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Abstract: Recycled aggregate concrete (RAC), composed of aggregates sourced from construction
solid waste, has garnered significant attention owing to its notable environmental friendliness. In
this study, waterborne epoxy resin (WER) and steel fibers (SFs) were introduced into the RAC to
enhance its performance. Orthogonal tests were meticulously designed, with the substitution rate of
recycled aggregate (RA), SF dosage and WER dosage as variable factors, to comprehensively analyze
the splitting tensile strength and impact resistance of concrete. The impact resistance of concrete
was investigated via the drop weight test method. Furthermore, scanning electron microscopy
(SEM) was employed to scrutinize the microstructure of concrete, investigating the modification
mechanism of WER. The results indicated that the addition of SFs exerted the most pronounced
influence on the properties of RAC. As the addition of SFs increased from 0 to 1.0%, there were
significant enhancements in the splitting tensile strength and impact energy of the specimens. WER
exhibited notable improvements, primarily on the splitting tensile strength, while demonstrating an
adverse effect on the impact resistance. Utilizing the Weibull distribution theory, the results of the
impact tests were fitted and analyzed to predict the impact life of different mixtures. The predicted
results showed high correlations with the measured values.

Keywords: waterborne epoxy resin; steel fiber-reinforced recycled aggregate concrete; impact
resistance; Weibull distribution theory; orthogonal experiment

1. Introduction

With the global urbanization trend, the burgeoning construction industry has escalated
the demand for concrete materials, particularly natural aggregates (NAs) that serve as key
components in concrete production. At the same time, the demolition of buildings gener-
ates a large amount of construction solid waste, primarily comprised of waste concrete.
Traditional disposal methods, such as conventional landfills, not only consume extensive
land resources but also result in soil quality degradation, rendering the management of
construction solid waste a pressing concern. Recently, guided by the principles of resource
recycling, waste concrete blocks undergo a series of processes, including crushing, cleaning,
and screening, to obtain recycled aggregate (RA). The RA is subsequently blended in spe-
cific proportions and grades, partially or entirely replacing NA to create recycled aggregate
concrete (RAC). On the one hand, the use of recycled resources reduces the demand for
natural aggregates and reduces the exploitation of natural resources. On the other hand, it
realizes the reduction, harmlessness, resourcefulness and industrialization of construction
solid waste. In addition, research by related scholars shows that incorporating RA in con-
crete production significantly reduces carbon dioxide emissions during the manufacturing
process, which brings considerable economic and environmental benefits [1,2]. However,
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the high water absorbance and pressure crushing index of RA, and the more microcracks
on the surface of RA, result in the mechanical properties of RAC generally being lower than
those of natural aggregate concrete (NAC), which restricts the promotion and application of
RAC [3]. In particular, the recycled concrete structures applied in road engineering, bridge
engineering, etc., will not only bear static loads but also may be subject to the impact of
water flow, explosions, vehicle impact and other sudden and destructive dynamic loads
and seismic waves. A study by Lu et al. [4], utilizing split Hopkinson pressure bar tests,
revealed that, in comparison to NAC, RAC exhibited a lower dynamic increase factor and
reduced energy absorption capacity. Additionally, Rao et al. [5] have observed that when
the RA substitution rate surpasses 25%, the responses of RAC under a given drop weight
impact load deteriorate while strain levels increase. Therefore, it is of vital significance to
carry out research on the damage morphology, mechanical properties and impact life of
RAC under impact loading to enhance the safety of RAC structures, as well as to provide
an experimental basis for the popularization and application of RAC.

Currently, scholars have conducted extensive research aimed at enhancing the mechan-
ical properties and impact resistance of RAC, achieving promising outcomes [6-8]. Prior
investigations have demonstrated that the introduction of fibers can markedly enhance the
mechanical properties of RAC. In particular, the addition of steel fibers (SFs) can effectively
enhance the impact resistance of RAC through bridging action and micro-reinforcement.
Omidinasab et al. [9] observed that a 100% replacement of RA resulted in a significant
decrease in both the mechanical properties and impact resistance of concrete. However,
the inclusion of SFs effectively counteracted the adverse effects of RA on the mechanical
properties and impact resistance of concrete. Jahandari et al. [10] further demonstrated
that the mechanical properties and impact resistance of RAC decreased with the increase
in RCA substitution rate, while it was substantially enhanced through introducing SFs.
Furthermore, numerous experimental studies have consistently revealed a characteristic
feature of steel fiber-reinforced recycled aggregate concrete (SFRAC) damage: SFs were
pulled out from the fracture surface without being broken off, which indicates that the
SFs enhance the toughness of concrete through the fiber pull-out effect. The bond at the
interface between the SFs and the concrete matrix relaxes stresses at the crack tip, delaying
crack propagation [11,12]. Thus, the bond at the SF-concrete matrix interface is pivotal in
determining the toughening effect of SFs in RAC, warranting in-depth research into the
modification of this interface.

The incorporation of polymers stands as a widely employed approach for interfacial
modification in concrete studies. Through interactions between polymer film-forming
and cement hydration processes, the properties, pore structure, durability, flexibility and
bonding of concrete are all enhanced [13-15]. Among these polymers, waterborne epoxy
resin (WER), as a water-soluble polymer with good compatibility with concrete, has been
widely used in cementitious composites in recent years. WER exhibits a reduced quantity
of volatile organic compounds (VOCs) in comparison to conventional solvent-based epoxy
resin, leading to diminished emissions of VOCs and CO; throughout its production and
application. Owing to its non-toxic, harmless and eco-friendly characteristics, WER has
emerged as the predominant polymer for concrete applications. Pang et al. [16] inno-
vatively developed a novel waterborne epoxy resin concrete composite repair material
(WECM) utilizing self-synthesized waterborne epoxy resin. The test results revealed that
the ductility of WECM was enhanced by 300% to 600% compared with ordinary concrete,
and the waterborne epoxy resin and fibers in WECM showed synergistic enhancements
to the tensile strength and ductility of the concrete. Additionally, Farooq and Banthia [17]
demonstrated that the addition of epoxy resin significantly reduced concrete porosity,
further enhancing concrete performance in conjunction with fiber reinforcement. However,
there are few studies related to WER-modified steel fiber-reinforced recycled aggregate
concrete, especially regarding the impact resistance of concrete. The modification effect and
mechanism of waterborne epoxy resin on the interface between steel fibers and concrete
matrix have not yet been thoroughly researched. Therefore, it is of great significance to
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carry out research on the impact resistance and modification mechanism of WER-modified
steel fiber-reinforced recycled aggregate concrete.

In this study, an orthogonal experimental design was employed to analyze the splitting
tensile strength and impact resistance of WER-modified SFRAC through considering the re-
placement rate of RA, the dosage of SFs and the dosage of WER. The aim was to investigate
the modifying effects of WER on SFRAC. Furthermore, the internal microstructure of con-
crete was observed using scanning electron microscopy (SEM) to explore the modification
mechanism of waterborne epoxy resin. Additionally, a dual-parameter Weibull distribution
model was applied to fit and assess the results of impact tests, enabling the prediction of
impact lifetimes for various test specimens under different failure probabilities.

2. Experimental Program
2.1. Materials

Ordinary Portland cement (OPC) was used in this study. Fine aggregate in this study
consisted of locally sourced river sand with good particle grading, while natural gravel with
a continuous particle grading of 5-16 mm served as the natural coarse aggregate. As the
construction solid waste primarily consists of waste concrete produced after the completion
of construction services, we selected waste concrete blocks from nearby demolition sites to
create RA. These blocks had not been exposed to specific corrosive environments, ensuring
the quality of the RA. After the initial manual crushing and removal of impurities from the
waste concrete, waste concrete blocks underwent further reduction to the appropriate size
using a crusher. Subsequently, the crushed aggregate was sieved and blended to achieve
the specified gradation for the desired RA in the experiment. The resulting RA needed to be
cleaned and dried before it was used in the experiment. The detailed properties of the used
aggregates are provided in Table 1, while the Apparent morphologies of both natural and
recycled coarse aggregates are depicted in Figure 1. Additionally, the cumulative grain size
distribution curves of the aggregates are illustrated in Figure 2. Ultra-short microfilament
steel fibers, as illustrated in Figure 1, were utilized in this study. The properties of ultra-
short microfilament steel fibers are shown in Table 2. These fibers possess shorter lengths
and smaller equivalent straight warp compared to ordinary steel fibers. Consequently,
under the same dosage, ultra-short microfilament steel fibers feature a greater number of
individual fibers, achieving better enhanced toughening and crack-resisting effects.

Table 1. Physical properties of the aggregates.

Agorecate Particle Size Moisture Water Specific Fineness
88res (mm) Content (%)  Absorption (%)  Gravity (g/cm®) Modulus
NA 5-16 0.65 1.2 23 -
RA 5-16 0.70 4.9 2.0 -
Fine 0.15-4.75 0.72 11 1.9 2.6
aggregate

Figure 1. Apparent morphologies of (a) NAs; (b) RAs; (c) SFs.
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Figure 2. Grain size distribution curves of the RAs, NAs, fine aggregates and GGBS.
Table 2. The properties of the ultra-short microfilament steel fibers.
Equivalent Length- Densit Tensile Elastic
Length (mm) Diameter Diameter (& /ms}; Strength Modulus
(mm) Ratio & (MPa) (GPa)
13 0.2 65 7850 2930 200

The WER employed in this experiment was a commercial product manufactured
by Shanghai Hizone Chemical Co., Ltd., Shanghai, China, as shown in Figure 3. This
commercial WER comprises two distinct constituents: the epoxy resin and a curing agent.
Prior to application, the two components were thoroughly mixed at a ratio of 1:1.3 (epoxy
resin—curing agent). Additionally, an appropriate quantity of water was introduced and
mixed well to create a homogeneous milky-white fluid. As the water evaporated, the
epoxy resin particles and curing agent particles underwent agglomeration and initiated
cross-linking reactions through mutual internal penetration and diffusion.
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Figure 3. (a) Apparent morphologies and (b) molecular structure of WER.

Furthermore, to enhance the properties SFRAC, a polycarboxylic acid high-efficiency
water-reducing agent was introduced in concrete in this study, accounting for 1% of the
total cementitious materials. The addition of the water-reducing agent reduced the required
water consumption during mixing, effectively enhancing the plasticity and strength of the
concrete. At the same time, the ground granulated blast furnace slag (GGBS) powder was
added into the concrete as a mineral admixture in the amount of 25% of the total cementi-
tious materials. Table 3 provides a comprehensive account of the chemical composition and
properties of the GGBS employed in this experimental program, while Figure 2 displays
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its particle size distribution. On the one hand, the addition of GGBS expedites early ce-
ment hydration, mitigates cement heat generation during hydration and enhances cement
matrix stability. On the other hand, the active ingredients in GGBS can react with calcium
hydroxide to generate more hydrated calcium silicate gels, improving the densification of
the cement matrix.

Table 3. The chemical compositions and physical properties of GGBS.

Chemical Composition (%) Physical Properties

. Particle Density ~ Specific Surface
CaO SIOZ A1203 MgO SO3 (g/cm3) (mz/kg)
36.82 26.75 19.66 11.10 2.65 2.90 428

2.2. Mix Proportion

In accordance with the principles of orthogonal testing, the RA substitution rate, SF
dosage and WER dosage were selected as variables for the design of experimental groups,
based on the orthogonal array Ly (4%). Each of these variables was examined at four levels:
RA replaced NA at 0%, 30%, 45% and 60%; SF was added to the RAC at volumes of 0%,
0.6%, 0.8% and 1.0%; and WER was added to the RAC at mass percentages of 0%, 2%, 4%
and 6% relative to the total cementitious materials, replacing cement of the same mass.
The mix proportion of mixtures adhered to the Chinese standard JGJ /T 240-2011 [18], as
illustrated in Table 4.

Table 4. Mix proportions of the mixtures (kg/m?3).

Specimen  Cement  Water NA RA Fine WER SF  GGBs  'Vater-Reducing
Aggregate Agent

NAC-0-0-0 368.0 1840 11590 0 597.0 0 0 92.0 46
RAC-0-30-0.6  368.0 184.0 8116 3474 597.0 0 471 92.0 46
RAC-0-45-08  368.0 184.0 6374 5216 597.0 0 62.8 92.0 46
RAC-0-60-1.0  368.0 184.0 4366 6954 597.0 0 78.5 92.0 46
NAC-2-0-0.6 358.8 1814 11590 0 597.0 9.2 471 92.0 46
RAC-2-30-0 358.8 1814 811.6 3474 597.0 9.2 0 92.0 46
RAC2-45-10 3588 1814 6374 5216 597.0 9.2 785 92.0 46
RAC-2-60-08  358.8 181.4 4366 6954 597.0 9.2 62.8 92.0 46
NAC-4-0-0.8 349.6 1788 11590 0 597.0 184 628 92.0 46
RAC-4-30-1.0 3496 178.8 8116 3474 597.0 184 785 92.0 46
RAC-4-45-0 349.6 178.8 6374 5216 597.0 184 0 92.0 46
RAC-4-60-0.6  349.6 178.8 4366 6954 597.0 184 471 92.0 46
NAC-6-0-1.0 340.4 1762 11590 0 597.0 276 785 92.0 46
RAC-6-30-08  340.4 176.2 8116 3474 597.0 276 628 92.0 46
RAC-6-45-06 3404 1762 6374 5216 597.0 276 471 92.0 46
RAC-6-60-0 340.4 1762 4366 6954 597.0 27.6 0 92.0 46

Note: For specimen NAC/RAC-x-y-z, NAC denotes natural aggregate concrete, RAC denotes recycled aggregate
concrete, x denotes WER dosage (%), y denotes RA substitution rate (%) and z denotes SF dosage (%). The
total cementitious materials include cement, WER and GGBS. The water in the WER curing agent affects the
water /binder ratio of the mixtures, so the amount of water used should be reduced accordingly.

2.3. Sample Preparations

The procedures for the preparation of all specimens complied with the Chinese stan-
dards JGJ/T 240-2011 [18] and JGJ /T 221-2010 [19]. Initially, the coarse and fine aggregates
and SFs were introduced into a mixer, dry mixing for three minutes. Subsequently, half
of the required water was added, and mixing continued for an additional three minutes
to ensure the even distribution of steel fibers without aggregation. Following this, the
cementitious materials (cement, GGBS and WER) were incorporated and mixed for three
minutes. Finally, the remaining water and the water-reducing agent were poured in and
stirred for an additional three minutes to achieve a homogeneous mixture.
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The prepared homogeneous mixture was poured into the pre-prepared molds and
subjected to vibration on a vibrating table to ensure even distribution within the molds
and prevent the formation of air bubbles. Following 24 h curing at room temperature,
the molds were removed, and the demolded specimens were transferred to a standard
curing room (20 °C £ 5 °C, with a relative humidity of 98%) for further curing over 28 days
in preparation for subsequent testing. The curing method for the concrete mixed with
waterborne epoxy resin is different from that for ordinary concrete. Early-stage wet curing
promoted cement hydration, while later-stage dry curing facilitated the formation of a
continuous film structure of polymer particles. Consequently, specimens containing water-
borne epoxy resin in this study followed a wet—dry-alternation curing system. Specifically,
these specimens underwent an initial 6-day wet curing period in the standard curing room,
followed by 22 days in a dry environment. The remaining specimens were cured under
standard conditions for the entire 28-day duration.

2.4. Test Methods
2.4.1. Splitting Tensile Strength

In accordance with the guidelines outlined in Chinese standards [19,20], a 3000 kN
microcomputer-controlled electro-hydraulic servo testing machine was employed to con-
duct the splitting tensile tests on 100 mm cube specimens. The specimen was centered on
the lower platen surface of the testing machine, with arc-shaped steel pads and spacers
positioned between the platen and the specimen to apply splitting stress, as shown in
Figure 4. A loading rate of 0.05 MPa/s was maintained for consistent and continuous
loading until the specimen underwent failure. Subsequently, the splitting tensile strength of
the specimen was determined using Equation (1), based on the load at which the specimen
failed. The splitting tensile strength value reported for each group was the average of three
separate tests.
2F F
fts = A 0.637Z 1)
where f; represents the splitting tensile strength of concrete (measured in MPa), F represents
the failure load of the specimen (measured in N), A represents the area of the splitting
surface of the specimen (measured in mmz), and the value of A in this study is 10,000.

Figure 4. The set-up of the splitting tensile test.
2.4.2. Drop Weight Test

The drop weight test essentially serves as an assessment of energy accumulation.
During the free fall of the hammer, its gravitational potential energy transforms into kinetic
energy, and the concrete absorbs this kinetic energy under repeated impact loads until it
fails. In this study, according to the provisions of the Chinese standard CECS 13:2009 [21],
an improved drop weight test apparatus was selected to assess cylindrical specimens
(150 mm x 63 mm), as depicted in Figure 5. The specimen was positioned at the center
of the base plate of the impact bracket, with the positioning device adjusted to set the
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Baffle

Drop hammer

impact height of the falling hammer at 1000 mm. Upon activation of the device, the falling
hammer was fixed to the positioning device with an electromagnet. Subsequently, the
switch was controlled, enabling the falling hammer to free-fall onto the specimen. After
each impact, the surface of specimen was observed and recorded, and the impact procedure
was cyclically repeated. When the first visible crack appeared on the surface of specimen,
the number of impacts was documented as the initial crack impact number. If the specimen
came into contact with any three of the four baffles, signifying damage, the number of
impacts at that point was recorded as the destructive impact number. Each group of
mixtures was tested on 6 specimens. The maximum and minimum values were excluded,
and the reported data were the average value of the remaining 4 results. The initial cracking
impact energy and destructive impact energy for each group were determined based on the
initial cracking impact number and destructive impact number, respectively, as expressed
in the following equations:

Wl = Nlm gh (2)

W2 = szgh (3)

where Wy and W; represent the initial cracking impact energy and destructive impact
energy of the specimen (measured in J), N1 and N, represent the initial cracking impact
number and destructive impact number, m is the mass of the impact hammer, which is 4.5
kg, ¢ is the acceleration of gravity, which is 9.81 m/s?, and  is the falling height of the
impact hammer, which is 1000 mm.

Positioning
Supporting bar et device and Control switch

electromagnet
Positioning

device and / L
electromagnet i r 2 “
r Control switch ll

1000

Specimen

Figure 5. The improved drop weight test apparatus.

2.4.3. Scanning Electron Microscope (SEM)

An ultra-high resolution scanning electron microscope (SU8010) manufactured by
Hitachi, Ltd., Tokyo, Japan, was used to observe the internal microstructure of the concrete.
Firstly, concrete fragments were selected as observation specimens from inside the concrete
specimen, which should be as flat and small as possible and contain the interfacial transition
zone (ITZ) of the concrete. The obtained observation specimens should be immersed in
anhydrous ethanol to avoid further hydration of the cement which may affect the accuracy
of the test. Prior to the experiment, the observation specimens were vacuum dried for
48 h and then coated with gold. Finally, the specimens were put into the scanning electron
microscope for observation.
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3. Result and Analysis
3.1. Splitting Tensile Strength

The splitting tensile test results for individual groups were subjected to analysis using
the range analysis method, as presented in Table 5. It is clearly demonstrated that, in the
orthogonal test, the extreme deviations of WER dosage, RA substitution rate and SF dosage
on the splitting tensile strength of RAC were 0.95, 0.73 and 2.09, respectively. Consequently,
the primary order of the influences for the factors on the splitting tensile strength of RAC
is as follows: SF dosage > WER dosage > RA substitution rate. As the factors of WER
dosage and SF dosage exhibit the substantial ranges, they were considered the primary
factors, while the RA substitution rate assumes a secondary role in affecting the splitting
tensile strength of RAC. In accordance with the principle of selecting the optimal level
combination for each factor, it was determined that the optimal level combination is as
follows: 4% dosage of WER, 60% substitution rate of RA and 1% dosage of SFs.

Table 5. Results of the splitting tensile strength and range analysis.

Specimen WER Dosage RA SuIl{):tt;tutlon SF Dosage Ssliizt:;tirf;f[‘;g)e
NAC-0-0-0 1 (0%) 1 (0%) 1 (0%) 3.34
RAC-0-30-0.6 1 2 (30%) 2 (0.6%) 4.77
RAC-0-45-0.8 1 3 (45%) 3 (0.8%) 5.04
RAC-0-60-1.0 1 4 (60%) 4 (1.0%) 5.63
NAC-2-0-0.6 2 (2%) 1 2 3.73
RAC-2-30-0 2 2 1 3.66
RAC-2-45-1.0 2 3 4 6.49
RAC-2-60-0.8 2 4 3 5.84
NAC-4-0-0.8 3 (4%) 1 3 5.10
RAC-4-30-1.0 3 2 4 5.92
RAC-4-45-0 3 3 1 4.02
RAC-4-60-0.6 3 4 2 4.96
NAC-6-0-1.0 4 (6%) 1 4 4.72
RAC-6-30-0.8 4 2 3 4.14
RAC-6-45-0.6 4 3 2 3.97
RAC-6-60-0 4 4 1 3.38
K 18.78 16.89 14.40
K> 19.72 18.49 17.43
K3 20.00 19.52 20.12
Ky 16.21 19.81 22.76
ky 4.70 422 3.6
ko 493 4.62 4.36
k3 5.00 4.88 5.03
ks 4.05 4.95 5.69
R 0.95 0.73 2.09

Note: The numerical designations 1, 2, 3 and 4 are utilized to represent the different levels (from low to high)
of individual influencing factors; K; (i = 1 to 4) denotes the sum of the splitting tensile strengths at level “i” for
each influencing factor; k; (i = 1 to 4) denotes the mean value of the splitting tensile strengths at level for
each influencing factor; R denotes the difference between the maximum and minimum values of k; for each
influencing factor.

1z
1

To gain a more intuitive understanding of how various levels of each factor influence
the splitting tensile strength of RAC, the data in Table 5 were expressed in the form of
effect diagrams, as shown in Figure 6, employing the levels of factors as the horizontal
coordinate and the average value of splitting tensile strength at the factor level as the
vertical coordinate. From the figure, it becomes evident that the splitting tensile strength of
RAC exhibits a positive correlation with the dosage of SFs. In other words, as the dosage
of SFs increases, the splitting tensile strength of RAC steadily rises. Specifically, when the
SF addition reaches 1%, the splitting tensile strength of RAC reaches a maximum of 5.69
MPa, marking a remarkable 58.1% improvement compared to the specimen without SFs.
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The SFs incorporated in RAC serve to act as a supportive framework within the concrete
matrix, enhancing the structural integrity of RAC [22]. Furthermore, the distribution of
SFs mitigates stress concentrations at crack tips, limiting crack propagation and thereby
increasing the splitting tensile strength of RAC.

6.0

w
[
1

5.0 4

H
n
1

4.0

Splitting tensile strength (MPa)

w
n
1

T T T L T T T T T T
0 2 4 6 0 20 40 60 0.0 0.4 0.8

WER dosage (%) RA substitution SF dosage (%)
rate (%)

Figure 6. Effects of influencing factors on the splitting tensile strength.

With respect to the impact of WER dosage, the splitting tensile strength of RAC exhib-
ited an initial rise followed by a decline with the increase in WER dosage. The maximum
splitting tensile strength of RAC was achieved at a 4% dosage of WER. The reinforcement
effect of WER is primarily due to the interpenetrating spatial network structure formed
through the mutual fusion of WER particles and cement gel [23]. This structure aids in
stress dispersion and transfer while impeding microcrack growth. Additionally, the inter-
penetrating spatial network structure offers robust tensile ductility, enhancing toughness
and, consequently, splitting tensile strength of RAC. However, when the WER content
reached 6%, a notable reduction in the splitting tensile strength of RAC was observed. This
decline could be attributed to the high viscosity of the water-borne epoxy resin solution,
which introduced air into the slurry in the mixing process and subsequently escalated
the porosity within the concrete [15,24]. Furthermore, excessive inclusion of WER in the
concrete mixture might result in WER aggregation within the concrete matrix, thereby
interrupting the structural continuity and diminishing the splitting tensile strength of
the concrete.

Remarkably, the splitting tensile strength of RAC demonstrated a surprising increase
with rising RA replacement rate. Specifically, as the RA replacement rate escalated from
0% to 60%, the splitting tensile strength of RAC experienced a notable 17.3% improvement.
This phenomenon is mainly attributed to two factors. Firstly, the RA employed in this
study underwent processes such as cleaning, drying, and “mechanical strengthening”,
resulting in a surface with fewer impurities and greater roughness compared to NA. These
enhanced surface characteristics of RA improved the friction between the interface of RA
and fresh cement mortar. Secondly, the two-stage mixing process used in this test initially
combined water and cement, enveloping the surface of RA with a thin layer of fresh cement
mortar. This allows the slurry to infiltrate the attached old mortar and RA, effectively filling
their internal pores and enhancing the compactness, thereby contributing to the increased
splitting tensile strength of RAC.

3.2. Drop Weight Test

Table 6 presents the results of falling weight tests, including the initial cracking impact
number and destructive impact number, as well as the corresponding initial cracking
impact energy and destructive impact energy. Remarkably, plain concrete, devoid of
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RA, WER and SFs, exhibits poor impact resistance. The initial cracking impact number
and destructive impact number are both two, indicating that the plain concrete exhibits a
pronounced vulnerability to cracking and structural damage when subjected to impact load.
It clearly reflects the inherent brittleness of plain concrete. With the incorporation of RA,
WER and SFs, the initial cracking impact number and destructive impact number increase.
Moreover, the destructive impact number is greater than that of the initial cracking impact,
demonstrating that the concrete retains a certain degree of load-bearing capacity after
initial cracking. The impact energy, which signifies the energy absorbed by concrete before
failure or cracking under impact load, serves as a crucial indicator of impact resistance
performance of concrete. The detailed results of impact energy, analyzed via range analysis,
are displayed in Table 7. According to the analysis of the effects of WER dosage, RA
substitution rate and SF dosage on the impact energy of RAC in the orthogonal test, the
primary order of influence for individual factors is given as follows: SF dosage > WER
dosage > RA substitution rate. Remarkably, for both the initial cracking impact energy
and destructive impact energy, the influence range of SFs exhibits the most significant
difference, surpassing that of WER and RA. This underscores the substantial impact of SF
incorporation on the impact resistance of RAC. Furthermore, the optimal combination of
factors for impact energy is determined as follows: 0% dosage of WER, 60% substitution
rate of RA and 1% dosage of SFs.

Table 6. Results of the drop weight test.

Specimen N7 (Times) N, (Times) W1 () W (J)
NAC-0-0-0 2 2 88.29 88.29
RAC-0-30-0.6 4.25 18 187.62 794.61
RAC-0-45-0.8 5.25 22.50 231.76 993.26
RAC-0-60-1.0 9.25 35.50 408.34 1567.15
NAC-2-0-0.6 2.75 19 121.4 838.76
RAC-2-30-0 2.25 2.5 99.33 110.36
RAC-2-45-1.0 5.75 25.75 253.83 1136.73
RAC-2-60-0.8 3.25 17.75 143.47 783.57
NAC-4-0-0.8 3.25 19.5 143.47 860.83
RAC-4-30-1.0 4.5 185 198.65 816.68
RAC-4-45-0 2.75 3.25 121.4 143.47
RAC-4-60-0.6 3 14.5 132.44 640.10
NAC-6-0-1.0 3.75 24.75 165.54 1092.59
RAC-6-30-0.8 2.75 14.75 121.4 651.14
RAC-6-45-0.6 3 15 132.44 662.18
RAC-6-60-0 25 3 110.36 132.44

Note: Wy and W, represent the initial cracking impact energy and destructive impact energy of the specimen, and
N and N; represent the initial cracking impact number and destructive impact number.

Figures 7 and 8 present the effects of various factors on the initial cracking impact
energy and destructive impact energy, respectively. It is evident that the impact energy
experienced a significant rise with the increasing SF content, particularly for the destructive
impact energy. When the SF content increases from 0% to 1.0%, the initial cracking impact
energy and destructive impact energy increase by 144.7% and 872.1%, respectively. Prior to
the specimen cracking, the SF content improves the toughness of concrete, augmenting the
elastic deformation. This slows the progression of plastic deformation and delays crack
initiation. Once cracking occurs, the SFs bridging the cracks not only impede expansion
and propagation of cracks but also absorb substantial impact energy during the process
of pullout and breakage [25]. As showed in Table 6, the disparity between the destructive
impact number and initial cracking impact number obviously expands with the increasing
SF content, further confirming that the incorporation of SFs significantly enhances the
impact resistance of RAC after cracking. In summary, the inclusion of SFs delays crack
formation, enhances ductility and improves the overall impact resistance of RAC.
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Table 7. Range analysis results of the impact energy.
Range RA Substitution RA Substitution
Analysis WER Dosage Rate W (J) SF Dosage WER Dosage Rate W, (J) SF Dosage
Ky 916.01 518.7 419.38 3443.31 2880.47 474.56
K> 618.03 607 573.9 2869.42 2372.79 2935.65
K3 595.96 739.43 640.1 2461.08 2935.64 3288.8
Ky 529.74 794.61 1026.36 2538.35 3123.26 4613.15
k1 229 129.68 104.85 860.83 720.12 118.64
ko 154.51 151.75 143.48 717.36 593.2 73391
ks 148.99 184.86 160.03 615.27 73391 8222
ky 132.44 198.65 256.59 634.59 780.82 1153.29
R 96.57 68.98 151.75 245.56 187.62 1034.65

Note: The numerical designations 1, 2, 3 and 4 are utilized to represent the different levels (from low to high)
of individual influencing factors; K; (i = 1 to 4) denotes the sum of the impact energy at level “i” for individual
influencing factors; k; (i = 1 to 4) denotes the mean value of the impact energy at level “i” for individual influencing
factors; and R denotes the difference between the maximum and minimum values of k; for each influencing factor.
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Figure 7. Effects of influencing factors on the initial cracking impact energy.
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As can be seen from Figures 7 and 8, the incorporation of WER exhibits no significant
enhancement to the impact resistance of RAC. As WER content increases, the initial cracking
impact energy decreases. Regarding the destructive impact energy, an increase in the dosage
of WER from 0% to 4% leads to a consistent reduction in the destructive impact energy.
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However, when the WER dosage reaches 6%, the destructive impact energy of RAC exhibits
a minor increment compared to RAC with 4% WER, although it remains lower than the
destructive impact energy of RAC with no WER. Specifically, when the WER content
reaches 6%, the initial cracking impact energy and destructive impact energy decreased by
42.2% and 26.3%, respectively. WER possesses a low modulus of elasticity, and its addition
to RAC in place of cement reduces the rigid support in concrete, rendering it more prone
to cracking under impact loading. Furthermore, reactive groups in WER adsorb calcium
ions in the slurry, retarding the cement hydration reaction [26]. Consequently, the addition
of WER reduces the hydration products in RAC and diminishes internal compactness of
concrete. Upon reaching a WER dosage of 6%, the slight rise in the destructive impact
energy might be attributed to the synergistic interplay between WER and SFs. WER
strengthens the ITZ between SFs and the concrete matrix, consequently elevating the
energy demand for SF pullout and enhancing the impact resistance of RAC in the post-
cracking stage [27,28]. This synergy between WER and SFs serves to partially compensate
for the negative repercussions brought by the incorporation of WER.

The initial cracking impact energy of RAC increases with the increase in RA substitu-
tion rate, while the destructive impact energy of RAC first decreases and then increases
with the increase in RA substitution rate. At a 60% substitution rate of RA, the initial
cracking impact energy and destructive impact energy of RAC specimens increase by 53.2%
and 8.4%, respectively, compared to the specimens with 0% RA substitution rate. On the
one hand, the rough surface of RA forms a stronger bond with new cement mortar than
NA, consequently enhancing the performance of concrete. On the other hand, the water
absorption rate of RA is higher than that of NA, so it will absorb more water in the mixing
process. During the curing process, the water absorbed by RA is slowly released along
with the hydration of cement, which plays the role of “internal curing agent” [29]. As a
result, the impact energy of RAC rises with the increasing RA substitution rates.

3.3. SEM

Figure 9a and Figure 9b depict SEM images of the concrete matrix in specimens NC-0-
0-0 and RC-0-60-1.0, respectively. These images facilitate an analysis of the impact of RA
substitution rate on the performance of RAC. It can be seen that when the recycled coarse
aggregate substitution rate is 0%, there are many unevenly distributed pores and even
some pits with large sizes and irregular shapes distributed on the surface of the cement
stone. In addition, multiple cracks of different lengths and curvatures can be observed
on the hardened cement stone surface. These voids and cracks disrupt the continuity
and densification of hydration products, rendering the concrete matrix loose in structure.
Comparatively, at a 60% RA replacement rate, the number of pores and cracks on the surface
of cement stone significantly decreases, with pores notably smaller in size. The continuity
of the cementitious material phase is improved, and the overall structure of the concrete
appears to be denser. Based on prior research conducted by various scholars [4,5,30], our
initial assumption was that the performance of RAC would diminish as the replacement
rate of RA increased. However, the findings from our experimental study reveal that,
when the replacement rate of RA increased from 0% to 60%, the performance of RAC
was not degraded but improved instead. This phenomenon necessitates a comprehensive
evaluation, considering factors such as the source and production process of RA, as well
as the experimental methodology employed for analysis. Currently, based on the analysis
of SEM images, we can make a preliminary inference that the beneficial impact of RA on
RAC primarily manifested in enhancing the compactness of the cement matrix. This may
be attributed to the higher water absorption rate of RA when compared to NA. During the
curing process, the absorbed water in the RA gradually released, promoting more complete
hydration reactions. Consequently, this led to increased hydration product formation
within the concrete, culminating in a denser cement stone structure.
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Figure 9. SEM images of the microstructures in concrete: (a) without RA; (b) with RA.

In order to investigate the mechanism of WER on interfacial modification, relevant
specimens were selected for comparison, as shown in Figure 10. In the specimens without
WER, more cracks were evident in the concrete matrix within the ITZ of SFs. This occurrence
resulted from the fact that the SF surface exhibited hydrophilicity, causing a higher water—
cement ratio in its vicinity, which increased the presence of low-density hydrated calcium
silicate gels and pores in the ITZ. As a result, the ITZ between the SFs and the concrete
matrix exhibited poor mechanical properties and its structure became loose. Moreover, the
gaps in the ITZ between the SFs and the cement stone were larger and the bond was not
tight enough. This significantly diminished the performance enhancement effect of SFs on
RAC. For the specimen with WER, Figure 10b demonstrates that the number and width
of cracks in the concrete in the ITZ were reduced. The incorporation of WER effectively
inhibited the generation and expansion of cracks in the concrete matrix and reduced the
defects in the ITZ. Additionally, the WER acted as a “bridge” with its polar hydrophilic
groups facilitating physicochemical double adsorption, thereby tightly bonding SFs to the
cement stone [31]. Consequently, there was no obvious gap between the SFs and cement
stone with the incorporation of WER, as shown in Figure 10.
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Figure 10. SEM images of the ITZs between SFs and the concrete matrix: (a) without WER;
(b) with WER.

3.4. Life Prediction of Impact

Prior research has demonstrated that, in the drop weight test, the impact numbers
(N) conform to a Weibull distribution [32,33]. Consequently, this study employs Weibull
distribution theory to analyze the probabilistic statistics regarding the impact numbers of
specimen groups and predict their impact lifespan. The probability density function, f(N),
and the cumulative distribution function, F(N), can be expressed as:

) = 55 (1 __I\Ii?(])v_lexp[—(H)v] @

N-—Np\”
el (225)]
where Ny denotes the position parameter, Ny denotes the scale parameter and Ny > 0, and
7 denotes the shape parameter and -y > 0.

For Ny = 0, the three-parameter Weibull distribution can be simplified to a two-
parameter Weibull distribution. Prioritizing safety, reliability and practicality, Ny is treated
as being nearly equal to 0 in this study. Consequently, f(N), F(N) and the reliability function
R(N), which denotes the survival probability of the specimen for impact times greater than
N, are derived, based on the two-parameter Weibull distribution, as shown in the following

equations:
09 = (2 e (2] 0
F(N) =1—exp [—(%)7} @)
R(N)=1-F(N) :exp[—(%)y] 8)

Through performing double logarithm transformation on both sides of Equation (8),
we obtain the following equation:

In {m(ﬁ)] = y[InN — In Ny] 9)

Let X = InN, Y = In[In(1/R(N))] and B = yInN,. We simplify Equation (9) to the
following equation:
Y=9X-B (10)
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From Equation (10), it is evident that a linear relationship exists between Y and X. The
reliability function R(N) is expressed as:

RIN)=1—-——=(0<m<t) (11)

where f represents the total number of specimens subjected to the drop weight test in each
group, and in this study, ¢ is six, and m represents the order number obtained through
arranging the impact test results N1 and N in increasing order for each group.

Letting X = InN and Y = In[In(1/R(N))] and utilizing Equation (11), the corresponding
parameters y and B, along with the correlation coefficient R? for each specimen group,
were determined through linear regression analysis. Table 8 displays the results of linear
regression for each specimen group. Notably, all the fitted correlation coefficient R? values
for different specimen groups exceed 0.90, with the minimum value of 0.904. This implies a
significant linear correlation between In[In(1/R(N))] and InN, affirming the superior ability
of the two-parameter Weibull distribution to characterize the probability distribution of
impact numbers for individual specimen groups.

Table 8. Linear regression results of the parameters for Weibull distribution.

Soeci Ny N,
pecimen N 5 @ . 5 2
NAC-0-0-0 2.279 1.915 0.995 2.279 1.915 0.995
RAC-0-30-0.6 1.189 1.963 0.974 3.205 9.801 0.966
RAC-0-45-0.8 1.371 2.413 0.965 6.904 21.966 0.965
RAC-0-60-1.0 2.067 4.786 0.984 3.089 11.292 0.937
NAC-2-0-0.6 1.343 1.911 0.904 3.088 9.537 0.933
RAC-2-30-0 1.338 1.379 0.992 1.364 1.648 0.963
RAC-2-45-1.0 1.618 3.122 0.964 4.790 15.946 0.928
RAC-2-60-0.8 1.513 2.040 0.916 4.214 12.647 0.915
NAC-4-0-0.8 1.309 1.810 0.979 4.104 12.718 0914
RAC-4-30-1.0 1.969 3.267 0.994 4.082 12.190 0.949
RAC-4-45-0 1.481 1.892 0.971 1.748 2.548 0.966
RAC-4-60-0.6 1.576 2.012 0.974 2.618 7.289 0.955
NAC-6-0-1.0 2.397 3.558 0.985 4.581 15.202 0917
RAC-6-30-0.8 1.851 1.862 0.999 2.708 7.768 0.925
RAC-6-45-0.6 1.656 2.034 0.946 9.562 26.325 0.992
RAC-6-60-0 1.828 1.977 0.986 1.576 2.012 0.974

The relationship between the failure probability function P{N) and the reliability
function R(N) is elucidated in Equation (12). According to Equations (8)—(10) and (12), the
expressions for the impact numbers of specimens under different failure probabilities are
derived, as shown in Equation (13).

R(N) =1— P#(N) (12)

1n1n[1/ (1 - Pf(N)ﬂ +B

13
5 (13)

N = exp

Equation (13) establishes the relationship between the failure probability and impact
life (impact number). Utilizing this equation and the parameters derived via linear regres-
sion, the impact resistance numbers of specimens at different failure probabilities (0.1, 0.15,
0.3) are obtained, as presented in Table 9.
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Table 9. Prediction results of the impact resistance numbers under different failure probabilities.

. PN) =0.1 P«N) =0.15 PHN) =103
Specimen
Ny N, Ny N, Ny N

NAC-0-0-0 0.86 0.86 1.04 1.04 1.47 1.47
RAC-0-30-0.6 0.79 10.55 1.13 12.07 2.19 15.43
RAC-0-45-0.8 1.13 17.39 1.54 18.51 2.74 20.75
RAC-0-60-1.0 3.41 18.67 421 21.48 6.15 27.71
NAC-2-0-0.6 0.78 10.59 1.07 12.18 1.93 15.71
RAC-2-30-0 0.52 0.64 0.72 0.88 1.3 1.57
RAC-2-45-1.0 1.71 17.45 2.24 19.1 3.64 22.51
RAC-2-60-0.8 0.87 11.79 1.16 13.07 1.95 15.75
NAC-4-0-0.8 0.71 12.81 0.99 14.24 1.81 17.25
RAC-4-30-1.0 1.68 11.42 2.09 12.69 3.11 15.39
RAC-4-45-0 0.79 1.19 1.05 1.52 1.79 2.38
RAC-4-60-0.6 0.86 6.85 1.13 8.09 1.86 10.92
NAC-6-0-1.0 1.73 16.9 2.07 18.58 2.87 22.05
RAC-6-30-0.8 0.81 7.67 1.02 9 1.57 12.04
RAC-6-45-0.6 0.88 124 1.14 12.98 1.83 14.09
RAC-6-60-0 0.86 0.86 1.09 1.13 1.68 1.86

Based on the predicted values of N1 and N for each group of specimens outlined
in Table 9, the trends in the natural logarithms, InN; and InNj, of the estimated impact
life for each group of specimens at various failure probabilities are plotted as shown in
Figure 11. Figure 11 illustrates that the trends of InN; and InN, for different groups
of specimens, under varying failure probabilities, align closely with the corresponding
measured values. Moreover, the specimen RC-0-60-1.0 exhibited the best performance in
terms of the impact resistance across the range of failure probabilities. The incorporation
of SFs has the most significant impact on the impact life. All the specimens with 1.0% SF
incorporation exhibited a marked enhancement in InN; and InN, values, demonstrating
excellent impact resistance. Furthermore, the additions of WER and RA perform a moderate
improvement in the impact life of the concrete specimens. In addition, as the probability
of failure increases, the predicted values of InN; and InN, for each group of specimens
also increase, consistent with the inherent characteristics of concrete materials and their
structural behaviors.
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Figure 11. Line diagrams of the impact life: (a) InN; and (b) InNj of the specimens under different
failure probabilities.

4. Conclusions

Based on the experimental results and analysis in this study, the following conclusions
can be drawn:
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In the experiment, we obtained experimental results that were contrary to expectations.
As the substitution rate of RA increased, the split tensile strength and impact resistance
of RAC were improved. At a 60% RA substitution rate, the splitting tensile strength,
initial cracking impact energy and destructive impact energy of RAC increased by
17.3%, 53.2% and 8.4%, respectively. This phenomenon might be attributed to the
inherent “internal curing” effect of RA, leading to an enhancement in the compactness
of the concrete matrix, as it was distinctly observable in SEM images.

Surprisingly, the incorporation of WER significantly improved the splitting tensile
strength of RAC but had no significant enhancement effect on the impact resistance.
Therefore, in the orthogonal test of this study, the optimum levels of WER dosage for
splitting tensile strength and impact energy were 4% and 0%, respectively. Owing
to the constraints inherent in the orthogonal experiment, our capacity to discern
the detrimental impact of WER on the impact resistance of RAC was confined to
macroscopic data. Consequently, we were unable to ascertain whether this effect arose
from an interaction with other factors, such as the replacement rate of RA.

The addition of SFs emerged as the paramount influencing factor for both split-
ting tensile strength and impact resistance of RAC. With increasing SF content, the
performance of RAC, especially its impact resistance, was improved significantly.
Specifically, both the initial cracking impact energy and destructive impact energy
reached their peaks at the 1.0% SF dosage, marking increases of 144.7% and 872.1%,
respectively, compared to the specimens without SFs.

Through analyzing the SEM images, it can be concluded that WER exhibited the
ability to enhance the ITZs of SFs, improving bonds between SFs and the concrete
matrix. The synergistic effect between WER and SFs significantly enhanced the ability
of RAC to withstand impact loads after initial cracking.

The two-parameter Weibull distribution effectively characterized the distribution
characteristics of the impact times for polymer-modified steel fiber-reinforced recycled
aggregate concrete specimens. Across varying failure probabilities, the predicted
values of impact life for each specimen group consistently mirrored the corresponding
measured values. The positive correlation between the predicted values of the impact
life and the probability of failure could provide guidance for structural design under
various failure probabilities.
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