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Abstract: Construction and demolition (C&D) waste has become a research hotspot due to the need for
environmental sustainability and strength enhancement of cementitious materials. However, wider
applications of C&D waste are limited, as its non-homogeneous surface nature limits its workability.
This research evaluated the feasible utilization of C&D waste as aggregates in polypropylene-fiber-
reinforced cement-stabilized soil (CSS) under sulfate-alkali activation. CSS specimens incorporated
Portland cement and C&D waste in 10%, 20%, and 30% proportions. Also, polypropylene fiber after
alkali activation by sodium sulfate (at 0.2%, 0.4%, and 0.8% dosing level) was defined as 1%, 2%,
and 4%. Strength enhancement was examined through unconfined compressive strength (UCS) and
flexural strength tests at 7, 14 and 28 days. Test results indicated that mechanical properties showed
significant improvement with increasing levels of Portland cement and sodium sulfate, while the
improvement dropped after excessive addition of C&D waste and polypropylene fiber. Optimal
proportioning was determined as 30%, 4%, 20%, and 0.8% for Portland cement, polypropylene fiber,
C&D waste, and sodium sulfate, respectively. Scanning electron microscope (SEM) analysis attributed
the enhancement to hydration product (ettringite) formation, bridging effect and increased particle
friction. Additionally, the decrease in amplification was ascribed to the destruction of interface
transition-zone (ITZ) strength, resulting in premature failure.

Keywords: alkali activation; cement-stabilized soil; waste utilization; fiber-reinforced soil; SEM
analysis; mechanical property; optimum design

1. Introduction

The rapid development of infrastructure has released numerous construction and
demolition (C&D) waste, reaching an annual production of 3039 Mt in China alone [1].
However, solid waste resourcing is still not globally applied, with utilization rates varying
dramatically from 5–90%, resulting in resource waste and environmental pollution [2–4].
Specifically, the construction process generates greenhouse gas emissions along with solid
waste, leading to climate change and soil erosion [5,6]. The sustainable lifecycle of con-
struction activity has therefore become essential to creating eco-friendly architecture [7,8].
C&D waste utilization yields application potentials including aggregates in cementitious

Buildings 2022, 12, 350. https://doi.org/10.3390/buildings12030350 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings12030350
https://doi.org/10.3390/buildings12030350
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-8303-1010
https://doi.org/10.3390/buildings12030350
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12030350?type=check_update&version=1
Genbao
Highlight



Buildings 2022, 12, 350 2 of 17

materials and road base materials (embankment, subbase and asphalt pavement) [9,10].
Through grinding–incineration treatment, C&D waste presents enhanced bonding proper-
ties with the binding mixture [11,12]. Moreover, as the production of cement generates up
to 7% of its carbon footprint, utilizing C&D waste tackles the problem with the benefits of
waste utilization and cement usage reduction [13]. However, C&D waste shows weaker
performance, owing to the wall effect and a further quantity of cracks [14–17]. Old interface
transition zones (ITZs) in C&D waste exhibit weaker strength, becoming highly prone to
cracks. Simultaneously, C&D waste weakens density and durability, despite its advantages
in abrasion resistance [18–20]. As a result, the replacement threshold limitation for natural
aggregate is concluded as being 50% with scarified compressive strength [21–23]. Applica-
tion strategies maximizing the potential of C&D waste have therefore become a research
hotspot that has been extensively explored.

The use of C&D waste as aggregates in cement-stabilized soil (CSS) for foundations
has been reported as a rapidly emerging method [24–26]. CSS demonstrates outstanding
suitability, due to its economic effect and simple operation, which can be further enhanced
while being prepared in situ [27,28]. The application fields include foundation treatments,
leakage-stopping and slope reinforcement, where large quantities of low strength materials
are required [29]. As a result, the 50% threshold limitation can be exceeded. The widely
sourced soil incorporated in CSS varies from sand, coal gangue, and volcanic slag to ground
concrete, which enables the material to satisfy the demand for in situ preparation.

In addition, C&D waste represents positive coupling with sulfate dosage. First, C&D
waste particles further develop performance enhancement provided by sulfate. Two previ-
ous studies on salt activators have proved the SO4

2− ions as superior hydration catalysts,
reducing the initial and final setting time of CSS by 81.1% and 67.8%, respectively [30,31].
Meanwhile, cations (such as Na+, Ca2+) fulfill the function of alkalinities, forming more
dispersed glassy phases [32]. C&D waste particles therefore form a compact structure with
the binder, resulting in significant improvement in compressive strength. Second, C&D
waste demonstrates resistance to sulfate erosion. Sulfate attack becomes a bigger issue as
salt proportion increases, which leads to large-scale sulfate heaving, cracking, and structure
failure [33,34]. Tang et al. [35] claimed that C&D waste inhibited the degree of sulfate
erosion and remarkably strengthened the durability.

However, the poor cracking resistance and shrinkage deformation often present hin-
drances in the wider application of C&D waste in CSS. Proven enhancements include
chemical additives, such as lime and cement in the stabilized soil matrix, but the enhanced
blocks are prone to cracking and sudden failure [36–38]. To the authors’ knowledge, previ-
ous literature demonstrates the mitigation provided by increased cement blending [39,40].
However, sulfate erosion depends on many more factors (pH, temperature, aggregates,
etc.) [41]. The coupling has not yet been clearly assessed, which therefore suggests numer-
ous potential scopes for machine-learning research [42–45].

Fibrous materials were introduced to improve the mechanical properties in this sce-
nario, bringing intersecting and bridging effects to the mixture. The randomly distributed
fiber yields the benefits of crack reduction and unconfined compressive strength (UCS)
increments [46]. An increase of up to 115% in UCS was observed in the experimental study,
and the strength can be further enhanced by switching fiber types [47–50]. Polypropylene
fiber showed resistance against sulfate deterioration. Mixtures with polypropylene fiber
inclusion exhibit higher porosity, which allows more space for expansion and consequent
hydrate-phase (gypsum and ettringite) formation [51–53]. Previous literature includes
numerous studies on fiber-reinforcement treatment. However, its combination with the use
of C&D waste has rarely been investigated.

This research presents the mechanical enhancement of CSS by the combination of
C&D waste and polypropylene fiber. Portland cement 42.5 was employed to provide
better stabilization and mechanical performance. Testing variables include admixture of
cement, C&D waste, fiber, and sodium sulfate. Apart from the compressive and flexural
strength test, scanning electron microscope (SEM) analysis was conducted to examine the
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proposed mixture. Ultimately, an optimum mixture design was selected according to the
experimental analysis.

2. Materials and Experimental Program
2.1. Materials Selection

The soil for this research was collected from the under-construction metro station
Zhushan Road of line 5 in Nanjing, and consisted of silty clay taken from 12 m below
the surface. Tables 1 and 2 list the mechanical properties and composition of the soil
sample. Polypropylene fiber was chosen for this research, owing to its superior tensile
strength, chemical stability, and dispersibility. Table 3 shows the performance specifications
of the polypropylene fiber. C&D waste was collected from a construction site in Nanjing
containing waste masonry blocks, fine sand, and gravel. Particles were ground and sieved
to a size less than 5 mm. Portland cement 42.5 and sodium sulfate were used as cemental
binder and alkali catalyst, respectively. The tests were carried out with strict reference to
GB/T50123-1999 [54].

Table 1. Physical and mechanical properties of soil sample.

Soil Properties Value

Specific gravity 2.69
Liquid limit (%) 38.87
Plastic limit (%) 21.55
Plasticity index 17.32
Maximum dry density (g/cm3) 1.51
Optimum moisture content (%) 25.37

Table 2. Concentration of composition in sample soil.

Composition Concentration Value

Sand 17.8%
Silt 64.6%
Clay 17.5%

Mineral Composition Concentration Value

Quartz 33.8%
Kaolinite 52.4%
Montmorillonite 1.3%
Elixirite 7.6%
Calcite 2.1%
Organic matter 2.9%

Table 3. Physical and mechanical properties of polypropylene fiber.

Polypropylene Fiber Properties Value

Diameter (µm) 10
Cut length (mm) 10
Density (g/cm3) 0.91
Tensile strength (MPa) 486
Stretching limit (%) 15
Acid resistance Excellent
Alkali resistance Excellent

2.2. Mixture Design

The adopted testing variable included the dosage of fiber, C&D waste, sodium sulfate
and cement. The content of water was kept constant at 80%. Other contents were defined
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from Equation (1), where a is the abbreviation for admixture and W is the weight of
pre-dried soil.

ρa =
Wa

W
(1)

Specifically, Portland cement and C&D waste were used at 10%, 20% and 30%. Dosing
level of fiber was 1%, 2%, 4% and of sodium sulfate was 0.2%, 0.4%, 0.8% among total
weight. Table 4 provides the mixing percentages for each variable. The integrated mixture
design resulted in 81 combinations of variables along 3 control groups. The specified
mixture design is shown in the Appendix A.

Table 4. Testing variables and proportion.

Testing Variable Proportion

42.5 Portland cement 10%; 20%; 30%
Polypropylene fiber 1%; 2%; 4%
C&D waste 10%; 20%; 30%
Sodium sulfate 0.2%; 0.4%; 0.8%
Water 80%

2.3. Specimen Preparation

The specimens were prepared in accordance with GB/T50123-1999 [54], identifying
with the mixing design presented in Table 4. Pre-dried soil and C&D waste were adequately
ground and sieved to ensure similar gradations. Meanwhile, fiber agglomeration was
avoided by air gun pretreatment and batch incorporation. Specifically, the high-pressure
gas ejected from the air gun blew the polypropylene fiber towards the mortar. Fibers were
grouped into small clusters to avoid weakening the inhibition of agglomeration due to
excessive dosing at one time. The concocted soil-cement mixture was injected into the
mold and vibrated to expel entrapped air. The samples were then wrapped in clean film
and placed in the curing chamber for standard curing (temperature (20 ± 2) ◦C, relative
humidity above 95%) until the test was conducted. Three replicated samples were prepared
for each variable combination to conduct the compressive and flexural strength test.

2.4. Testing Procedure

Mechanical performance was evaluated in this research conforming to GB/T50123-
1999 [54]. The sample dimensions for UCS and flexural strength test were kept consistent
with the protocol as 50 mm× 50 mm× 50 mm and 40 mm× 40 mm× 160 mm, respectively.
Tests were carried out at 7, 14, and 28 days of curing age. The day before the compres-
sive performance evaluation, specimens were removed from the curing conditions and
immersed in water at 24 ◦C for 24 h to simulate a real working environment. All laboratory
tests were conducted by YAW-4206 and DY-208JX automatic pressure testers at a strain rate
of 0.04 MPa/s until failure occurs.

SEM analysis was conducted to explore the modification of CSS at the microstructure
level with the inclusion of polypropylene fiber, cement, C&D waste, and sodium sulfate.
The fracture surface of UCS was cut into pieces measuring 1 cm × 1 cm × 1 cm to be
observed.

3. Results and Discussion
3.1. Unconfined Compressive Strength Test

Figure 1 depicts the UCS test results of the control groups, indicating the performance
enhancement by increasing Portland cement dosage and curing age. It can be observed
that cement inclusion improved the strength of soil at all curing ages, while the maximum
28 d improvement reached 153.44%. The enhancement was attributed to more cement
hydration products. When the cement content increases gradually, the consequent calcium
silicate (CaSiO3) and C-S-H gel fill the porosity and significantly improve the compressive
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strength [55,56]. Simultaneously, UCS increases rapidly in the early curing stage (7–14 d),
and the growth rate slowed down with time. The maximum increments from 7 to 14 days
and 14 to 28 days curing stage were 185.73% and 36.18%, respectively, indicating the
hydration products promoted the increase in bonding strength between cement and soil
particles. At the curing age of 28 days, the hydration reaction was thorough, and the
strength of the sample gradually stabilized to maintain a stable value.
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Figure 1. Compressive strength enhancement for the control group (Note: C represents Portland
cement).

However, Portland cement introduced an undesired failure mode as well. A brittle
fracture surface was observed after the UCS test, presenting a distinct oblique shear plane.
The failure occurred without obvious signs beforehand, which resulted in soil spalling and
form damage. The effect can be ascribed to the alkali–silica reaction (ASR), which indicates
that Portland cement increases the material’s brittleness [57–59]. Therefore, the specimen
cannot be deformed in response to external forces.

Figure 2 shows the UCS results for specimens dosed with 10% cement, while Figure 2a–c
are divided into the C&D waste dosing levels of 10%, 20% and 30%. Figures 3 and 4 illus-
trate the UCS of specimens with 20% and 30% cement under the same logic. It is evident
in Figures 2 and 3 that polypropylene fiber inclusion increases UCS performance. This
can be ascribed to the inhibitory characteristics of fiber against sudden failure. With in-
creased percentage, polypropylene fibers form spatial network-like structures and bridging
effects in CSS slurry, which gradually inhibit crack generation [60,61]. The fiber bridge
can additionally produce deformation constraints when the sample cracks. Moreover,
polypropylene fiber provides higher movement resistance than that between soil parti-
cles [62]. Given that, the friction impedes particle displacement in the CSS specimen, which
further exploits the strength enhancement among external forces. However, as in Figure 4c,
a 31.52% degeneration was noticed. This was because with the cement dosage rising, the
decrease in sample compactness caused by excessive fiber incorporation could no longer
be neutralized by soil and C&D waste [63,64]. As observed in microstructure analysis,
numerous fiber/binder ITZs appeared in the CSS, which significantly impaired the bonding
strength. Notably, the compressive strength again grew significantly at 0.8% sodium sulfate
in Figure 4c from 2–4% fiber dosage. This may be ascribed to sodium sulfate activating
the formation of hydration products, providing strength and fewer air voids and thereby
compensating for the reduction.
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As shown in the above figures, the UCS test result increased with the increasing
C&D waste percentage. The physical speculation for the performance improvement is that
C&D waste demonstrates higher strength compared with soil. Particles act as support
in the specimen, preventing premature collapse. Furthermore, C&D waste participates
in the hydration of cement in CSS, with consequent hydration products that strengthen
the material [65–67]. During the hardening process, calcium hydroxide (CH) generated
by hydration serves as acidic and alkaline catalysts, respectively. The effect is to activate
the hydration of silica, alumina, and old mortar in C&D waste, which produces C-S-H
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to enhance sample blocks [68–70]. However, for the experimental groups with 10%, 20%
and 30% cement content, the peak compressive strength increments were 54.26%, 42.23%
and 9.19%, respectively. The enhancement receded with cement proportion as the binder
hydration approached completion.

Previous studies have confirmed the role of sulfate as an enhancer of mechanical prop-
erties. The incorporation of sulfate alters the hydration process, leading to the retardation
mechanism of ettringite formation (Equations (2) and (3)) [71,72]. The reason for the phe-
nomenon can be attributed to the ability of C-S-H to adsorb sulfate. The uptake and release
of sulfate ions lead to the rapidly accelerated rate of ettringite production and performance
development occurs during late curing stage. Moreover, the formation of cement hydration
products with increasing sodium sulfate mass ratio was specifically explored, as it improves
CSS performance without introducing impurities. Alkali-activated SO4

2− reacts with Ca2+

in the binder and AlO2− in the liquid phase to form ettringite, which yields mechanical
compensation effect [73–75]. In addition, free Na+ form NaOH, raising the early-age pH
value. Higher alkalinity fulfills the function of accelerating the dissolution of active SiO2
and Al2O3, mitigating the hindrance for further ettringite formation [76–78].

C3A + 3CSH2 + 26H→C6AS3H32 (2)

2C3A + C6AS3H32 + 4H→3C4ASH12 (3)

As illustrated in the figures, the UCS test results developed readily during the 14- to
28-day curing period, but slowly during the early stage. The average growth levels from 7 d
to14 d and from 14 d to 28 d were 15.42% and 30.49%, respectively, a trend consistent with
previous literature. However, the property alteration in this research failed to demonstrate
an increasing trend. UCS showed rapid improvement from 0.2–0.8% sodium sulfate, while
the durability of specimens with 0.4% sodium sulfate appeared not to be influenced by the
dosing level. Compared with samples mixed with 0.2% sodium sulfate, the 0.4% proportion
provided modification ranging from−14–31.36%, which indicates that the inclusion of 0.4%
sodium sulfate impeded the UCS enhancement. Since the dosage was nowhere near the
level of sulfate attack, the causes of the errors can be ascribed to inaccurate data recording
and raw material discrepancies.

3.2. Flexural Strength Test

Figure 5 presents the flexural performance escalation of the control group due to the
raising of the Portland cement proportion. It can be distinctly observed that the flexural
strength increased at higher cement content (20–30%) during all curing ages. The increments
ranged from 16.82–91.19% and 148.95–176.91%, respectively, for the 10–20% and 20–30%
dosing levels. The maximum amplification achieved 1.94 times that for specimens with a
low dosage (10–20%).
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As illustrated in Figure 6, the polypropylene fiber content demonstrated a positive
effect on flexural strength growth. Mechanical properties were enhanced by up to 82.33%
and 150.31% for the 1–2% and 2–4% dosing levels, respectively. Figures 7 and 8 represent
the same trend, as evidenced by peak improvements in the ranges of 59.02–79.65% and
38.62–132.72%, respectively. The observation demonstrates that fibrous material contributes
to flexural performance modification [79]. Specimens are therefore endowed with certain
strength after the appearance of cracks, mitigating the property deterioration of weak
fiber/binder ITZs [80,81]. Moreover, the maximum values of flexural strength are recorded
for specimens containing 30% C&D waste and 4% fiber in Figures 6 and 7, while the peak
switches to 20% C&D waste in Figure 8. The value of flexural strength then decreases from
2.03 MPa to 1.45 MPa after 30% C&D waste is added. The degeneration may be attributed
to excessive C&D waste particles, which impeded the bridging effect [82]. An optimum
mixture design therefore should be considered to achieve the balance between mechanical
performance and material consumption.
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The positive effect of C&D waste dosage on flexural strength can be distinctly seen
from the above figures. This can be attributed to a similar reason as for the UCS results,
which involved the enhancement of hydrate reaction and physical strength. However,
Figure 8c illustrates deterioration, due to the increase in C&D waste leading to more large
particles and entrapped air. Moreover, the peak improvements were 56.83% and 57.2%, as
shown in Figures 7 and 8, while the flexural strength of the 10% cement group remained at
a relatively stable level. The maximum increment in Figure 6 is 21.62%, which is 2.64 times
smaller than the overall peak enhancement. This reveals that cement yields the impact of
activating old mortar and improving bonding strength [83,84].
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The influence of sodium sulfate dosing level is of special concern, since it has been
proposed as an outstanding mechanical strength enhancer. However, as illustrated in
the figures, the maximum flexural strength growth reached 69.96%, revealing that the
contribution of hydration products to flexural strength is minimal. Moreover, compared
with the remarkable flexural strength enhancement from the 0.2–0.8% proportion, the
modification effect from the 0.2–0.4% proportion is insignificant. The source of error is
similar to the reason discussed in Section 3.1.

3.3. Optimum Mixture Design

An optimum mixture design is proposed in order to seek a balance between mechanical
properties and economic benefits. Tables 5 and 6 show the rankings of UCS and flexural
strengths, respectively, with the inclusion of various admixtures and curing age. Combining
the two tables provides a reference for the selection.

Table 5. Unconfined compressive strength ranking.

Cement C&D Waste Fiber Sodium
Sulfate

Curing Time
(Day) UCS (MPa) Ranking

30% 30% 4% 0.8% 28 2.6572 1
30% 10% 1% 0.8% 28 2.5880 2
30% 10% 4% 0.8% 28 2.4336 3
30% 20% 4% 0.8% 28 2.3720 4
30% 30% 1% 0.4% 28 2.3084 5
30% 10% 2% 0.4% 28 2.2816 6
30% 30% 4% 0.8% 14 2.2656 7
30% 10% 4% 0.2% 28 2.2256 8
30% 10% 2% 0.8% 28 2.2148 9
30% 20% 2% 0.4% 28 2.1592 10

It is evidenced that 30% cement content and longer curing time are more likely to
produce peak enhancement than the other combinations. As shown in Tables 5 and 6, the
specimens with the top 10 enhancement levels were mixed with 30% cement, while 76.2%
results were obtained after 28 days. In addition, a higher dosing level of polypropylene fiber
presented a prominent performance improvement, as expressed in the tables by 15 speci-
mens that were reinforced by 4% fiber content. It is noteworthy that the specimens ranked 1
to 4 in Table 5 were included 0.8% sodium sulfate, revealing that the effect of this inclusion
tended toward maximum UCS improvement. However, the trend was not pronounced for
flexural strength. Four samples in Table 6 constitute 0.2% and 0.8% sodium sulfate content,
while two samples were enhanced by 0.4% proportion. Various dosages demonstrated
an average influence factor on flexural resistance. C&D waste yielded a negative correla-
tion with strength increment. Rankings in Tables 5 and 6 show that 71.4% of specimens
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reinforced by a lower C&D waste proportion (10% to 20%) presented peak mechanical
property enhancement. Additionally, flexural strength manifested more sensitivity to C&D
waste content, as indicated in Table 6 by the sole specimens with the inclusion of 30%
C&D waste that were located in lower rankings (5–10). Consequently, the specimen with
variable percentages of 30%, 4%, 20% and 0.8% for Portland cement, polypropylene fiber,
C&D waste, and sodium sulfate, respectively, is considered as exhibiting peak property
enhancement, evidenced by its high rankings in Tables 5 and 6.

Table 6. Flexural strength ranking.

Cement C&D Waste Fiber Sodium
Sulfate

Curing Time
(Day)

Flexural
Strength (MPa) Ranking

30% 20% 4% 0.2% 28 2.0286 1
30% 20% 4% 0.8% 28 1.6752 2
30% 10% 4% 0.2% 28 1.6690 3
30% 20% 4% 0.2% 14 1.6124 4
30% 30% 4% 0.8% 28 1.5334 5
30% 20% 4% 0.8% 14 1.4556 6
30% 30% 4% 0.2% 28 1.4504 7
30% 10% 4% 0.4% 28 1.4320 8
30% 10% 4% 0.4% 14 1.4189 9
30% 10% 4% 0.8% 14 1.3497 10

3.4. SEM Analysis

The specimen that was prepared with 30% Portland cement, 30% C&D waste, 0.4%
sodium sulfate, and 4% polypropylene fiber was selected to be observed, as it demonstrated
evident strength reduction. The microstructure was as presented in Figure 9a. When
the specimen failed, polypropylene fiber at the section was pulled out, reflecting the
strengthening mechanism of the bridging effect. Fibers were randomly distributed within
the mixture, forming a spatial mesh structure that effectively reinforced the CSS [85].
However, significant porosity between particles can be readily observed, which was the
major cause of undesirable mechanical performance. At a low sodium sulfate dosing level
(0.4%), the over-doped fibers underwent an agglomeration effect within the slurry, and
the incompletely activated cement was unable to produce sufficient amounts of hydration
by-products, leading to the formation of numerous weak ITZs [86]. Figure 9b illustrates
the microstructure of the specimen prepared with the aforementioned optimal mixture
design. The coupling enhancement between the variables is demonstrated by the aggregates
wrapped by C-S-H and ettringite. The entrapped air voids between the C&D waste and
the fibers are adequately filled, resulting in promotion of ITZ strength and mechanical
performance.
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Figure 10 compares microstructures of untreated polypropylene fiber with fiber used
for CSS reinforcement. Ordinary polypropylene fiber represents a smooth surface, while
Figure 10b illustrates the unevenness of the alkali-treated fibers. The friction provided
by the crude surface enhances the particle cohesion from a physical aspect as the fibrous
material cannot participate in the cement hydration [87]. Network-like polypropylene fiber
therefore shows effectiveness in particle movement restriction and crack inhibition. In
addition, fiber with a rougher surface yields a larger surface area for C-S-H and ettringite
attachment, compensating the reduction in compactness due to fiber incorporation.
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4. Conclusions

This research conducted a series of laboratory tests to examine the enhancement of
cement-stabilized soil (CSS) specimen performance with the inclusion of Portland cement,
polypropylene fiber, construction and demolition (C&D) waste, and sodium sulfate. The
inclusion effects on unconfined compressive strength (UCS) and flexural strength was
evaluated. Primary conclusions drawn from the above analysis are summarized as follows.

(1) Portland cement hydration products raise the UCS and flexural strength results
simultaneously. Ettringite presents effectiveness in enhancing physical performance, while
introducing brittle failure mode.

(2) With increasing dosage of polypropylene fiber, an improvement in flexural strength
is continuous, while UCS enhancement is mitigated at a 30% cement dosage.

(3) UCS and flexural strength increase with the introduction of C&D waste. The lower
dosing level (10–20%) exhibits better effectivity.

(4) Mechanical properties of CSS increase with the addition of sodium sulfate content.
The proportion of 0.8% derives the maximum increment. Meanwhile, 14 d–28 d curing
time represents higher enhancement efficiency.

(5) Scanning electron microscope (SEM) analysis on the UCS fracture surface explained
the mechanism of alkali-activated fiber reinforcement. Polypropylene fiber generates a
spatial network, wrapping specimens against deformation and cracking. Sodium sulfate
supplements the enhancement by catalyzing cement hydration, thus promoting the strength
of the mechanical bond between fiber, aggregates, and CSS matrix.

(6) The combination of 30% Portland cement content, 4% polypropylene fiber content,
20% C&D waste content, and 0.8% sodium sulfate content is considered the optimal mixture
design. By balancing the dosing level of each variable, the specimen yields the best general
mechanical properties.
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Appendix A

Table A1. The Portland Cement, C&D waste, propylene fiber, and sodium sulfate proportion of the
samples in this test.

ID Portland Cement C&D Waste Propylene Fiber Sodium Sulfate

Control 1 10% NA NA NA

Control 2 20% NA NA NA

Control 3 30% NA NA NA

1

10%

10%

1%

0.2%

2 0.4%

3 0.8%

4

2%

0.2%

5 0.4%

6 0.8%

7

4%

0.2%

8 0.4%

9 0.8%

10

20%

1%

0.2%

11 0.4%

12 0.8%

13

2%

0.2%

14 0.4%

15 0.8%

16

4%

0.2%

17 0.4%

18 0.8%

19

30%

1%

0.2%

20 0.4%

21 0.8%

22

2%

0.2%

23 0.4%

24 0.8%

25

4%

0.2%

26 0.4%

27 0.8%
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Table A1. Cont.

ID Portland Cement C&D Waste Propylene Fiber Sodium Sulfate

28

20%

10%

1%

0.2%

29 0.4%

30 0.8%

31

2%

0.2%

32 0.4%

33 0.8%

34

4%

0.2%

35 0.4%

36 0.8%

37

20%

1%

0.2%

38 0.4%

39 0.8%

40

2%

0.2%

41 0.4%

42 0.8%

43

4%

0.2%

44 0.4%

45 0.8%

46

30%

1%

0.2%

47 0.4%

48 0.8%

49

2%

0.2%

50 0.4%

51 0.8%

52

4%

0.2%

53 0.4%

54 0.8%

55

30% 10%

1%

0.2%

56 0.4%

57 0.8%

58

2%

0.2%

59 0.4%

60 0.8%

61

4%

0.2%

62 0.4%

63 0.8%
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Table A1. Cont.

ID Portland Cement C&D Waste Propylene Fiber Sodium Sulfate

64

30%

20%

1%

0.2%

65 0.4%

66 0.8%

67

2%

0.2%

68 0.4%

69 0.8%

70

4%

0.2%

71 0.4%

72 0.8%

73

30%

1%

0.2%

74 0.4%

75 0.8%

76

2%

0.2%

77 0.4%

78 0.8%

79

4%

0.2%

80 0.4%

81 0.8%
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