itself, containing asphalt cement as
binder, coarse and fine aggregates and fillers [3]. In the United States and India, powder materials
passing through a 0.075 mm sieve are defined as fillers, while in Europe, powder materials passing
through a 0.063 mm sieve are classified as fillers [9]. Despite being used in limited concentrations, the
inclusion of fillers in asphalt mix has significant influences on the properties of asphalt mixes. As a
result of a comprehensive literature review, Choudhary et al. [9] summarized the benefits of using
fillers in the asphalt mix as follows: satisfying the aggregate gradation specification and influencing
the strength and volumetric requirements of the mix; reducing optimum bitumen content and material
cost of the mix; stiffening bitumen to improve the mechanical properties of the mix and increasing
not only the ability of mixes to resist permanent deformation at high temperatures but also cracking
resistance at low temperatures and fatigue life at intermediate temperatures; influencing the “bond”
in the aggregate–bitumen system, which further affects the moisture sensitivity of the mix; slowing
down the aging process of asphalt mixes by either catalyzing oxidation or by hindering the diffusion of
oxygen in mastic; influencing the thermal performance of asphalt mixes; affecting the constructability
of a mix by influencing its mixing and compaction temperature. Hence, the choice of suitable filler is a
primary concern amongst field engineers [10–22].

The conventional mineral fillers are directly supplied by mining from natural resources. The filler
is a material that is consumed continuously as it is one of the basic materials used in asphalt road
construction. This continuous use may even cause difficulties in material supply in some regions,
leading to the imposition of restrictions on mining in several regions and reducing the availability of
good-quality aggregates at shorter haul distances. If this situation is evaluated in terms of the overall
cost of projects, providing the aggregates from longer distances increases their transportation cost as
well as the overall cost of pavement constructions. Recycling the waste materials as fillers by using them
in place of conventional fillers looks very effective for sustainability practices in pavement construction.

The concept of sustainability is very important and no natural materials are unlimited. For this
reason, it will always be desirable to find affordable and environmentally friendly alternative materials
in asphalt mixtures. Moreover, studies on the use of waste materials in asphalt mixes will be very
valuable to meet the demands of the various agencies’ environmental rating systems (such as LEED
and BREEAM, which are the construction project certification programs that signify a certain level of
environmentally friendly design achievement of a building) [4]. The current literature shows that the
use of waste materials in pavement designs has been studied for many years. Especially, the waste
materials used as fillers include tire-derived fuel fly ash [23], rice husk ash [24,25], recycled waste
lime [26], andesite waste [27], fly ash [28], red mud waste [29], construction and demolition waste, brick
powder [30], Kota Stone [31], bauxite residue [32] and waste glass powder [33], etc. The reutilization
of the fine glass-fiber-reinforced polyester (GRP) powder as a partial cement replacement, partial fine
aggregate replacement and filler addition for self-compacting concrete, as well as its influence on the
durability of the cementitious products, has already been widely exploited [34–41]. However, there
are not many studies found in the literature investigating the use of GRP waste as a filler in asphalt
mixes [42].

GRP using thermosetting resins is increasingly utilized for a wide range of applications, such
as transportation, construction and energy. Indeed, the diversity in the manufacturing, possibilities
ranging from unidirectional laminates to randomly oriented fiber compounds and their attractive
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mechanical properties make these materials very appealing [43]. The GRP industry by way of the
manufacturing process produces considerable quantities of waste materials such as fibers, polymers,
particle pipe powder, etc., and to landfill such solid wastes would cause a major environmental hazard.

According to the literature, there is no clear statistical information on the amount of pipe powder
that emerged in GRP pipe manufacturing. The GRP factory which supported this research reported
that the amounts of pipe powder (PP) produced in its manufacturing were 31.89 tons in 2015, 41.22 tons
in 2016, 73.1 in 2017, 134.42 tons in 2018 and 1333.62 tons until October in 2019.

One of the biggest problems in the GRP pipe industry is waste recycling. The variety of solutions
for recycling GRP manufacturing wastes with effective technologies is increasing as landfilling these
wastes has negative environmental impacts [44–46]. Reducing the waste by mechanical, thermal and
chemical approaches has been implemented by various industrial sectors [47]. Industrial companies
have to focus on industrial scale composite recycling to improve acceptable waste management
solutions to meet the expectations of sustainability [48,49].

The waste management of GRP materials, particularly those made with thermosetting resins, is a
critical issue for the composites industry because these materials cannot be reprocessed. Therefore,
most thermosetting GRP waste is presently sent to landfills, in spite of the significant environmental
impact caused by their disposal in this way. The limited GRP waste recycling worldwide is mostly due
to its intrinsic thermosetting properties, lack of characterization data and the unavailability of viable
recycling and recovery routes.

In this study, sustainable use of glass-fiber-reinforced polyester pipe waste powder (GRP-WP),
utilizing them in asphalt mixes as fillers, will be evaluated based on lab testing to find out: (i) if it
produces similar or better performance compared to the most conventionally available filler material
(limestone) and, (ii) if so, what would be the optimum GRP-WP filler content to be used in asphalt
mixes. It is believed that the use of GRP-WP waste in asphalt mixes would be a very useful way of
recycling the huge amount of GRP pipe waste powders. Considering the existence of a wide variety of
industrial sectors and the potential hazards posed by the wastes, the potential use of waste in hot-mix
asphalt or other engineering materials should continue to be explored for many years to come.

2. Materials and Methods

2.1. Materials

In this study, crushed limestone aggregates obtained from a quarry located in the southern
region of Turkey, namely from Adana Province, that have been commonly used in asphalt pavement
applications, were used. In terms of gradation of the mix, a coarse aggregate of 58%, passing between
25–4.75 mm sieves, a fine aggregate of 37%, passing between 4.75–0.075 mm sieves, and a filler of
5% were used. Sieve analysis results of the mix was within the limits specified by Turkish Highway
Construction Specifications (HTS) [50]. Table 1 shows sieve analysis results of the mix used in this
study as well as the specification limits.

Physical, mechanical and durability properties of the aggregates used in this study were also
determined based on American (ASTM) standards (Table 2).

As part of this study, along with limestone-based coarse and fine aggregates, GRP-WP (Figure 1),
a waste material produced during the cutting and milling of GRP pipes, was used as a replacement for
filler in different ratios. In order to use GRP-WP as filler, GRP-WP was first sieved through a 0.075 mm
sieve and the powder passing through the sieve was used as filler in asphalt mixes.
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Table 1. Gradation and specification limits.

Sieve Diameter Limit Values Gradation of Mixture
Weight (g)

(mm) (HTS) % Passing [50] % Passing

25 mm 100 100 0
19 mm 80–100 91.0 103.0

12.5 mm 58–80 67.5 270.9
9.5 mm 48–70 59.9 86.8

4.75 mm 30–52 42.1 205.5
2.00 mm 20–40 26.0 185.3
0.425 mm 8–22 11.0 172.3
0.180 mm 6–14 7.4 41.4
0.075 mm 2–7 5.0 27.3

Filler 0 0 57.5
Total 100% 100% 1150

Table 2. Physical, mechanical and durability properties of aggregates.

Properties Results Tests Standards

Specific gravity (g/cm3)

Coarse aggregate Apparent specific gravity 2.771
ASTM C 127Bulk specific gravity 2.729

Fine aggregate Apparent specific gravity 2.766
ASTM C 128Bulk specific gravity 2.646

Filler Bulk specific gravity 2.778 ASTM C 128
Dry rodded unit weight (g/cm3) 1.914 ASTM C 29

Unit weight (bulk density) (g/cm3) 1.725 ASTM C 29
Abrasion loss (%) (Los Angeles) 26.12 ASTM C 131

Flatness index (%) 14.65 ASTM D 4791
Resistance to disintegration by sulfate (weight loss %) 4.67 ASTM C 88

 
(a) 

 
(b) 

Figure 1. (a) Cutting and (b) milling process of GRP pipes.

GRP-WP and its scanning electron microscopy (SEM) image are shown in Figure 2. As can be
seen in Figure 2, the SEM image reveals that GRP-WP contains a considerable amount of micro-sized
chopped glass fibers (CGF). Considering these micro-CGFs, one of the motivations of this study was
that GRP-WP would be a good candidate to be used as filler, potentially improving the performance of
asphalt concretes.
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(a) (b) 

Figure 2. (a) GRP-WP and (b) SEM image of GRP-WP.

To prepare the Marshall samples, an asphalt binder with a 50–70 penetration grade (found as 58
in this study) was used. The physical properties of this binder are provided in Table 3.

Table 3. Physical properties of the asphalt binder.

Properties Results Test Standards

Source of the Binder Kırıkkale, Turkey -
Penetration Grade (25 ◦C) 58 (50/70) ASTM D 5

Softening Point (◦C) 48.5 ASTM D 36/D 36 M
Specific Gravity (g/cm3) 1.040 ASTM D 70–09 e 1

Ductility (25 ◦C) >100 cm ASTM D 113–07
Loss on Heating (%) 0.43 ASTM D 6–95

Flash Point (◦C) 280 ASTM D 92–05 a
Viscosity (at 135 ◦C, cP) 430.23 ASTM D 4402–06
Viscosity (at 165 ◦C, cP) 120.95 ASTM D 4402–06

2.2. Methodology

In this study, asphalt concrete samples were prepared by using various amounts of binder content
(3.5%, 4%, 4.5%, 5% and 5.5%) and 5% filler content, based on the limits specified by HTS [49].
For each binder content amount, three samples were prepared, making a total of 15 samples (3 × 5).
All the produced samples were tested based on Marshall stability (MS) test (ASTM D 6927) and
stability, flow as well as bulk specific gravity (Gsb), air content (Va), voids in mineral aggregate (VMA)
and voids filled with asphalt (VFA) results were obtained so that optimum binder content could be
determined (Figure 3a–f).

323



Materials 2020, 13, 4630

  
(a) MS  (b) Flow 

  
(c) Bulk specific gravity (d) Air content 

y = -217.14x2 + 2014.3x - 3527.6
R² = 0.9727

800

900

1000

1100

1200

3.00 4.00 5.00 6.00

M
S (

kg
f)

Binder content (%)

y = -0.07x2 + 0.7177x + 0.249
R² = 0.4273

1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20

3.00 4.00 5.00 6.00

Fl
ow

 (m
m

)

Binder content (%)

y = -0.0405x2 + 0.3764x + 1.5344
R² = 0.9697

2.35
2.36
2.37
2.38
2.39
2.40
2.41
2.42

3.00 4.00 5.00 6.00

Gs
b 

(g
r/

cm
3)

Binder content (%)

y = 1.6131x2 - 16.275x + 44.934
R² = 0.9915

0.00

2.00

4.00

6.00

8.00

10.00

3.00 4.00 5.00 6.00

Ai
r c

on
te

nt
 (%

)

Binder content (%)

  
(e) VMA (f) VFA 

y = 1.4541x2 - 12.698x + 41.059
R² = 0.9679

13.00

13.50

14.00

14.50

15.00

15.50

3.00 4.00 5.00 6.00

VM
A 

(%
)

Binder content (%)

y = -7.9319x2 + 84.455x - 152.17
R² = 0.9952

0.0

20.0

40.0

60.0

80.0

3.00 4.00 5.00 6.00

VF
A 

(%
)

Binder content (%)

Figure 3. Test results for various binder content values.

The optimum binder content for the mix design was determined by taking the average value of
the four binder content amounts obtained based on the following criteria and the graphs shown in
Figure 3.

1. Binder content corresponding to the maximum stability (found as 4.64 for MS = 1143)
2. Binder content corresponding to the maximum bulk specific gravity (found as 4.65 for Gsb = 2409).
3. Binder content corresponding to the median value of the specification design limits of air content

in the total mix (found as 4.21 for Va = 5%) [50].
4. Binder content corresponding to the median value of the specification design limits of VFA in the

total mix (found as 4.51 for VFA = 67.5%) [50].

Based on the criteria above, the optimum binder content was calculated as:

(4.64 + 4.65 + 4.21 + 4.51)
4

= 4.45% (1)
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Thereafter, an experimental test matrix consisting of 45 samples with three different amounts of
binder content (4%, 4.5% and 5.0%) and a 5% filler content with five different amounts of GRP-WP
content (0%, 25%, 50%, 75% and 100% filler replacement) was prepared to determine which sample
would produce the highest Marshall stability and flow values as well as satisfying specification limits
(Table 4). As can be seen in Table 4, the control sample contained only limestone as filler while other
samples contained GRP-WP in different ratios as a replacement for limestone filler. The samples
containing GRP-WP were named pipe powder asphalt concrete (PPAC) (Table 4).

Table 4. Experimental test matrix used in this study.

Sample Name
Aggregates %

Limestone in Filler (%) GRP-WP in Filler (%)
Coarse Fine Filler

Control Sample 60 35 5 5 0
PPAC 1 60 35 5 3.75 1.25
PPAC 2 60 35 5 2.5 2.5
PPAC 3 60 35 5 1.25 3.75
PPAC 4 60 35 5 0 5

3. Results

In this part of the paper, 45 Marshall samples explained in Table 4 are tested for Marshall stability
(MS), flow, VMA, VFA and Va. Figure 4 shows mean values of the MS results along with the standard
deviation distributions for the samples tested. As can be seen in Figure 4, the highest MS value was
obtained for the samples with 2.5% GRP-WP and 2.5% limestone (LS) filler content. MS results tend
to increase as GRP-PP content increases until a GRP-WP content of 2.5% is reached, and then they
start to decrease. Moreover, the highest MS value of 1373.9 kgf was observed for the sample with 4%
binder content, 2.5% GRP-WP and 2.5% LS filler content, whereas the lowest MS value of 939.4 kgf was
observed for the sample with 4.5% binder content, 5% GRP-WP and no LS filler content. Compared
to the control samples, all samples except for the samples with 5% GRP-WP and no LS filler content
produced higher MS values.
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Figure 4. Comparison of MS results for the 45 samples tested.

In Turkey, all state highways under the jurisdiction of the General Directorate of Highways are
designed to consist of three stabilized layers (an asphalt wear course at the very top, another asphalt
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layer (called a binder course) underneath it and an asphalt stabilized base course under the binder
course) and a granular subbase course laying on a subgrade. Overall, considering the MS test results,
all 45 samples were found to produce adequate MS values to meet the strength requirement needed for
binder courses [50].

The flow value is a measure evaluating the behavior of asphalt mixes subjected to traffic loadings
and representing the plasticity and elasticity properties of the mixes. Furthermore, the flow value,
the vertical deformation value at the maximum load, is a parameter related to the internal friction
and cohesion of the compacted asphalt mixes, where it is inversely proportional to the internal
friction value [51]. Figure 5 shows mean values of the flow results along with the standard deviation
distributions for the samples tested. As can be seen in Figure 5, the lowest flow value was obtained
as 1.22 mm for the sample with 4% binder content, 5% GRP-WP and no LS filler content, while the
highest flow value was obtained as 2.04 mm for the sample with 4.5% binder content, 3.75% GRP-WP
and 1.25% LS filler content. HTS [50] requires asphalt mixes to have at least 2 mm flow value to be
used in binder courses. It was observed that the samples with 4.5% and 5% binder content and 3.75%
GRP-WP and 1.25 % LS filler content as well as the control samples with 4% and 4.5% binder content
produced sufficient flow value to meet the specification limits (Figure 5).
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Figure 5. Comparison of flow results for the 45 samples tested.

Figure 6 shows mean values of the VMA results along with the standard deviation distributions
for the samples tested. As can be seen in Figure 6, VMA results were found to increase as GRP-WP
content increased. While VMA results of the control samples were in the range of 12.92% to 14.60%,
VMA results of the samples with GRP-WP fillers linearly increased as GRP-WP content increased,
reaching its maximum value of 16.27% for the sample with 5% binder content, 5% GRP-WP and no LS
filler content. Compared to the control samples, VMA results of the samples with 5% GRP-WP and no
LS filler content increased by 19.97%, 18.90% and 11.44% for the binder content amounts of 4%, 4.5%
and 5%, respectively.
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Figure 6. Comparison of VMA results for the 45 samples tested.

Figure 7 shows mean values of the VFA results along with the standard deviation distributions
for the samples tested. As can be seen in Figure 7, VFA results tend to decrease as GRP-WP content
increases. While VFA results of the control samples with 4%, 4.5% and 5% binder content were 61.51%,
67.38% and 68.33%, respectively, they decrease as GRP-WP content increases, reaching its minimum
value for the samples with 5% GRP-WP and no LS filler content. VFA results of the samples with 5%
GRP-WP and no LS filler content and 4%, 4.5% and 5% binder content were found to be 49.74%, 55.01%
and 60.15%, respectively.
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Figure 7. Comparison of VFA results for the 45 samples tested.

Figure 8 shows mean values of the air content (Va) results along with the standard deviation
distribution results for the samples tested. As can be seen in Figure 8, Va results tend to increase as
GRP-WP content increases. Moreover, Va results of the control samples with 4%, 4.5% and 5% binder
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content were 4.97%, 4.36% and 4.63%, respectively. It was observed that Va results increase as GRP-WP
content increases. However, Va results of the control samples were between those of the samples with
2.5% GRP-WP and 2.5% LS filler content and 3.75% GRP-WP and 1.25% LS filler content. Furthermore,
Va results of the samples with 5% GRP-WP and no LS filler content and 4%, 4.5% and 5% binder
content were 7.79%, 7.16% and 6.48%, respectively. Samples with the Va results within the limits of the
specification were as follows: all control samples and all samples with 3.75% GRP-WP and 1.25% LS
filler content. However, no samples with 5% GRP-WP and no LS filler content amounts were found to
meet the Va requirements [50].
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Figure 8. Comparison of air content (Va) results for the 45 samples tested.

4. Discussion and Conclusions

In this study, the potential use of GRP-WP as a filler was evaluated. First, the optimum binder
content was determined for the asphalt mixes with 5% filler content fully composed of LS fillers.
The optimum binder content was calculated as 4.5% by taking the average value of corresponding
binder content amounts producing maximum values of MS and Gsb as well as median values of
specification limits for Va and VFA (Va value of 5% and VFA value of 67.5%). Then, an experimental
test matrix consisting of 45 samples with three different amounts of binder content (4%, 4.5% and 5.0%),
and a 5% filler content with five different percentages of GRP-WP content (0%, 25%, 50%, 75% and
100% replacement by weight of the filler), was prepared in order to determine which sample would
produce the highest Marshall stability while satisfying specification limits for flow and volumetric
results. Considering the all test results for MS, flow, VMA, VFA and Va, it was observed that the
samples with 4.5% binder content, 3.75% GRP-WP and 1.25% LS filler content produced the results
both satisfying the specification requirements and providing an optimum mix design.

The main objective of this study was to identify if GRP-WP, a waste material, could be used as a
filler replacement by evaluating if it produces similar performance compared to the LS filler. In this
way, a sustainable, environmentally friendly and cost-effective use of this material could be found.
One of the ways to evaluate if a mixture provides similar performance is to compare the MS and flow
results of the mixtures with the control samples. MS is measure of strength in asphalt mixtures. Higher
values of MS results of the asphalt mixtures are desirable in order to show that they resist shoving
and rutting [51]. Therefore, a minimum MS value is specified for the asphalt mixtures, considering
the level of traffic the mixture is designed for. In terms of flow results, the maximum allowable flow
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values in the specifications control the plasticity and maximum allowable binder content, while the
lowest flow values control the brittleness and strength of the mixes [51]. Therefore, it is required that
the flow results of the asphalt mixtures must be between the lower and upper specification limits.
Overall, it was found that the samples prepared with GRP-WP filler replacement produced similar MS
and flow values compared to the control samples as well as satisfying the specification limits, except
for the case when all LS fillers were replaced with GRP-WP. The samples with 5% GRP-WP and no LS
filler produced consistently poorer performance compared to the control samples. One of the main
objectives of this study was satisfied in that there was no significant loss of performance of the samples
with GRP-WP, except for the case with 5% GRP-WP and no LS filler, compared to the control samples.

In order to identify how GRP-WP filler replacement changes the micro-structure and behavior
of the mix, scanning electron microscope (SEM) images of the asphalt mixes were also analyzed.
It is known that GRP is a well-designed high-performance composite containing glass fiber, silica
sand and polyester resin in its structure [48]. Having these materials in its structure, GRP is a very
well-interlocked and tightly bonded material. It is known that when mixed with asphalt binder, filler
and asphalt binder creates a filler–asphalt mastic, a high-consistency matrix, cementing larger aggregate
particles together and so affecting the mechanical and physical properties of the asphalt mixtures [52].
GRP-WP contains a considerable amount of micro-size chopped glass fibers (CGF), silica sand particles
and polyester resin particles on the CGF’s surface. When it is mixed with asphalt binders, due to its
fibrous properties, it might have produced a stiffmastic that binds aggregate particles together and
produces a mixture with a similar performance as the mixtures with LS fillers. This might explain why
the samples with GRP-WP exhibited similar MS and flow values compared to the control samples.

Numerous studies showed that there are correlations between volumetric properties of the mixes
and their performance [53,54]. The durability of an asphalt mixture is highly affected by its Va. Too low
Va may lead to flushing, whereas too high Va might cause water damage and rutting in the mixtures.
On the other hand, VMA shows the amount of space needed to accommodate the effective volume
of binder and the volume of air voids needed in the asphalt mixture. In order to achieve a durable
binder film thickness, a minimum VMA value is required [53]. VFA, the total amount of voids between
aggregate particles in the compacted mixture that are filled with asphalt binder, is specified to avoid
less durable asphalt mixes. It was also shown that a decrease in Va and increase in VFA are some of
the ways to reduce the cracking potential of the mixtures [54]. In order to produce a well-performing
asphalt mixture, all volumetric properties of the mixes must satisfy corresponding specification limits.

There was a general trend among the samples with GRP-WP that as GRP-WP content increases,
VMA and Va results increase but VFA results decrease. Higher Va results with increasing GRP-WP
content might be due to the lower level of adsorption and chemical exchange between silica and asphalt,
causing more free binder in the mixtures [55]. In other words, as found by some other studies [4],
GRP-WP has lower porosity compared to LS. Lower porosity of GRP-WP causes lower absorbance
of bitumen in the mixture, leading to more free binder in the mixtures. Therefore, as GRP-WP filler
content increases, the amount of free binder in the mixture increases, causing the higher level of Va of
the mixes [4,55]. In order to solve this issue, an optimum asphalt binder content could be determined
for each GRP-WP filler content to avoid excessive Va.

It was also observed during the compaction of the mixtures that even though the same number
and level of Marshall hammer blows were used in all samples, a noticeable decrease in the level of
compaction occurred as GRP-WP content increased. Zulkati et al. [13] demonstrated that stiffened
asphalt–filler mastic produces a tougher mix that is hard to compact. The role of filler in the
asphalt–binder mastic is that fillers act as tiny rollers during the compaction, similar to the role of
friction-lubricate agents, given that they have regular and spherical shapes. The asphalt–filler mastic
with regular-shaped fillers, such as LS [13], leads to a faster and smoother orientation of the larger
aggregates, causing less compaction resistance. As discussed earlier based on Figure 2, the SEM
image of the GRP-WP reveals that GRP-WP contains a considerable amount of micro-sized chopped
glass fibers (CGF). Due to the irregular shapes of these CGFs, they have significantly longer lengths
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compared to their widths, and they might have negatively impacted the workability of the asphalt
mixtures, causing a reduction in compaction, as discussed by several other studies, such as those
presented by Melotti et al. [56] and Wróbel et al. [57]. Resistance to compaction might be one of the
main reasons why Va results increase as GRP-WP content increases. A similar trend was observed in
some other studies that [58,59] reduction in compaction might cause an increase in Va.

It was observed in this study that the samples with 5% GRP-WP content with no LS filler exhibited
significantly higher levels of Va and VMA as well as significantly lower levels of VFA compared to
the control samples. As a result, the same samples produced significantly lower MS and flow results
compared to the control samples. This shows that the volumetric properties of the samples are one of
the key factors in determining the performance of asphalt mixtures.

Volumetric properties of asphalt mixtures are related to each other. VFA is inversely related to Va
and VMA: as Va and VMA increase, the VFA decreases. This is why, as GRP-WP content increases, Va
and VMA results increase but VFA results decrease [58].

This study demonstrated that GRP-WP, a sustainable material, could be successfully used as
a filler replacement, not only satisfying speciation limits but also performing as well as an LS filler
when it is used in its optimum content. It is believed that use of GRP-WP waste in asphalt mixes
would be a very useful way of recycling the huge amount of GRP pipe waste powders. Therefore, it is
imperative that, like any other newly introduced material, a systematic study like this study should be
carried out to find out its optimum content and identify if it produces as successful performance as
its conventionally available counterpart, such as LS in this case. Considering the existence of a wide
variety of industrial sectors and the potential hazards posed by the wastes, the potential use of waste in
asphalt concrete or other engineering materials should continue to be explored for many years to come.
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Abstract: The incorporation of a recycled concrete aggregate (RCA) as a replacement of natural
aggregates (NA) in road construction has been the subject of recent research. This tendency
promotes sustainability, but its use depends mainly on the final product’s properties, such as
chemical stability. This study evaluates the physical and chemical properties of RCAs from two
different sources in comparison with the performance of NA. One RCA was obtained from the
demolition of a building (recycled concrete aggregate of a building—RCAB) and another RCA
from the rehabilitation of a Portland cement concrete pavement (recycled concrete aggregate from a
pavement—RCAP). Characterization techniques such as X-ray fluorescence (XRF), X-ray diffraction
(XRD), UV spectroscopy, and atomic absorption spectrometry were used to evaluate the RCAs’ coarse
fractions for chemical potential effects on asphalt mixtures. NA was replaced with RCA at 15%,
30%, and 45% for each size of the coarse fractions (retained 19.0, 12.5, 9.5, and 4.75 sieves in mm).
The mineralogical characterization results indicated the presence of quartz (SiO2) and calcite (CaCO3)
as the most significant constituents of the aggregates. XFR showed that RCAs have lower levels of CaO
and Al2O3 concerning NA. Potential reactions in asphalt mixtures by nitration, sulfonation, amination
of organic compounds, and reactions by alkaline activation in the aggregates were discarded due
to the minimum concentration of components such as NO2, (–SO3H), (–SO2Cl), and (Na) in the
aggregates. Finally, this research concludes that studied RCAs might be used as replacements of
coarse aggregate in asphalt mixtures since chemical properties do not affect the overall chemical
stability of the asphalt mixture.

Keywords: recycled concrete aggregate (RCA); natural aggregates (NA); chemical characterization

1. Introduction

Waste generation during the execution of construction activities (construction and demolition
waste—CDW) has prompted researchers from several countries to develop projects aimed at making
construction waste reuse viable [1–5]. A material that can form part of this waste is Portland cement concrete
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(PCC), which, when crushed, is transformed into a recycled concrete aggregate (RCA). Re-incorporating
an RCA into the productive cycle reduces its final disposal volume and the exploitation of quarry to
obtain stone materials. Waste minimization complies with the principles of efficiency and Sustainable
Development Goals 7, 12, and 13, promulgated by the United Nations—the UN. However, RCAs differ in
some physical, chemical, and mechanical properties in relation to natural aggregates (NA), mostly due to
the presence of bonded mortar [6]. The presence of mortar, which originates at a weaker interfacial zone
between the binder and RCA, increases the porosity and water absorption of RCAs, and also reduces their
strength and mechanical performance when used in the production of asphalt mixtures [7]. In Figure 1,
the different conformations of RCA are shown, taking into account the fractionation due to the crushing
process. These conformations indicate that the structure of the RCA is heterogeneous since it can be made
up of natural aggregate, mortar, or a combination of both.

Figure 1. Typical conformations of the recycled concrete aggregate (RCA).

Standard physical and mechanical laboratory tests for checking the quality of NA are used to
evaluate RCAs and their potential performances in asphalt mixtures [8,9]. However, the study of the
chemical and mineralogical properties of RCAs provides further information about the phenomena
occurring in mixtures of RCAs and other materials [10]. Besides, the chemical laboratory tests evaluate
the presence of undesirable substances or elements in these aggregates, such as chlorides, sulfates,
carbonates, and the contaminants absorbed from their original project sources [6,8,9].

The chemical and mineralogical compositions of RCAs are varied and do not follow a general
pattern in terms of its elements, compounds, and concentrations due to the various RCA sources and
the different dosages of their original concrete components [6,8,11]. Further, the chemical composition
of RCAs has not been researched extensively [6,8], which makes it challenging to achieve a standardized
procedure for their use [12]. On the other hand, studies highlight the importance of applying image
analysis to determine aspects such as residual mortar after the use of RCAs in concrete mixtures,
estimation of porosity distribution, and degradation characteristics within concrete [13–15].

Cement is a constituent of PCC. Cement has a significant effect on the chemical composition of
an RCA because cement is present in the attached mortar, which is considered the weakest part of
PCC. Cement is produced from mineral materials such as limestone and gypsum, an alumina base,
and silica naturally found as clay or shale [16]. Limestone, which is the cement base, is composed
of 60% calcium carbonate (CaCO3) and the rest (40%) include clay, silica, and dolomite. However,
RCAs can contain salts formed from potassium (K) and cobalt (Co), and potassium (K) and iron (Fe),
which can cause aging in asphalt pavements, as they can oxidize asphalt cement [17]. Based on the
chemical and mineralogical composition, the following concepts from previous investigations explain
the effects of RCAs on asphalt mixtures: (a) The presence of salts in the aggregate indicates that
there is a higher electrical conductivity. Therefore, a lower electrical resistivity makes the aggregate
susceptible to the penetration of chloride ions when embedded in concrete [16,17]. (b) When there
are manganese salts in the aggregates, and the aggregates enter into contact with air, an oxidizing
effect occurs in the asphalt cement, generating premature aging [17]. (c) The presence of iron oxides
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can cause aging and deterioration of the asphalt pavement when catalytic reactions are generated
in the asphalt cement [18,19]. (d) The presence of magnesium in a mineral form called periclase can
cause a volume increase in contact with water, owing to its hygroscopic property, causing stresses on
the internal structure [20]. (e) The carbonates of calcium and magnesium (dolomites) are prone to
generate an alkali-carbonate expansive reaction through the dedolomitization process. This process
forms brucite Mg(OH)2 and regenerates the alkaline hydroxide in the concrete. Generally, Mg(OH)2

formation weakens the cement paste junction and the porous zone in the periphery of the aggregate,
which generates hygroscopic characteristics and affects its physical properties. (f) The regeneration
of the alkali ion (OH)− in a solution makes dedolomitization a continuous process that can affect the
recycled aggregates, since it produces an increase in volume and possible generation of fissures [21],
hence the need to incorporate aggregates with low alkaline reactivity [22]. (g) The carbonation process
occurs when the concrete is exposed to atmospheric contaminants, which favors the appearance of
microfractures. It reduces the material strength due to the cycles of crystallization and carbonation
expansion related to the alternate wetting and drying of the material [23]. (h) The different conditions
and environmental factors to which the RCA concrete is exposed to during its useful life are other
factors that can cause weakening and increase porosity. These exposures tend to favor chloride and
sulfate attacks [16]. (i) A property of the RCA that affects the adherence behavior with asphalt cement
is pH [24,25]. Adhesion is favored at a higher pH (alkaline), as is the case for limestone aggregates.
Adhesion decreases when the aggregates are acidic or neutral, such as aggregates containing aluminates
and silica (i.e., basalts or granites).

Based on the information presented above, Table 1 summarizes the results of physical property
tests, and Table 2 summarizes the results of XRF tests reported by several researchers. The results of
these tests depend on the RCA sources.

Table 1. Summary of the literature review on the results of RCA physical properties tests.

Reference

Test

Specific Gravity Bulk
(Fine Aggregate)

Specific Gravity Bulk
(Coarse Aggregate)

LA Abrasion
Test (%)

Absorption of Fine
Aggregate, <4 mm (%)

Absorption of Coarse
Aggregate (>4 mm) (%)

[26] 2.37 2.45~2.48 32~38 7.9 3.9~4.1
[27] 2.092 2.412 22 – –
[28] 2.63 2.63 34 6.1 6.1
[29] 2.32 2.32 32 4.9 4.9
[30] 2.591 2.591 33.6 6.91 6.91
[31] 2.32 2.32 32.3 8.52 4.88
[32] 2.28 2.28 31 5.8 5.8

Table 2. Summary of the literature review on the results of the XRF test.

Reference
XRF Test

SiO2 CaO Al2O3 Fe2O3 Na2O MgO SO3 K2O TiO2 MnO

[33] 42.95–38.65 22.8–19.24 8.85–7.26 3.63–3.09 1.06–0.94 5.11–4.63 – 1.6–1.31 0.39–0.29 0.15–0.12

[8]

68.4 5.8 11.2 3.3 1.7 1 0.2 3.2 – –
68.6 6.5 10.2 3.3 1.6 1.2 0.3 2.8 – –
65.3 8.2 10.1 3.3 1.4 1.6 0.2 2.6 – –
65.6 8.8 9.3 3.2 0.9 1.2 0.2 2.7 – –

[11] 58.29 13.27 7.69 6.12 1.45 2.28 0.92 0.8 0 0.16
[34] 62.56 12.01 12.52 5.82 2.69 1.83 – 1.3 0.62 0.12

To understand more about the chemical and physical behavior of RCAs in asphalt, it was necessary
to carry out some laboratory tests to identify their relationships.

RCA has been investigated in various proportions, sizes, and fractions as a replacement for
NA in asphalt mixtures. However, the performance results obtained for the mixtures do not show
a tendency to affirm acceptable behavior when RCA is included. The design characteristics of the
mixture containing recycled concrete, and the mineralogy of its aggregates, mark the properties of
RCAs such as density, absorption, and wear [35]. The replacement ratio affects the behavior of the
resulting concrete. In general, the aggregates are subjected to physical and mechanical tests to evaluate
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the quality of the aggregates used in asphalt mixtures. However, as mentioned earlier, there are
chemical and mineralogical characteristics that affect these mixtures.

Reference [9], reported the mineralogy of RCA in different areas of Portugal, with predominant
results of quartz, calcite, K feldspar, and sodium feldspar; they also identified a high concentration of
polluting species such as chlorides and sulfates that were not suitable for RCAs to be reused [9].

Reference [33] provided important data to be considered in the development of correct recycling
strategies, based on the chemical and mineralogical compositions of different granulometric fractions
of RCAs [8]. Reference [6] identified that replacements up to 30% of coarse RCAs in concrete mixtures
do not influence the chemical composition in terms of the main components (SiO2, Al2O3, and CaO),
revealing a direct correlation between the chemical composition of solids and the leaching of ions
through ICP-AE analysis of eluates. That highlighted the importance of a correct characterization of the
leaching behavior of these new materials [33]. Given the importance of the chemical characterization
of RCAs, the present study aimed to analyze the chemical properties of RCAs from two demolition
sources in an area of the Colombian Caribbean and a source of NA (recycled concrete aggregate of a
building—RCAB; recycled concrete aggregate from a pavement—RCAP; natural aggregate—NA) to
evaluate their potential influences on the behavior of asphalt mixtures. This should make a contribution
to the knowledge about the characterization of these concrete residues according to the area to which
they are exposed within their useful lives. Chemical stability was analyzed from the concentrations
of the reactants that could be involved in potential asphalt–mineral reactions. The study presents
an alternative approach that involves the chemical properties of RCAs as a criterion for defining the
behavior of asphalt mixtures. The samples were evaluated by different techniques to identify the
properties of the NA and RCAs (RCAP and RCAB). The characterization tests carried out were: X-ray
fluorescence spectrometry (XRF), diffraction spectrometry, X-ray diffraction (XRD), soluble ion analysis
by UV–Vis spectrophotometry, atomic absorption analysis, loss on ignition (LOI), determination of
mass, percentage of organic impurities, and pH. Figure 2 shows the flow chart used to characterize,
analyze, and evaluate the properties of the NA, RCAB, and RCAP aggregates for use in asphalt mixtures.

 

Figure 2. Flow chart of the study plan.

338



Materials 2020, 13, 5592

2. Materials and Methods

2.1. Materials

The aggregates were obtained from three different sources: a natural commercial aggregate of the
research area (NA), an aggregate from the demolition of a concrete road (RCAP), and an aggregate
from the demolition of a building (RCAB). The natural aggregate (NA) is representative of the typical
materials used in the Department of Atlántico (municipality of Arroyo de Piedra), Barranquilla,
Colombia. The RCAP was sourced from the reconstruction of the PCC pavement of the access road to
the area port of Barranquilla, Avenida Hamburgo. The RCAB originated from the demolition of the
Tomás Arrieta Stadium, in Barranquilla, Colombia. The crushing was carried out at a company plant
dedicated to the exploitation and commercialization of stone aggregates located in the area of study.
The grain size distribution of all the aggregates followed the Colombian technical specifications for
highway construction [36] for an HMA-25 (nominal maximum aggregate size—NMAS—of 25 mm).
The analyzed aggregates were coarse fractions. To evaluate the physical, chemical, and mineralogical
properties of the aggregates, the following tests were carried out.

2.2. Physical Characterization

2.2.1. Particle Size Distribution

One of the fundamental characteristics of aggregates to be used in asphalt mixtures is related to
the distribution of aggregate particle sizes. The granulometric range to be obtained by combining the
different fractions must be selected to avoid segregation, and thus, guarantees the levels of compaction
and strength required. RCAs replace NA in different percentages according to the characteristics of
the aggregates. It is, therefore, necessary to generate combinations for optimizing the substitution
percentages and obtaining the best functional behavior. Table 3 shows the size distribution ranges of
the aggregates (NA and RCA).

Table 3. Distribution size of HMA-25 [36].

HMA-25 Sieve (mm) 25 19 12.5 9.5 4.75 2 0.425 0.18 0.075

% pass Upper Limit 100 95 85 77 59 45 25 17 8

Lower Limit 100 80 67 60 43 29 14 8 4

The size obtained after the crushing process is related to the type and technology of the machinery
used, and the aggregate graduation parameter. Figure 3 shows the processes of collecting, crushing,
sifting, and storing used in obtaining the aggregates (NA, RCAP, and RCAB). Figure 4 displays the size
distribution of the aggregates.

 

Figure 3. Crushing processes to obtain the RCA.
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Figure 4. Crushed size distribution of the recycled concrete aggregate from a pavement.

In Table 4, it is possible to observe the percentage distribution for each material used in the
granulometric spindle with NA and the mixtures, including RCAs, in different percentages of coarse
and fine sizes (mass replacement).

Table 4. Aggregate mixes.

Sieve (mm) Fraction 100% NA
85% NA–15% RCA 70% NA–30% RCA 55% NA–45% RCA

NA % RCA % NA % RCA % NA % RCA %

19

Coarse

14 11.9 2.1 9.8 4.2 7.7 6.3
12.5 17 14.5 2.6 11.9 5.1 9.4 7.7
9.5 8.5 7.2 1.3 6 2.6 4.7 3.8

4.75 10 8.5 1.5 7 3 5.5 4.5

NS
Fine

4 4
0

4
0

4
0NWS 43 43 43 43

Filler – 3.5 3.5 3.5 3.5

Note: NS = natural sand, NWS = natural washed sand.

2.2.2. Density, Relative Density (Specific Gravity), and Absorption of Coarse Aggregate

The technique used to establish the mass ratio (dry to the furnace, saturated superficially dry,
and submerged), and to measure the relative density and absorption of the coarse aggregate followed
the ASTM C 127-07 standard, which indicates how to measure the masses of the aggregates in the
mentioned conditions, and how to establish the corresponding relationships between them.

2.3. Chemical Characterization

2.3.1. Ignition losses

The loss ignition technique was used to determine the organic and inorganic fractions of the
RCAs [16]: 550 ◦C for the organic matter content and 1000 ◦C for the inorganic fractions of the samples.
The samples were prepared according to NTC-ISO 11464 requirements. This methodology involves
different stages: 1. Selection and sample preparation. 2. Drying of the sample according to ASTM D
2216-10 (method A) for 24–36 h in a JeioTech Model 55 L oven. 3. Ignition of the sample at 550 ◦C for
4 h in a Vulcan S, Model 550 muffle, in which the organic matter was gasified, resulting in a difference
from the original weight. 4. Final ignition continued at 1000 ◦C for 2 h more, in which the inorganic
carbon was gasified, and the new weight and difference were determined using a Precisa Model 180A
analytical balance.

2.3.2. pH

pH is essential because it has a direct effect on the reaction with the asphalt, altering the ideal
conditions. NTC-ISO 11464 and NTC 5264-2008 (method A) standards were followed to determine
the pH values. Samples weighing 10.0 g each were diluted in a 1.0:1.2 ratio after obtaining dense
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mixtures with 1.0: 1.0 ratios; the samples were manual mixed, and two replicates were made for the
trials. For the tests, 25 mL beakers were used. A multi-parameter equipment WTW brand model Multi
3420 was used to obtain the conductivity, pH, and temperature measurement in compliance with NTC
5264-2008 standard.

The chemical composition of the RCA was determined by X-ray fluorescence (XRF) of the coarse
fraction particle sizes (retained 19.0, 12.5, 9.5, and 4.75 sieves in mm), which were crushed until
they passed through sieve #200 (<0.075 mm). Semi-quantitative and semi-qualitative analysis were
carried out using a PANalytical Minipal2 spectrometer, with a source of rhodium radiation and energy
parameters of 1 to 30 keV.

The elemental content of the RCA was determined by atomic absorption spectrometry, using
samples having sizes less than 44 μm (Sieve #200). The samples were treated by digestion with an acid
mixture according to EPA 3051A in a microwave digester Mars 6 under standard methods SM: 3030E,
3111B, 3111D for elemental analysis in Shimadzu 7000 flame atomic absorption spectrometer.

The concentrations of SO4
2−, Cl−, NO3

−, and PO4
3− ions present in the RCA were determined by

the turbidimetric method (EPA 9038), standard method 4500-Cl-B, cadmium reduction (EPA-353.3),
and the ascorbic acid method (EPA 365.1), respectively. Subsequently, the Hach DR 6000 visible UV
spectrophotometer was read.

2.4. Mineralogical Characterization

The mineralogical composition of each RCA was determined by X-ray diffraction (XRD), with
10.0 g samples, which were crushed until they passed through sieve #200 (<0.075 mm). Effervescence
tests and magnetic field tests were carried out. A Phillips x’pert pro PANalytical diffractometer was
used with CuKa radiation (40 kV and 35 mA) at 2 h-angular within a range of 10◦–80◦ with a 0.5 s/step
sweep speed. The analysis was carried out through the X’pert High Score plus® program, taking the
diffraction patterns of the Inorganic Crystal Structure Database (ICSD) as the reference.

3. Results and Discussion

3.1. Physical Characterization

3.1.1. Particle Size Distribution

The particle size distribution of coarse aggregate materials plays an important role in the design
and performance of asphalt mixtures. The coarse fraction was defined considering that, in general,
the fine fraction of the RCA has higher absorption and lower density compared to the coarse fraction [28],
since the optimum asphalt content (OAC) will increase to a lesser extent [12]. Figure 5 displays the
particle size-distribution curves of the coarse fractions of NA, RCAP, and RCAB. The particle sizes
of the three materials were not within the limits of HMA-25, which indicates that the NA and RCAs
should be combined with the fine fraction and filler to meet the specifications.

3.1.2. Density and Absorption

Although the regulations do not establish maximum values of absorption or minimum density,
it is convenient to avoid highly absorbent aggregates in asphalt mixtures [37]. Some authors consider
highly absorbing aggregates as those that exceed 5% water absorption; for instance: in Belgium,
the maximum absorption allowed for coarse aggregate is 10%, while in Japan, it is 7% [38]. Table 5
presents the values of the density and water absorption of the aggregates within the coarse size fractions
for NA, RCAP, and RCAB. When the aggregate size decreases, its absorption increases due to the
larger surface area, and its specific gravity decreases owing to the smaller quantity of mortar as a
consequence of the crushing. It is also observed that RCA has higher absorption and lower density
than NA; the mixtures manufactured with RCA will have a higher OAC (optimum asphalt content).
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Figure 5. Particle size distribution curves of the coarse fractions of the recycled concrete aggregate
from a pavement, aggregate from the demolition of a building (RCAB), and natural aggregate (NA).

Table 5. Specific gravity and water absorption of coarse NA, RCAP, and RCAB.

Sieve Size (mm)

NA RCAP RCAB

Specific
Gravity

Water
Absorption (%)

Specific
Gravity

Water
Absorption (%)

Specific
Gravity

Water
Absorption (%)

25.0–19.0 2.671 1.105 2.342 4.663 2.306 5.95
19.0–12.5 2.669 1.11 2.338 4.9 2.302 6.257
12.5–9.5 2.671 1.139 2.278 5.604 2.281 6.423
9.5–4.75 2.641 1.202 2.258 6.074 2.275 6.617

3.2. Chemical Characterization

3.2.1. Loss of Ignition (550 ◦C and 1000 ◦C)

The coarse fractions of the aggregates were characterized based on their weight loss when
subjected to 550 ◦C and 1000 ◦C. These ignition losses were directly related to the organic matter content
and thermal decomposition of the aggregates. When the test was performed at 550 ◦C, the moisture
evaporated, and the organic material was volatilized. Figure 6 shows the mass loss at 550 ◦C for the
19.0 mm, 12.5 mm, 9.5 mm, 4.75 mm, and 2.0 mm sieve sizes. It can be noticed that recycled aggregates
experienced greater weight loss than the natural aggregate. We affirm that the RCAB and the RCAP
have higher contents of volatile organic material (VOM). This higher content was directly related to
the longer environmental exposure time of the recycled aggregates. As for the RCAB, the VOM and
humidity contents ranged from 3.18% to 3.80%, with a tendency to increase when the particle size
decreased. For RCAP, these contents ranged between 3.45% and 3.78%. By comparing these results
with those of the natural aggregate, the amount of VOM was about 1% to 2% lower in NA.

 

Figure 6. LOI550 ◦C of NA, RCAP, and RCAB by size.
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Ignition losses at 1000 ◦C initially involved the evaporation of moisture from the aggregates,
followed by the vaporization of VOM. Above 900 ◦C, decomposition reactions of the carbonates present
in the aggregates were produced. This test gives an idea of the content of dolomite and other carbonate
minerals, such as ankerite. Figure 7 presents the mass loss at 1000 ◦C in each of the 19.0, 12.5, 9.5, 4.75,
and 2.0 mm sieve sizes. The ignition loss at 1000 ◦C was around 20% to 25% for the RCA, and between
7% and 8% for the NA. This difference reflects on the origins of both materials. Regardless of whether
the recycled aggregates had been exposed to environmental effects, their origin appeared to be different
from that of the NA. It is possible to say that the content of the carbonated minerals (mainly dolomite)
was higher in the RCAs, which can be evidenced by the XRD tests. Besides, the mineralogy of the RCA
seemed to be similar, presenting equivalent carbonate contents of calcium, magnesium, and manganese,
whereas the NA had higher silicate content. Therefore, the results indicate that the chemical stability
of RCA will not be compromised, although from the mineralogical point of view, the difference may
imply a change in mechanical behavior.

Figure 7. LOI 1000 ◦C of NA, RCAP, and RCAB by size.

3.2.2. pH of NA, RCAP, and RCAB

As seen in Figure 8, both the NA and RCA indicated alkaline pH values. However, RCAs did not
exhibit a statistically significant difference with 95% confidence in the pH as the particle size changed,
whereas the NA tended to have lower pH with the decrease in size.

Figure 8. pH of NA, RCAP, and RCAB by particle size.

These results agree with what is expected for a natural aggregate and can be interpreted as the
absence of a calcareous binder in these small-sized natural aggregates. The natural aggregate does not
contain binders such as cement, which may explain the tendency towards neutral pH of the solutions
that come in contact with particles below 9.5 to 4.75 mm.
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The results suggest that larger natural aggregates (above the 4.75 mm) have water-soluble alkaline
compounds beyond the carbonates from minerals such as limestone. Thus, an RCA could influence
the asphalt mixture behavior and reduce the adhesion between the aggregates and asphalt.

However, the obtained results suggest that coarse RCAs have water-soluble alkaline components
beyond mineral carbonates, such as limestone and dolomite. Therefore, those constituents can influence
the behavior of asphalt mixtures and reduce their adhesion in the mixture.

3.2.3. X-ray Fluorescence (XRF)

Table 6 shows the chemical compositions of NA, RCAP, and RCAB obtained by XRF analysis
expressed in weight (%). The main oxides were Al2O3 (6.85–12.00%), SiO2 (32.13–49.88%), and CaO
(20.85–43.10%). The SO3 content was less than 0.75% for the RCAs, which is critical to avoid the
formation of nitration reactions.

Table 6. XRF chemical compositions of NA, RCAP, and RCAB.

Main Constituents
(%)

NA RCAB RCAP

Na2O 5.45 7.1 7.1
MgO 2.73 5.73 4.85
Al2O3 12 8.65 7.85
SiO2 49.88 34.43 32.13
SO3 1.6 0.7 0.75
K2O 0.99 1.03 1.05
CaO 20.85 39.08 43.1
TiO2 0.33 0.16 0.13
MnO 0.17 0.05 0.05
Fe2O3 5.85 3.06 3.01

Figure 9 shows the representation of the CaO–Al2O3–SiO2 system as a ternary phase diagram for
the proportions of these compounds present in the coarse aggregates. NA has high SiO2 content and
low levels of CaO and Al2O3, whereas RCAP and RCAB have similar CaO and SiO2 contents but low
Al2O3 content. The closeness of RCAB and RCAP in Figure 9 indicates similarity in their composition,
which is related to the initial structure of the concrete from where they were sourced.

Figure 9. Positions of the NA, RCAB, and RCAP on the CaO–SiO2–Al2O3 ternary diagram.
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According to the results of Table 6 and Figure 9, the increases in CaO and MgO contents in the
RCAs with respect to the NA can be attributed: (a) to the origins of the RCAs and (b) samples of calcite
from cement mortars or rubble from bricks, a product of demolition. Likewise, the SiO2 contents of
the RCAs in a lower proportion than the NA, show a more basic and therefore more hydrophobic
tendency, which could favor their use in asphalt mixtures [39].

Figure 10 shows the chemical analysis patterns for the NA, RCAB, and RCAP samples of the
semi-quantitative type presented as predominant peaks of quartz mineral (SiO2) and calcite (CaCO3).
The NA and RCAB had sodium silico-aluminates (NaAlSi3O8) called albite, belonging to the family of
feldspars, with peaks of lower intensity.

 
Figure 10. XRD patterns of NA, RCAP, and RCAB.

RCAB had a higher content of dolomite [CaMg(CO3)2] (34.3%) compared to RCAP (27.3%).
This higher content can be attributed to the nature of the aggregate and the cement composition used
in the concrete manufacturing.

In the case of RCAP, both muscovite KAl2(AlSi3) O10(OH)2 and anorthoclase (6SiO2Al2O3(K, Na)2O),
were present in proportions of less than 5%. Similarly, the presence of pyroxenes or steatite was demonstrated,
which can be attributed to traces of pozzolans in the residues.

Figures 11 and 12 show the amounts of CaO, SiO2, and Al2O3 in each of the mixtures produced
with NA, RCAB, and RCAP. A more significant presence of silicon dioxide (SiO2) was observed when
there was no RCA mixture (RCAP and RCAB). The SiO2 reduced from 24.3% to 22.7% such that the
percentage of RCAB increased, and between 24.3% to 22.3% for the increase in RCAP content, because
of the lower presence of mortar. Calcium oxide (CaO) increased with recycled aggregate content in the
mixture, while the aluminum oxide (Al2O3) did not show any significant difference.
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Figure 11. Effects of RCAB percentage on Al2O3, SiO2, and CaO contents in the mixtures of aggregates.

 

Figure 12. Effects of RCAP percentage on Al2O3, SiO2, and CaO contents in the mixtures of aggregates.

Table 7 shows the results obtained from the ions dissolved in the NA and RCA using visible
ultraviolet spectroscopy. The chloride content in the RCA considerably exceeded that of NA, with
a more significant presence in RCAP that may be associated with its origin corresponding to a road
located near the coast. Moreover, the chloride content in the RCA was higher for the coarse fraction
(25.0–9.5 mm), which can be attributed to a larger exposed surface area of mortar adhered to Cl− present.
On the other hand, the sulfate content in the natural aggregate was higher than for RCAs for sizes
25.0–19.0, 19.0–12.5, and 12.5–9.5 mm, which can be associated with the aggregate source. The sulfate
content in RCAB was higher for all the fractions compared to RCAP, which may cause susceptibility
to degradation attributable to the expansion and cracking in the concrete of corresponding asphalt
mixtures [40]. The presence of nitrates in both NA and RCAs were similar. However, the highest content
was reported for RCAP for the 25.0–19.0 mm, which may be associated with group concentrations
NO3

− of surface water in contact with the material in service.
To determine the environmental impact related to ionic leaching in the asphalt mixtures, an analysis

was performed using atomic absorption spectrometry for the different fractions of the three aggregates.
In Table 8, Si and Ca are the most representative elements due to the mineralogical nature of the
aggregates. In addition, chemically analyzed RCA samples contained different types of sand and
cement, whose main compositions were CaO and SiO2. The heavy metal values were insignificant in
the leaching process. For example, the lead content did not exceed 0.3 mg/L. This condition means
that RCAs will not become sources of environmental pollution, a vital criterion to be subsequently
used without toxic risk. The presence of mercury in one of the fractions (9.5–4.75 mm) of RCAB with a
value of 11.56 mg/L is explained by the existence of mercury in soils. Reactions with some complex
compounds in organic matter (especially fulvic and humic acids) and soil clays cause the mercury to
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remain for some time. These compounds can reach the RCAs by the exploitation of river sands or soils
contaminated with mercury [34]. In the atmosphere, mercury can be found due to natural causes (such
as volcanic eruptions, volatilization of aquatic and marine environments) or anthropogenic factors
(industrial processes). Depending on the way mercury is found, it can remain in the atmosphere for a
considerable period. Thus, depending on the location of the RCA’s origin, the aggregates may contain
mercury. In the case of RCAB, the proximity to the sea and industrial zone means that the concrete
had been exposed to the mercury present in the atmosphere and absorbed the mercury in its base
matrix [34].

Table 7. Results of the physicochemical analysis (UV spectrophotometer).

Aggregate Size (mm) NO3
− (mg/L) SO4

−2 (mg/L) Cl− (mg/L)

NA

25.0–19.0 0.7 114 21
19.0–12.5 1 113 135
12.5–9.5 0.8 63 43.75
9.5–4.75 1.4 43 35.75

RCAB

25.0–19.0 1.1 37 242
19.0–12.5 0.8 33 166
12.5–9.5 0.9 49 153
9.5–4.75 0.9 45 154

RCAP

25.0–19.0 3.13 16 482.5
19.0–12.5 1.6 31 217
12.5–9.5 1 33 269
9.5–4.75 0.8 44 213

Table 8. Atomic absorption spectrometry pf water-soluble elemental contents (mg/L).

Aggregate Size (mm) Fe Al Si Ti Ca Pb Zn Ni Mg Mn Hg

NA

25.0–19.0 135.5 13.9 1777 1.89 172.9 <0.3 0.3 <0.1 16.9 5.2 –
19.0–12.5 173.2 16.2 1966 1.18 230.2 <0.3 0.4 <0.1 17.1 5.7 <10
12.5–9.5 184.5 15.2 2008 1.18 177.6 <0.3 0.4 <0.1 11 5.3 <10
9.5–4.75 169.8 16.5 2460 1.09 139.2 <0.3 0.3 <0.1 9.32 5.1 <10

RCAB

25.0–19.0 54.62 15.9 854.4 1.45 314.7 <0.3 0.2 <0.1 62.1 1.2 <10
19.0–12.5 60.87 17.8 1886 1.18 317.4 <0.3 0.2 <0.1 61.3 1.5 <10
12.5–9.5 46.48 18.6 1476 1.36 327.5 <0.3 0.2 <0.1 40.2 1.6 <10
9.5–4.75 73.09 19.8 1415 <1.00 389.8 <0.3 0.3 <0.1 38.8 1.5 11.6

RCAP

25.0–19.0 73.31 22.4 1142 <1.00 359.5 <0.3 0.2 <0.1 54.5 1.5 <10
19.0–12.5 61.38 13 1236 <1.00 320.2 <0.3 0.1 <0.1 45.1 1.6 <10
12.5–9.5 53.38 14.2 1123 1.8 284.7 <0.3 0.1 <0.1 39.8 1.4 <10
9.5–4.75 54.04 10.8 1316 <1.00 305.5 <0.3 0.1 <0.1 36 1.3 <10

Another important indicator is iron (Fe) found in natural aggregates, and its value in RCA
decreases to approximately 50%. This can be associated with the nature of the area where the natural
aggregates were exploited and now as part of the RCA.

3.2.4. Potential Reactions of RCAs in Asphalt Mixtures

This section seeks to analyze the chemical stability and possible interactions between the aggregates
and the asphalt cement, assuming that these aggregates are used in the manufacture of asphalt mixtures.

It should be noted that the temperature at which the asphalt mixture works depends on
environmental factors and the frequency and type of traffic once it begins its service. The only
time where this mixture is exposed to high temperatures (above 150 ◦C) is during its manufacturing
and storage. Likewise, the type of technology used in manufacturing the mixture (traditional or by
emulsion) does not significantly affect the time because the system is subjected to high temperatures
for a few hours [41]. The reactions that may take place to depend on several factors, among which the
most important are temperature and reactant concentration [42,43].
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The first reaction to be considered is the nitration of hydrocarbon compounds, which consists of
the inclusion of a nitro group (NO2) to the hydrocarbon chain [44]. However, both a nitrating agent
(nitric acid) and a catalyst (sulfuric acid) are needed for this reaction to occur. Although the presence
of SO3 in the aggregates could indicate the presence of sulfuric acid, its concentration and nitric acid
together are not sufficient to induce these reactions. Therefore, the only fixed nitrogen in the aggregates
is in the form of nitrates (probably as sodium or potassium salts; see Table 7). These salts are stable
compounds, which will not tend to react with the hydrocarbon. Additionally, as can be seen in Table 7,
the nitrate content is in parts per million, which minimizes its possible reaction with the organic
compounds. On the other hand, although the nitration reactions are exothermic [44], the conditions of
the heavy hydrocarbon and asphalt mixture are such that there is no greater chemical potential (Gibbs
free energy) for the nitration reaction to occur. Therefore, discard it among the series of reactions that
this research intends to analyze.

The second reaction is the sulfonation of the compounds present in asphalt. This possible reaction
consists of the inclusion of the sulfonic acid group (–SO3H), or the corresponding salt or halogen group
of sulfonic acid (–SO2Cl) in an organic compound [44]. For this reaction to occur, the organic compound
must contact a sulfonating agent, which may be sulfur trioxide, oleum, or concentrated sulfuric acid.
In this case, the product formed would have amphiphilic properties, that is, a double affinity for
both water and hydrocarbon, which could even improve the accession between the aggregate and
asphalt [44]. However, the reaction with sulfur trioxide occurs in the gas phase; the sulfur present as
SO3 indicates that there could be sulfuric acid present in the aggregates (Table 6), but this concentration
in combination with the temperature conditions is not sufficient to stimulate the reaction. Therefore,
although these types of reactions take place at low temperatures, they are conditioned to very high
concentrations of sulfuric acid, which is a scenario far from the asphalt mixing systems. In this study,
the SO3 content in the aggregates did not exceed 3% by weight of the samples, as can be seen in Table 6.
Equally, the higher content of SO3 indicates that these types of reactions (with shallow conversion)
could occur. Besides, the content of SO3 could even act as an adhesion-improving agent.

The third reaction considered in this analysis is the amination of the organic compounds present
in the asphalt. This reaction involves the addition of the amine group by reducing nitro, nitroso,
hydroxylamino, azoxy, azi, and hydrazo organic compounds. Amines may also be formed by reacting
compounds containing certain labile groups (i.e., halogens, hydroxyl, and sulfonic) with ammonia [44].
Although the production of these compounds could improve the final adhesion between the aggregate
and binder (in the same way as sulfonated surfactant compounds), these reactions are discarded in
asphalt mixtures. The main reason is that there is no evidence of the presence or production of nitrated
compounds (as discussed above), which makes impossible the amination reactions by reduction.
Similarly to the nitration reactions, the fixed nitrogen in the system only exists as nitrates (salts),
which are compounds that only ionize in aqueous solutions and are inert in a solid-state form when in
contact with hydrocarbons.

Before considering the possible oxidation reactions, it should be noted that the halogenation
reactions of the asphalt binder are not spontaneous under the temperature and concentration conditions
where the mixture is found. In these reactions, halogen atoms are introduced into the hydrocarbon
chain [44]. Although it is possible to determine the presence of halogens such as chlorine in the
aggregates forming chlorides (Table 7), chlorine is found to form stable salts that are unreactive with
the organic compounds present in the asphaltic binder. Likewise, as can be seen in Table 7, the chloride
concentrations in the aggregates are in hundreds of parts per million for the recycled aggregates (RCAB
and RCAP), whereas the level in the natural aggregate is in parts per million. The higher concentrations
in the RCAs may be attributable to their exposure to environmental factors (atmospheric pollutants).
However, in none of the cases can it be stated that they generated halogenation reactions with the
binder compounds.

For the fourth reaction case, reactions could occur by alkali activation, which can improve the
production of the binder and binder material. In Table 6, we find that the molar proportions do not
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suggest the generation of alkaline activation solutions, which require a molar ratio of 3.4 between SiO2

and Na2O [45]. In addition, there is no use of sodium hydroxide NaOH in the mixture as a reactive
material that promotes the generation of alkaline activation solution. According to Figures 11 and 12,
the proportions of SiO2 and CaO (alkaline oxides) can be approximated in a molar proportion as the
substitution percentage of the RCA (RCAP and RCAB) in the mixture increases. The proportion of SiO2

decreases while that of CaO increases when more RCA is added, without reaching the required values
of molar proportion. There are aggregates with significant silicon and calcium contents such as quartz
(SiO2) and calcite (CaCO3) in addition to other silicates (silico-aluminates) such as albite (NaAlSi3O8),
muscovite KAl2(AlSi3O10) (OH)2, and anorthoclase (6SiO2Al2O3(K, Na)2O). These aggregate types
have proportions lower than 5% and require generating the necessary conditions by adding other
solutions to increase the molar amount of sodium species (Na) and promote alkaline reactions.

Finally, it is important to underline that even though in this work the evolution of the chemical
composition of an asphalt mixture (using RCAs) was not monitored, some research allows us to
affirm that the mixture is sufficiently stable over time. Asphalt binders have been used before as
stabilization matrices for non-hazardous and hazardous wastes [46–48]. Besides, other recycled
solid-asphalt mixtures have been developed, including hazardous solid effluents from the oil refining
industry [49–51]. In this case, despite solids containing heavy metals, they remain stable in the asphalt
matrix, preventing their escape through leaching into the environment [52]. These are some examples
that allow us to conclude that the reactivity of the system over time can be neglected when using
asphalt-RCAs mixtures.

4. Conclusions and Recommendations

Based on the results of the study, it can be concluded that:

• The physical characterization showed that the RCAs have lower density and higher absorption
than NA. This result can be explained by the presence of mortar adhered in RCAs. As an RCA
replaces the NA, the optimal asphalt content (OAC) increases due to higher absorption of the
RCA, which ultimately increases the cost of the asphalt mixture.

• Coarser RCAs (25.0–19.0 to 9.5–4.75 mm) primarily contain quartz, calcite, and dolomite,
which provide chemical and mineralogical characteristics suitable for use in asphalt mixtures.

• The increase in the concentration of CaO in the RCA, the decrease in SiO2 concerning the NA,
and pH higher than 11.7, all promote the adhesion with the binder in the asphalt mixtures.

• The ratio of SiO2 to Na2O found in the RCAs, the reduction in the ratio between SiO2 and
CaO (alkaline) in the replacements (15%, 30%, and 45%) of RCAs, and the absence of NaOH in
non-asphalt mixtures promote alkaline activation reactions, which favor the chemical stability of
the mixture.

• Although the exposure time of the RCAs to the coastal environment led to a high concentration of
Cl− ions—up to 482 mg/L, some of Cl− ions came from stable salts that were not reactive with the
organic compounds present in the asphalt binder.

• The nitrate and sulfate contents in RCAs do not promote nitration and sulfonation reactions owing
to the absence of catalytic agents such as nitric and sulfuric acids, which favor chemical stability
in asphalt mixtures.

• Dissolved metals in RCAs support the use of RCAs in asphalt mixtures because the lead and
mercury contents do not generate adverse environmental impacts.

• Based on the chemical, mineralogical, and physical characteristics of the RCAs, the replacement
of NA with an RCA in the manufacture of hot mix asphalt is an alternative viable. According
to the results of this study, it is suggested to improve regulations to promote the use of
RCAs in the manufacture of asphalt mixtures with less environmental impact in relation to
conventional aggregates.
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Despite having very good and interesting results in this research, the authors think that more
experiments are necessary to obtain a more robust average of the results. For example, more analysis
with different sources is necessary to obtain the RCAs and to understand the performance in the
mixture. Other important laboratory experiment should analyze the absorption of the asphalt with
different RCAs in order to assess the asphalt consumption and the costs of implementation in projects
of roads. Future studies should also include the formulation of analysis guides for RCAs, where the
way to chemically study them is standardized, and thus obtain indices and potential reactions between
aggregates and asphalt mixtures, which should give standard data and reactions.
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Abstract: Since waste tires constitute a serious environmental concern, several studies are devoted
to the use of finely divided recycled rubber for the production of rubberized concrete by partial
substitution of the mineral aggregate fraction. The introduction of rubber into concrete presents several
advantages (e.g., improvement of toughness and thermal/electrical/acoustic insulation capacities).
Unfortunately, the addition of a high content of rubber into concrete causes an important loss of
mechanical resistance of the final composite. In this context, several scientific studies are devoted
to investigate the best technical solutions for favoring the interfacial adhesion between rubber and
cement paste, but the interpretation of the literature is often misleading. To overcome this issue, the
metadata extrapolated from the single scientific works were critically re-analyzed, forming reference
diagrams where the variability fields of the different rubber concrete formulations (in terms of
mechanical responses as a function of the rubber content) were defined and the best performances
discussed. This study evidenced the twofold role of reference diagrams, able in both presenting
the data in an unambiguous manner (for a successful comparison) and providing the guidelines for
future works in this research field.

Keywords: concrete; composite materials; rubber concrete; mechanical properties; recycling; rubber

1. Introduction

Along with human activities, the solid waste increment in landfills opened a Pandora’s box
related to the end-of-life waste management, prompting worldwide researchers to identify the best
technologies for favoring waste disposal and (if possible) their recycling, aiming at environmental and
economic sustainability [1–7]. Nowadays, significant effort has been directed toward the recovery and
reuse of waste materials as new resources (based on green chemistry and circular economy guidelines)
for the production of value-added products [8–15]. Among the different waste types, end-of-life waste
rubber tires are one of the most voluminous wastes in terms of both shape and quantity (the European
consumption of tires is about 3.2 million tons per year) [16,17]. From the chemical viewpoint, the
composition of tires is mainly organic (rubber/elastomers and carbon black about 70%), with a small
amount of inorganic components (about 17%), textiles and other additives (about 13%) [18]. Used
tires can be either reused or wasted, and end-of-life tire waste can be either landfilled, thermally
converted to produce energy (via combustion) or re-processed to obtain raw materials [19]. Regarding
the waste tires management, the first two options (namely, landfilling and burning) can cause several
environmental concerns (e.g., serving as habitat for the proliferation of disease-carrying insects and
rodents during landfilling, or being a source of dioxins and other volatile pollutants during combustion)
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with serious risk to human health [20,21]. Thus, for all these reasons, rubber tires are preferentially
treated via milling to produce granulates, chips, powders and textiles, thus making them exploitable in
several advanced applications [19].

In this context, the possibility of partially substituting the mineral aggregate (sand and gravel)
fraction in concrete with recycled tires crumb rubber is a technical solution that is extremely appealing,
as it leads to cement-based composite materials that can have significantly improved ductility,
tenacity, impact resistance and thermal/electrical/acoustic insulation capacities [22]. Additionally, the
development of rubber-containing concrete allows to reach a twofold environmental benefit, since it
reduces both the environmental impact due to tire disposal (landfilling and burning) and the excavation
processes for recovering the mineral aggregate fraction from quarries or along rivers courses.

Despite the many benefits given by the introduction of rubber in concrete, a significant reduction of
both the mechanical resistance and specific mass has been registered. These side-effects are attributable
not only to the different mechanical response of the rubber component compared to the mineral
aggregates, but mainly to the poor interfacial adhesion between the rubber element with the cement
paste [23,24], which significantly reduces the loadable quantity of rubber in concrete.

Nevertheless, promising mechanical properties (mostly the increased toughness) encouraged
the evaluation of structural performances of rubber concrete where high resistance to dynamic stress
is required, such as in the case of earthquake-resistant structures [25]. However, in order to make
feasible the structural uses of rubber concrete, it is necessary to select formulations able to guarantee
an adequate level of mechanical resistance, thus overcoming the interfacial adhesion concerns. A very
recent review by Roychand and co-workers presents the current panorama of the research on the
substitution of aggregates with recycled rubber [26], together with the possibilities envisaged in the
literature of rubber treatment or fiber insertion to guarantee acceptable mechanical properties to the
cement-based composite.

In the current literature, rubber concrete is presented with very different formulations that are
sometimes improperly compared. In fact, the literature suggests that typical parameters affecting
the mechanical response of rubber concrete are (i) the rubber content (expressed either as aggregate
substitution level or as volume/weight percentage), (ii) the granulometry of both the substituted mineral
aggregate (coarse or fine) and the added rubber, (iii) the introduction of additives (e.g., pozzolana,
silica) and (iv) the quantities of all components within the formulation and the water-to-cement ratio,
(v) the effects of appropriate pre-treatments (e.g., NaOH washing) and surface functionalization (or
coatings) of the rubber to favor the interface interaction with the inorganic matrix (cement paste).

In this study we aim at improving the ease of comparison between the different procedures,
formulations and strategies that are currently employed to improve the properties of rubber-containing
concrete. We provide a rational evaluation of the experimental results reported in the literature, first
by building a reference diagram that shows the variability of mechanical response of different rubber
concrete formulations. Then, we evidence the effect of different approaches used in the published
literature on the final properties of rubber concrete. The final goal is to provide a preliminary assessment
tool (to be adopted in future research) that allows a rapid estimation of the mechanical behavior of the
produced material relative to the performance of current state-of-the-art tools.

2. Analysis of Bibliography

Some works focused on the use of end-of-life tires have been selected from electronic databases
(i.e., Scopus, Science Direct), others from the recent review by Roychand et al. [26].

A list of studies focused on the mechanical properties of different rubber concrete formulations
was produced. From the initial list, 46 publications [19,23,24,27–67] were selected since they followed
both criteria of inclusion adopted in this research, namely (i) tests should be performed on different
mixtures of rubber concrete and compared with a similar concrete composition without rubber; and (ii)
numerical data of the mechanical (mostly, flexural and compression) strength should be provided.
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The selected case studies were further analyzed in depth by verifying the effective relevance of their
content with the aim of this study. Following this exclusion principle, 11 publications [28–33,35,36,38–40]
were not included in this research as follows: Naito et al. and Kashani et al. [28,30] did not indicate
the type of cement and aggregate used in their study. Kaloush et al. [29], Ismail et al. [31] and
Raffoul et al. [35] did not keep constant the mix design when adding the rubber to concrete, so
that the comparison with the reference material is not possible. Kaloush et al. and Raffoul et al.
changed the w/c ratio, while Ismail et al. added polymer fibers. Xue et al and Najim et al. [32,33]
did mechanical characterization for other purposes. Mendis et al. [36] and Elghazouli et al. [40]
did not make compression tests. Aslani et al. [38] and Wang et al. [39] used iron or steel fibers to
enhance the mechanical performance. Whereas six publications [19,23,34,41–43] were not included for
other specific reasons, namely the study by Rahman et al. [41] was excluded since it focused on the
effect of different plasticizers, the one by He et al. [23] because it is mainly focused on the adhesion
phenomena occurring between concrete and rubber, the two studies by Najim et al. [19,42] together
with the one by Siddique et al. [43] and Roychand et al. [26] since they are review articles, and lastly
the one written by Taha et al. [34] because it presents issues related to the mix design and the relative
composition quantification.

After this preliminary screening, the publications effectively analyzed in this study were 27. Since,
in some cases, more than one series of samples per publication has been considered, detailed acronyms
have been adopted to unequivocally recognize a specific data series in the reference diagrams. To
simplify the comprehension (and the readability) of the diagrams, Table 1 reports the acronyms adopted
in the present study and the corresponding description from the original study.
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3. Bibliography Data Manipulation

The main relevant mechanical test for evaluating the mechanical response of concrete is the
evaluation of the compression strength. All the case studies considered present compression strength
results, with most following ASTM C39/C39M [68] as the reference standard, while a few do not report
the standard adopted for the measurement.

The first step in the analysis was the extraction of numerical values from the compression tests of
each publication. In some cases, such values were not directly reported in the text, but graphically
represented in a diagram. To extrapolate the numerical values from plots and graphics, the software
WebPlotDigitizer 3.8 (Austin, Texas, USA) has been employed.

The data extracted from the selected publications were plotted in Figure 1, which reports the
compression strength declared by the authors against the declared volumetric percentage of substitution
of the mineral aggregate fraction with rubber. As expected, Figure 1 reports a significant reduction of
the mechanical resistance of the materials when the rubber content within the composites increases.
An objective comparison of the performance of the different rubber concrete formulations is, however,
hampered by two factors: first, the control concrete presents very different compression strength values,
which are comprised in the very wide 22-72 MPa range. Second, most papers have different ways of
declaring the substitution of the mineral aggregate fraction with rubber. Thus, both the x-axis and the
y-axis do not present comparable data.

Figure 1. Reference diagram: compression strength (expressed in MPa) vs. the declared volumetric
percentage of substitution of the mineral aggregate with rubber (expressed in vol.%).

Considering the compression strength, it is evident in Figure 1 that, for instance, the values at
10% rubber substitution that are in the 50–70 MPa range (series 15A, 20A, 22A, 24A [59,63,65,67]) are
very high mostly due to the use of high-strength concrete. Other series, for instance 7A and 7B [50],
have a much lower reduction in strength, but since their reference concrete has a lower strength, they
seem less performing with strength values in the 20–35 MPa range. The same issue happens at all
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percentages of rubber substitution. For instance, at 30% declared substitution, the series 20A [63] or
24A [67] seem more performing than the series 18A [61], even if the latter has a much lower strength
reduction with respect to the control concrete.

The effect of the control concrete value is very evident, but also the differences in the declared
substitutions have a profound effect on the lack of clarity of Figure 1. For instance, series 6A [49] declares
up to 100% rubber substitution, but this substitution refers to a specific fraction of aggregates and not
to the total aggregate content. This effect expands the curve toward very high values, suggesting a
smaller strength reduction than the real one.

The revision of the stated formulation pointed out a significant inconsistency among the analyzed
papers in the mode to declare the reference quantities. Hence, all the declared formulations were
analyzed case-by-case in order to obtain the principal components of the mix design and the
characterizing parameters (i.e., quantity, size, density). In most cases, in fact, the percentage of
substitution did not refer unequivocally to the total volume of the aggregates, but it preferentially
refers to a type (or portion) of aggregate (e.g., either coarse or fine). To guarantee uniformity in the
data interpretation, the substitution level in the composites was “normalized” by referring always to
the total volume of aggregates present in the control mixture.

Additionally, the vis-a-vis revision of the selected publications revealed a further remarkable
inconsistency that affected the data interpretation. In fact, some authors chose the weight parameters as
either specific weight or bulk density. Moreover, the choice of these parameters for every formulation
was different case-by-case, often showing inconsistent values, thus making the numerical values here
extrapolated extremely wide and difficult to compare. For instance, Youssf et al. [65], series 22A,
declared a specific gravity for crumb rubber equal to 0.85, which is outside the values observed in the
literature for vulcanized rubber. As another example, Gesoğlu et al. [51], series 8A, use tire chips with
specific gravity 1.02 and crumb rubber with specific gravity of 0.83 and 0.48. It seems to us that also
these values are too low with respect to the literature data of rubber density [69–77]. It is difficult to
hypothesize the origin of these values, but it could be possible that some values are apparent density
or bulk density. Other cases are those of Boudaud et al. [45], series 2A/B, who did not mention the
rubber density, and of Feng et al. [54], series 11A, who cited only the bulk density of 539 kg/m3, which
cannot be used to quantify the volume substitution.

To overcome this issue, the composition of the formulations that were not clearly defined or outside
a reasonable range was further recalculated by using, for the specific weight, the average value of all
the studies where the data were clear and consistent with literature values. These weight parameters
are reported in Table 2. If the weight parameters provided by the original authors were comparable
with the ones selected in Table 2, the declared values were maintained in our data elaboration.

Table 2. Weight parameters adopted for the data analysis.

Components Average Specific Weight for All the Data analyzed (kg m−3) ± St. Dev.

Rubber 1120 ± 64
Fine mineral aggregate 2649 ± 25

Coarse mineral aggregate 2672 ± 33

Therefore, the aggregate content and the relative volumetric percentage of substitution with
rubber were recalculated for all compositions using, when needed, the reference values reported in
Table 2. In this way, rubber concrete mixtures considered in this study present the highest level of
comparability in terms of parameters and mechanical performances registered.

Despite this, it is important to notice that the analyzed formulations still show a considerable
variability of the components used, namely (i) type of cement paste and aggregates adopted, (ii)
presence/absence of additives, fly ashes, slags, silica and other additional components and (iii) amount
and proportion of each component within the concrete formulation. For all these reasons, even after this
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consistent data homogenization, resulting case studies still present a significant degree of heterogeneity.
However, at the end of this elaboration process, all case studies are coherent among each other.

Figure 2 reports the recalculated compression strength, normalized with respect to the control
samples, against the volumetric percentage of substitution of the mineral aggregate fraction with
rubber. It is interesting to note that the maximum substitution shown on the y-axis becomes 37%
and is no longer 100% as in Figure 1. Moreover, all series start at 100% for the reference concretes
without rubber.

Figure 2. Reference diagram: normalized compression strength (expressed in %) vs. the volumetric
percentage of substitution of the mineral aggregate with rubber (expressed in vol.%) recalculated using
the fixed values of reference specific weight.

By using the diagram presented in Figure 2 it is possible to compare the different rubber concretes
proposed by the different authors, without the risk of being misled by the different ways of presenting
the experimental data. For instance, it is evident that series 7A/B, 20A, and 23A present good results at
low rubber substitution, and series 27A/B/C and 16A/B at high rubber substitution; while series 4A and
9A/B lose strength rapidly with the increase of rubber content. To discriminate which parameters have
a significant effect on the compression strength of rubber concrete, a complete analysis of the outputs
coming from the reference diagrams obtained after this important elaboration process is reported in
the following paragraphs.

4. Reference Diagrams and Their Critical Interpretation

The reference diagram relative to compression tests (Figure 2) clearly shows a reduction of the
compression strength by increasing the rubber content (as expected). Moreover, going more in detail,
it is possible to highlight different trends. Liu et al. 7B [50] obtained a reduction of only 4% of the
compression strength with a substitution of the aggregate fraction with rubber of 7 vol.%., whereas
other studies reported at least 15% reduction for the same amount of rubber (1AB, 3AB, 5AB, 6A, 8A,
11A, 12A, 13AB [44,46,48,49,51,54–56]). The works written by Zheng et al., 10AB, [53] and Najim et al.,
27ABC, [57] also report interesting performances, with a lower reduction of compression strength than
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most of the case studies here analyzed (moreover, this difference is more evident when increasing the
amount of rubber inside the composites). Conversely, the formulations proposed by Issa et al., 4A, [47]
and Mohammed et al., 9AB, [52] are characterized by poor mechanical responses (below the other
case studies considered) with a remarkable depletion of the compression strength with just 15 vol.%
rubber substitution.

In general, the data described in Figure 2 show a mean compression strength reduction of around
20% for substitution of ca. 5 vol.%, around 40% for ca. 10 vol.%, and around 60% for ca. 20 vol.%.

In order to rationalize these trends, the diagrams were further analyzed, studying specific aspects
of the formulations reported in the literature that could have beneficial or detrimental effects on
the mechanical properties of the rubber concrete. Figure 3 reports the same data of Figure 2, but
highlighting the effects due to rubber pre-treatments/modifications. The surface modification of the
crumb rubber by means of appropriate pre-treatments (e.g., NaOH washing, controlled oxidation)
and/or further surface functionalization (e.g., coatings deposition) is a technical solution investigated
by worldwide researchers to overcome the interfacial adhesion concerns with the other inorganic
components (mostly the cement paste), principally responsible for the loss of mechanical properties
in rubberized concrete [48]. Few data are available; however, four series (5B, 29A, 23A and 25B) can
be separated from the others, since the rubber in these cases underwent a chemical treatment with
NaOH. This treatment, however, showed no significant effect on the mechanical performances of
the composites: the normalized compression strength values experimentally obtained are widely
distributed and mainly in the central part of the measured range.

Figure 3. Reference diagram: normalized compression strength (expressed in %) vs. the volumetric
percentage of substitution of the mineral aggregate with rubber (expressed in vol.%) recalculated using
the fixed values of reference specific weight. Effect of the rubber pre-treated in NaOH (red stars) and
rubber without any treatment in NaOH (black squares).
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Another important parameter that could affect the rubber concrete performance is the type of
aggregate that is substituted—fine, coarse, or both—and it is reported in Figure 4a, where black
squares represent substitution of fine aggregate, red stars substitution of coarse aggregate, and green
circles both fine and coarse aggregate. In this case, the data are again widely distributed, suggesting
the absence of very significant trends of improvement or deterioration of the mechanical properties
depending on the substituted aggregate, but at high rubber content it seems that the substitution of
both fine and coarse aggregate entails a lower reduction of mechanical properties.

Figure 4. Reference diagram: normalized compression strength (expressed in %) vs. the volumetric
percentage of substitution of the mineral aggregate with rubber (expressed in vol.%) recalculated using
the fixed values of reference specific weight. (a) Effect of replacing fine aggregate (black squares),
replacing coarse aggregate (red stars), replacing both fine and coarse aggregate (green circles). (b) Effect
of using for aggregate replacement fine rubber (black squares), coarse rubber (red stars), fine and coarse
rubber (green circles).

Figure 4b shows instead the effect of the replacement of the aggregate according to the size of the
rubber used to replace it. From the figure it seems that using coarse rubber is less effective than using
fine rubber or a mixture of fine and coarse rubber.

However, it is very interesting to study in bigger detail the effect of the substitution of the different
size fractions on the mechanical properties. In most cases, the coarse aggregate was replaced with
coarse rubber and the fine aggregate with fine rubber, but there are cases where different sizes were
used for the substitution. In the 2A [45] and in the 4A [47] series, the fine aggregate was replaced with
large size rubber, leading to a drastic decrease in the mechanical strength. Similarly, when a smaller
aggregate fraction was substituted with a larger rubber one, the mechanical results were generally
not very good (series 3B [46], 25A and 25B [24], 16B [27]). On the contrary, when a bigger aggregate
fraction was substituted with smaller rubber one, the mechanical results were from average to very
good. An average performance was observed in the case of series 7B [50], 10A [53] and 12A [55], while
a very good one in the case of series 8A [51], 16A [27] and 27B [57].

In Figure 5 the comparison of ordinary Portland cement (black squares) vs high-performance
cement (red squares) is presented. The use of a high-performance cement seems to improve the
mechanical performance of the composite, both at low and at high aggregate replacement volumes.
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Figure 5. Reference diagram: normalized compression strength (expressed in %) vs. the volumetric
percentage of substitution of the mineral aggregate with rubber (expressed in vol.%) recalculated using
the fixed values of reference specific weight. Comparison using high-performance concrete (red stars)
vs normal cement (black squares).

5. Considerations on Specific Case Studies

In order to rationally unveil the reason why some particular case studies present better mechanical
responses than the others, here we reported a brief technical analysis of the best formulations selected.
Additionally, on the basis of the reference diagrams proposed in this study, a critical analysis of the
formulations and of the boundary conditions has been reported, with the aim of better understanding
and proposing new guidelines for favoring the development of high-performance rubber concrete.

Among the different case studies here analyzed, the three series proposed by Najim et al. [57] and
Topçu [27] (indicated in this study as 27A, 27B, 27C, 16A and 16B) seem to give the best performances
at higher substitution of rubber. For the study of Najim et al., the authors selected a high-strength
cement as cementitious matrix, using only a single fraction of rubber with sizes ranging between
2 and 14 mm. One hint adopted by the authors is to favor the dispersion components by premixing the
solid ingredients in absence of water. As highlighted in Figure 4a, the best results were reached when
both fine and coarse aggregates were replaced with rubber. Topçu [27] suggests using fine rubber
for substituting both fine and coarse aggregate. Moreover, in his work it is evident that rubberized
concretes in contrast to the normal ones have higher plastic energy capacities.

The results obtained by the series from Zheng et al. [53] (indicated in this study as 10B) seems also
very promising, since a lower resistance cement has been selected as cementitious matrix. However, in
this case the best results were reached by replacing only the coarse aggregate fraction. Compared to
the previous procedure adopted by Najim et al., 27ABC [57], the procedure employed by Zheng and
co-workers 10AB [53] for the specimen preparation has not been fully described; thus, it is impossible
to point out any further hints to follow. On the other hand, the only element in common between these
two studies seems to be the size of the rubber adopted for high level of substitution that is around
5–14 mm size, which confirms the trend suggested by Topçu 16AB [27].
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When considering the substitution of only small quantities of mineral aggregate, the best
performances were reached by Liu et al. [50] (indicated in this study as 7A). As highlighted in this
study, authors selected rubber powders with a small size distribution (i.e., 2–4 mm), finding more
advantageous to substitute only the fine aggregate fraction. Interestingly, in this study Liu and
co-authors pointed out that the use of rubber already used in the construction field allows to obtain a
significant improvement of the adhesion between rubber and the cementitious paste.

It is also evident that the use of a high-performance cement helps to reduce the loss of mechanical
properties as shown in Figure 5, in particular with high percentages of aggregate substitution.

Given the graphs of reference, some points are evident to obtain good mechanical results for high
percentages of substitution of the aggregate.

(i) It seems that the substitution of the aggregate with a larger fraction of rubber is not effective [45,47],
while good results were obtained with rubber with a smaller size with respect to the aggregate [27,57].
The use of coarse rubber seems less effective than the use of small rubber, as shown in Figure 4.

(ii) Prior to proceeding with the addition of water, the cement paste, the mineral aggregates and
rubbers should be premixed to favor the homogeneous dispersion of the components within the
final composite [50].

(iii) As pointed out by He et al., Liu et al. and Sgobba et al. [23,24,50], the adhesion problems between
the components can be partially overcome by imposing a light chemical treatment on the rubber,
before introducing it into the desired cement paste. However, it is worth noting that, based on
data analysis, the chemical treatment of rubber with chemical agents (e.g., NaOH) has almost
no tangible effects on the mechanical performance of the cement composite even when using
high-performance cement [24,48,62,66].

(iv) Lastly, using a high-performance cement as matrix can significantly reduce the loss of mechanical
properties for high substitution degree of the mineral aggregate fraction [24,37,57–59,62,63,65,67].

6. Conclusions

Quite recently, several efforts were realized for trying to minimize the anthropogenic impact on
the natural environment, and promising results were obtained in term of sustainability. Among the
different classes of human-derived technological wastes, end-of-life rubber tires caught the attention
of worldwide experts since, from one side, they are potentially dangerous for both environment and
human health if normally landfilled or thermally converted, whereas from the other side they can
be extremely appealing if re-processed to produce useful products. In this context, the possibility of
partially substituting the mineral aggregate fraction in concrete with recycled rubber tires to produce
cement-based composite materials with significantly improved toughness, impact resistance, and
thermal/electrical/acoustic insulation capacities is an exceptionally promising solution. Unfortunately,
this solution presents some technical limitations, such as the decline of the composite mechanical
resistance at high content of rubber.

On the basis of the most recent results reported in the literature, we reported here a literature
survey coupled with a critical analysis of the metadata extrapolated from scientific papers. Reference
diagrams showing the variability fields of the different rubber concrete formulations in terms of
mechanical responses as a function of the rubber content were presented and best performances (in
terms of both mechanical resistance and loading of rubber) critically discussed. This study evidenced
the twofold role of reference diagrams able to i) present the data in an unambiguous manner (for a
successful comparison) and ii) provide the guidelines for improving the interaction between rubber
and cement paste. Results obtained pointed out the importance of i) correlating the crumb rubber
size with the one of the relative mineral aggregate fraction that has been substituted, ii) premixing
the solid elements for homogenizing the final composition, iii) pre-treating the rubber prior to use in
the composite and iv) selecting a cement paste able to guarantee a reduction of the loss of mechanical
properties in the final composite. Additionally, this study evidenced also how it is important to use a
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common language in science for a correct interpretation of the data. Therefore, in order to significantly
reduce any misleading conclusions, authors hope that the approach here proposed will be extendedly
adopted in the future.
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Abstract: A literature review comprising 163 publications published over a period of 26 years
from 1992 to 2018 is presented in this paper. This review discusses the generation and recycling
of construction and demolition waste (CDW) as well as its main uses as raw materials for the
construction engineering sector. This review pays attention to the use of CDW aggregates for sand,
pavements/roads, bricks, ceramics, cementitious materials, and concrete productions, as well its
uses as eco-friendly materials for water decontamination. The physical-chemical and mechanical
characteristics of recycled aggregates play an important role in their correctly chosen applications.
The results found in this literature survey allow us to conclude that recycled aggregates from CDW
can be successfully used to produce construction materials with quality comparable to those produced
with natural aggregates. We concluded that the use of CDWs as raw materials for manufacturing
new construction materials is technically feasible, economical, and constitutes an environmentally
friendly approach for a future construction and demolition waste management strategy.

Keywords: construction and demolition waste (CDW); CDW recycling; construction materials from
CDW; recycled concretes; CDW adsorbents

1. Introduction

Waste management is one of the most challenging problems of the 21st century.
Among the main types of wastes, construction and demolition waste (CDW) has received
important attention in the waste concern [1,2]. CDW is one of the heaviest and most
voluminous waste streams generated in the European Union and across the world. CDW
is usually defined as the waste materials from operations of construction, reconstruction,
alteration, extension, maintenance, and demolition of buildings and other infrastructure [3].

The construction and demolition industries generate around 900 million tons of waste
per year, in the European Union alone [3]. CDW is produced in virtually all activities
related to the construction and demolition sectors, such as the construction of buildings,
houses, roads, bridges, flyovers, etc. These residues consist of distinct types of materials
and are a heterogeneous residue that can contain any constituent that is part of a building
or infrastructure, as well as any other materials used during construction work [1,4]. In this
way, it is comprised mostly of inert and non-biodegradable material such as sand, gravel,
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concrete, metal, plastic, glass, etc. Therefore, inert fraction waste represents between 40
and 85% of the overall waste volume, discounting excavation soils from this waste [3].

Figure 1 shows a generic schema of CDW classification based on its sources of ori-
gins [1]. It is well known that the amount and composition of any residue, and in particular,
CDW, can vary widely according to the regions in which they are generated, mainly depend-
ing on factors such as population growth, regional planning, legislation, soil characteristics,
topography, construction materials, and technologies, etc. [1,3].

Figure 1. Classification of construction and demolition waste (CDW) according to the source of origin. Adapted from
Menegaki and Damigos [1].

The CDW amount is expected to increase in Europe every year; therefore, within this
scenario, new strategies for its reuse and recycling need to be implemented correspondingly.
Table 1 shows the CDW quantities produced in the E.U. and other countries in the world,
as well their recovery/recycling rates indexes. According to the E.U. Waste Framework
Directive (2008/98/EC) [5], member states were required to set a target for the recycling
of non-hazardous CDW at a minimum of 70% of its weight by 2020. According to the
final report published by European Union [2], it showed that fourteen member states
already achieved the 70% target (see Table 1), and six other countries were very close, with
a recovery rate higher than 60%. On the other hand, some member states showed very low
recycling rates, such as Greece, Finland, and Bulgaria [2].

The potential for the recycling and reuse of CDW is high. There is a huge market
interest to reuse and recycle aggregates derived from CDW in construction materials and
projects [6–17]. Over the last decades, many studies have been performed to evaluate the
feasibility of using CDW in projects, such as:

� Concrete, mortar, and ceramic materials [4,7];
� Eco-friendly concrete blocks [8,10];
� Geopolymers synthesis [11,13];
� Geotechnical applications [14];
� Use in sea-wall foundations [15];
� Landfill cover layer [16];
� Alternative pipe backfilling materials [17];
� Asphalt and roads [18–20].

Within the aforementioned context, the main goal of this review is to fill the informa-
tion gap regarding the use of CDW in the production of construction materials, particularly
concrete blocks, concrete, cement, ceramic bricks, and roads, as well their uses for envi-
ronmental applications. Special attention is given to the quantification and properties of
CDW generated in Europe and worldwide. Moreover, we hope that the current study may
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help to promote the good management of CDW, which is still a challenge to the global
construction industry. Open atmospheres about the treatment and utilization of CDW
should be built in the international industrial community.

Table 1. Total CDW generation and CDW recovery indexes, 2017 [1,2].

Countries CDW Generation (106 tons) Recovery Rate (%)

Europe Union
France 246.70 59.00

Germany 201.00 85.00
United Kingdom 100.23 91.00

Italy 39.00 97.00
Spain 27.70 68.00

The Netherlands 25.71 99.00
Finland 16.00 12.00

Czech Republic 13.80 60.00
Portugal 11.40 74.00
Austria 8.30 92.00
Sweden 7.70 79.00
Belgium 6.95 86.00
Poland 3.51 68.00
Ireland 3.31 74.00

Hungary 3.00 65.00
Denmark 2.89 87.00
Estonia 1.94 75.00
Bulgaria 1.54 12.00
Romania 1.33 67.00
Slovakia 0.80 39.00
Greece 0.81 0.40
Croatia 0.68 52.00

Luxembourg 0.58 99.00
Lithuania 0.56 87.00
Slovenia 0.53 91.00

Malta 0.52 19.00
Latvia 0.40 96.00
Cyprus 0.14 45.00

Other countries
China 1020.00 40.00
India 530.00 n.a.

U.S.A. 519.00 48.00
Brazil 101.00 6.14
Japan 77.00 80.50

Taiwan 63.00 91.00
Hong Kong 24.30 28.00

Australia 19.50 62.20
Thailand 10.00 32.00

Switzerland 7.00 28.00
South Africa 4.70 16.00

Norway 1.30 67.30

2. Composition and Properties of Recycled Materials

2.1. Composition and Chemical Characteristics of Recycled Aggregates (RAs)

Recycled aggregates (RA) composition is mainly dependent on its sources (concrete,
masonry, bricks, roads, etc.), which can vary by location. In some countries, fired bricks
are the main construction material, while in others, masonry and wood are the main
materials [3]. Building and construction technology has a large influence on the chemi-
cal composition of CDW. For instance, the presence of sulfate from interior rendering or
glass from glazed ceramic tiles can seriously affect the use of RA produced from contami-
nated CDW.
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Figure 2 shows the general characteristics and composition of the solid wastes gener-
ated in Europe according to the waste category. It shows that the fraction of the mineral and
solidified wastes (concrete, masonry, bricks, ceramics, earth, etc.) are very high, reaching
up to 76%, and coming mainly from construction and demolition activities. However,
many other types of wastes are generated and sometimes mixed with CDW. This can affect
the composition of CDW and the recycled aggregates (RAs) from CDW, which also affect
its reuse and recycling, which will be further discussed in the paper. An example is given
in Table 2, which indicates that the general composition of CDW aggregates (Recycled
Ceramics (RC) siliceous and limestone and recycled mixed aggregates (RMA) and recycled
mixed ceramic aggregates (RMCA)) varies in terms of its main oxides. The aggregates’
compositions largely depend on the nature of the aggregates used in their manufacture,
such as type of cement, sand, or siliceous aggregates.

Figure 2. Total waste generated in the European Union according to the waste category, 2017 [3,21].

Table 2. Chemical characterization of different recycled aggregates according to Jiménez [22]. RC: recy-
cled ceramic aggregates; RMA: recycled mixed aggregates; RMCA: recycled mixed ceramic aggregates.

RC—Siliceous RC—Limestone RMA and RMCA

SiO2 45–60% 4–5% 40–50%
Al2O3 15–20% 1–2% 6–8%
Fe2O3 2–5% 1–2% 2–4%
CaO 5–7% 52–54% 20–28%
MgO 0.5–1.5% 0.2–0.8% 0–1%

2.2. Water Absorption

Water absorption (WA) is a key factor affecting the durability of a material and its
resistance to the natural environment. The durability of construction materials is mainly
dependent on permeability, which is the capacity of a fluid to penetrate their structures.
High permeability leads to the penetration of water and ions molecules that react with,
i.e., harden, cement paste microstructures, destroying their chemical stability [23]. On the
other hand, and considering the service-life of construction, low permeability improves the
resistance of the construction materials because it can avoid or impede the degradation
agent attacks [23,24].
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Natural aggregates have WA values between 0.5% and 1.5%, which is normally
omitted for most concrete applications. However, more precautions must be taken when
using RAs because their greater porosity can lead to WA values up to 12%, which therefore
might lead to mixtures containing 1000 kg of RA in 1 m3 of concrete easily containing
100 liters of absorbed water [25,26].

The high WA of RA is related to the presence of old mortar. The ability of a recycled
aggregate to absorb more water is due to the high presence of the adhered mortar onto
the aggregate’s surface which, consequently, leads to a higher porosity of aggregate; this
can affect the amount of water available for mixing, also influencing the cement hydration
and therefore leading to problems related to the loss of concrete workability at the fresh
state and the loss of mechanical and durability performances in the long-term [27]. The
high presence of attached mortar enhances the porosity and WA of the aggregate, which
is responsible for the concrete density and durability reduction. RAs have higher WA
compared to natural aggregates (NA); therefore, there is also a critical disadvantage of
reusing it in new construction materials, which is the heterogeneous nature of RA [28].
Although NA generally comes from the same resource, RA has several origins and qualities,
leading to quality variation between different batches [28].

Peng et al. [29] performed an experiment evaluating the recycled concrete properties
made with RAC. The WA of RCA was much higher than that of NA. The WA of RCA
decreased from 4.07% to 2.89% and from 7.89% to 2.77%, respectively, after removing the
attached mortar. Additionally, the authors stated that the microcracking of original gravel
in RCA is also responsible for increasing the WA.

Taking into consideration the cementitious aggregates, its fine fractions contain higher
cement mortar amounts than coarse fractions, which leads to much higher WA. If used
in new concretes, high WA will affect the water/cement ratio, workability of concrete
mix, and physical properties such as water absorption and carbonation. Therefore, it is
important to remove the old mortar adhered in the RA that will be used in the new
cementitious material.

2.3. Density

As well as the water absorption, the density of an aggregate is an important property.
It defines the quality of the material and is important for proportioning concrete mixes
and controlling several properties of the hardened recycled aggregate concrete [30]. The
recycled concrete aggregate’s density is proved to be lower than that of natural aggregate.
This is due to the presence of adhered cement mortar [31] and peculiar characteristic of the
recycled concrete aggregates with respect to natural ones. This adhered material makes the
aggregate density lower: typical values range between 2.2 g/cm3 and 2.6 g/cm3 [32].

De Juan et al. [33] showed the influence of the amount of adhered mortar on recycled
concrete aggregate density. It was shown that depending on the liberation degree, density
can vary along with the different grain size fractions, i.e., fine fraction, where the old
cement paste is concentrated, it can show a different density of coarse fraction [34].

The strength of the original crushed concrete only marginally influences the density
of the resulting aggregate [35–37]. Topçu and Sengel [38] evaluated the influence of the
addition of recycled aggregates in new concrete production. The fresh-state results showed,
as expected, a decrease in the density and workability caused by the replacement of the
NA by RA. Limbachiya et al. [39] found that the variation of the particle density of the
RA was 7–9% lower than that of the NA, which resulted in recycled concrete with worse
mechanical properties.

When the material is composed of crushed concrete and masonry rubble, the density
values are lower than for recycled concrete aggregate [40]. Red ceramics density is not
only lower than concrete density [41–43], but also varies with the manufactured temper-
atures [44]. In this context, homogenization of the feed mixed recycled aggregate [45]
becomes of major importance in producing secondary raw materials.

373



Materials 2021, 14, 1700

Mortar, of which density is generally lower than 2.1 g/cm3, is another RA component
that could drastically influence density, but its content is generally limited by the RA
producer, as is the case for other impurities such as wood, gypsum, glass.

2.4. Environmental Limitations of the Use of CDW in Relation to Its Constituents

Ascertaining the physical and chemical composition of RAs is important, because
based on these data, future approaches for their reuse will be evaluated and proposed. Some
factors determine the potential reuse and recyclability of CDW into RA for any specific
situation. CDW can contain high concentrations of harmful substances that sometimes
exceed regulatory limits and therefore they can be environmentally incompatible to be used
as RA. In that case, they could require appropriate disposal or segregation by a separation
technology able to remove/reduce the amount of such contaminants.

If it is not properly managed, CDW might contain small amounts of several hazardous
substances such as metal-based paints, adhesives, phenols, resins, aromatic hydrocarbons,
and others [21]. Once these substances are in the CDW and those are used as RAs for
construction materials such as concrete, bricks, and roads, they can pose particular risks
to the environment by contact with rainwater or infiltration, which can leach out these
harmful elements (including organic compounds, anions, and metals). Such leaching
represents a potential risk to the environment.

Leaching tests on construction materials containing waste [46,47] are being conducted
in view to better understand the effect of incorporating recycled aggregates in concrete,
especially on the increase in metal trace element (Cr, Pb, As, Ba, Cu, Mo, Sb, Ni, and Zn)
and anion (sulfates and chlorides) amounts, and consequently, their potential release.

Engelsen and co-workers [48] showed that when the value pH was high, the amount of
metal trace element leaching was low because of the interactions with hydrate constituents.
Oxyanion-forming elements could be integrated into the structure of the hydrated phases,
ettringite or hydrocalumite, hence limiting the leaching process [49]. After modelling
the leaching behavior, Engelsen et al. (2010) [50] concluded that there was no difference
between the leaching behavior of classical and recycled concrete.

2.5. Limitations on CDW Composition in Relation to Its Applications

The variety of contaminants that can be found in RA from CDW might also put
structures at risk because many of these elements can severely degrade the strength of
concrete made with RA from CDW. Such materials include asphalt, glass, gypsum, metals,
plastic, rubber, soil, or wood. For instance, Hansen [51] reported that the addition of 30%
by volume of asphalt in recycled concretes can reduce its compressive strength by about
30%. Huang [52] reported that 75% compressive strength of recycled concrete was lost
with a replacement level of 64% of asphalt aggregates, by weight of total aggregate content.
According to the European Standard EN 12,620 [53], the maximum allowed bituminous
material content in RA is about 10%.

Other constituents such as glass are commonly found in CDW, even though it is
usually removed from buildings and houses before demolition. Organic materials, for
example, wood and plastic, are also often found in CDW and can be removed through
density separation techniques [54]. It is known that the presence of these constituents
in CDW provokes a very harmful effect on the qualities of the construction materials
concerning their mechanical properties; therefore, their separation is needed. According
to the European Standard EN 12,620 [53], the glass content must not exceed 1% by mass,
and wood and plastic, which float in water, are classified separately as floating non-stone
material; content is limited to a maximum of 0.1% by mass [21].

Ascertaining the correct quantification of constituents in CDWs is important for
understanding their chemical compositions, and therefore their possible applications or
processing needs. Considering the vast range of environments and conditions to which
these materials made from CDW can be exposed, their chemical composition (e.g., sulfate
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and chloride content) could compromise the performance of recycled concrete, bricks, and
roads made from CDW.

For instance, in road aggregates, the amount of sulfur compounds is very limited to
ensure its chemical stability and avoid pathologies in adjacent structures of concretes or
pavement layers made with cement. Gypsum is the main source of soluble sulfates in RA,
and there is a linear relationship between the total sulfur content measured according to
EN 1744-1 [55].

Agrela et al. [56] studied the soluble sulfate (SO3) in natural aggregate and mixes
of CDW (crushed concrete and crushed masonry). They found values of 0.05% for NA
and values from 0.69 to 0.72 in different mixes of CDW; these values are below the limit
for soluble sulfate, and the total sulfate content must not exceed the specified limit of
1% for pavement structural layer materials according to UNE EN 103,201 and EN 1744-1
specifications [57]. Agrela et al. [58] found total sulfur values from 0.37 to 1.58 and soluble
sulfates varying from 0.22 to 1.09%. Vegas et al. (2011) studied CDW aggregates for roads
and showed that those aggregates which presented soluble sulfate contents below 3.74%
did not cause dimensional stability problems for the roads.

However, in the presence of easily mobilizable sulfates, an internal sulfate attack
manifested by a delayed swelling of hydraulic mixtures may happen. This is due to the
formation of a significant amount of secondary or delayed ettringite [59]. It appears that
this reaction requires simultaneous specific conditions such as a moist environment, high
temperature of the concrete at early age, and presence of aluminates.

Recycled aggregate could also contain significant quantities of soluble alkalis and
potentially reactive silica and may present a risk for alkali–silica reactions (ASRs) [60,61]
when used for producing new concrete. This chemical mechanism [62,63] can induce
cracking and severe damage in concrete structures [64–66]. Methods have been proposed
in order to limit the risk of ASRs when using natural aggregates [67,68], although their
adaptability to RA has not yet been clarified.

3. Recycled CDW Materials Applications

3.1. Sand Production

In the construction sector, river sand is the most commonly used aggregate in cemen-
titious materials. On one hand, there is a worldwide shortage of good-quality natural
sand, whereas in countries where the availability of sand is sufficient, the mining costs
and environmental impacts related to extraction, processing, and transport are other major
concerns with the ever-growing usage of this natural resource [69].

Based on cement usage and engineering computations (i.e., cement consumption and
the ratio of cement to sand for various construction purposes), sand demand for 2007
was estimated to be 17.37 million cubic meters, and since then its usage has grown [70].
Additionally, the last UNEP (United Nations Environmental Program) report “Sand and
sustainability: Finding new solutions for environmental governance of global sand resources” [71]
estimated a sand demand of about 50 billion tons per year, an average of 18 kg per person
per day.

Along with these issues, the European Parliament (according to Waste Framework
Directive 2008/98/EC) stated that EU countries should achieve 70% of CDW minimum
recycling rate by 2020. In this regard, over the last few years, studies have been carried out
into using CDW materials as a replacement for sand in concrete materials.

Silva et al. [72] studied the addition of fine crushed red clay brick to a siliceous
sand mortar. Three different ratios were tested (0%, 5% and 10%). In general, the authors
reported that the addition of red clay brick waste up to 10% improved the mortar properties
in comparison with the reference mortar.

In another study [73], a comparative analysis of mortars prepared with three natural
sands and three recycled sands was performed. The properties of these mortars were fully
evaluated and compared. The shrinkage and water absorption were higher in mortars with
recycled sands, while compressive strength was lower when compared to reference mortars.
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From an environmental perspective, the use of fine RA as sand can bring several
advantages such as: (i) it reduces the sand mining, which it causes huge environmental
impacts worldwide; (ii) it reduces the consumption of energy and CO2 emissions; and
(iii) it prevents illegal deposits and landfill of the fine fractions of CDW.

However, the main issue concerning the quality of recycled aggregates from CDW for
sand production is the presence of the porous and low strength phases (adhered mortar),
and specifically to the patches of hardening cement paste attached to the surface of natural
aggregates. This produces sand with low quality which, when used in cementitious
materials (concrete or mortar), harms workability and the mechanical and durability
performance at hardened state [74]. For those reasons, in most countries, recycled sands
(made from CDW) are not allowed in structural cementitious material production.

Therefore, the removal of adhered mortar is a crucial factor for the improvement
of aggregate performances; however, this is not a simple task. Thus far, it is seen in the
literature that for the separation of cement paste from CDW successive comminution
stages [75] and thermal treatments [76] are necessary which, due to their costs, are not
generally employed, and in some cases increase the environmental impact of the final
product [77].

3.2. Use of CDW for Pavements/Roads Construction

Pavements are one of the most energy-intensive infrastructure assets depending on
non-renewable natural resources. Therefore, the application of recycled aggregates from
CDW in the construction of embankments, sub-bases, and foundations for roads, where
unbound materials are used, is an excellent management idea for increasing recycling rates
and creating a market opportunity for recycled aggregates.

Currently, the main utilization of CDW aggregates is for pavement construction. Recy-
cled aggregates from construction and demolition waste have often been used in pavement
layers, from small percentages to the full replacement of materials [4,57,78]. In several coun-
tries, management and experimental testing technologies containing information about
executive procedures and their performance have been gaining ground in the discussion of
the environmentally correct reuse of materials.

In European countries and Japan, there are elaborate and consolidated policies re-
garding the control and management of waste due to the high demographic density and
little storage space [4]. That is why these countries have pioneered the development of
knowledge about how to handle CDW. Some countries in the world, such as Italy, have
specifications for the control of production and application of recycled aggregates for
paving, considering the shape and heterogeneity of the grains. Ekanayake and Ofori [79]
reported that, in the United States, more than 20 individual states use CDW as aggregate
in highway construction. In Brazil, The Netherlands, and Japan the recycling of CDW
materials in paving and road works is mandatory, and a huge amount of CDW is used for
this purpose [1,80].

Leite et al. [78] evaluated the feasibility of using RA for pavement applications. The
behavior of the recycled materials was compared with the behavior of limestone aggregates.
The authors concluded that RA from CDW, which has higher densities, might be utilized as
a coarse base and sub-base layer for low-volume roads. In addition, RA rich in cementitious
materials also helps to improve the layer performances.

Molenaar and van Niekerk [81] evaluated the effect of the composition, degree of
compaction, and grading on the mechanical characteristics of crushed concrete and crushed
masonry on unbound base. The authors found that all three factors influence the mechanical
characteristics of pavement, but it was the degree of compaction that affected it the most.
In practice, this is an interesting outcome, because the degree of compaction is much easier
to control than other factors such as gradation and composition. In another study [82],
the performance of RCA in the base and sub-base was studied. The results showed that a
mixture of 25% RCA with 75% NA obtained the same resilient response and permanent
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deformation properties as a dense-graded coarse aggregate base, which is used in base and
sub-base layers.

Although the use of CDW for road construction has been widely performed, the
standardization of the RA used in roads is currently under way. Most countries are
implementing standardized limits on the use of NA in roads. For instance, the presence of
sulfur compounds is a limiting factor, not only for concrete but also in road aggregates, to
ensure the dimensional stability of the section and avoid potential pathologies in adjacent
concrete structures or cement-treated pavement layers [83].

Agrela et al. [56] studied the soluble sulfate (SO3) in natural aggregate and mixtures
of CDW (crushed concrete and crushed masonry). They found values of 0.05% for NA and
values from 0.69 to 0.72% in different mixes of CDW; these values are below the 1% limit
for soluble sulfate which the total sulfate content must not exceed for materials used as
pavement structural layer according to UNE EN 103,201 and EN 1744-1 standards [57].
The recycled aggregates used in the rural road met the limit of 1% for sulfur compounds
set by the technical specification. However, Vegas et al. [84] have questioned this limit.
Vegas et al. [85] studied CDW aggregates for roads and showed that these aggregates
which presented soluble sulfates content below 3.74% did not cause dimensional stability
problems for the roads. Many other parameters including maximum aggregate size, particle
shape, grading (especially fines content), density, etc., have been identified as affecting the
road performance [4].

Another important method of CDW reutilization is to use reclaimed asphalt pavement
(RAP) in new roads and or pavements. RAP has become a reality in many countries such as
the United States, China, Egypt, Japan, and Australia, among others [86,87]. This practice is
becoming popular due to both environmental and economical attractiveness. For instance,
Vidal et al. [88] showed that the incorporation of 15% RAP into new asphalt mixtures could
reduce the total cumulative energy requirement, climate change, and use of fossil fuels by
13 to 14%. Edil [89] reported that up to 30% of savings could be achieved by using RAP as
a base material for pavements. Asphalt binder is the most expensive material; therefore,
using RAP material in pavements it means that less binder is required.

Mousa et al. [87] studied the application of RAP in the construction of unbound base
and sub-base layers in Egypt. The authors studied what the optimal amount of RAP (0%,
20%, 60%, 80% and 100%) was which could be blended with NA. It was concluded that
mixing up to 60% of RAP in road sub-base and 20% in road base construction could be
used. Much other research has been conducted in this regard.

In another investigation, extensive research was performed in Florida, U.S.A. [90],
related to the use of RAP to build sub-base layers below rigid pavements. The RAP layer
performances were evaluated and compared (over one year) to a lime rock control section.
The authors stated that the mechanical performance of a sub-base layer constructed with
RAP was similar or even better than the one constructed with lime rock. Moreover, it was
concluded that no environmental impact was detected when RAP was used as a pavement
material for highways.

3.3. Ready Mix Concrete

Concrete made with RA is no longer only a research field and, in many countries,
it is a practical reality [91,92]. Various pilot projects have been implemented in countries
such as China, the United States, Portugal, Germany, France, and Brazil with encouraging
results [43,57,59]. Such use is becoming so widespread that several countries have devel-
oped or are developing normative documents to address the specificities of using recycled
aggregates for concrete [93,94]. This conveys the significance of studies researching the
suitability and performance levels of these residues in high-level recycled applications, i.e.,
structural concrete.

Over the last few years, CDW has been extensively studied for recycling and the
application as aggregates for producing new concrete [74,92,94–96]. However, despite
many types of research involving CDW for concrete production, there is still a lack of
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confidence in the construction sector about using the RA in real concrete applications
because of its “poor” mechanical performance compared with natural aggregates.

Concrete is composed of three components: aggregate, hardened cement paste, and an
interfacial transition zone (ITZ) between the cement paste and the aggregate [93]. Usually,
the ITZ is the weakest part because of its higher porosity and cracks than in the other
components [97,98]. Concrete made with RCA results in more ITZs than in concrete made
with NA. Shi et al. [93] found that the adhered original mortar was the weakest portion in
recycled concrete. The presence of the residual mortar in RA can vary up to 60% depending
on the aggregate grain size. Indeed, the most distinguishing feature of RA is the presence
of old adhered mortar, which makes it significantly porous due to the high porosity of
hardened cement paste, resulting in an inhomogeneous and less dense aggregate, and,
consequently, in a poor quality of the concrete.

Butler et al. [97] indicated that RCA with good quality should meet certain criteria
to be suitable for use in reinforced concrete. The relative density of the aggregate should
be 2.3 or higher, and a maximum mortar content and water absorption of 50% and 3%,
respectively. This limit in water absorption is hard to follow in practice, and the effects
of RA in concrete appear both at fresh and hard states. The higher water absorption is
responsible for difficulties in maintaining workability, especially during transportation [99]
and casting [100]. At hard state, the water absorption and porosity of RA affect concrete
characteristics in rather complex manners. For instance, the ITZ microstructure of recycled
aggregate concrete can be strengthened by carbonation treatment of recycled concrete
aggregate [101]. The adhered cement paste of the RAs can generate a higher creep or
drying shrinkage in concrete [102,103]. Additionally, although the durability could be
affected [104], the RA excess water could act by internally curing the concrete [105,106].

Another aspect that should be addressed is the risk of contamination of using CDW
aggregates. Because the RCA comes from debris of concrete elements, the risk that this
material be contaminated with chloride exists. Studies showed the presence of chloride
in recycled aggregates but always below the limits specified by standards [107,108]. With
regard to the effect of RCAs on the chloride penetration resistance of RAC, published
results showed that the RCA content affects the chloride penetration resistant. For a
100% replacement of coarse natural aggregates by recycled ones, the chloride penetration
resistance can double the value of the correspondent reference concrete with natural
aggregates [74,109–111]. Chloride resistance can be improved by reducing the permeability,
i.e., reduction in porosity.

An alkali–silica reaction (ASR) is a harmful reaction generating expansion, cracking,
and damages to concrete structures [112]. The incorporation of RCAs coming from concrete
debris affected by ASR can initiate the expansion reaction in new RAC. The magnitude
of the expansion is usually the same as the original concrete but can be larger due to the
higher water absorption of the RCAs [113–115].

3.4. Concrete Blocks

Concrete blocks (CBs) are one of the main building materials used in the construction
industry, and they are made using cement as a binder. A concrete block is one of several
precast concrete products used in construction. It is made from a mixture of powdered
Portland cement, sand, gravel, and water, and is responsible for high energy expenditure
and a large carbon footprint [116,117]. Therefore, aiming for more environmental protection
and sustainable development, several studies have been carried out on the production of
CB from waste materials, in particular CDW aggregates, which are interesting materials for
CB production [116,118].

Re-utilization of inert CDW as an additive for manufacturing concrete blocks is a
winning strategy because it not only recycles the waste product, but also reduces the
pressure concerning waste disposal as well as overcoming the shortages of clay in many
parts of the world. Moreover, recycling CDW by incorporating them into CB for building
materials is a practical solution for the pollution problem and reduces costs in the building
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sector. Therefore, the use of CDW waste as aggregates for concrete block production has
attracted much interest in recent years, and few reports have been published dealing with
the use of CDW as the main additive for fired brick production.

Besides the characteristics of the materials, the quality of the CB also depends on
the fabrication method, drying and curing procedure, firing procedure, etc. [117]. These
factors will affect the quality of the final product properties such as compressive strength,
water absorption, impact and abrasion, low tensile strength, etc. Good quality CB has high
compressive strength and low water absorption. Compressive strength is highly affected
by firing temperature, method of production, and physical, chemical, and mineralogical
properties of the raw material [117,119]. CB made of CDW with different compositions can
also present different properties.

Poon et al. (2002) [12] produced CB by using cementing recycled aggregates and fly ash
as main additives and found that replacing NA with RA at levels of 25% and 50% exhibited
marginal impacts on the CB compressive strength. In relation to the compressive strength
of the CB, some studies have reported that there was a very low effect when CB contains
up to 50% of RCA in its composition [12,117]. Moreover, research has demonstrated that
RCA with a higher cement content is needed for it to be a good additive to make CB with
higher compressive strength [117]. In addition, regarding RA and RCA replacement ratios
in CB, these wastes can be used in large quantities (up to 100%) because of their properties
such as high hardness, high strength, chemical inertness, etc. Besides, these wastes are
among the most popular recycled materials used in CB and could reduce the demand for
NA in the CB industry.

The production of CB by firing is also an interesting alternative. Kou et al. [119]
explored the feasibility of using fresh concrete waste for manufacturing wall blocks under
different temperatures (300, 500, 800 ◦C). All the blocks were burnt after 28 days of curing.
It was concluded that the compressive strength of all manufactured blocks increased when
exposed to 300 ◦C, which was due to the acceleration of cement hydration. However,
as the fire temperature rose (up to 800 ◦C), the compressive strength of the wall blocks
significantly decreased. This happened because at high temperatures, the hydrated cement
paste might be disintegrated (e.g., the hydration products such as Ca(OH)2 are decomposed
at 500 ◦C and calcium silicate hydrates are decomposed at 800 ◦C) [12].

The production of concrete blocks by firing has the advantage of easy execution by
using well-known processes. However, it has the disadvantages of consuming a significant
amount of energy and releasing a large amount of greenhouse gases. Despite many studies
which have been carried out for producing bricks from RA, the commercial production of
bricks from waste materials (specially from CDW) is still very limited. Some drawbacks
related to brick production include the absence of relevant standards, the potential contam-
ination from the waste materials used, and the slow acceptance of waste material-based
bricks by industry and the public [117]. Therefore, boosting the production and utilization
of CBs made from CDW materials requires studies not only on the technical, economic,
and environmental aspects, but also on standardization, government policy, and public
education [117].

3.5. Cement

Cement an essential material for the economic development of cities because it is
the most consumed material by construction industries. However, its production is ex-
tremely energy-intensive and leads to excessive pollution including SO2 and CO2 emissions.
According to the Cement Technology Roadmap [120], the UNEP report on low-CO2 eco-
efficient cement-based materials [121,122], the cement industry contributes to about 5–8%
of the global CO2 emissions, which are mainly released from the calcination of limestone;
therefore, it is one of the most impacting sectors to be duly considered in “green strategies”.

In 2010, 3.3 billion tons of cement were produced worldwide, with an increase of
7% in the preceding year [123], reaching 4.13 billion tons, in 2016 [124]. In 2020, the
cement production increased to 4.13 billion of tons, and a production of 4.83 billion of
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tons is expected by 2030 [124]. However, considering the infrastructure development in
Asia and other emerging economies, such as Turkey and Brazil, cement production will
further increase. Therefore, efforts have been made to produce environmentally friendly
cementitious materials from waste materials [125].

The main raw materials for Portland cement production include limestone (CaCO3);
clay, as a source of alumina (Al2O3); silica (SiO2); and ferrous oxide (Fe2O3). Therefore,
theoretically, any material which has all these oxides can be used as a raw material to
produce Portland clinker. This is the case with CDW, which is mainly composed of
these minerals. These can also include recycled concrete aggregates, especially the fine
fraction rich in old, hydrated cement paste [126] and other waste coming from cementitious
products [127].

Another field of application of RA is the alkali-activated cement, so-called geopoly-
mers. Allahverdi and Kani [128] developed a geopolymer using waste from a brick pro-
duction plant and activated it with NaOH in a proportion of 8% Na2O in the binder. This
cement had a compressive strength of 40 MPa after 28 days of curing. In another study,
Allahverdi and Kani [128] reported compressive strengths of up to 50 MPa using a mixture
of 60% concrete waste and 40% red clay brick waste activated with a solution of NaOH
and water glass.

Puertas et al. [129] produced cementitious materials by using ceramic waste made
from red and white clays, where the residue was activated with NaOH and water glass.
The authors found that the samples cured for eight days exhibited compressive and flexural
strengths up to 13 MPa. Komnitsas et al. [11] evaluated using various construction residues
including bricks, tiles, and concrete for manufacturing geopolymer cement, and reported
compressive strengths of up to 57.8 MPa. In another published work, geopolymer cement
was manufactured by using ceramic wastes, and after 28 days of curing, the specimens
exhibited a compressive strength up to 71 MPa [130].

Impurities and contaminants that can be found in CDW are one of the main issues for
cement production because they can affect its properties. According to Duxson et al. [131]
and Luukkonen et al. [132], the content of SiO2 and Al2O3 plays an important role in
the performance of cementitious materials. According to the authors, increasing the
SiO2/Al2O3 molar ratio increases the compressive strength and elasticity up to a certain
ratio. Porosity, in contrast, increases at low SiO2/Al2O3 ratios. Hajimohammadi and
van Deventer [133] reported an opposite trend; a SiO2/Al2O3 ratio of 1.8 resulted in a
higher compressive strength than SiO2/Al2O3 of 2.25. These studies show that the trend of
compressive strength as a function of the composition (in terms of SiO2/Al2O3 ratio) is not
constant across materials and depends on other additional factors.

Despite the important achievements of the cement industry, the technology of cement
production will, without doubt, be developed further in future. However, it will be
necessary to overcome certain challenges which remain, such as reducing production
costs and keeping a strong focus on quality, performance, influence of cement on concrete
durability, and the decrease in CO2 emissions related to its production.

3.6. Ceramics and Bricks

The utilization of solid wastes as additives to manufacture ceramic bricks and products
has attracted huge attention over the last few years. It is interesting to both the enterprises
generating wastes and the producers of ceramic bricks, stones, tiles, etc. Ceramic materials
show an extensive range of chemical composition, resulting in products with heterogeneous
characteristics [134]. This attribute enables easy incorporation of different types of waste
materials into its products, which is the case of the inert CDW [117].

In general, inert CDW minerals are very heterogeneous but contain almost always the
same main components as those of natural ceramic raw materials such as mortar, ceramics,
concrete, rocks, natural gravel, masonry, sand, and soil, depending on the place they are
generated and characteristics of each construction [134]. These characteristics might qualify
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it as a good additive for ceramic material production. Thus far, very few studies have dealt
with the use of CDW as an additive for ceramic material construction [135–138].

Acchar and coworkers [139] investigated the effects of the incorporation of CDW
on the properties of clay-based ceramics. The results demonstrated that a high content
(approximately 50 wt.%) of CDW can be added into red tiles and bricks ceramics without
causing changes in the processing routine and without causing harm to their characteristics.

Gaspareto and Texeira [140] proposed to produce ceramic bricks by using crushed
CDW as a de-plasticizing material and mixing it with natural clay with high plasticity,
to adjust the properties of the fresh mixture. The physical properties of the ceramic mass
were evaluated after burning, aiming for its application in the production of solid bricks.
The results indicate that it is possible to use CDW with this clay to produce massive
ceramic bricks, obtaining a ceramic material with good physical properties. In the tests of
compressive strength, it was possible to conclude that adding 40% (wt.%) had a compressive
strength higher than 4 MPa, considered very good for the Brazilian standards.

Bianchini et al. [135] also studied the effect of the incorporation of CDW on the
sintering/densification and mechanical behavior of a commercial clay-based ceramic
mixture for ceramic brick production. The obtained results showed that high contents
(approximately 20 wt.%) of CDW can be incorporated into an industrial clay mixture for
ceramic products without significant changes in its properties.

Dos Reis et al. [141] prepared fired bricks by using sludge from the inert mineral part
of the construction and demolition waste with different proportions (0%, 30%, 50%, 70%,
and 100% by weight). The results showed that this waste can successfully be used as the
main additive for brick production. The brick made with 70% of the waste presented the
highest compressive strength value (16.8 MPa) in comparison with the other proportions.
Furthermore, the addition of the waste improved the insulation properties compared to
the clay brick.

However, some concerns need to be addressed before inert CDW or any waste can be
incorporated as an additive in ceramic products; such as, the chemical composition and
size and shape of the additives. For example, the presence of Fe2O3 can lead to problems
of efflorescence when the clay is homogenized for a long time, and thus it is recommended
not to exceed 10% of Fe2O3. The presence of CaO can also be a problem. During firing,
CaCO3 is broken down, producing CO2 and CaO, and if free CaO does not bond, it can
produce expansion in bricks by moisture absorption, and due to this, cracks or chipping
may be produced [117].

The presence of carbon is also an issue of concern. When the carbon is not completely
burned out during the firing of the ceramic products, it is coked inside the samples and that
can lead to poor strength of the ceramic product [84]. The size and shape of the materials
used as additives can also play an important role in the quality of ceramic products because
such characteristics of additives may lead to a bad and/or cold compaction and thus to
the low physical quality of the ceramic products [117,134]. Additionally, large grains are
subjected to stresses beyond their limits and fracture, making the rest of the structure less
resistant.

3.7. Environmental Application for CDW—Adsorbent Material to Clean Up Polluted Waters

As mentioned before, there are many possibilities for CDW recycling and reuse,
most of them related to the use of CDW in construction materials. However, the uses
of CDW as raw materials for environmental applications as eco-friendly materials have
grown significantly, such as its use as an adsorbent for the uptake of pollutants in aqueous
media [141–146]. A compilation of cementitious adsorbents derived from CDW and their
conditions of application for pollution removal from aqueous media is shown in Table 3.
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Table 3. Comparison of adsorption capacities of different cementitious adsorbents from CDW.

Adsorbent Adsorbate Qmax (mg g−1) Isotherm Model Conditions Ref.

Cellular concrete-
supported Arsenic 16.0 Langmuir

0.2 g of adsorbent in 50 mL with initial
concentration from 10 to100 mg L−1;

pH from 6.5 to 7.2

Martemianov
et al. [145]

Cellular concrete-
supported Copper 53.0 Langmuir

0.07 g of adsorbent in 100 mL of at
180 rpm; pH of 5.0 and equilibrium time

of 120 min

Martemianov
et al. [145]

Hydrated cement Fluoride 2.7 Freundlich
Initial ion concentration of 15.8, pH of 6.7,

adsorbent dosage of 10 g/L, shaking
speed of 150 rpm, contact time of 24 h

Kagne et al. [147]

Recycled concrete Phosphate 6.88 Langmuir pH of 5.0; particle size 2–5 mm; 2.0 g of
adsorbent in 100 mL of solution

Deng and
Wheatley [148]

Aerated autoclaved
light concrete Arsenic(III) 15.5 Freundlich Temperature of 24 ◦C, adsorbent dose of

1.0 g/L, contact time of 30 min, pH of 7.0
Mondal et al.

[149]
Burnt Crushed

Concrete Granules
(700 C)

Phosphate 21.55 Langmuir pH 7.0; Equilibrium time of 30 min;
Adsorbent dosage of 5 g/L Kang et al. [150]

Burnt Crushed
Concrete Granules

(900 C)
Phosphate 8.47 Langmuir pH 7.0; Equilibrium time of 30 min;

Adsorbent dosage of 5 g/L Kang et al. [150]

Carbonated
concrete Phosphate 30.6 - pH 12.4; 22 ◦C, Equilibrium time of 104

min; Adsorbent dosage of 5 g/L
Dos Reis et al.

[146]
Non-carbonated

concrete Phosphate 47.6 - pH 12.4; 22 ◦C, Equilibrium time of
72 min; Adsorbent dosage of 5 g/L

Dos Reis et al.
[146]

CSW Phosphate 24.04 Liu pH 9.4; 22 ◦C, Equilibrium time of
212 min; Adsorbent dosage of 5 g/L

Dos Reis et al.
[151]

CSW-C Phosphate 57.64 Liu pH 9.4; 22 ◦C, Equilibrium time of 136
min; Adsorbent dosage of 5 g/L

Dos Reis et al.
[151]

Functionalized
CDW Ciprofloxacin 138 Liu Temperature of 40 ◦C, adsorbent dose of

1.5 g/L, contact time of 70 min, pH = 7.0
Caicedo et al.

[152]

Concrete sludge Borate 50.0 - Temperature of 25 ◦C, adsorbent dose of
1.5 g/L, contact time of 70 min, pH = 7.0 Sasaki et al. [153]

Portland Pozzolana
Cement Fluoride 0.25 - Temperature of 40 ◦C, adsorbent dose of

50 g/L, contact time of 27 h, pH = 2.0
Shyamal and
Ghosh [154]

Concrete powder Cesium 96.97 Langmuir Temperature of 21 ◦C, contact time of
8 min, pH = 12.0 Kang et al. [155]

Cement carbon
composite Methylene blue 9.6 Langmuir Temperature of 30 ◦C, adsorbent dose of

1.0 g/L, contact time of 3 h
Manjunath et al.

[156]
Cement carbon

composite Methyl orange 20.20 Langmuir Temperature of 30 ◦C, adsorbent dose of
1.0 g/L, contact time of 3 h

Manjunath et al.
[156]

Portland cement
derived adsorbent Copper 145.8 Langmuir Temperature of 25 ◦C, adsorbent dose of

10.0 g/L, contact time of 3 h, pH = 5.0 Lim et al. [157]

Portland cement
derived adsorbent Cadmium 177.9 Langmuir Temperature of 25 ◦C, adsorbent dose of

10.0 g/L, contact time of 3 h, pH = 5.0 Lim et al. [157]

Adsorption processes represent a cost-effective approach for solving many problems
of the treatment of wastewaters [158,159]. Adsorption is a surface process where pollutants
are transferred from the effluent to a solid phase. One advantage of adsorption technology
is that the adsorbents can be regenerated and reutilized. This merit makes it a low-cost
process, even cheaper when used with wastes such as CDW.

To date, some adsorbents made by CDW have been reported in the international
literature (see Table 3). These adsorbents have been employed in the removal of several
pollutants from aqueous solutions, such as heavy metals, arsenate, dyes, drugs, and fluo-
ride, etc. The maximum adsorption capacity (Qmax) was used to evaluate the effectiveness
of these CDW adsorbents. From Table 3, it can be observed that the Qmax varies accord-
ing to the pollutant used, as well as the characteristics of the adsorbents. Moreover, the
adsorption studies have used different experimental conditions such as different initial
concentrations of pollutants, varied contact time, temperatures, and pH conditions. It is
well known that these conditions play a huge influence on the efficiency of uptake amount
of the selected pollutant. However, the data show that even using different pollutants,
different adsorption conditions and different CDW characteristics as adsorbents, they can
be successfully employed in the adsorption process.
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Kagne et al. [147] studied the removal of fluoride in synthetic and real wastewaters
on hydrated cement and demonstrated that its uptake mechanism was due to chemisorp-
tion and precipitation. The same findings were found and related by Bibi et al. [160].
Sasaki et al. [143], using concrete wastes for the removal of arsenate, found that its re-
moval mechanism involved the precipitation of arsenate in the form of calcium arse-
nate (Ca3(AsO4)2) and by ion exchange with ettringite present in the concrete matrix.
Littler et al. [161] studied phosphate adsorption and have shown that, in the presence of
cement (or similar), the dissolution of calcium into phosphate-bearing waters results in
the precipitation of calcium phosphate solids. The same phenomenon was observed and
related by Park et al. [162].

However, the main concern of using concrete materials as an adsorbent for effluent
treatment is that they are not completely inert materials. Generally, they present potential
hazardous elements such as heavy metals, basic elements, and other toxic constituents that
can be leached into the soil, leading to environmental risks. Therefore, investigating metal
speciation and leaching behavior is an important way to determine and minimize risks to
the environment.

Barbudo et al. [163] evaluated the leaching potential of NA and RA from CDW and
the results showed that neither of these aggregates released detectable quantities of heavy
metals. However, a high concentration of SO3 compounds was detected which can cause
the pollution of superficial and/or groundwater. Martemianov et al. [145] applied concrete
adsorbent for removing metals and arsenic in water and the results showed that the
leaching of arsenic, copper, and lead met the requirements of drinking water standards,
but the leaching of cadmium was high compared to the other metals.

These results have demonstrated that CDW exhibits good adsorption capacities to-
wards different types of pollutants. Additionally, these data strengthen the potential
of CDW materials to be applied as adsorbents to diminish the level of pollutants from
wastewaters.

4. Conclusions, Remarks and Future Trends

Environmental concerns about CDW generation and accumulation rise every year,
which reinforces the need to reuse it as recycled aggregate for construction industries,
because the sector has a great potential to absorb most of the CDW generation. In this
context, this paper provides a thorough literature review on the current situation and
challenges in the application of recycled aggregates from CDW considering a worldwide
scenario. CDW generation, composition, properties, and alternative uses are reviewed in
detail. Seven main applications for recycled aggregates obtained from CDW are presented
and discussed: sand production, pavement/road construction, ready mix concrete, concrete
blocks, cement, ceramics/bricks, and low-cost adsorbent for wastewater treatment. The
data found in this literature survey indicate that recycled aggregates from CDW can be
successfully used to produce construction materials with quality comparable to those
produced with natural aggregates and constitute an environmentally friendly approach for
a future construction and demolition waste management strategy.

Three main issues have been identified for future actions and studies oriented to the
recycling of CDW in new construction materials: (i) the development of standardized tests
to orient specific regulations for using RA from CDW in new materials; (ii) investigating
the environmental risks associated with the use of RA from CDW as well as ways to
potentialize its application in high added-value sectors, such as ceramics and pollutant ad-
sorbents; (ii) looking deeper at aspects related to political strategies to boost the confidence
and acceptance of materials derived from CDW by professionals and society. The more
knowledge about the capabilities of using recycled aggregates, the better one can arrive at
solutions to overcome the current challenges.
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