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Abstract: With the increasing severity of global climate change and environmental degradation, coun-
tries have put forward strategies to reduce carbon emissions and promote sustainable development.
The construction industry is a major source of carbon emissions, and as such, the development of
green concrete is now critically important to the industry’s growth. Traditional concrete production
methods use a lot of resources and produce a lot of carbon emissions. The study examines the use
of recycled pumice and sodium dodecyl benzene sulfonate to modify waste rubber powder, which
is then externally mixed into recycled coarse aggregate concrete. The study analyzes the impact of
these modifiers on the rubber powder particles, as well as the effects of particle size and mixing
amount on the resulting concrete. The investigation proved that the rubber recycled coarse aggregate
concrete’s performance was enhanced by the modifier. This improvement addressed the issue of low
compressive strength in rubber concrete to some extent and also had a positive impact on its resistance
to freeze-thaw cycles. The experiment concluded that the best results were achieved by selecting
rubber powder particles of Sipan 40 with a mesh size of 80 mesh and an external admixture of 6%.
This type of green concrete can solve the problem of construction waste disposal while also enhancing
the performance and durability of the concrete. It has a promising future application prospect.

Keywords: recycled coarse aggregate; modified rubber; frost resistance; green concrete; recycled
pumice

1. Introduction

Given the pressing need for sustainable development in light of the increasingly
serious global environmental problems, the research and application of green building
materials has become a current research hotspot [1]. Concrete, as one of the most commonly
used materials in the construction field, cannot ignore the impact of its production process
on the environment. The mining of raw minerals, energy use, and carbon dioxide emissions
during the production of concrete all have a major negative environmental impact [2]. In
the design and optimization of green concrete (GC), researchers are investigating the use
of recycled materials and modifiers in place of conventional concrete components in an
effort to lessen this impact [3]. Recycled pumice (RP) and modified rubber powder (MRP)
are renewable materials that offer several advantages. For instance, their use in concrete
reduces the need for raw materials, lowers energy consumption and CO; emissions, and
enhances workability and durability. RP is a granular material obtained by crushing and
screening waste construction materials, which provides a certain level of strength and
stability. Recycled plastic improves the mechanical qualities and longevity of concrete
while lowering the requirement for natural sand and gravel and the exploitation of natural
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resources. The study aimed to fabricate recycled plastic by utilizing waste building rubble
and modifying waste rubber. The study compared Sipan dex 40 and sodium dodecyl
benzene sulfonate (SDBS) to determine the optimal modifier and admixture. A scanning
electron microscope (SEM) was used to observe the microscopic surface morphology and
structural changes of rubber powder before and after modification with two modifiers.
To see how the two modifiers altered the rubber powder, a number of experiments were
carried out. Ultimately, the controlled variable approach was used to identify the ideal
GC mixing ratio. The development of green building materials can benefit from the
theoretical underpinnings and real-world experience this study can offer. It can contribute
to the promotion of the sustainable building industry, reduce energy consumption and
environmental pollution, and help achieve the goal of sustainable development.

2. Related Works

In recent years, as the concept of environmental protection becomes more and more
popular, more and more researchers are focusing on the important role of GC in energy
saving and emission reduction in the construction industry. Mater, Y et al. proposed
a method to predict the compressive strength of GC using an artificial neural networks
(ANN) model in response to the demand for sustainable materials in the construction
industry. Furthermore, the findings demonstrated that the approach had a 94.2% accuracy
rate in predicting the compressive strength of GC [4]. Researchers such as Suresh Kumar, A
addressed the problem of difficult disposal of biomedical waste and proposed a method of
utilizing biomedical waste as a construction material constituting a new type of GC. The
outcomes demonstrated that it can be mixed with geopolymer concrete to replace part
of the raw ingredients, enhance concrete performance, and lessen the risk of hazardous
waste entering the environment [5]. Pan, L et al. proposed a hybrid model based on genetic
algorithm and artificial neural networks (GA-ANN) to predict solutions for the problem
of high complexity of GC compressive strength prediction, then compared the prediction
effect of support vector regression (SVR) and ANN algorithms. The outcomes demonstrated
that the GA-ANN model has the best prediction performance and robustness [6]. Landa-
Ruiz, L et al. proposed the use of sugar cane gagasse ash and silica fume (SCBA-SF)
as a partial replacement of cement in the preparation of GC to address the problem of
the environmental impact of traditional concrete. The outcomes demonstrated that the
physical and mechanical properties of GC were comparable to those of traditional concrete,
especially at 10% and 20% replacement rates, which is a new option for environmentally
friendly building materials [7].

In order to investigate the strength, pore structure, morphology, and mineral compo-
sition of natural volcanic ash and silica nanoparticles-based alkali-inspired cementitious
materials, Ibrahim, M proposed the use of NMR to assess the pore structure. The results
showed that the addition of nano-silica reduced the porosity and improved the mechanical
properties, and the NMR assessment effectively revealed the relationship between mi-
crostructure and macroscopic properties [8]. In order to solve the problem of environmental
pollution caused by Portland cement, Alsaedy S M et al. proposed the use of waste lime-
stone powder and nanomaterials to reduce the amount of cement and produce sustainable
high strength concrete. The results showed that 16% replacement of limestone powder for
cement could meet the environmental requirements and maintain the quality of concrete,
while nanoalumina as a partial replacement for cement worked best at a 1.5% replacement
rate [9]. To address the low resistance to seawater erosion, acid resistance, and resistivity
of conventional cementitious materials, Rashad A M et al. proposed the use of volcanic
rock powder (PP) as a modifier. Based on the results, it was found that the addition of PP
enhanced the material’s resistivity, sulfate and saltwater resistance, resistivity, and thermal
and acoustic insulating qualities [10]. To address the issue of optimizing the properties
of high-performance concrete (HSC), Zeyad A M and other researchers proposed partial
replacement of volcanic pumice powder (VPP) as a supplementary cementitious material
and the addition of different amounts of polypropylene fibers (PF) to prepare different
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concrete mixtures. The specimens with the addition of 0.20% PF and 10% VPP replacement
of cement demonstrated a minor increase in strength at later age compression, according to
the results. The best specimens in terms of tensile and flexural strength were those with
10% VPP replacement and 0.50% PF content [11].

In summary, the application of RP in the field of GC has an adequate theoretical and
practical basis. However, few studies have combined it with modified rubber (MR) for
concrete manufacturing. Therefore, this study first modified waste rubber, then designed a
new type of GC by combining it with RP to further develop energy-saving and emission-
reducing solutions in the construction industry.

3. Material Preparation
3.1. Selection and Preparation of Modifiers

MRP recycled concrete is a kind of special concrete modified by uniformly mixing
waste rubber powder into ordinary concrete and adding appropriate modifiers. This kind
of concrete not only has the advantages of good toughness, light weight, durability, and
strong impact resistance, it can also utilize waste rubber in large quantities, which has good
environmental significance. In the relevant literature at home and abroad, the modifiers
of rubber powder are mainly categorized into two main groups, i.e., inorganic modifiers
and organic modifiers. Inorganic modifiers are further subdivided into different types,
such as water, acid, alkali, and salt. These modifiers can change the surface properties of
rubber powder and make it bond more tightly with the cement matrix, thus improving the
mechanical properties and durability of concrete [12,13]. For example, water can make the
rubber powder become wetter and promote its bonding with the cement matrix, while acids,
alkalis, and salts can change the surface polarity and chemical properties of the rubber
powder to make it more compatible with the cement matrix. In the experimental study, two
modifiers that had good surface activity, low or non-toxicity, and were environmentally
friendly were selected to modify the rubber powder: Sipan 40 and SDBS. By efficiently
enhancing the bonding qualities between rubber powder and the cement matrix, both
modifiers can increase the mechanical qualities and longevity of concrete. At the same
time, they also have good environmental performance and will not cause harm to the
environment or human body. Sipan 40, also known as sorbitan palmitate, is a creamy to
light brown waxy solid with a slightly fatty odor. It has a freezing point of 45~47 °C. It
can be dispersed in hot water and dissolved in hot oil. At room temperature, Sipan 40 is
stable in different pH and electrolyte solutions. In addition, Sipan 40 has emulsifying and
dispersing properties. The molecular formula is CopH4oOg, nonionic surfactant, HLB value
6.7, and its molecular formula is shown in Figure 1.
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Figure 1. Molecular structure diagram of Sipan 40.

There are numerous methods for the production of strychnine, most of which use
direct esterification. First, the following starting materials need to be prepared: refined
hexadecanoic acid (Cy¢), chlorine, sodium hydroxide (NaOH) water, methanol (CH3OH),
which serve as the basic ingredients for the synthesis of strychnine 40. In the second step, an
oxidation reaction is conducted during which the prepared hexadecanoic acid is oxidized
with chlorine gas in the presence of sodium hydroxide. The purpose of this step is to
produce chlorine hexadecanoate. In the third step, a hydrolysis reaction is carried out in
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which the generated chlorohexadecanoic acid is hydrolyzed with methanol in the presence
of sodium hydroxide to produce sodium hexadecyl methanol. The fourth step is to carry
out washing and decolorization, and the generated sodium cetyl methanol needs to be
washed and decolorized to remove impurities and colored substances therein. The fifth
step is to carry out a stannization reaction, wherein the washed and decolorized sodium
cetyl methanol undergoes a stannization reaction with sulfuric acid to generate stannum 40.
The sixth step is to carry out separation and purification, wherein the generated stannum
40 needs to undergo a separation and purification process to remove impurities and by-
products therefrom. The seventh step is end-product testing; after the separation and
purification process, the stannous 40 needs to be subjected to end-product testing to ensure
that it meets quality standards. Finally, after the end-product inspection, the spiroplasma
40 needs to be packaged and stored for subsequent use and transportation. The preparation
process is shown in Figure 2.

-Bo—’ﬁ—’ A—»F“E

Starting material Oxidation Hydrolysis Washing
preparation reaction reaction decolorization

&
Packaging and Final product Isolation Panification
storage inspection reaction

Figure 2. Schematic diagram of the preparation process for Sipan 40.

One popular anionic surfactant is SDBS. It is a soluble solid that is white or yellowish,
flaky or powdery, hard to volatilize, and, when dissolved in water, it forms a transparent
solution [14]. It is chemically stable to alkalis, dilute acids, and hard water, and is slightly
toxic. In applications, SDBS has excellent detergency. It has significant decontamination
effect on particulate dirt, protein dirt and oily dirt, especially on the washing effect of
particulate dirt on natural fibers. Its detergency increases with the increase of washing
temperature, its effect on protein dirt is higher than that of nonionic surfactants, and it has
rich foam. Experimentally, SDBS was prepared using three propylene zwitterionization
method. First, propylene undergoes a zwitterionic reaction in the presence of a catalyst
to produce tetrapolypropylene. Then, the tetrapolypropylene is subjected to an alkylation
reaction with benzene to introduce alkyl side chains to produce an alkylated product. In the
third step, the alkylated product is subjected to a sulfonation reaction to introduce sulfonic
acid groups to produce a sulfonated product. Finally, the sulfonated product is neutralized
with a suitable base to generate SDBS. Through this synthetic method, highly branched
SDBS can be obtained, and this compound has excellent surface activity and emulsifying
properties. The chemistry of the preparation of SDBS is shown in Figure 3.

The preparation of TPS (trisulfated melamine formaldehyde resin) involves two key
steps: the condensation reaction of melamine and formaldehyde and the sulfation process.
Initially, melamine and formaldehyde react under appropriate conditions to produce
melamine formaldehyde resin (MF resin). Subsequently, the sulfonic acid group can be
introduced through the sulfation reaction using different sulfation agents. When using
concentrated sulfuric acid as a sulfonation agent, the sulfuric acid molecules react with the
amino or amino groups in the resin to form sulfonic acid groups. It is important to control
the temperature and stirring conditions to prevent side reactions, such as resin degradation
or crosslinking. If smoked sulfuric acid is used as a sulfonation agent, its highly reactive
503 molecules quickly react with amino or amino groups in the resin to form a sulfonic acid
group. However, this may also cause excessive oxidation, leading to carbonization due to
the strong oxidation and dehydration of smoked sulfuric acid. Additionally, using SOz as a
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sulfonation agent is a viable method. SO3 reacts directly with the amino or imino group
in the resin to form a sulfonic acid group. However, it is crucial to control the amount of
503 and the reaction temperature precisely to prevent undesired side reactions, such as
cross-linking or resin degradation.

Main reaction
Using concentrated sulfuric
acid as sulfonation agent: R@ *R SO;H —— R@ 30@ R+ H0
i Using fuming s_ulfuric acid as R@ + H,S0, 80, — R@ SO;zH + H,SO,
: a sulfonating agent:

Using SO; as a sulfonation
agent: { R@ +S0; — R@ SO;H

Using fuming sulfuric acid as @ + @ :
i asulfonatingagent: | R R SOH—— R@ 503—@ R+ H,0 ]

5 Using SO; as a sulfonation

0 |
t: 1 803
agent: R SOH R@ S0 — ROSOSQR H,S0, '803:

Figure 3. The reaction principle of SDBS preparation.

The chemical components utilized in TPS preparation pose potential hazards. Long-
term exposure or inhalation of melamine dust can have adverse effects on health, such as
respiratory tract irritation and skin sensitivity. Additionally, it may decompose and produce
harmful gases under high temperatures. Formaldehyde has a strong irritant effect on the
human body, and long-term exposure may increase the risk of cancer. Concentrated sulfuric
acid and fuming sulfuric acid are highly corrosive and oxidizing. Contact with the skin and
eyes can cause serious burns, while inhaling vapors can seriously damage the respiratory
tract. Additionally, sulfur trioxide is highly irritating and toxic. During the preparation
process, it is essential to strictly adhere to safety operating procedures, wear appropriate
protective equipment, carry out the process in a closed and well-ventilated environment,
and be prepared to handle potential chemical accidents. Particular attention should be
paid to the treatment of waste and exhaust gases to prevent harm to the environment
and personnel.

Sipan 40 and SDBS, two surfactants, were chosen to alter the rubber powder primarily
for the purpose of enhancing the mechanical characteristics and frost resistance of recycled
coarse aggregate concrete (RCAC). Both surfactants can improve the compatibility of the
rubber powder with concrete by surface treatment of the rubber powder. Meanwhile,
due to the improved elasticity of the rubber powder, the frost resistance of concrete can
be improved and its durability increased. Additionally, instead of using natural coarse
aggregate, which is a part of GC, it is practical to make RCAC by combining pumice
coarse aggregate with recycled coarse aggregate (RCA). External Admixture in recycled
coarse is a method of incorporating RCA into fresh concrete and is widely used in RCAC.
This is beneficial to the growth of the recycling economy and the utilization of regional
advantages by utilizing the region’s abundant pumice resources. In order to understand
whether the affinity between MRP and water is enhanced and whether the wettability is
stronger, the surface state of rubber powder in a humid state was observed using the H-7650
transmission electron microscope (TEM) manufactured by Tianjin Aodehua Instrument in
Tianjin, China [15]. Meanwhile, the experiment also used SEM to observe the microscopic
surface morphology and structural changes of the rubber powder before and after the
modification of the rubber powder modified by the two modifiers. The experimental results
are shown in Figure 4.
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Figure 4. Changes in microstructure and chemical composition of two types of modified rubber
powder before and after modification.

Rubber powder was modified with two modifiers, and SEM was used to examine the
microscopic surface morphology and structural changes of the powder before and after the
modifications. Following the modification treatment, it was discovered that the adhesion
between the rubber powder and the cement mortar was improved, the surface of the MRP
was smoother and flatter, and the surface displayed a more fluffy state. Additionally,
the impurities on the surface of the rubber powder and some surface attachments were
reduced. These findings demonstrate that the modifier successfully altered the rubber
powder’s surface, strengthened the link between the powder and the substrate at the
interfacial interface, and ultimately contributed to the enhancement of concrete materials’
mechanical qualities. The experiment observed the surface state of rubber powder in a wet
state. Bubbles were also observed to gather around the rubber powder. It was observed
that after the surface modification of plate 40 and TPS modifying agent, the rubber powder
was more likely to accumulate together and form a continuous existence.At the same time,
the surface of the MRP becomes flatter, the bump has been improved to some extent, and
the surface becomes relatively flat.

3.2. Preparation and Properties of Recycled Pumice

RP refers to the reprocessing and treatment of waste concrete to convert it into reusable
building materials. In the construction and infrastructure industry, waste concrete is a
common product that is usually sent to landfills or disposal sites for disposal [16]. However,
through the technique of RP, waste concrete can be reused to reduce the consumption
of natural resources and to reduce environmental pollution. This material has many
advantages; first of all, the production process of RP is less polluting to the environment,
and it is an environmentally friendly building material. RP has a porous structure, which
gives it excellent thermal and heat insulation properties. Second, compared with traditional
building materials, RP is lighter in mass, which can reduce the dead weight of the building.
Although light in mass, RP has high strength and can meet the load-bearing requirements
of buildings. In addition, RP is non-combustible and has a high fire resistance limit, which
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meets the fire protection requirements of buildings. Due to its porous structure, RP can
also effectively block noise and improve the comfort of the indoor environment. Lastly,
applying RP can lower the building’s overall cost and increase economic efficiency. Figure 5
illustrates the preparation procedure.

w8 @ O

Screening and Crushing and

Raw material collection classification grinding

mlinths,

— N —

Packing and Cooling and quality high-temperature
storage inspection treatment

Dry
Figure 5. Basic process for preparing regenerated pumice.

Figure 5 shows the basic process of RP preparation, which is the first step is raw
material collection. The second step is screening and sorting, in which the raw materials
are screened and sorted to remove the large impurities and non-compliant particles from
them to obtain suitable raw materials. The third step is crushing and grinding, and the
raw materials are subjected to coarse crushing by a crusher to break the crushed stone into
suitable sizes. Then, the coarsely crushed gravel is fed into the grinder for fine crushing
to get the required RP particles. The fourth step is washing, in which the finely crushed
RP pellets are washed by washing equipment to remove dust, soil, and other impurities.
The fifth step is drying. After washing and sieving, the RP granules need to be dried to
remove the moisture in them and improve their quality and stability. Next, they undergo a
high temperature treatment. After drying, the raw material is sent to a high temperature
furnace for high temperature treatment, and this step can further enhance the physical
properties of RP. Following this, cooling and quality inspection are conducted again; the RP
needs to be cooled naturally after high temperature treatment, and then quality inspection
is carried out. This step is mainly to check whether its physical properties and chemical
composition meet the standard. Finally, packaging and storing is conducted. After drying,
RP pellets can be packaged, usually in bags or bulk, for subsequent use. RP also needs to be
stored to ensure that it is not affected by the external environment during preservation. In
order to carry out a comprehensive and in-depth study of the prepared RP, the experiment
firstly used SEM to observe its microstructure. Through SEM scanning, high magnification
images of RP can be obtained, which in turn reveals the fine features and pore structure of
its surface. The results are shown in Figure 6.

(a) Physical image of regenerated pumice

Figure 6. Physical image and electron microscope scanning results of regenerated pumice.
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After careful observation of the SEM images of RP, it can be clearly observed that
its surface exhibits abundant and uniform porous properties. These pores are uniformly
distributed on the surface of RP with good connectivity, which lays the foundation for its
excellent physical properties. Further observation reveals that the surface of RP is rough
and angular, and there are flaky, needle-like and flocculent hydration products, which
directly reflects the high degree of hydration of RP, which undoubtedly provides strong
evidence for its excellent physical properties. To determine the key physical properties of
RP, such as particle size distribution and specific surface area, the RP was subjected to the
sieving method for particle size distribution measurement and to the Brunauer-Emmett-
Teller (BET) method for specific surface area calculation. The experimental results are
presented in Figure 7.

B5- 10mm IS - 25mm I 100~ 150m*/kg 150 - 200m*/kg [ 200 - 250m>/kg

30-35mm 1001250~ 300m*/kg 300~ 1000m*/kg

(a) Particle size distribution of recycled pumice (b) Distribution of specific surface area of recycled pumice

Figure 7. Particle size distribution and specific surface area distribution of recycled pumice.

The majority of the RP particle size distributions produced experimentally in Figure 7
fell within the 30-35 mm range, with 14% falling within the 1-5 mm range, 16 falling within
the 5-10 mm range, and 22% falling within the 15-25 mm range. These RPs may effectively
fill the spaces in the concrete and meet the engineering specifications of the concrete, giving
it sufficient strength. In Figure 7b, the specific surface area of RP is distributed in the range
of 150-200 m? /kg, 300-1000 m? /kg most, and only 8% of RP is distributed in the range of
250-300 m? /kg. This is due to the fact that RP usually has a porous structure, which makes
its specific surface area relatively large. The specific surface area size will be affected by
factors such as particle size, shape, and pore structure of RP.

4. Experimental Methods
4.1. Preparation of Concrete

The process of preparing concrete is rigorous and multi-step. First, carefully select
the raw materials, including cement, aggregate (such as sand and gravel), water, and
additives (such as Si plate 40 dikyl benzene sulfonate sodium), based on the required
concrete strength and environmental conditions. Next, mix the raw materials in a specific
amount of water and other additives until they are evenly blended [17,18]. The process
begins by pouring the mixed concrete into the mold to fill it completely and eliminate
any bubbles or gaps. Next, a vibrator is used to flatten and densify the surface of the
concrete. Finally, the concrete is placed in an environment with appropriate temperature
and humidity to allow for gradual hardening [19]. To maintain the moisture of the concrete
during the process, its surface is occasionally covered with plastic film or a wet cloth. Once
the concrete has fully hardened, it is removed from the mold, a process known as mold
release. If the mold is made of wood or steel, gently tapping the side wall of the mold with
a hammer can help separate the concrete from the mold. For larger or heavier concrete
samples, equipment such as cranes may be necessary to assist with mold release. Finally,
the concrete samples that have not been molded will be placed in the curing room or curing
box under the appropriate temperature and humidity conditions to ensure that they reach
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the expected strength. This process typically lasts for at least seven days and is an essential
step in the concrete preparation process.

4.2. Compressive Strength Test of Concrete

The YAW-3000 pressure tester manufactured by Chinese mainland Shanghai Tuofeng
Instrument Technology Co., Ltd. (Shanghai, China) was used for the concrete compressive
strength test. Concrete specimens are prepared according to the previously described
experimental method and maintained under standard curing conditions for 7—42 days. The
size, shape, and preparation process of the specimen must meet the requirements of the
standard for test methods for mechanical properties of ordinary concrete. The compressive
strength specimen is typically a cube with a standard side length of 100 mm or 150 mm.
Prior to testing, visually inspect the specimen for any obvious defects or injuries. Next,
prepare the testing machine by checking the power supply, oil circuit, and control system
of the YAW-3000 pressure test machine to ensure proper equipment operation. To ensure
proper placement of the specimen, adjust the upper and lower pressure plate spacing of the
test machine based on its size. Additionally, set the loading rate in accordance with relevant
standards, typically within the range of 0.3-1.0 MPa/s. To properly place the specimen,
remove it from the maintenance site and gently wipe away any moisture and debris on
the surface. Then, center the specimen on the lower pressure plate of the test machine to
ensure even contact without any obvious eccentricity. The test machine is then started to
apply pressure on the specimen at the predetermined loading rate. During this process, the
deformation and rupture of the specimen are observed, as well as the maximum load at
which the specimen ruptures are recorded. Finally, the compressive strength of the concrete
is calculated based on the maximum load and the compression area of the specimen.

4.3. Flexural Strength Test of Concrete

The bending strength test is the key to evaluate the fracture resistance of concrete.
The CITEMA bending tester manufactured by Chinese mainland Beijing Aiode Equipment
Co., Ltd. (Beijing, China) was used for testing and strictly followed the test procedures.
After preparing the specimen, cure it under standard conditions for 35 days to ensure it
has hardened properly. The sample should be prismatic and meet the required standards,
with a width and height ranging from 100 mm to 120 mm. Before testing, ensure that the
specimen’s surface is flat and that both ends are parallel to ensure uniform loading. The
tester should be checked for integrity, and the support span should be adjusted according
to the length of the specimen. The loading rate should remain low and uniform. When
placing the specimen, ensure stable support and midline alignment to avoid errors caused
by eccentric loading. During the test, the crack condition should be observed, and the
maximum load and deflection values recorded. Following the test, the bending strength
can be calculated using the formula, and an analysis of the influence of different mixing
methods on concrete performance can be conducted. It is important to maintain a safe
distance during the operation to prevent injury from potential test piece breakage. Once the
test is complete, the power supply should be turned off, and the storage equipment should
be cleaned up. Combined with the results of the compressive strength test, the performance
of concrete in practical engineering can be comprehensively evaluated. It is important to
strictly follow the test steps and precautions to ensure the accuracy and reliability of the
test results, which will provide strong support for the application of concrete materials.

4.4. Freeze-Thaw Cycle Experiment of Concrete

The freeze-thaw cycle test is a crucial method for assessing the durability of concrete.
It simulates the natural freeze-thaw process caused by temperature changes. Before starting
the freeze-thaw cycle, accurately measure the initial mass, dimensions, and other relevant
parameters of the specimen using electronic scales and measuring instruments. The sample
should be prismatic and meet the required standards, with a width and height ranging from
110 mm to 130 mm. Then, place the specimen in a freeze-thaw test chamber that can control
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the temperature for a freeze—thaw cycle. The freeze-thaw process involves subjecting the
specimen to a set low temperature (e.g., below —18 °C) for a specific duration (e.g., 4 h),
followed by transferring it to a set high temperature environment (e.g., above +5 °C) for
melting, usually for a specific period (e.g., 4 h). This cycle is repeated until a predetermined
number of cycles is reached (e.g., 30, 50, or more). To determine the mass loss, compare the
quality of specimens before and after the freeze-thaw cycle and calculate the percentage
of mass change. Furthermore, to assess the deformation performance of concrete under
dynamic load, GLA331-MCEA 1 manufactured by Shanghai, China will be used Dynamic
mechanical analyzer (DMA) to measure the dynamic elastic modulus during testing. Then,
the processed sample is placed in the NEL-PDR chloride permeation apparatus for testing.
Finally, 200 freeze-thaw tests are performed.

5. Application of External Blending Method in Recycled Coarse Aggregate Concrete

The main objective of the external admixture method is to increase the volume of
coarse aggregate in concrete without changing the concrete mix ratio in order to achieve
the effective utilization of RCA in concrete [20,21]. The basic principle of the external
admixture method is to disperse the rubber powder in the matrix in the form of individual
particles, rather than in the form of a dispersed phase, so as to improve its compatibility
with the matrix and filling properties [22,23]. The application of external admixture in
RCAC has several advantages. By using an external mixing method, concrete’s volume
stability can be increased. It can also prevent shrinkage and creep, increase the volume of
coarse aggregate in the concrete, and enhance its volume stability. Concrete can have its
mechanical qualities enhanced by the addition of an external admixture. This will increase
the RCAC’s compressive strength, flexural strength, and other mechanical characteristics,
bringing it closer to the technical specifications [24-26]. Second, the external admixture
approach can enhance the durability characteristics of RCAC, such as its resistance to
frost and impermeability, and increase its ability to adjust to variations in the surrounding
environment. Finally, costs can be reduced by the external admixture method, which does
not require changes in the concrete mix ratio and, therefore, does not increase the cost of
new materials. It can also reduce the cost of waste disposal [27,28]. In summary, the use of
the external admixture method in RCAC can enhance concrete performance while lowering
costs and reducing environmental pollution. It can also help to realize resource utilization
of waste. The schematic diagram of the application process of external admixture method
in RCAC is shown in Figure 8.

Recycled coarse
aggregate

Increase the volume
. . . stability of concrete
Cement Design mix ratio v
Improving the mechanical
Sand Preparation of test pieces ﬁ properties of concrete
-
: ) .
'8
. - -
Gravel Compressive strength test g “]:‘

Improving the durability of
Data analysis concrete

Admixture

Superplasticizer

Reduce costs

Figure 8. The schematic diagram of the application process of the external mixing method in recycled
coarse aggregate concrete.

The raw materials used in the experimental process included cement, RCA, crushed
stone, and external admixtures. A 42.5 grade ordinary silicate cement was used. RCA
was taken from a construction and demolition material treatment plant and made after
cleaning, crushing and grading, and its performance indexes conformed to the relevant
standards [29]. Medium sand with a fineness modulus of 2.6 and continuous graded gravel
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ranging from 5 to 25 mm were used. Silica fume, slag powder, and experimentally prepared
MRP were also used, and their performance indexes met the relevant standards. A high-
efficiency water-reducing agent with a 25% water reduction rate, specifically polycarboxylic
acid high-efficiency water-reducing agent, was utilized. The experimental method contains
four main steps. First, it is necessary to design the mixing ratio, replacing an amount of
sand with an equal amount of silica fume, and designing the test using external mixing
method, with the water—cement ratio of 0.35, the dosage of high-efficiency water reducing
agent of 1.5%, the dosage of silica fume of 16%, and the sand rate of 34%. After that, the
concrete specimens were made in accordance with the design mix ratio and cured under
typical curing conditions for 35 days. The test of compressive strength, which is the third
phase, was conducted according to the Standard for Test Methods of Mechanical Properties
of Ordinary Concrete. Each specimen’s compressive strength value was noted. Lastly, test
data analysis was carried out to investigate the impact of the external admixture method
on the compressive strength of RCAC. In addition to the external admixture method,
the first-mix method and the co-mix method are also commonly used in concrete. The
first-mixing method involves mixing the powdered admixture with cement before adding
aggregate and water to the mix. The co-mingling method involves pouring liquid and
powdered admixtures into the mixer together with concrete materials, or mixing liquid
admixtures with water, then mixing them with other materials. Concrete’s performance can
be effectively enhanced by all of these techniques. The external admixture of 20 mesh MRP
with 4% admixture is the benchmark group of RCAC. In order to compare the three ways
of testing the compressive and flexural strengths of concrete, the first admixture method
and the identical admixture method were employed as the control group. Figure 9 displays
the outcomes of the experiment.
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Figure 9. Three methods for determining the compressive strength and flexural strength of concrete.

Figure 6 presents the statistical analysis of the impact of the three procedures on the
flexural and compressive strengths of concrete. In Figure 9a, the compressive strength of
the concrete will go through three stages over time: initial strength, rising strength, and
stabilized strength. There is not much difference between the stages of the three admixtures;
0-10 days belongs to the initial strength stage. The strength of concrete grows faster in this
stage, mainly due to the hydration reaction of cement. The growing strength stage occurs
from 10 to 20 days. The rapid strength growth rate of the concrete gradually slows down,
mainly due to the continuation of the hydration reaction of the cement and the gradual
reduction of the pore structure within the concrete. The stabilized strength stage occurs
from 20 to 35 days. The growth rate of the concrete almost stops at this stage, and the
concrete reaches its final strength. Compared to the internal and coadmixing methods,
the external method produces the concrete with the highest final strength, mainly due
to the fact that the external method allows the admixture to be better dispersed in the
concrete. This dispersion improves the homogeneity of the concrete and allows all parts
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of the concrete to realize their full strength potential. In Figure 9b, the three methods of
admixture have little effect on the cracking strength of concrete, which is due to the fact that
the amount and manner of admixture of the substances did not change the basic structure
and properties of the concrete. A quick freeze-thaw cycle test was used in the experiment
to evaluate how the three inclusion techniques affected the longevity and frost resistance of
the concrete. Figure 10 displays the outcomes of the experiment.
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Figure 10. Relative dynamic elastic modulus and mass loss after freeze—thaw cycles.

In Figure 10a, the three admixture methods did have different effects on the mass
loss of concrete. Among them, the concrete produced by the external admixture method
exhibited the least mass loss. For the concrete produced by the coadmixture method, the
mass loss was higher during 0-140 freeze-thaw cycles (FTC). And after 140 FTC, the most
significant mass loss was observed for the concrete produced by the first-mix method. These
differences can be attributed to the effect of the admixture method on the internal structure
and compactness of the concrete. The external mixing method minimizes the quality loss
due to better dispersion of the admixtures, resulting in a more homogeneous and dense
internal structure of the concrete, which is more effective in resisting the damage caused by
FTC. In the early freeze—-thaw cycle, the homogeneous mixing method may result in higher
quality loss due to the uneven mixing of the admixtures with the concrete raw materials.
The first-mixing method may have a certain degree of admixture aggregation during the
production process, which makes the concrete susceptible to damage in these aggregated
areas after several FTC, resulting in the greatest loss of quality. As the number of FTC
increases, the trend of the elastic modulus change of the concrete made using the other two
admixture procedures(i.e., internal admixture and coadmixture) does not differ significantly,
as shown in Figure 10b. The concrete produced by the external admixture method, on the
other hand, shows slightly better performance, which indicates that the concrete produced
by the external admixture method can better maintain its elastic properties and has higher
resistance to deformation during the FTC.

6. Physical and Mechanical Properties of Modified Rubber Recycled Concrete

The research team used a rigorous and methodical experimental program to fully and
precisely ascertain the impact of numerous parameters on the compressive and flexural
strength of concrete. These factors include the particle size of rubber powder, different
mesh sizes of Sipan admixture and at 6% external admixture, and different mesh sizes of
SDBS admixture and at 6% external admixture. The study investigated how these different
factors affect the physical properties of concrete when acting alone or in combination, with
A-20-3% denoting the external mixing of 20 mesh of Sipan 40 MRP with 3%, A-40-6%
denoting the external mixing of 40 mesh of Sipan 40 MRP with 6%, B-20-3% denoting
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the external mixing of 20 mesh of SDBSMRP with 3%, and so on. Table 1 displays the
experimental results. The dynamic mechanical properties of the material were tested by the
dynamic mechanical analyzer (DMA), and the carbon emission content of the concrete was
evaluated by the YX 09-TOC carbon emission analyzer manufactured by Beijing Haafuda
Technology Co., Ltd. (Beijing, China) [30].

Table 1. Table for strength development of recycled coarse aggregate concrete.

Cube Compressive Strength (MPa) Carbon Emission
Group 3
7d 14d 21d 28d 35d (kg/m®)
A-20-3% 24.3 25.71 26.8 35.3 36.1 781
A-80-3% 21.7 26.8 31.1 35.1 37.1 792
A120-3% 23.5 28.1 28.1 39.7 41.3 776
A-20-6% 24.2 29.6 36.0 38.8 43.6 732
A-40-6% 25.3 29.8 37.6 39.3 50.6 725
A-80-6% 26.5 32.6 41.8 46.6 54.3 724
A-120-6% 22.6 27.3 324 344 45.2 713
A-20-6% 26.2 31.3 37.8 43.3 51.0 698
A-80-6% 22.5 25.7 31.9 374 48.1 731
A-120-6% 23.2 252 324 37.4 37.4 788
B-20-3% 234 29.0 353 39.2 48.2 789
B-80-3% 21.7 29.4 29.3 35.2 48.4 794
B-120-6% 26.7 26.7 37.8 35.8 43.8 814
B-20-6% 234 30.1 33.9 40.0 53.5 815
B-80-6% 20.1 22.6 29.4 35.7 474 823
B-120-6% 19.1 19.1 25.6 30.6 45.2 811
B-20-9% 23.2 26.3 31.9 31.9 48.0 793
B-80-9% 23.5 26.6 34.8 36.6 47.3 788
B-120-9% 21.7 26.8 31.1 35.1 51.7 794

The RCAC strength development table presented in Table 1 reveals the effect of differ-
ent gum powder particles and mesh size as well as external admixture on the performance
of concrete. From the data presented in the table, it is clear that the combination of Sipan
40 micronized particles with 80 mesh and 6% admixture showed the best overall results.
The strength development of concrete with this combination was excellent, showing high
compressive and flexural strengths. Meanwhile, the combination using SDBS’s gum pow-
der particles with 120 mesh and 6% external admixture showed the next best overall results.
Although its performance was slightly inferior to that of the Sipan 40 combination, it still
showed relatively good concrete strength development. Compared to these two combi-
nations, the other combinations exhibit slightly inferior performance. Additionally, the
table shows that the A-20-6% experimental group has the lowest carbon emissions among
all the experimental groups, at only 698 kg/m?3. Furthermore, the carbon emissions of
both experimental groups, A-80-6% and A-120-6%, are approximately 700 kg/m3, which
is significantly lower than the emissions of the other experimental groups. In addition,
the experiment also conducted freeze-thaw tests for different experimental groups in ac-
cordance with the methods specified in GB/T 50082-2009 [31]. The freeze-resistant mark
of concrete was measured using the relative dynamic modulus of elasticity in order to
examine the impact of various MRP on the longevity and freeze-resistance of concrete. The
experimental outcomes are displayed in Figure 11.

The findings of the 200 quick freeze-thaw tests show how the relative dynamic mod-
ulus of elasticity changed for the various experimental groups (Figure 11). Following
200 quick freeze—thaw experiments, each experimental group’s relative dynamic elastic
modulus varied somewhat, as shown in this figure. However, it is worth noting that among
all the experimental groups, the four experimental groups, A-80-6%, A-80-3%, A-20-6%,
and B-20-6% showed the smallest changes in their relative dynamic elastic modulus. This
result may imply that the concrete formulations or treatments used in these four exper-
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Quality loss rate of Sipan 40

imental groups are superior in resisting freeze-thaw damage and thus better maintain
the stability of their dynamic modulus of elasticity. The manufactured specimens were
placed in a curing room for 28 days, after which they were removed for the chloride ion
penetration test to evaluate the impact of various conditions on the durability of concrete.
For the test, the specimens were placed in a chloride ion penetrometer, pressurized to a
specified value and held for 24 h. Then, the mass loss rate of each experimental group was
recorded. Figure 12 displays the experimental outcomes.
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Figure 11. Relative dynamic elastic modulus results of different experimental groups undergoing
200 rapid freeze—thaw tests.
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Figure 12. Results of mass loss rate after chloride ion penetration test in the same experimental group.

Figure 12 demonstrates the results of the mass loss rate of different experimental
groups after the chloride penetration test. It is clear from the figure that among all the ex-
perimental groups, four experimental groups, A-80-6%, B-120-3%, B-80-6%, and B-120-6%,
have the lowest mass loss rate, indicating that these concretes have good resistance to pene-
tration. This suggests that these materials effectively prevent the penetration of chloride
ions, reducing damage to the concrete structure. The A-80-6% experimental group demon-
strated the best overall performance, as evidenced by the results of dynamic mechanical
property tests and freeze—thaw cycle tests. This experimental group used an external mix of
80 mesh Sipandex 40 MRP at a dosage of 6%. The concrete not only performs well in frost
durability, but also has excellent performance in compressive strength and flexural strength.
This indicates that the concrete in the A-80-6% experimental group has high strength
and durability and is able to maintain stable performance under harsh environmental
conditions for a long period of time. In addition, the carbon emissions of the A-80-6%
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experimental group were also lower, indicating that this concrete production method has
less environmental impact. Considering the penetration resistance, dynamic mechanical
properties and carbon emissions, the concrete from the A-80-6% experimental group can be
regarded as an ideal choice with better performance and lower environmental impact.

7. Application and Optimization of Recycled Pumice in Green Concrete
7.1. Application of Recycled Pumice in Green Concrete

In GC, RP can be used as a substitute for aggregate in order to achieve resource
recycling and reduce environmental load [32]. The design of the mix ratio is one of the key
steps in the preparation process of GC; through the reasonable design of the mix ratio, it
can ensure that the performance of the concrete meets the project requirements and realize
the goal of energy saving and emission reduction. To determine the most suitable mix ratio
for RP as well as MR, the study conducted a series of experiments. The addition ratios of
cement, water, RP, sand, water reducer, and natural pumice are shown in Table 2.

Table 2. Mix proportion of green concrete components.

Cement Water Regen(.erated Sand Water Reducing Natu.ral
Group Pumice Agent Pumice
kg/m? kg/m3 kg/m?3 kg/m? kg/m? kg/m?

1 400 150 0 1200 11 800
2 400 150 200 1000 11 800
3 400 150 400 800 11 800
4 400 150 600 600 11 800
5 400 150 200 1200 11 600
6 400 150 400 1000 11 600
7 400 150 600 800 11 600
8 400 150 400 1200 11 400
9 400 150 200 1400 11 400
10 400 150 600 1000 11 400

In the design of the mix ratio, it is necessary to consider the characteristics and
properties of RP and the workability requirements of concrete. The experiments under
different mix ratios can be used to evaluate the performance indexes of GC, such as
compressive strength, flexural strength, durability, and the content of carbon emissions.
Comparing the performance under different mix ratios, the best mix ratio can be selected to
meet the project requirements with the best energy saving and emission reduction effect. In
the experiments, the compressive strength of the concrete was measured using a YAW-3000
digital pressure tester; the flexural strength was measured using a bending tester made
by CITEMA. And the durability performance of various mix ratios was tested using a
freeze—thaw cycle test for each group of 200 FTC. And finally, the carbon footprint tester
was used to calculate the carbon emissions in the production process of each experimental
group. Figure 13 displays the outcomes of the experiment.

In Figure 13, the compressive and flexural strengths of experimental group 7 and
experimental group 8 performed the best among the 10 groups of experiments. In Figure 13c,
after 200 FTC, all groups lost concrete mass, but the seventh and eighth experimental groups
lost the least mass. In Figure 13d, there is a large difference in carbon emissions in all
groups, with the first and seventh groups having the largest carbon emissions, and the fifth
and eighth groups having the smallest carbon emissions, both around 0.4 tons. Based on
the experimental results, it can be concluded that the optimal mix ratio is 1:3:1 for cement,
sand, and natural pumice. This ratio exhibits superior compressive and flexural strengths,
as well as low carbon emissions and excellent weathering resistance.
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Figure 13. Statistics of experimental results of green concrete mix ratio.

7.2. Optimization of Green Concrete Performance by Recycled Pumice

To attain the objectives of energy conservation and emission reduction during the
concrete production process, optimization strategies that enhance productivity and lower
energy usage must be identified. Considering that RP in concrete is produced by recycling
waste concrete rubble or crushed construction concrete as raw material, its carbon footprint
is relatively low. Therefore, the manufacture of cement becomes the most critical part of
the carbon footprint of concrete. Thorough research must be done to determine how to use
the highest amount of RP and the lowest quantity of cement while maintaining concrete’s
performance in order to minimize carbon emissions. Table 3 lists the primary ingredients
used in each batch of concrete during the trial.

Table 3. Main components used in each batch of concrete during the test period.

Cement Water Regen(.erated Sand Water Reducing Natu.ral
Group Pumice Agent Pumice
kg/m? kg/m3 kg/m?3 kg/m? kg/m? kg/m?

1 300 150 0 1300 11 800
2 300 150 400 1000 11 800
3 300 150 500 800 11 800
4 300 150 600 600 11 800
5 250 150 350 1200 11 600
6 250 150 550 1000 11 600
7 250 150 750 800 11 600
8 200 150 600 1200 11 400
9 200 150 400 1400 11 400
10 200 150 800 1000 11 400

To assess GC'’s performance, a series of experiments were conducted using the carbon
footprint calculation method proposed in the literature. The experiments focused on key in-
dicators, including compressive strength, flexural strength, durability, and carbon emission
content, under different mixing ratios. These experiments were designed to identify the
optimal concrete proportioning solution by comparing different mixing ratios. The experi-
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ments also used a YAW-3000 digital compression tester, bending tester, carbon footprint
tester and 200 FTC to test the above properties. Figure 14 presents the experimental results.
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Figure 14. Comprehensive verification results of various performance indicators in different experi-
mental groups.

In Figure 14, after reducing the amount of cement, the performance of all experimental
groups decreased, but not by the same amount. Among them, the fourth experimental
group ensured that the carbon emissions decreased by 0.25 tCO, while achieving only a
small decrease in other properties. The compressive strength decreased by only 7 MPa, the
flexural strength decreased by only 0.2 MPa, and the mass loss rate increased only slightly
after 200 FTC. Therefore, the experiment can conclude that the ratio of cement, sand, and
RP of 1:2:2 ensures its structural performance as well as realizes greater energy saving and
emission reduction. The study suggests incorporating strategies like MRP to increase the
GC’s resilience to cold and durability. The most environmentally friendly optimization
approach was chosen in order to investigate the ideal level of MRP inclusion while simulta-
neously concentrating on the effect of these measures on the carbon emissions and energy
consumption of GC. A series of experiments were done as part of the investigation, and
Table 4 displays the experimental conditions.

Table 4. Add the proportion of each component of the green concrete components.

Regenerated Water Reducing Natural Modified Rubber
Cement Water . Sand .
Group Pumice Agent Pumice Powder
kg/m? kg/m? kg/m? kg/m? kg/m?3 kg/m? kg/m?3
1 300 150 600 600 11 800 5
2 300 150 600 600 11 800 10
3 300 150 600 600 11 800 15
4 300 150 600 600 11 800 20
5 300 150 600 600 11 800 25
6 300 150 600 600 11 800 30
7 300 150 600 600 11 800 35
8 300 150 600 600 11 800 40
9 300 150 600 600 11 800 45




Appl. Sci. 2024, 14, 3372

18 of 20

It can be observed that the optimum mix ratio was chosen for the experiment, i.e.,
the ratio of cement, sand, and RP was 1:2:2. The MR admixture also varied using the
control variable method. In order to investigate the optimum incorporation amount, the
experiment was carried out for 200 FTC for each experimental group, and the changes
in relative dynamic modulus of elasticity and carbon emissions were used as evaluation
indexes. The experimental results are shown in Figure 15.
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Figure 15. Optimum incorporation experiment of modified rubber content.

Figure 15 illustrates how the nine experimental groups’ relative dynamic modulus of
elasticity changed after 200 FTC and how much carbon was released into the atmosphere
during manufacture. In this figure, with the increase of MRP incorporation, the carbon
emission in the production process increases accordingly. Therefore, it is necessary to
consider the changes in the relative elastic modulus of each experimental group. In this
figure, with the increase of MRP incorporation, its relative elastic modulus shows a trend of
increasing and then decreasing. Experimental group 4 is the peak value of relative elastic
modulus. Taking into account its carbon emission, it can be determined that experimental
group 4 is the optimum mix ratio. That is, 20 kg/m? of MRP is incorporated while the ratio
of cement, sand, and RP is 1:2:2, which gives better performance and lower carbon emission.

8. Conclusions

The study is based on the use of RP and modification of rubber powder with Sipan 40 to
design a new type of GC. Tests of the damage caused by freeze-thaw cycles were performed
on concrete specimens contaminated with chloride ions (in order to simulate the effect of
using deicing salts). The experimental groups A-80-6%, B-120-3%, B-80-6%, and B-120-6%
showed the least mass loss, indicating good durability in the harsh winter environment
with use of deicing salts. In the RP proportioning experiments, experimental group 4
achieved a decrease in carbon emissions of 0.25 tCO,, with only a small decrease in other
properties. After 200 FTC, the compressive strength decreased by only 7 MPa, the flexural
strength decreased by only 0.2 MPa, and the mass loss rate increased only slightly. Thus, it
can be concluded that a 1:2:2 ratio of cement, sand, and RP ensures structural performance
and promotes energy efficiency and emission reduction. Additionally, experiments were
conducted to determine the optimal amount of MRP incorporation using the control
variable method. The results indicated that the relative modulus of elasticity initially
increased and then decreased with increasing MRP incorporation. The peak value of
relative elastic modulus was observed in experimental group 4. Based on its carbon
emissions, it can be concluded that experimental group 4 has the best mix ratio. The mix
included 20 kg/ m> of MRP along with a ratio of cement, sand, and RP of 1:2:2, resulting in
better performance and lower carbon emissions. The study’s newly designed concrete offers
advantages such as high compressive strength, high cold resistance, and environmental
friendliness. However, the economic effectiveness of these experiments in real production
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activities has not yet been verified on a large scale. This aspect needs to be the basis of
subsequent studies.
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SCBA-SF  Sugar Cane Bagasse Ash and Silica Fume
NMR Nuclear Magnetic Resonance
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