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Abstract: The recycled powder (RP) of construction waste, as a kind of silica–aluminum waste, can
have a certain gelling effect after alkali activation modification. Sodium silicate (water glass) and
NaOH are used as composite alkali activators to stimulate RP to prepare alkali-activated mortar. The
different micro and macro properties of RP are studied under the ultra-high substitution rates of
70%, 80%, 90%, and 100% of cementation-based materials. The results show that the mechanical
properties of the regenerated powder mixture decrease gradually with the increase in the substitution
rate. When the replacement rate of RP is 70%, the 3 d and 28 d compressive strength decreases
by 73.63% and 69.46%, respectively. When the replacement rate reaches 100%, the 3 d and 28 d
compressive strength decreases by 96.98% and 93.74%, respectively. The cement-based material after
alkali excitation has the characteristics of early strength and the mechanical properties are greatly
improved, and the mechanical properties of cement-based materials can be effectively increased by
increasing the modulus of water glass. At 70%RP substitution rate, the compressive strength of 28 d
increases by 3.59% and 107.71% when the modulus of sodium silicate is 1.0 M and 1.6 M, compared
with the unactivated groups. At 100%RP substitution rate, the 28 d strength of the unexcited specimen
is 0.92 MPa, and the 28 d compressive strength reaches 6.15 MPa and 12.86 MPa when the modulus
of sodium silicate is 1.0 M and 1.6 M. The results show that the alkali-activated mortar has good
application potential.

Keywords: alkali-activated mortar; recycled powder; microstructure; ultra-high replacement rate

1. Introduction

Concrete is the most widely used construction material in the world, and with the
rapid development of infrastructure and urbanization in China, the amount of construction
waste generated has been increasing year by year. Improper disposal of this waste can
have negative environmental impacts [1,2]. Therefore, effective utilization of construction
waste [3,4] can not only alleviate natural resource shortages but also contribute to envi-
ronmental protection, optimizing resource allocation and promoting sustainable economic
and social development. Researchers have proposed using recycled aggregates (RAs) or
recycled powder (RP) as replacements for natural aggregates and ordinary Portland ce-
ment (OPC), which can have a positive impact on reducing the environmental impact of
cement [5–7]. After screening and crushing, concrete generates approximately 10–20% of
construction waste powder, which can be used as a substitute for OPC in the binding pro-
cess. Researchers have produced eco-friendly concrete by grinding RP into fine particles [8].
The main chemical components of RP are SiO2, CaCO3, and Al2O3, which have potential
volcanic activity and can be used as filling materials after alkali activation [9,10]. The
addition of RP reduces the fluidity of the mixture and decreases the self-shrinkage perfor-
mance of cement-based materials [11]. Due to the presence of inert quartz and calcite in RP,
hydration is generally not easy. When RP is added in experiments, the average pore size of

Sustainability 2023, 15, 14812. https://doi.org/10.3390/su152014812 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su152014812
https://doi.org/10.3390/su152014812
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2849-9424
https://doi.org/10.3390/su152014812
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su152014812?type=check_update&version=1


Sustainability 2023, 15, 14812 2 of 21

the obtained test block increases, and the mechanical properties generally decrease [12–14].
In addition, the inclusion of RP increases water ingress and chloride migration in con-
crete [15,16]. Researchers have studied the optimal proportion and performance of RP in
concrete and used carbonation curing to improve its performance, which can absorb CO2
gas [17]. Additionally, researchers have found that the activation of RP can be improved
by thermal treatment, which involves thermally activating RP at 600–800 ◦C to achieve
optimal performance [18,19]. During the thermal activation process, active calcium silicate
and calcium oxide are generated [20]. Through the utilization of construction waste, the use
of conventional raw materials in conventional materials is reduced [21–23]. The addition
of nanomaterials or fibers to the material can optimize its strength and durability [24–26].
Currently, researchers are exploring the use of construction waste as a binding material
to produce environmentally friendly geopolymer [27–29]. The use of materials prepared
from construction waste has a positive effect on environmental protection and reduces the
amount of Portland cement and fly ash used [30]. For example, waste glass powder [31,32]
and waste ceramic tiles and brick powder from construction and demolition waste [33]
can be reused as sustainable polymer adhesives, and previous studies have reported some
satisfactory results. The high replacement rate of recycled powders and water glass in
the preparation of cement-based materials has received little attention in previous studies.
Compared with other related experiments, the innovation of this experiment lies in the use
of ultra-high-substitution-rate RP to replace cement, and the study of the impact of different
substitution rates on cement-based materials at PR substitution rates of 70%, 80%, 90%,
and 100%. Another innovation is the quantification of the impact of different modulus on
the macroscopic and microscopic characterization of cement-based materials with different
substitution rates of RP, providing necessary data for further research and utilization of RP
and alkali activators in geopolymers. Therefore, this paper studied the performance of RP
mixtures with high substitution rates, as well as the modification ability of alkali activators
on their micro- and macro properties, proving the feasibility of using RP as a cementitious
material to prepare ultra-high content of alkali-activated mortar. The findings of this study
will provide a further basis for the utilization and promotion of RP.

2. Materials and Methods

To reduce the high CO2 emissions associated with ordinary Portland cement (OPC),
the generated construction waste powder was processed into recycled powder (RP) after
the concrete was collected and broken. These powders were mixed with sodium silicate
solution to prepare cement-based materials. The cement-based materials were then cured in
a standard procedure until reaching the curing time required for testing their microstructure,
mechanical properties, and resistance to chloride diffusion.

2.1. Raw Materials and Experimental Scheme

The experimental process is shown in Figure 1a. By collecting and crushing concrete
construction waste, the generated construction waste powder was ground into RP, and RP
(≤150 µm) was used to replace OPC with an ultra-high substitution rate to prepare sustain-
able cement-based materials while an alkali activator was used to improve the performance
of ultra-high-content RP cementing materials. Finally, the micro-characteristics, mechanical
strength, water transport, and chloride ingress of cement-based materials were determined.

The RP was used as the binder material to replace the OPC in the experiment, with a
replacement rate of up to 100%. The impact of the replacement rate in the experiment was
discussed, with CBM-70, CBM-80, CBM-90, and CBM-100 representing the use of RP to
replace cement with 70%, 80%, 90%, and 100% replacement rates, respectively.

The particle size of RP is shown in Figure 2a, with a median particle size of 17.60 µm.
Figure 2b shows that the recycled powder has an irregular microstructure, with larger
particles often surrounded by many small particles. Moreover, SEM images show large
pieces of C-S-H. Figure 2c shows the XRD mineral composition of RP. The highest content
of calcite in the recycled powder is derived from the coarse aggregate in the parent material
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or the concrete waste hydration products in the construction waste. Additionally, a large
proportion of silicon dioxide and calcite are present. It also contains large pieces of hydrated
calcium silicate, some unhydrated cement particles, and high-strength inert quartz and
calcite, making it difficult to participate in new hydration reactions. Figure 2d shows the
infrared spectra of RP, where a significant absorption peak in the silicon–oxygen stretching
vibration is observed around 970 cm−1, indicating a higher proportion of hydrated calcium
silicate in RP. The maximum C-O stretching vibration absorption peak indicates a high
content of calcium carbonate in RP, CH crystals, and quartz and calcite particles.
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Figure 1. Testing flow of this study and experimental devices: (a) experimental process; (b) scan-
ning electron microscope (SEM); (c) X-ray diffractometer (XRD); (d) Fourier transform infrared
spectrometer (FTIR).

Table 1 provides the mix proportions for cement-based materials. This study explores
the results of alkali activation by using different RP replacement rates and moduli of sodium
silicate solutions, with the water-to-binder ratio (W/B) controlled at 0.5 and the binder-
to-sand ratio (B/S) set at 1. The solutions were prepared by dissolving analytical-grade
sodium hydroxide in distilled water, followed by the addition of sodium silicate solution.
“M” following water glass represents the modulus of water glass. By calculating the molar
amount of chemicals, the original alkaline content and the required alkaline content for the
solution were determined. The alkaline content is expressed as a percentage of the binder.
The required amount of water and sodium hydroxide to be added was calculated based on
the percentage of solid content of the solution. The modulus of sodium silicate solution
used in this experiment was in the range of 1.0 M, 1.2 M, 1.4 M, and 1.6 M, and the alkaline
concentration was 6%. Moreover, the experimental sample CBM-70-1.0 M indicated that
the sample was prepared using RP to substitute 70% cement, while 1.0 M of water glass
was used for alkali activation.
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Figure 2. Particle size and components of RP: (a) size; (b) SEM of RP; (c) XRD pattern of RP; (d) FTIR
of RP.

Table 1. Mix proportions of cement-based material mortar.

Sample Cement% RP% Sodium Silicate Na% W/B B/S

M1 100 0 - 0 0.5 1.0

CBM-70 30 70 - 0 0.5 1.0
CBM-70-1.0 30 70 1.0 M 6 0.5 1.0
CBM-70-1.2 30 70 1.2 M 6 0.5 1.0
CBM-70-1.4 30 70 1.4 M 6 0.5 1.0
CBM-70-1.6 30 70 1.6 M 6 0.5 1.0

CBM-80 20 80 - 0 0.5 1.0
CBM-80-1.0 20 80 1.0 M 6 0.5 1.0
CBM-80-1.2 20 80 1.2 M 6 0.5 1.0
CBM-80-1.4 20 80 1.4 M 6 0.5 1.0
CBM-80-1.6 20 80 1.6 M 6 0.5 1.0

CBM-90 10 90 - 0 0.5 1.0
CBM-90-1.0 10 90 1.0 M 6 0.5 1.0
CBM-90-1.2 10 90 1.2 M 6 0.5 1.0
CBM-90-1.4 10 90 1.4 M 6 0.5 1.0
CBM-90-1.6 10 90 1.6 M 6 0.5 1.0

CBM-100 0 100 - 0 0.5 1.0
CBM-100-1.0 0 100 1.0 M 6 0.5 1.0
CBM-100-1.2 0 100 1.2 M 6 0.5 1.0
CBM-100-1.4 0 100 1.4 M 6 0.5 1.0
CBM-100-1.6 0 100 1.6 M 6 0.5 1.0
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In this experiment, a cement mortar mixer was used to first mix OPC and RP at a
low speed to ensure uniform blending of the powder. Then, the alkaline activator and
sand were added and mixed. The mixture was poured into three molds of different sizes
(40 × 40 × 40 mm, 70.7 × 70.7 × 70.7 mm, and the cylinder specimen with the size of
100 mm (diameter) × 50 mm (length)). After 24 h of curing, the mortar was removed from
the mold, and the samples were cured in standard conditions for 3 and 28 days.

2.2. Microstructure Determination and Strength

Microscopic structures of the samples were determined by analyzing the microstruc-
ture of various cement-based material powders. The SEM was employed to investigate the
microstructure of the treated slurry. The materials activated by alkaline were characterized
using X-ray diffraction (XRD) analysis. The 2θ range of XRD spectra was 5◦ to 65◦. The
porosity of the samples was measured with the vacuum saturation method. Furthermore,
the chemical bonds produced by alkaline activation of construction waste were studied
using FTIR spectroscopy in the range of 400–2000 cm−1. The position and intensity of the
infrared absorption peaks were used to deduce the characteristics of the molecular struc-
ture before and after alkaline activation. The specific experimental equipment is shown in
Figure 1b,c.

The mechanical properties of cement-based mortar were evaluated by testing the
prepared samples (40 × 40 × 40 mm) under different curing times, replacement rates of
RP, and alkali-activation moduli. The specimens were subjected to compressive strength
testing using a universal testing machine at 3 d, 7 d, and 28 d of curing.

2.3. Water Absorption Curve and Total Porosity

According to the analysis, materials prepared with RP have a relatively high porosity,
which affects their durability. To evaluate the water resistance of the materials after the
maintenance period, cubic samples (70.7 × 70.7 × 70.7 mm) were vacuum-saturated with
water for 24 h. Prior to vacuum saturation, the samples were sealed with molten wax on
all sides to allow water to flow in only one direction. The samples were then dried in
an oven at 60 ◦C for 24 h, 48 h, 72 h, and up to 7 days. Mass measurements were taken
every 24 h until the difference between the before and after mass did not exceed 0.02%,
indicating complete drying. The total porosity of the samples was closely related to the
material formation before and after alkali activation. The total porosity was determined by
the vacuum saturation method. The total porosity was calculated based on the saturation
mass, dry mass, and the mass after drying. Equation (1) shows the detailed calculation
method for this method [34], where Wsat is the mass of the sample in the surface-dry state,
Wdry is the mass of the sample in the completely dry state, and Wwat is the mass of the
sample in water.

P =
Wsat −Wdry

Wsat −Wwat
(1)

The water absorption rate can be used to verify the relationship between the porosity
and the sample. Some researchers [34] have provided relevant calculation formulas to
explain this relationship, as indicated by Equation (2):

Wa =
ms −md

md
(2)

Equation (2) represents the water absorption rate of the sample, where ms is the mass
of the sample at a surface-dry state, and md is the mass of the sample at a completely
dry state.

2.4. The Experiment of Rapid Chloride Migration (RCM)

An RCM test was employed to characterize the chloride migration in cement-based
materials with ultra-high content of RP in accordance with the Chinese standard [35] and



Sustainability 2023, 15, 14812 6 of 21

related references. Equation (3) describes the computational formula of chloride diffusion
coefficient (DRCM, 10−12 m2/s):

DRCM =
0.0239× (273 + T)L

(U− 2)t
(X d − 0.0238

√
(273 + T)LXd

U− 2

 (3)

3. Results

The experimental study involved the use of RP and OPC. Due to the longer curing time
and lower strength after hydration, alkali activation was employed. In this study, water
glass was used for alkali activation. The hardening of OPC and RP is mostly caused by the
gelling substance generated after hydration. Tricalcium silicate generates Ca(OH)2 during
hydration, which quickly reaches saturation in water and thus restricts the hydration of
both tricalcium and dicalcium silicates. When water glass is mixed with cement slurry, it
reacts with the hydration product calcium hydroxide to produce hydrated calcium silicate
(C-S-H), which has certain strength. Therefore, the cement–water glass double slurry has
higher early strength. The reaction equation is as follows:

−Si−O− Si− OH−→ Si−O−+− Si−OH

−Si−O + OH− → −O− Si−OH

−Si−O−+Ca2+ → −Si−O−Ca−

−Si−O−Ca−+OH− → −Si−O−Ca−OH

−Si−O−Ca−OH + HO− Si−O→ −Si−O− Si−+Ca(OH)2

3.1. Results and Discussions on Microscopic Properties

Figure 3 presents the hydration products of cement-based materials with varying
replacement rates of different powders. The addition of recycled powder led to the ap-
pearance of an obvious steamed bread peak around 20–40◦, which corresponds to the
formation of C-S-H. The range of the steamed bread peak increases with the increase in the
replacement rate of recycled powder, indicating an increase in C-S-H content. At a high
replacement rate, the C-S-H and CH provided by RP dominates, while XRD spectra show
the output of high content SiO2 and calcite, mainly derived from natural aggregates in con-
crete waste. As the hydration products of concrete waste are limited, they mainly provide
SiO2, whereas OPC provides C2S, C3S, and CH after hydration. As the replacement rate of
RP increases, the number of unreacted quartz and calcite particles also increases [36,37],
with absorption peaks at 962 cm−1 for Si-O stretching vibration and 1417 cm−1 for C-O
stretching vibration, indicating the presence of C-S-H and calcite in the reaction products.
The results show that the absorption peak at 1646 cm−1 does not change significantly after
the addition of RP to the cement-based material. The main peak is concentrated at the
962 cm−1 Si-O stretching vibration and the 1417 cm−1 C-O stretching vibration, indicating
that the addition of recycled powder enhances the absorption peaks around 962 cm−1 and
1417 cm−1, indicating an increase in calcite and the decrease in C-S-H with the addition of
recycled powder.
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Figure 3. XRD pattern and FTIR spectroscopy of different RP replacement rates: (a) FTIR spectroscopy
of 70–100% RP replacing cement; (b) XRD pattern of 70–100% RP replacing cement.

Figure 4 shows the hydration products of cement-based materials with different alkali
activator moduli when OPC is partially replaced by 70% RP. The presence of the steamed
bread peak at around 20–40◦ indicates the formation of C-(N)-A-S-H. As the modulus
increases, the diffraction angle of the material shifts, indicating a significant increase in
the formation of the polymerization products. In addition, RP contains a small amount
of active materials and a large amount of inert components such as quartz and calcite.
Abundant flocculated C-(N)-A-S-H can be observed, which is due to the increased content
of dissolved Al and Si in the material after the addition of concrete waste, which promotes
the formation of three-dimensional amorphous aluminosilicate structures [38].
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Figure 4. XRD pattern and FTIR spectroscopy of different RP replacement rates: (a) FTIR spectroscopy
of 70% RP replacing cement with 1.0 M, 1.2 M, 1.4 M, and 1.6 M; (b) XRD pattern of 70% RP replacing
cement with 1.0 M, 1.2 M, 1.4 M, and 1.6 M.

Figure 5 illustrates the effect of different moduli on cement-based materials with a
100% replacement rate, where the recycled powder was added. The appearance of a bread
peak around 20–40◦ is indicative of the polymerization product C-(N)-A-S-H. The range
of the peak increases as the modulus of sodium silicate increases, indicating an increase
in C-(N)-A-S-H polymerization product. The XRD spectra show a high content of SiO2
and calcite, as in the stretching vibration of Si-O at 935 cm−1. As the modulus increases,
the absorption peak of C-O symmetric stretching vibration decreases. This is mainly due
to the low dissolution rate of silicon and aluminum in RP under low-alkali conditions,
and the increase in alkali content makes more hydroxide ions come into contact with RP,
resulting in a higher dissolution rate of silicon and aluminum. These dissolved ions interact
to produce N-A-S-H gel. The results show that when 100%RP replaces cement, the C-O
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symmetric stretching vibration of 1417 cm−1 obviously decreases with the increase in the
modulus of sodium silicate, which is manifested as a decrease in calcite.
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Figure 5. XRD pattern and FTIR spectroscopy of 100%RP with alkali activator: (a) FTIR spectroscopy
of 100% RP replacing cement with 1.0 M, 1.2 M, 1.4 M, and 1.6 M; (b) XRD pattern of 100% RP
replacing cement with 1.0 M, 1.2 M, 1.4 M, and 1.6 M.

Different microstructures are shown in Figure 6. The results from Figure 6 demonstrate
that the control group, which uses Portland cement without any addition of RP, exhibits the
most compact structure. When the replacement rate of RP is 70%, the microstructure of the
cement-based material is looser, and the SEM images show large blocks of calcium silicate
hydrate (C-S-H) with irregular shapes and relatively larger particle sizes, often surrounded
by many small particles. When the RP replacement rate is 100%, the microstructure of
the material is looser and more cracks can be captured, and there is no good connection
between the recycled powder particles and the material. Particles of quartz and calcite, as
well as a small portion of C-S-H, are present but poorly connected with the cement-based
material. The generated like substance after alkali activation has a good filling effect on the
material after alkali activation.

After alkali activation, the structure becomes more compact, as shown in Figure 7,
with a portion of hydrated lime and C-S-H formed from the reaction of water glass and
hydrated lime. With a constant replacement rate of RP, the content of tricalcium silicate
(C3S) in the cement is constant, and hence the amount of water glass reacting with cement
is fixed. As the modulus of water glass increases, more forming substances are produced,
leading to a denser structure. After alkali activation, RP particles are enclosed by newly
formed polymer products, indicating that the material generated from the water glass
activation has a good filling effect on the material. In addition, RP contains a significant
amount of inert particles such as quartz and calcite, which dissolve poorly under alkali
activation. On the other hand, RP contains a large amount of hydration products such as
hydrated calcium silicate and unhydrated cement particles, which easily participate in the
new polymerization reaction under alkali activation conditions.

However, the cement-based material with alkali activation and 100% replacement
rate has a relatively looser microstructure, as shown in Figure 8. Therefore, using a high
content of RP is generally not conducive to the microstructure of the cement-based material
slurry [39]. When a high amount of waste powder (100%) is added, there are a large number
of particles in the alkali-activated material that are either unreacted or partially reacted,
with a poor particle shape, resulting in a looser and porous microstructure. In addition,
RP contains a large amount of inert quartz and calcite, which dissolve poorly under alkali
activation conditions. Also, RP contains a large number of hydration products (hydrated
calcium silicate) and unhydrated cement particles, which are prone to participate in new
polymerization reactions under alkali activation conditions. Therefore, the microstructure
of the material is relatively dense.
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3.2. Results and Discussions on Microscopic Properties

Figure 9 illustrates the mechanical properties of cement-based materials containing
construction waste powder under different replacement rates. The compressive strength
decreases with an increasing replacement rate of construction waste. The solidification time
also decreases with the increase in the replacement rate. The addition of recycled powder
results in a decrease in compressive strength of the mixture, but the material still maintains
a certain level of strength even at a 100% replacement rate.

CBM-70 exhibited a 76.6% reduction compared to the control group. This is because
during the alkali activation process, alkali inhibits cement, and the strength of CBM-80,
CBM-90, and CBM-100 decreased by 37.66%, 57.6%, and 99.7%, respectively, compared
to CBM-70. As the modulus increased, the mixture exhibited good early strength. For
example, CBM-70-1.6 showed an increase of 148% in strength at 3 d compared to CBM-70.
CBM-70-1.2 and CBM-70-1.4 also increased by 10.71% and 69.3%, respectively, compared to
CBM-70-1.0. At 28 d, CBM-100-1.6 showed an increase in strength of 1297% compared to
CBM-100 at a 100% replacement rate, because there were some unreacted cement particles,
rich in C-S-H and CH, in the construction waste micro-powders. These active components
can be re-aggregated well under alkali activation conditions, leading to the formation of
new C-(N)-A-S-H. For example, CBM-100-1.6 showed a strength increase of 629% compared
to the unexcited group at 28 d. Although the 28 d compressive strength of the sample
decreased significantly after the addition of high-replacement-rate recycled powders, it still
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retained a certain level of strength (above 12 MPa). For instance, the strength of CBM-70-1.6,
CBM-80-1.6, CBM-90-1.6, and CBM-100-1.6 at 28 d decreased by 34.76%, 42.8%, 48.15%,
and 57.58% compared to the control group, but they all exceeded 15 MPa.
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As shown in Figure 10, under different concentrations of water glass, with the increase
in replacement ratio of recycled powder, the compressive strength of the cement-based
material exhibited a decreasing trend. Compared with CBM-70-1.0 and CBM-100-1.0, the
strength decreased by 25% and 33% at 3 d and 28 d, respectively. The strength increase
of the RP particles in the mortar is derived from the cement hydration product bonding.
The addition of excess alkaline substances will inhibit the hydration of cement, leading to
a decrease in the strength of RP mortar [40]. As the amount of RP increases, the strength
growth of the mortar is due to both the cement hydration product bonding with RP and
the activation of the reactive materials of RP. This activation reaction consumes the alkaline
substance and reduces the system’s alkalinity, which weakens the inhibition of cement
hydration and promotes the hydration degree, thus increasing the compressive strength of
the sample.
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At the 1.2 and 1.4 moduli, under the 80% replacement rate, the compressive strength
at 3 days showed a slight increase compared with the 70% replacement rate. Meanwhile,
the strength of CBM-70-1.2 and CBM-100-1.2 only decreased by 10.5% at 3 days, and
the strength of CBM-70-1.4 and CBM-100-1.4 decreased by 16.5%. This may be due to
the fact that the main components of construction waste fine powder are inert SiO2 and
CaCO3, which act as non-reactive fillers in the alkaline activation reaction and are difficult
to activate, resulting in a decrease in strength. RP in the cement-based system, as the
main cementing material, may have a negative effect on strength development because it
contains a large amount of calcium [41]. The addition of RP can slow down the dissolution
process of alkali-activated materials because the surface may be enveloped by calcium-rich
products [42].

With an increase in the water glass modulus, the curing time decreased, and the
compressive strength of CBM-70-1.0 was only around 8 MPa, while it was approximately
6 MPa for the 100% replacement. When activating the sample using an activator with a
modulus of 1.2, its strength was the same as that of CBM-70-1.0 after three days of curing.
The 28-day strength of CBM-70-1.0 was about 12 MPa, while the strength of CBM-100-1.6
increased by 6.3% after three days, indicating that the use of high-modulus alkali activation
promotes early strength development to some extent. This is because the addition of 100%
RP compensates for the strength of cement-based material through a small amount of
hydrated C-S-H and CH in RP, and then participates in new alkali activation reactions,
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thus promoting the development of compressive strength. Furthermore, under a fixed
replacement rate, a comparison of the results of alkali activators with different moduli
shows that the compressive strength of high-modulus activators is higher than that of low-
modulus activators, and the difference in compressive strength is more significant when a
large amount of construction waste powder is added. For example, the 28-day compressive
strength of CBM-100-1.6 increases by 44.25%, 38.3%, and 1.02% compared to CBM-70-1.0,
CBM-70-1.2, and CBM-70-1.4, respectively. This figure establishes the relationship between
the replacement rate of construction waste powder and the mechanical properties of the
prepared mixture. With the increase in the replacement rate, the mechanical properties
decreased linearly.
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Figure 9. Compressive strength with different RP replacement rates: (a) 70% RP replacing cement;
(b) 80% RP replacing cement; (c) 90% RP replacing cement; (d) 100% RP replacing cement.

3.3. The Analysis of Water Absorption Curve and Total Porosity

When the replacement rate of recycled powder (RP) was 100%, the water absorption
of the cement-based mortar with 100%RP was slightly higher than that of the cement-based
mortar without RP. This is because using RP as a replacement for 100% ordinary Portland
cement (OPC) leads to a looser and porous microstructure, which causes rapid water
absorption in the RP-based mortar due to cracks and pores. After alkali activation, the
water absorption rate slightly increased due to the pore formation caused by the aggregation
of the generated hydrated calcium silicate substance after alkali activation modification.
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Figure 10. Compressive strength with different modulus of water glass: (a) 1.0 modulus; (b) modulus;
(c) 1.4 modulus; (d) 1.6 modulus.

Figure 11 shows the transport properties of the cement-based material to characterize
its durability, and the effect of the modulus of alkali activation on the water absorption
rate of mortar with different replacement ratios of recycled powder. It can be seen that
as the modulus increased, the water absorption rate increased slightly. However, at a
replacement rate of 70%, the water absorption rate of CBM-70 cement-based mortar with
recycled powder was similar to that of CBM-70-1.6 cement-based mortar, while the water
absorption rates of CBM-70-1.2, CBM-70-1.4, and CBM-70-1.6 were increased by 1.19%,
2.39%, and 2.43%, respectively, compared to that of CBM-70-1.0. The incorporation of
recycled powder increased the content of inert components, leading to a reduction in
C-(A)-S-H, and the newly formed pores provided channels for water penetration in the
material. At the replacement rate of 100%, the water absorption rate of CBM-100 cement-
based mortar was reduced by 1.83% compared to that of CBM-100-1.6 cement-based mortar.
Meanwhile, the water absorption rate of CBM-80-1.6 was increased by 2.44% compared to
that of CBM-80-1.0, and the water absorption rate of CBM-90-1.6 was increased by 1.62%
compared to that of CBM-90-1.0. The water absorption rate of CBM-100-1.6 was increased
by 1.74% compared to that of CBM-100-1.0. It can be observed that although the water
absorption rate shows an upward trend with the increase in the modulus under alkali
activation conditions, the water absorption rates of cement-based mortar with a modulus
of 1.0 and 1.6 are basically the same.
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Figure 11. Water absorption curves and total porosity with different RP rates: (a) 70% RP replacing
cement; (b) 80% RP replacing cement; (c) 90% RP replacing cement; (d) 100% RP replacing cement.

The water absorption of cement-based mortar without alkaline activation is signif-
icantly higher than that of mortar with alkaline activation. This effect was particularly
pronounced when the replacement rate of cement reached 100%. CBM-70 increased by
2.67% compared to CBM-70-1.0, CBM-80 increased by 4.54% compared to CBM-80-1.0,
CBM-90 increased by 4.64% compared to CBM-90-1.0, and CBM-100 increased by 6.72%
compared to CBM-100-1.0. As the amount of RP increased, the water absorption also
increased slightly. This is because replacing cement with RP produces a looser and porous
microstructure, which causes rapid water absorption of the cement-based mortar. When
the replacement rate reached 100%, the porosity reached its maximum. With an increase in
the alkaline activator modulus, the porosity also increased. Conversely, the compressive
strength increased with a decrease in micro-porosity and average pore size, indicating a
denser internal structure. Under the condition of a fixed modulus of water glass, as the
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amount of RP increased, the porosity of the mortar increased and the average pore size also
increased, which is opposite to the change trend of the compressive strength.

Meanwhile, Figure 11 illustrates the influence of different modulus on the total porosity
of cement-based mortars. The total porosity of RP-containing cement-based mortars after
alkali activation increased with the increase in the modulus of water glass. Under the
same curing time, the total porosity of cement-based mortars activated with a modulus of
1.6 was similar to that of the unactivated material with a 70% replacement rate, and the
total porosity of cement-based mortars with the moduli of 1.2, 1.4, and 1.6 was slightly
higher than that of cement-based mortars with 1.0 modulus. The total porosity of CBM-
70-1.0, CBM-70-1.2, CBM-70-1.4, and CBM-70-1.6 was 29.9%, 31.53%, 32.76%, and 32.88%,
respectively, but all were lower than the unactivated control group at the same replacement
rate. This trend was observed as the replacement rate increased. CBM-80-1.6, CBM-90-1.6,
and CBM-100-1.6 had total porosities that were 2.16%, 3.49%, and 3.49% higher than their
respective unactivated control groups.

Figure 12 illustrates the effect of different replacement levels on the water absorption
of materials at the same molarity. It can be observed that the water absorption increased
with the increase in replacement level, but the overall increase was not significant when it
reached 100% replacement level. CBM-100-1.0 had a 2.43% higher water absorption rate
compared to CBM-70-1.0, while CBM-100-1.2 had a 2.44% higher rate compared to CBM-70-
1.2. Similarly, CBM-100-1.4 and CBM-100-1.6 had increases of 1.62% and 1.74%, respectively,
compared to CBM-70-1.4 and CBM-70-1.6. The microstructure of both the polymerization
activity and the recycled powder affected the water absorption performance of cement-
based materials. Specifically, the RP contains a large number of porous microstructures of
calcium silicate hydrate. When the replacement level of RP was 100%, the water absorption
rate of the 100% recycled powder material mortar was significantly higher than that of
other replacement levels.

Furthermore, Figure 12 also displays the total porosity of cement-based mortars
containing different RP replacement rates. The total porosity of the cement-based mortar
containing RP increased with the increase in RP replacement rate. When the curing times
were the same, the total porosity of the cement-based mortar containing 70% RP was similar
to that of the cement-based mortar using 1.6 modulus water glass. The total porosity of
the cement-based mortar with RP replacement levels of 80%, 90%, and 100% was slightly
higher than that of the cement-based mortar with a 70% replacement level. For instance,
CBM-80, CBM-90, and CBM-100 had total porosity levels of 35.58%, 37.61%, and 40.84%,
respectively. The results show that the addition of recycled powder leads to a significantly
higher porosity compared to the cement-based reference group. Specifically, CBM-70,
CBM-80, CBM-90, and CBM-100 had 14.65%, 17.12%, 19.15%, and 22.38% higher total
porosity than the M1.

As shown in Figure 13e, the chloride diffusion coefficient of the mixture increased with
the increase in RP replacement rate. For example, CBM-70, CBM-80, CBM-90, and CBM-100
increased by 84.6%, 93.4%, 142.8%, and 160.7%, respectively, compared with the cement
control group. However, the addition of alkali activators can reduce chloride diffusion.
Compared with CBM without alkali activation, CBM-70-1.2, CBM-80-1.2, CBM-90-1.2, and
CBM-100-1.2 reduced the penetration by 18.3%, 14.9%, 29.8%, and 25.9%, respectively. In
addition, Figure 13a–d show the chloride diffusion depth of cement-based materials after
alkali activation. With the increase in the sodium silicate modulus, the chloride intrusion
depth decreased. The addition of alkali-activated C-(N)-S-H refined the pore structure of
cement-based material due to its high alkali activation activity. Under the condition of an
RP replacement rate of 70%, CBM-70-1.2 and CBM-70-1.6 reduced the chloride penetration
depth by 18.3% and 24.1%, respectively, compared with the cement control group with an
RP replacement rate of 70%. When the replacement rate reached 100%, CBM-100-1.2 and
CBM-100-1.6 reduced the penetration depth by 25.9% and 35.1%, respectively, compared
with CBM-100 without alkali activation.
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Figure 12. Water absorption curves and total porosity with different moduli: (a) 1.0 modulus;
(b) modulus; (c) 1.4 modulus; (d) 1.6 modulus.

3.4. Economic and Environmental Benefits Evaluation

The production of cement results in high energy consumption, significant CO2 emis-
sions, and costs. However, the preparation of RP offers lower CO2 emissions and costs
compared to cement preparation. Moreover, the use of alkali-activated RP mortar pro-
vides better economic and environmental benefits. Therefore, by utilizing an appropriate
sodium silicate solution for activating cement mortar, it is possible to reduce CO2 emis-
sions and achieve economic benefits. Tables 2 and 3 present the calculation of unit costs
and carbon footprints for alkali-activated mixing, based on previous research literature
references [43–49]. Using an excitation ratio of 100-1.6 M, a 67.9% reduction in CO2 emis-
sions and a 19.55% reduction in cost per MPa can be achieved. These findings highlight the
environmental and economic advantages of using RP in cement-based materials.
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Table 2. CO2 emissions per cubic meter.

Materials CO2 Emission (kg) CO2 Emission
Cement 70-1.6 M 80-1.6 M 90-1.6 M 100-1.6 M

Cement 0.82 [43] 984 295.2 196.8 98.4 0
RP 0.004 [44] / 3.36 3.84 4.32 4.8

Na2SiO3 0.78 [45] / 37.44 37.44 37.44 37.44
NaOH 1.425 [45] / 272.95 272.95 272.95 272.95
Water / / / / / /

Total emission / 984 608.95 511.03 413.11 315.19

Table 3. Cost per cubic meter.

Materials
Cost

(USD/kg)
Cost

Cement 70-1.6 M 80-1.6 M 90-1.6 M 100-1.6 M

Cement 0.32 [44] 416 115.2 76.8 38.4 0

RP 0.021–0.064
[46,47] / 53.76 61.44 69.12 76.8

Na2SiO3 1.00 [48] / 58.28 58.28 58.28 58.28
NaOH 0.37 [49] / 17.76 17.76 17.76 17.76
Water / / / / / /

Total emission / 416 245 214.28 183.56 152.84
C(cost/MPa) / 10.89 10.11 9.97 9.98 8.76

3.5. Discussions and Suggestions

Previous investigations have confirmed the feasibility of utilizing RP as an alterna-
tive binder in sustainable cement-based materials. However, the effects of ultra-high RP
replacement on the properties of blended cement-based materials have received limited
attention in the relevant literature. Studies have also reported that the addition of RP
has a detrimental impact on the micro–macro properties of blended cement-based materi-
als, with a significant reduction in properties observed when RP replacement rates reach
30–50% [50–52]. Specifically, Wu et al. [51] reported a 27.2% and 43.7% reduction in the
compressive strength of mortar when using 30% and 50% RP as a cement replacement,
respectively. Therefore, it is suggested that the RP replacement rate in cement-based mate-
rials should be kept below 30% unless effective modification methods are employed [8].
The findings of this study further clarify the effects of ultra-high RP replacement ratios
on the micro–macro properties of cement-based materials. The results demonstrate that
the incorporation of ultra-high replacement levels (70–100%) of RP significantly adversely
affects the microstructural and macroscopic properties of cement-based materials.

As a result, mortar and concrete containing ultra-high contents of RP are not recom-
mended for use in construction engineering due to their inferior properties. Furthermore,
traditional modification methods, such as mechanical strength enhancement and nano-
modification, are ineffective in improving the properties of cement-based materials with
ultra-high RP content [8,53]. This study provides an effective approach to enhancing the
microstructure and macro properties of cement-based materials containing ultra-high RP
content through the addition of alkali activators. Several significant and encouraging con-
clusions have been drawn. By optimizing the content of RP, cement, and alkali activators,
it is possible to achieve cement-based materials with ultra-high RP content that exhibit
good microstructure, strength, and durability performance. Additionally, the utilization of
ultra-high RP content in cement-based materials can rapidly reduce the amount of construc-
tion and demolition waste and diminish the need for cement in construction engineering,
contributing to environmental sustainability.
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4. Conclusions

This article investigates the microstructure and macroscopic properties of cement-
based materials prepared from construction waste under alkali activation conditions. Based
on the research findings and discussions, the following conclusions can be drawn.

(1) The construction waste and its preparing RP also contains some hydration products
and inert substances such as quartz and calcite, and the large-volume incorporation
of RP reduces the polymerization reaction of the newly prepared materials. When RP
is used instead of 100% cement to prepare cement-based materials, the pore structure
increases and the microstructure becomes loose.

(2) With the increase in RP substitution rate, the mechanical strength of cement-based
materials generally decreases, while the water absorption and total porosity increase
significantly. The 3 d strength of CBM-70, CBM-80, CBM-90, and CBM-100 decreased
by 73.63%, 84.06% and 93.65%, and 96.98%, respectively, compared with the pure
cement control group. The 3 d strength of CBM-100 was only 0.89 MPa. The 28 d
intensities of the control group were 30.54%, 19.82%, 10.79%, and 6.26%, respectively.

(3) Alkali excitation of cement-based materials with water glass solution can optimize the
performance of a large-volume RP mixture. Under the action of 1.0 M activator, the 3
d strength of 70%, 80%, 90%, and 100%RP mortar increased by 2.71%, 13.63%, 73.86%,
and 147.31% compared with that without excitation. After 28 d of maintenance, the
strength increased to 3.6%, 8.05%, 49.5%, and 107.71%.

(4) Changing the modulus and concentration of the alkali activator can improve the
performance of cement-based materials under a high substitution rate, so as to obtain
materials with good mechanical strength and durability. With the increase in water
glass modulus, its mechanical properties also showed an increasing trend. At 70%RP
substitution rate, the strength of 1.0 M, 1.2 M, 1.4 M, and 1.6 M regenerated micro-
powder mortar increased by 3.6%, 8.05%, 49.5%, and 107.71% compared with that of
unexcited mortar. When the RP replacement rate was 100%, the strength of 1.0 M, 1.2
M, 1.4 M, and 1.6 M reclaimed micro-powder mortar was 8.06 MPa, 8.83 MPa, 13.39
MPa, and 17.44 MPa, respectively.

(5) With the increase in construction waste substitution rate, the diffusion coefficient of
chloride ions increases, and the immersion depth of chloride ions increases. CBM-
70, CBM-80, CBM-90, and CBM-100 were, respectively, 71.9%, 79.3%, 121.3%, and
136.5% higher than the cement reference group. After alkali excitation, the diffusion
coefficient and penetration depth of chloride ions of cement-based materials are
reduced, and the chloride ion penetration can be further reduced by increasing the
modulus of water glass. CBM-100-1.2 and CBM-100-1.6 were 25.9% and 35.1% lower
than CBM-100.
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