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Abstract

Recycled aggregate concrete (RAC) offers an effective approach to reducing the envi-
ronmental burden associated with construction and demolition waste. In this study, a
fiber-reinforced RAC was developed by replacing part of the cement with fly ash and
ground granulated blast-furnace slag, while glass fibers or basalt fibers were incorporated
as reinforcing materials. A systematic experimental program was conducted to evaluate
the mechanical behavior of the proposed concrete under different saturation conditions.
The results show that the best toughness performance was achieved in the natural moisture
state. In comparison, compressive and flexural strengths reached their maximum values
under dry conditions, whereas splitting tensile strength peaked in the natural state. Based
on the experimental data, prediction equations were established for the splitting tensile and
flexural strengths by considering both saturation degree and fiber content. A stress—strain
model under uniaxial compression was also developed. In addition, scanning electron
microscopy (SEM) was employed to examine the fiber-matrix interface and hydration
products, thereby clarifying the microstructural characteristics of the concrete at different
saturation levels.

Keywords: recycled aggregate concrete; water saturation; basalt fiber and glass fiber;
toughness; SEM

1. Introduction

Driven by accelerating industrialization and urbanization, the construction indus-
try has undergone rapid expansion, accompanied by a growing amount of construction
waste [1]. According to an official report released by China’s Ministry of Housing and
Urban-Rural Development, the total amount of construction waste nationwide exceeded
3 billion tons in 2020, and it is projected to reach 4 billion tons by 2025 [2]. If not promptly
treated and utilized, this waste not only leads to the depletion and waste of natural re-
sources but also poses negative impacts on society and the environment [3,4]. Accordingly,
the effective recycling and reuse of concrete waste is essential for promoting the sustainable
development of the construction industry [5].
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Over the past decade, extensive research has been conducted on utilizing demolished
waste concrete as recycled aggregates (RAs) for the production of recycled aggregate con-
crete (RAC). A general consensus drawn from these studies is that concrete incorporating
RAs exhibits inferior performance compared to conventional natural aggregate concrete
(NAQ). Specifically, as the RA replacement ratio increases, the resulting concrete demon-
strates deteriorated workability [6], reduced density [7], diminished elastic modulus [8],
compromised mechanical strength [9], as well as exacerbated drying shrinkage [10] and
creep deformation [11]. These performance degradations are fundamentally attributed to
the presence of porous residual mortar attached to the surface of the RAs [12,13].

To mitigate the negative influence of adhered mortar, various physical and chemical
treatments have been explored to enhance the quality of recycled aggregates [14]. These
treatment methods are generally divided into two categories: removing the adhered mortar
and improving the properties of the remaining mortar. Bru et al. employed microwave
heating to weaken the initial interfacial transition zone (ITZ) between natural aggregates
and attached mortar. Subsequently, mechanical grinding was employed to effectively
remove the adhered mortar, resulting in high-quality recycled concrete aggregates [15].
Tam et al. used three acids of the same concentration—hydrochloric acid (HCI), sulfuric
acid (H»SOy), and phosphoric acid (H3POs)—to soak the RCA for 24 h to remove the
adhered mortar, and found that hydrochloric acid was the most effective among them [16].
Kou et al. subjected recycled concrete aggregates to carbonation treatment in a 100%
CO, environment at a pressure 0.1 bar higher than atmospheric pressure. This treatment
improved the mechanical performance and chloride penetration resistance of the aggregates,
while also mitigating drying shrinkage [17].

It is well established that fiber incorporation can substantially improve the perfor-
mance of concrete [18-21]. Accordingly, numerous experimental studies have explored the
use of fibers to enhance the properties of recycled aggregate concrete (RAC). J.A. Carneiro
et al. reported that, for RAC with a 25% recycled aggregate replacement level, the incor-
poration of 0.75% hooked-end steel fibers increased the compressive strength by 13% [22].
K.R. Akga et al. reported that incorporating 1% polypropylene fibers into RAC with a 55%
recycled aggregate replacement ratio increased the splitting tensile and flexural strengths
by 31% and 4%, respectively [23].

Furthermore, owing to the high water absorption capacity of recycled aggregates, the
influence of water on the mechanical properties of recycled aggregate concrete (RAC) is
considerably more profound and complex. On the one hand, variations in the degree of
water saturation may trigger the secondary hydration of unreacted cement particles within
the matrix, thereby affecting the interfacial adhesion between the fibers and the cementitious
matrix. On the other hand, as the saturation degree increases, the accumulation of internal
pore water pressure significantly affects microcrack propagation and interfacial sliding.
Most existing studies concerning the effect of water on RAC have primarily focused
on the preparation and curing stages. For instance, Etxeberria et al. [8] pre-soaked the
aggregates prior to mixing to improve the interfacial transition zone (ITZ) between the
recycled aggregates and the matrix; meanwhile, Poon et al. [24] introduced additional
water during the mixing process so that the performance of recycled aggregates could
closely approach that of natural aggregates. Several studies have indicated a negative
correlation between the water absorption of recycled aggregates and the compressive
strength of the resulting concrete [25,26], although the observed results exhibit considerable
scatter. However, some studies have also reported an anomalous increase in the strength of
RAC [27,28], which may be attributed to deviations in the effective water-to-binder ratio
and the fact that the parent concrete of the recycled aggregates was of high strength. In
practical engineering applications, concrete structures are exposed to environments with
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highly variable humidity, which can likewise exert a substantial impact on the overall
performance of the concrete.

In this study, a novel eco-friendly recycled aggregate concrete (RAC) material is pro-
posed, in which ordinary cement is partially replaced (approximately 20%) by fly ash and
ultrafine slag. In terms of fiber reinforcement, two distinct types of fibers were considered
and experimentally compared: basalt fibers, which are widely utilized in concrete reinforce-
ment, and glass fibers, which offer a lower market cost but have received comparatively
less attention in existing literature. This paper investigates and analyzes the experimental
results regarding the fundamental static mechanical properties—including compressive
strength, splitting tensile strength, flexural strength, and associated toughness—of the
fiber-reinforced RAC (FRRAC) under various degrees of water saturation. Based on these
experimental findings, coupled with empirical formulas and relevant mechanical principles,
coupling equations were formulated to describe the relationships of splitting tensile and
three-point bending strengths with the saturation degree and fiber dosage. Furthermore,
a constitutive stress—strain model was developed to characterize the uniaxial compres-
sive stress—strain behavior of the RAC. Finally, scanning electron microscopy (SEM) was
employed to conduct a parametric analysis of the microstructural features of the fiber
interfacial bonding and the cementitious matrix.

2. Experimental Setup
2.1. Raw Materials

Five groups of recycled aggregate concrete (RAC) specimens were prepared using an
identical mix proportion. The primary variables were the water saturation state, fiber type,
and fiber volume fraction. Specifically, the saturation conditions were categorized into an
oven-dried state, a natural moisture state, and a fully water-saturated state. Basalt fibers
and glass fibers were utilized, with volume fractions of 0%, 1%, and 1.5%. This experimental
program aims to investigate the variation patterns of the static mechanical properties of
fiber-reinforced recycled aggregate concrete under different saturation conditions.

The selected fiber dosages encompass the optimal contents for both types of fibers,
while the variations in water saturation adequately simulate the typical service environ-
ments that RAC might encounter in practical engineering.

The basalt and glass fibers used in the tests were supplied by Shandong Senhong
Engineering Materials Co., Ltd., Jinan, China. The physical parameters and geometric
characteristics of the fibers are detailed in Table 1.

The recycled coarse aggregates were produced by spiral grinding of waste concrete
blocks collected from a demolished residential construction site in Chongging, China. The
oven-dried density and water absorption of the recycled aggregate were measured to be
2.41 g/cm3 and 4.07%, respectively. According to the Chinese national standard GB/T
25177-2010 [29], the recycled aggregate used in this study is categorized as Grade Il recycled
aggregate. Selected materials used in the experiment are shown in Figure 1.

Figure 1. Photo of part materials.
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Table 1. Physical properties and geometric size of basalt and glass fiber.
Fiber Tvoe Equivalent Length Tensile Elastic Modulus  Density
M Diameter (mm) (mm) Strength (MPa) (GPa) (Kg/m®)
Basalt 10 12 1131 45 2.64
Glass 12 12 1824 75 2.68

The constituent materials and mix proportions of the recycled aggregate concrete
(RAC) are listed in Table 2. In this study, four cementitious materials were incorporated
into the mixtures:

Table 2. Mix proportion of RAC (kg/ m?).

sample Coment v Nt Keoyled g G Jome S fy o m
P 243.6 706 441 441 194 8.83 / / 48.7 28.2 42.4
G1.0 243.6 706 441 441 194 8.83 Basalt 1.0% 48.7 28.2 42.4
G1.5 243.6 706 441 441 194 8.83 Basalt 1.5% 48.7 28.2 424
B1.0 243.6 706 441 441 194 8.83 Glass 1.0% 48.7 28.2 424
B1.5 243.6 706 441 441 194 8.83 Glass 1.5% 48.7 28.2 42.4

Type 52.5 ordinary Portland cement (OPC), conforming to Chinese national standards,
was used in this study. Its particle size, density, and specific surface area were 20-30 pm,
3.17 g/cm?, and 0.385 m? / g, respectively. Silica fume, Class I fly ash, and ground granulated
blast furnace slag (GGBFS) were used as supplementary cementitious materials. The silica
fume contained more than 92% SiO,, with a particle size of 0.1-0.3 pm and a 7-day activity
index of 116%. The fly ash complied with Chinese standards and had a density of 2.6 g/cm?
and an 8% sieve residue. The GGBFS had a density of 3.1 g/cm3, a specific surface area of
0.429 m? /g, and a 28-day activity index of 98.5%. Their chemical compositions and loss on
ignition (LOI) are presented in Table 3. River sand with a particle size below 0.6 mm and
a fineness modulus of 2.4 was used as the fine aggregate. A polycarboxylate-based high-
range water-reducing admixture (HRWR) from Zhongyan Technology Co., Ltd., China, was
added to all mixtures to ensure workability and improve strength development. The HRWR
had a water-reduction rate of at least 27%. The water-to-binder and HRWR-to-binder ratios
were 0.55 and 0.025, respectively.

Table 3. Chemical content (%) and LOI of silica fume, fly ash and ultra-fine BF slag.

Composition SiO; CaO Al,O3 Fey0O3 MgO SO; LOI

Silica fume 92.20 0.51 0.32 0.85 0.97 / 3.00
Fly ash 60.90 4.90 24.47 6.70 0.68 1.50 2.00
Ultra-fine BF slag ~ 34.50 34.00 17.70 1.03 6.01 1.64 0.84

As shown in Table 2, a composite cementitious material system utilizing silica fume
(SF), fly ash (FA), and ground granulated blast-furnace slag as partial replacements for
cement was adopted in this study. Both practice and research have demonstrated that the
incorporation of an appropriate amount of GGBS can improve the compressive strength
and elastic modulus of concrete [30-32]. Concurrently, the active components in SF and
FA can react with the calcium hydroxide generated during cement hydration to undergo a
secondary hydration reaction. This process produces additional gel products that fill the
internal pores, thereby densifying the concrete microstructure and enhancing its later-age
strength. The combined incorporation of these three materials not only reduces the high
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consumption of cement but also enables the large-scale recycling of industrial solid wastes,
endowing the RAC with significant environmental and economic benefits.

2.2. Specimen Preparation

To ensure satisfactory workability and uniform distribution of aggregates and fibers,
the RAC was mixed following the procedure presented in Figure 2. The fresh concrete
was then placed into ABS plastic molds, including 100 x 100 x 100 mm cubes for uniaxial
compression and splitting tensile tests and 40 x 40 x 160 mm prisms for three-point
bending tests. Subsequently, the specimens were compacted by vibration for 30 s.

Mix 1.5 minutes

Mix 2 minutes

Cube specimens with ~ Cube spect
side length of 160mm  side length of 100mm

Figure 2. Mixing procedures of RAC with fibers.

Since vibration mainly promotes horizontal movement of the fresh mixture, and
RAC has relatively low flowability compared with conventional concrete, the fibers were
considered to be randomly distributed, with little risk of settling in the molds [33]. The
RAC specimens were initially kept in the molds for 24 h under a temperature of 20 + 5 °C
and a relative humidity above 90%. Subsequently, the specimens were demolded and
subjected to ambient curing for 28 days.

In total, 135 specimens were prepared for the experimental program. These specimens
were classified into three groups, A, B, and C, according to their moisture-conditioning
states. For each group, five RAC mixtures with different fiber types and volume fractions
were considered, with three replicate specimens prepared for each mechanical test. Figure 3
illustrates the sample preparation under different moisture conditions. The samples in
Group A were dried in an oven at 125 °C for 24 h (Figure 3a). Conversely, the samples in
Group B were immersed in water until testing (Figure 3b). Before testing, the immersed
specimens were taken out and their surface water was carefully removed using a damp
cloth. The Group C specimens were maintained at room temperature before testing.
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The formula for calculating the saturation degree of recycled aggregate concrete is

as follows: I
S, = —— 9 % 100% 1)

where m; is the mass of the specimen in the current state, 1, is the mass of the speci-
men in the water-saturated state, and m, is the mass of the specimen in the completely
oven-dried state.

L e 0

: LY IB‘;‘&‘-"%G"—?

Figure 3. Sample processing: (a) Drying treatment; (b) Saturation treatment.

2.3. Testing Methods

Following the requirements specified in the Chinese standard GB/T 50018-2019 [34],
the specimens were subjected to uniaxial compression using a 2000 KN computer-controlled
electro-hydraulic servo testing system, as shown in Figure 4a. The axial deformation of
the specimens was measured by a linear variable differential transformer (LVDT) mounted
between the loading plates, from which the stress—strain curves were obtained. Vaseline
was coated on both loading surfaces to reduce end restraint caused by friction. A spher-
ical bearing block was used above the specimen to promote uniform stress distribution
during loading.

Figure 4. Experimental setup for mechanical tests: (a) uniaxial compression; (b) splitting tension;
(c) three-point bending.

A static splitting tensile test was installed on 45 cube specimens using an Instron 1342
electro-hydraulic servo testing machine (Instron, Norwood, MA, USA) with a maximum
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capacity of 250 KN (as shown in Figure 4b). Three specimens were tested for each type,
and the average value was taken as the final test result.

According to the “Hydraulic Concrete Test Code,” the splitting tensile strength (o) of
the cube specimens can be expressed by the following formula:

2p

- = @

Ot

In the formula, o;—Splitting tensile strength of concrete (MPa); P—Ultimate load (N);
A—Area of the splitting surface of the specimen (mm?).

To obtain the axial tensile strength from the measured splitting tensile strength, a
conversion coefficient of 0.9 was used. Since 100 mm x 100 mm X 100 mm cubes are
non-standard specimens, a size correction factor of 0.85 was also applied to the measured
splitting tensile strength.

As shown in Figure 4c, three-point bending tests were performed on 27 prism spec-
imens with dimensions of 40 x 40 x 160 mm? using the Instron 1342 electro-hydraulic
servo testing machine equipped with the appropriate bending fixtures. The test procedure
followed GB/T 17671-1999.

A displacement-controlled loading mode was applied with a loading rate of
0.01 mm/min. The midspan deflection of the specimen was monitored by an LVDT
during the test. The bending strength (f,) is calculated according to the following
Formula (3):

fo= o ®

In the formula, L—Span (mm); F—Peak load (N); i—Height of the specimen (mm);

b—Width of the specimen (mm).

3. Experimental Results

3.1. Results of Uniaxial Compression
3.1.1. Compressing Failure Mode

Dry state: The matrix stiffness of the concrete specimens is at its highest level, and
the failure is typically instantaneous and explosive. Due to the lack of internal moisture
lubrication, the frictional resistance at the crack surfaces is high, leading to a rapid release
of fracture energy. The brittleness is most pronounced, accompanied by loud bursting
sounds and extensive dust emission. Compared to plain concrete specimens (Group P),
clear “tearing” or “snapping” sounds caused by fiber pull-out or rupture can be heard
during the failure of FRRAC. Although covered with dense cracks, the FRRAC specimens
can maintain their overall structural integrity.

Natural state: Crack propagation is relatively stable. The fiber network functions ef-
fectively to delay the formation of major cracks. The specimens exhibit typical compressive
cracking characteristics, with a moderate amount of spalling.

Water-saturated state: The failure process is relatively muffled, completely lacking
the explosive nature observed in the dry state. The crack surfaces frequently slide along
interfaces fully softened by water, and the specimens often crush and collapse into loose
fragments under compression. In contrast, FRRAC maintains a certain structural shape
due to the bridging effect of the internal fibers, and complete collapse rarely occurs.

Furthermore, Figure 5 illustrates the upper cross-sections of the plain recycled aggre-
gate concrete (P), glass fiber-reinforced recycled aggregate concrete (GFRAC), and basalt
fiber-reinforced recycled aggregate concrete (BFRAC) specimens upon compressive failure
under different saturation states.
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Dried

Natural

Water-saturated

Figure 5. Compressive failure modes of plain RAC and FRRAC under different saturation states.

3.1.2. Performance Analysis of Compressing

Table 4 and Figure 6 present the mechanical parameters and load—displacement re-
sponses of the specimens under uniaxial compression.

Table 4. Experimental parameters of specimens compressing.

Specimen  Fiber Type \Z; Sy (%) fc Mpa) cov dc (mm) Iy I
DP / / 0 71.21 0.039 1.56 2.03 1.47
NP / / 60 55.19 0.025 1.04 2.31 /
WP / / 100 67.03 0.034 1.25 2.07 1.67

DB1.0 Basalt 1.0 0 49.90 0.033 1.05 1.86 1.63
NB1.0 Basalt 1.0 59 46.70 0.027 1.15 222 1.69
WB1.0 Basalt 1.0 100 41.41 0.030 1.10 1.97 1.68
DB1.5 Basalt 1.5 0 50.48 0.058 1.03 2.01 1.72
NB1.5 Basalt 1.5 62 48.21 0.046 1.26 2.08 1.65
WB1.5 Basalt 1.5 100 44.74 0.029 0.94 1.99 1.70
DG1.0 Glass 1.0 0 57.65 0.036 1.14 2.02 1.74
NG1.0 Glass 1.0 61 55.93 0.046 1.43 2.50 1.73
WG1.0 Glass 1.0 100 49.71 0.034 1.13 1.95 1.64
DG1.5 Glass 1.5 0 51.67 0.038 1.12 1.87 1.64
NG1.5 Glass 1.5 59 47.68 0.046 1.17 2.06 1.71
WG1.5 Glass 1.5 100 48.36 0.061 1.10 1.94 1.66

Note: In the specimen labels, the first letter identifies the moisture condition: D for dry, N for natural, and W
for water-saturated. The second letter represents the fiber type, namely B for basalt fiber and G for glass fiber,
while the number indicates the fiber volume fraction. In the table, Vf is the fiber volume fraction (%), Sr is the
saturation degree (%), f; is the compressive strength (MPa), J. is the peak displacement (mm), and Iy and I; are
toughness indices.

https:/ /doi.org/10.3390/buildings16152958


https://doi.org/10.3390/buildings16152958

Buildings 2026, 16, 2958 9 of 28
600
DP (b)
e o " —e— NP
—4—DBI [ ¢ —4—NBI
—+—DBI.5 . . —v—NBL.5
—*—Dal 450 B NA —+—NGI
—+—DGL.5 ‘st'“g AR —*—NGL5
z = VAR
g &
3 5 d‘;o
E £300 )
& E )/
2 Z A4
o * |
I \
150 - * \
7] x R
ﬁ |
.- Y | *
‘ Vo) It
1 0 e 1 1 1
3 4 0 1 3 4
Displacement(mm)
700
(©) ‘-'g
L]
[} —e— WP
560 . —4— WBI
—~—WB1.5
= —e— WGI1
¥ 420 F —+*— WG1.5
2
£
<
2
S 280
B
<
-
9. *
140 e T
.. gk
“
0 . . . .
0 1 2 3 4 5

Displacement(mm)

Figure 6. The axial load-displacement curve: (a) dried (b) natural (c) water-saturated.

According to Table 4, the compressive strength of FRRAC exhibits a decreasing trend
with increasing moisture content for both basalt-fiber- and glass-fiber-reinforced specimens.
The statistical results indicate that, compared to the dried state, the sample group with
the largest decrease in compressive strength under saturated conditions was B1.0, with
a reduction of 17.01%. The sample group with the smallest decrease was G1.5, with
a reduction of 6.41%. For non-fiber-reinforced RAC, the compressive strength did not
decrease continuously with increasing moisture content; instead, it first declined and then
recovered. Moreover, for recycled aggregate concrete without fibers, the load—displacement
curve was smoother under saturated conditions, with a significant increase in plasticity
after the peak (as shown in Figure 6).

The underlying mechanisms can be attributed to the following factors: Under dry
conditions, the moisture content in the interfacial transition zone between the recycled
aggregates and the cement paste is reduced. The shrinkage of the cement paste during
the hardening process enhances the mechanical interlocking between the aggregates and
the cement matrix. This further improves the interfacial bonding performance, thereby
contributing to the elevated strength of the concrete. Conversely, following water saturation,
the unhydrated cement particles within the old residual mortar attached to the recycled
aggregates have the opportunity to undergo secondary hydration by reacting with moisture
from the new cement paste. This reaction yields supplementary hydration products,
such as ettringite, calcium hydroxide (CH), and calcium silicate hydrate (C-S-H) gels.
These products effectively fill the internal pores and microcracks, densifying the concrete
microstructure and consequently improving its strength.

Furthermore, considering that there are only three replicate specimens for each mixture,
the inherent natural variability of the materials can easily confound the interpretation of
percentage-based differences. To address this, a two-way analysis of variance (ANOVA)
was employed to re-evaluate the dataset, with the detailed results presented in Table 5.
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Table 5. Two-way ANOVA results for compressive strength.

Partial 95% CI 95% CI

Souce df F Value p Value n? Lower Upper

Fiber Configuration (FC) 3 187.399 0.004 0.961 48.840 49.928
Saturation State (SS) 2 195.921 0.004 0.945 48.912 49.855
FC x SS interaction 6 13.279 0.001 0.776 48.442 50.325

Note: df = degrees of freedom; F-value = statistical value of the F-test; p-value = level of statistical significance
(p < 0.05 indicates statistical significance); Partial 77> = effect size for ANOVA; CI = confidence interval.

Compressive ductility and toughness characterize the deformation capacity and post-
cracking energy absorption of concrete. These properties are generally quantified by the
area under the uniaxial compressive load—displacement curve. Because recycled aggregates
contain porous old mortar and weak interfacial transition zones, plain RAC tends to fail in
a brittle manner. Fiber reinforcement, however, can improve the failure mode and enhance
the post-peak load-bearing capacity of the material.

To more accurately capture this fiber reinforcing mechanism, this study proposes an
advanced and modified evaluation method for compressive toughness, drawing upon the
ASTM-C1080 and JSCE-SF4 testing standards [35-37]. This method establishes the char-
acteristic displacement corresponding to the peak load (denoted as 6c) as the benchmark,
selecting three critical displacement nodes—0.755c, dc, and 1.350c—as references. Based
on these nodes, the integrated area under the load—displacement curve is partitioned into
three characteristic regions with distinct physical significance (as illustrated in Figure 7):

Load (kN)

o 0.758¢  8e 1.358¢ Displacement (mm)

Figure 7. Advanced evaluation method of compressive toughness.

Aj1: The area enclosed by the curve segment OA and the abscissa within the interval
from the initial loading stage to 0.756c¢ (i.e., polygon OAE). This region primarily reflects
the linear elastic work performed by the material prior to microcrack initiation.

Aj: The integrated area corresponding to the curve segment AB within the interval
from 0.756c¢ to the peak displacement dc (i.e., polygon ABEF).

Ag: The integrated area corresponding to the curve segment BC within the softening
regime from the peak displacement 5c to 1.355¢c (i.e., polygon BCFG). This region di-
rectly represents the frictional pull-out energy dissipation generated by the fibers bridging
macroscopic cracks.

To quantitatively evaluate the toughness evolution characteristics of the fiber-
reinforced recycled aggregate concrete, this study introduces two dimensionless toughness
indices, Iy and I, which are calculated using the following equations:

o A1+ A

I
0 A

(4)
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I = AlXA2+A3 5)
1+ A2

In the aforementioned equations, the toughness index Ij is utilized to evaluate the
elastoplastic deformation and energy absorption capacity of the FRAC. Conversely, the
toughness index I is specifically designed to quantify the post-peak deformation and
energy dissipation performance of the material. Namely, it characterizes the ability of
the fibers to maintain structural integrity and sustain loads after matrix failure, without
triggering severe and sudden brittle deformation. This directly reflects the enhancing effect
of the fiber network on the ultimate ductility of the recycled aggregate concrete.

As shown in Figure 8, the Iy values for the four batches of FRRAC all reach their
maximum in the natural state. According to the definition of compressive toughness (Iy), it
is observed that in the dry and saturated states, the area in the inelastic region before the
peak strength of RAC reduces relatively.

I Iy I

2.4 (a)

I Test data [, of B1
B Tcst data [ of Bl 2.2

(b) I Test data I, of B1.5
B Test data 1, of B1.S

2.0

Natural Water-saturated Natural Water-saturated

l| l() 11

I Test data I, of G1

B Test data I, of G1.5
-Testdatal,ofGl (d) e

Bl st data 1, of G1.5
118

Water-saturated

Natural Water-saturated Dried Natural

Figure 8. Toughness indexes of RAC with different fibers: (a) B1 (b) B1.5 (¢) G1 (d) G1.5.

The potential reasons are as follows: During the drying process, the moisture content
within the ITZ decreases, and the cement mortar undergoes shrinkage. This phenomenon
leads to an increase in the elastic modulus of the concrete (a significant manifestation
is that the peak displacement of RAC at failure in the dry state is substantially lower
than that in the natural state). Under compression, the material becomes more prone to
elastic deformation while inelastic deformation diminishes, which consequently results in
a relative reduction in the area of the pre-peak inelastic region. Conversely, in the water-
saturated state, the secondary hydration reaction within the RAC generates additional
hydration products that fill the internal pores. This process enhances the strength and
stiffness of the RAC to a certain extent, slightly improving its elastic performance under
compression and reducing its inelastic deformation.
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Additionally, it is noticeable that the I; values for all four batches show very little
variation with saturation. The maximum difference between different states is only 4.07%.
According to the definition of I;, this value reflects the concrete’s energy absorption and
resistance to damage after failure. Combining Figure 6 and Table 4 (where in the natural
state, the unreinforced RAC has not even reached 1.35 times 6c at complete failure), the
stability of I; can be attributed to the inclusion of fibers. After peak strength, fibers bridge
developing cracks and restrict their further propagation. The associated pull-out and
rupture processes require additional energy dissipation, thereby improving the toughness
and residual load-bearing capacity of the concrete.

3.2. Results of Splitting Tensile Test
3.2.1. Tensile Failure Mode

Dry state: Matrix shrinkage in Group P leads to the closure of internal inherent
microcracks, generating high frictional resistance. Consequently, the splitting fracture is
extremely rapid and violent, with aggregates being directly split observable at certain parts
of the cross-section. For FRRAC, directly ruptured fibers are visible at the fracture surface,
and the failure is accompanied by dense snapping sounds of fiber breaking.

Natural state: The failure process is relatively stable.

Water-saturated state: Free water fills the cracks and provides a lubricating effect,
while the internal hydrostatic pressure accelerates crack opening. The specimens split
silently under a lower tensile load, lacking any explosive force during the failure process.
The fracture trajectory predominantly develops by detouring along the softened interfaces
(such as the peeling of old mortar), resulting in a relatively rugged fracture profile.

Additionally, Figure 9 presents the macroscopic splitting fracture modes of the plain
RAC (Group P) and FRRAC specimens at varying degrees of water saturation.

GFRAC P BFRAC

Dried

Natural

Water-saturated

Figure 9. Splitting failure modes of plain RAC and FRRAC under different saturation states.
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Tensile Stress(MPa)

Tensile Stress(MPa)

3.2.2. Tensile Performance Analysis

Table 6 and Figure 10 present the mechanical properties and stress—strain responses of

the specimens measured from the cube splitting tensile tests.

Table 6. Experimental parameters of splitting test.

Fiber

Specimen Type Vi (%) fr (MPa) cov & (mm) Gt ()) filfec
DP / / 5.51 0.027 0.0369 107.23 0.077
DB1.0 Basalt 1.0 4.80 0.035 0.0402 107.23 0.096
DB1.5 Basalt 1.5 4.72 0.024 0.0338 107.76 0.094
DG1.0 Glass 1.0 5.64 0.023 0.0383 128.81 0.098
DG1.5 Glass 1.5 5.76 0.037 0.0567 168.52 0.111
NP / / 5.59 0.030 0.0356 111.53 0.101
NB1.0 Basalt 1.0 5.27 0.048 0.0349 118.80 0.113
NB1.5 Basalt 1.5 5.04 0.042 0.0340 120.65 0.105
NG1.0 Glass 1.0 5.89 0.039 0.0365 130.29 0.105
NG1.5 Glass 1.5 5.82 0.016 0.0345 126.78 0.126
WP / / 5.26 0.048 0.0380 115.47 0.078
WB1.0 Basalt 1.0 4.39 0.066 0.0370 99.47 0.106
WB1.5 Basalt 1.5 4.90 0.054 0.0439 107.72 0.110
WG1.0 Glass 1.0 5.27 0.016 0.0366 120.78 0.106
WG1.5 Glass 1.5 4.90 0.056 0.0369 107.72 0.101

Strain

0.06

0.02

Strain

0.03

0.04

0.05

Tensile Stress(MPa)

0.01 0.02

0.03 0.04

Strain

0.05

Figure 10. The tensile Stress—strain curve: (a) dried (b) natural (c) water-saturated.

Similarly, a two-way analysis of variance (ANOVA) was conducted on the splitting

tensile strength of FRRAC with respect to fiber content and degree of water saturation. The
detailed results are presented in Table 7.
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Table 7. Two-way ANOVA results for splitting tensile strength.
Souce df F Value p Value Partial n2  95% CI Lower 95% CI Upper
Fiber Configuration (FC) 3 6.395 0.008 0.615 4.852 5.550
Saturation State (SS) 2 5.366 0.022 0.472 4.899 5.503
FC x SS interaction 6 0.737 0.630 0.630 4.596 5.806

As can be seen from Tables 6 and 7, distinct from the trend of compressive strength with
respect to saturation, the splitting tensile strength of both plain RAC and the two types of
FRRAC exhibits an initial increase followed by a decrease with increasing water saturation.
That is, the splitting tensile performance is optimal in the natural state. Compared to
the natural state, the peak stress of BFRRAC with fiber volume fractions of 1% and 1.5%
decreased by 8.9% and 6.3% in the dry state, and by 18.3% and 7.3% in the water-saturated
state, respectively. For GFRRAC, the corresponding reductions were 4.2% and 1.0% in the
dry state, and 10.5% and 15.8% in the water-saturated state. In contrast, for plain RAC
without fibers, the splitting tensile strength only decreased by 1.4% and 5.9% in the dry and
water-saturated states, respectively, compared to the natural state. These data undoubtedly
indicate that the splitting tensile strength of recycled aggregate concrete is highly sensitive
to the presence of fibers, especially under water-saturated conditions. Furthermore, the
significance of the interaction between fiber content and water saturation is noticeably
lower for splitting tensile strength than for compressive strength.

In general, the splitting tensile strength of fiber-reinforced concrete (fis ) can be re-
garded as the superposition of the splitting tensile strength of plain concrete (f;s) and
the contribution from fiber reinforcement (Af £ [38,39]. The saturation level indirectly
influences both components by affecting the density of the concrete matrix and the bond
performance between fibers and the matrix. The general expression of the equation is
shown in Equation (6):

fts,f :fts(sr) +Afts,f(sr) (6)

where fs (S): a function representing the influence of moisture content on the splitting
strength of plain concrete; Ay ¢ (S): a function representing the influence of moisture content
on the fiber reinforcement effect.

Typically, the splitting tensile strength of plain concrete exhibits a “first increase, then
decrease” trend with varying moisture content (i.e., an optimal moisture level exists).
Therefore, the relationship was fitted using a quadratic polynomial, and the corresponding
expression is presented in Equation (7):

fis(Sr) = aS,> 4+ bS, + ¢ 7)

where 7 is less than 0, and b and c are coefficients determined by the concrete mix propor-
tions (e.g., type of cement, water-to-cement ratio, etc.).

The incorporation of fibers can inhibit crack formation in concrete, but the reinforce-
ment effect is influenced by moisture content. For instance, when the moisture content is
too high, the bond strength between the fibers and the matrix may decrease. In this study,
a linear reinforcement model was adopted for fitting, as expressed in Equation (8):

Afis,f = aVi(1 = BSy) (8)

where a denotes the fiber type coefficient; Vy (%) is the fiber volume fraction; f is the
coefficient representing the influence of saturation level.
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By combining the effects of plain concrete and fiber reinforcement, a composite equa-
tion is derived:
fis g (S) = 5% + (b= aVyp) sy + (e +aVy) ©

Based on the data in Table 6, fitting was performed separately for the two types of
fiber-reinforced recycled aggregate concrete: For basalt fiber, the fitting coefficients were:
a=-1933,b=—-0.509, c =5292, « = —0.425, B = 2.463; the coefficient of determination
was R? = 0.913. For glass fiber, the fitting coefficients were: a = —2.183, b = 2.759, ¢ = 5.332,
a = —0.295, B = 3.232; the coefficient of determination was R? = 0.995.

As presented in Figure 11, color mapping was used to compare the predicted and
experimental splitting tensile strengths. The similar color distribution under the same fiber
content and saturation degree confirms the good agreement between the model predictions
and test results.

0,
0 1 2 Vi) 3 4 0 1 2 V(%) 3 4
T T T 5.270 2 T T T 5.890
(a)Basalt fiber i (b)Glass fiber
Fitted data
Test data Fitted datda
Test data
F5.050 I 5.643
r * L] 1+ * °
* ° - * * . °
- 4.830 i - 5.395
r 0r * [
r4.610 F5.148
L i 4.390 -1 L i 4.900
T V(%) 2 0 1 V(%) 2

Figure 11. Chart of fitted values and Experimental values of tensile strength.

From Figure 10, the stress—strain responses of the specimens in the natural state are
generally comparable, whereas DG1.5 in the dry state and WB1.5 in the saturated state
exhibit stronger pre-peak plasticity than the other groups.

For RAC, splitting energy characterizes the fracture energy absorption capacity of
a specimen during the splitting tensile test. It serves as a key indicator for evaluating
the toughness and crack resistance of RAC. To facilitate analysis, the splitting energy test
results for the five prepared groups of specimens are presented as a line chart in Figure 12.
The data distribution indicates that glass fibers consistently outperform basalt fibers across
the three saturation states. According to the physical properties of the two fibers presented
in Table 2, the elastic modulus of glass fiber is considerably higher than that of basalt fiber.
This higher stiffness enables GFRRAC to better resist crack opening during the splitting
process, thereby requiring greater energy consumption before failure.

3.3. Results of Three-Point Bending Test
3.3.1. Bending Failure Mode

Dry state: Matrix shrinkage leads to the strongest internal mechanical interlocking,
resulting in the most abrupt failure process. It can even be observed on the fracture surface
that the relatively weak recycled aggregates are directly ruptured. Natural state: The failure
process remains relatively sudden, although the load-bearing duration is longer than that
in the dry state. Water-saturated state: Abundant free water fills the pores of the residual
mortar in the recycled aggregates. Under flexural tension, the water pressure accelerates
crack tip propagation. The fracture sound is muffled, and the fracture surface is rugged,
with cracks predominantly detouring and peeling along the new-old interfaces severely
softened by moisture (shown in Figure 13).

https:/ /doi.org/10.3390/buildings16152958


https://doi.org/10.3390/buildings16152958

Buildings 2026, 16, 2958 16 of 28

170 -
—e— Test data of P

—a— Test data of B1.0
—=— Test data of B1.5
—&— Test data of G1.0
150 —+— Test data of G1.5

G ()

140 -

130 -

120 -

110 -

100 -

90

1 1 1
Dried Natural Water-saturated

Figure 12. Effect of fiber type and saturation condition on fracture energy.
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Figure 13. Three-point bending failure modes of plain RAC and FRRAC under different
saturation states.
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3.3.2. Bending Performance Analysis

Table 8 and Figure 14 present the mechanical parameters and load—displacement
responses of the specimens measured from the three-point bending tests.

Table 8. Experimental parameters of three-point bending test.

Specimen Frl;;: Vf  ff(MPa) cov dc (mm)  G¢()) filfe
DP / / 9.98 0.020 0.564 0.502 0.14
DB1.0 Basalt 1.0 9.84 0.025 0.388 0.578 0.20
DB1.5 Basalt 1.5 9.26 0.030 0.363 0.484 0.18
DG1.0 Glass 1.0 11.32 0.027 0.345 0.697 0.20
DG1.5 Glass 1.5 9.78 0.038 0.314 0.540 0.19
NP / / 9.26 0.021 0.482 0.639 0.17
NB1.0 Basalt 1.0 10.36 0.026 0.412 0.773 0.22
NB1.5 Basalt 1.5 8.63 0.034 0.432 0.534 0.18
NG1.0 Glass 1.0 9.31 0.045 0.427 0.887 0.16
NG1.5 Glass 1.5 9.12 0.048 0.476 0.685 0.19
wp / / 9.75 0.016 0.446 0.624 0.15
WBL1.0 Basalt 1.0 7.79 0.046 0.396 0.519 0.19
WBL.5 Basalt 1.5 7.36 0.048 0.439 0.488 0.16
WG1.0 Glass 1.0 8.59 0.094 0.452 0.522 0.17
WG1.5 Glass 1.5 7.93 0.046 0.372 0.651 0.16
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Figure 14. The flexural Loading-Displacement curve: (a) dried (b) natural (c) water-saturated.

Similarly, a statistical inference analysis (two-way ANOVA) was conducted on the
flexural strength of FRRAC with respect to fiber content and the degree of water saturation,
with the results presented in Table 9.

Table 9. Two-way ANOVA results for flexural strength.

Partial 95% CI 95% CI

Souce df F Value p Value n? Lower Upper
Fiber Configuration (FC) 3 3.443 0.034 0.320 8.474 9.739
Saturation State (SS) 2 16.839 3.66 x 10 > 0.605 8.559 9.654
FC x SS interaction 6 1.099 0.394 0.231 8.013 10.200

As shown in Table 8, with the exception of Group Bl, the variation trend of the
flexural strength with the degree of saturation for the remaining groups aligns with that
of the uniaxial compressive strength. Specifically, the strength of the fiber-reinforced
groups decreases continuously with increasing saturation, whereas the strength of the plain
(unreinforced) group initially decreases and subsequently increases. The distinct difference,
however, lies in the magnitude of variation. The plain recycled aggregate concrete exhibits
minor fluctuations in flexural strength with varying saturation, showing differences of
only 7.8% and 5.3%. In contrast, the fiber-reinforced RAC demonstrates a substantially
larger variation amplitude; especially under water-saturated conditions, the minimum
variation reaches 14.7%. The potential reasons are as follows: During the flexural failure of
concrete, both a compression zone and a tension zone exist. The failure is predominantly
governed by the tension zone because the tensile strength of concrete is generally far
lower than its compressive strength. As established in the preceding analysis, the splitting
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tensile strength of FRRAC is highly susceptible to the combined effects of fibers and water,
experiencing a significant reduction particularly in the water-saturated state. Additionally,
Table 9 indicates that the degree of saturation has a highly significant impact on the
flexural strength.

From the perspective of material damage mechanics, the influence of saturation on
the degradation of matrix strength and interfacial fiber slippage can be incorporated into
the flexural strength model of fiber-reinforced concrete [40—-42]. The flexural strength of
concrete can be described by coupling the matrix strength degradation term with the fiber
reinforcement term. The corresponding equation is expressed as:

fr = fro(1 =8 (1+kvy) (10)

where f; is the flexural strength of fiber-reinforced concrete, corresponding to the peak
stress measured in the three-point bending test (MPa); fr denotes the flexural strength
of plain concrete in a dry state (S = 0), also in MPa; 7 is defined as the damage index
induced by saturation, which is closely related to the pore characteristics of the concrete
matrix and reflects the weakening effect of water saturation on matrix strength. A larger n
value indicates a more pronounced weakening effect in the equation; k is the effective fiber
reinforcement coefficient, which is influenced by the saturation level.
The coefficient k can be further expressed as:

k=ko(1— piSy) (11)

where k) is the reinforcement coefficient under dry conditions; y is the interfacial weakening
coefficient, representing the deterioration of the fiber-matrix bond caused by moisture.
This formulation implies that as the saturation level S, increases, the value of k decreases,
indicating a reduction in the fiber’s reinforcing effectiveness under flexural loading.

Combining Equations (10) and (11) yields a general fitting equation for predicting
the flexural strength of recycled aggregate concrete at different saturation degrees. The
proposed equation was subsequently used to fit the experimental data of both basalt- and
glass-fiber-reinforced recycled aggregate concrete:

fr = fro (1 +aS, + bsrz) [1 +ko(1— ySr)Vf] (12)

The resulting fitting coefficients for each type are as follows: BFRRAC: a = 0.029,
b=—-0.322, kg = —0.039, u = 2.393; GFRAC: a = 0.062, b = —0.172, kg = —0.020, p = 4.783.
The fitted curves and experimental test data are presented in Figure 15.

Flexural toughness reflects the energy absorption and failure resistance of a material
during bending, which can be quantified using the area enclosed by the load—displacement
curve [43]. In this study, the area under the load-deflection curve up to 1.26; was adopted
to quantify flexural toughness, where & is the deflection at peak load. The calculation
formula is expressed as follows:

126 mg
Gr=Jy™ (Pr+ 1000)‘1’71‘5
th th (13)
Pr=fr— :ffo(l—Sn){l‘Fko(l—Vs)Vf}T

As shown in Figure 16, bending toughness exhibits a nonmonotonic variation with
saturation, increasing first and then decreasing, which is consistent with the trend observed
for splitting energy. The greatest variation occurs in the G1.0 group, where the bending
toughness in dry and saturated conditions is only 78.6% and 55.9% of its value in the
natural state. The smallest variation occurs in the B1.5 group, where the bending toughness
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in dry and saturated states is 90.6% and 91.4% of the natural state value. The reasons for
this may be as follows: an appropriate increase in saturation helps refine the interfacial
transition zone and relieve internal stress concentration in concrete. In contrast, excessive
saturation may lead to the formation of excessive water films around the recycled aggre-
gates during hardening, which reduces the bonding strength between the aggregates and
the surrounding cementitious matrix.
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Figure 15. Graph of bending strength fitting curve.
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Figure 16. Effects of fiber type and saturated water content on the fracture energy.

Additionally, from the observation of the line chart and table, it is evident that, un-
der all three saturation conditions, the bending toughness and bending strength of the
1.0% fiber group samples are better than those of the 1.5% group. In terms of bending
performance, the incorporation of 1.0% glass fiber and basalt fiber shows better results than
the 1.5% incorporation.
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3.4. Constitutive Model Under Axial Compression

Compressive strength is the most basic and commonly used mechanical property
indicator of concrete [44]. In various building structures, concrete components mainly bear
compressive loads. For example, the foundation, columns, and other vertical load-bearing
components primarily support the building’s weight and other vertical loads [45]. For
recycled aggregate concrete, thorough research on compressive strength must be conducted
before advancing to the study of other strength properties and establishing a complete
material performance system.

In this experiment, to facilitate analysis, the stress—strain curves of concrete with
different saturation levels and fiber contents were normalized (as shown in Figure 17).
Figure 17 presents the normalized stress—strain curves, with ¢/¢. and o /0, used as the x-
and y-axes, respectively, where 0. and ¢ are the peak stress and peak strain. The curves of
RAC and FRRAC are generally similar in shape to those of ordinary concrete.
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Figure 17. Normalized Stress-Strain curves with different fiber dosage: (a) 0% (b) 1.0% (c) 1.5%.

Based on previous studies on recycled aggregate concrete and fiber-reinforced concrete,
the following equation was adopted for preliminary fitting [46]:

.

ax + (3 —2a)x? + (a —2)x°

(0<x<1)

X
b(x—1)%+x

(x>1)

(14)

Here, parameter a describes the modulus-to-peak secant modulus ratio, while pa-
rameter b characterizes the plasticity of FRRAC; a lower b value corresponds to a gentler
post-peak softening response.
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To facilitate the measurement of the impact of fibers, the fiber characteristic value Ay is
introduced, and its definition is as follows:

)\f:Vflf/df (15)

In the equation, Vf is the fiber volume fraction, and lfand df correspond to the fiber
length and diameter, respectively.

The fitted values of parameters a and b for each group are summarized in Table 10.
The results indicate that the experimental points align well with the fitted curves. As the
moisture saturation increases, the parameter a in the rising phase typically decreases first
and then increases. This is mainly because moisture introduced during the transition from
dry to natural conditions fills some pores and microcracks, while simultaneously weakening
chemical bonding and mechanical interlocking in the ITZ [47,48]. When concrete is under
stress, it becomes easier for slippage and micro-damage to occur at the interface, leading
to a reduction in the elastic modulus. The increase in porosity and micro-cracks results
in a decrease in the initial elastic modulus of the concrete. With further saturation, water
progressively occupies the pores within the recycled aggregates and cement paste. This
pore-filling effect decreases the proportion of empty voids and enhances the compactness
of the concrete matrix. As a result, the deformation resistance of the concrete is improved,
leading to reduced strain at a given stress and an increase in elastic modulus.

Table 10. Fitting results of parameters a and b.

Specimen  A¢ S,(%) Parametera Correlation Coefficient R*> Parameterb Correlation Coefficient R?
DpP 0 0 —0.73 0.9955 35.21 0.9843
NP 0 0.6 —1.18 0.9416 89.20 0.9606
WP 0 1.0 —0.59 0.9968 11.51 0.9756

DB1.0 12 0 —-0.17 0.9966 3.05 0.9814
NB1.0 12 0.6 —-1.18 0.9814 8.53 0.9878
WB1.0 12 1.0 —0.29 0.9974 2.24 0.9988
DG1.0 10 0 —0.59 0.9905 5.80 0.9760
NG1.0 10 0.6 —1.47 0.9933 7.36 0.9966
WG1.0 10 1.0 —0.19 0.9995 2.99 0.9934
DB1.5 18 0 —0.48 0.9952 2.86 0.9978
NB1.5 18 0.6 —0.55 0.9981 5.26 0.9985
WB1.5 18 1.0 —0.40 0.9953 1.82 0.9973
DG1.5 15 0 —0.08 0.9978 2.59 0.9941
NG1.5 15 0.6 —0.50 0.9991 2.28 0.9983
WG1.5 15 1.0 —0.15 0.9993 1.87 0.9979

By contrast, parameter b shows a nonmonotonic trend in the descending stage, increas-
ing initially and then decreasing. This behavior may be attributed to the fact that, under
low saturation, water first occupies interconnected pores and microcracks, which enhances
the interfacial transition zone between recycled aggregates and the surrounding cement
paste. At higher saturation, the numerous internal pores in the recycled aggregate are filled
with water, and during the compression of the concrete, the pore water pressure gradually
increases [49,50]. This pore water pressure deteriorates the aggregate—paste bonding and
consequently reduces the strength of the interfacial transition zone.

Based on the experimental results, regression analysis was carried out to correlate
parameters a and b with the fiber characteristic value Af and the saturation degree S;. The
fitted relationships are expressed as follows:
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— 2 2 2 2
a = (0.01402 - 09351 +12.810) 87 + (0.011A% +0.228); — 7.815) 5, + (~0.081A% + 0.866) ; — 6.191)

— 2 2 2 2
b= (~0.236A% + 77201 — 72.179) 2 + (014922 — 5.103A + 52.065) 5, + (017742 — 3.595A + 29.856

(16)

The equation constitutes the constitutive equation for the axial compression perfor-
mance of FRRAC. When S, = 0, this equation degenerates into the constitutive equation
of FRRAC in dry state. When Ar = 0, it applies to recycled aggregate concrete without
fibers. By substituting the parameter values obtained from Equation (16) into Equation
(14), a comparison was made between the normalized stress—strain experimental curve
for FRRAC and the curve from the calculation model, as presented in Figure 18. Thus,
Equation (14), expressed in a piecewise form, is capable of capturing the full stress—strain
behavior of FRRAC subjected to uniaxial compression.

Experienmental curve of NB1.0 Experienmengtal curve of DB1.0
1.0F . —-—-— Fitting curve of NB1.0 1.0F --—-— Fitting curve of DB1.0

Experienmental curve of WB1.0
10+ — T Fitting curve of WB1.0

Figure 18. Comparison between experimental and fitted curves.

4. Discussion
4.1. Formula Validation

Based on Equation (16), by inputting various fiber characteristic values and degrees
of saturation, the corresponding parameters a and b can be calculated. These calculated
values, along with their respective simulated values, are plotted in Figure 19; the simulated
values are plotted on the x-axis, while the calculated values are plotted on the y-axis.

As illustrated in Figure 20, the points representing parameters a and b are relatively
evenly distributed on both sides of the identity line. However, it is evident that the
dispersion of the points around the regression line for parameter b is significantly lower
than that for parameter a4, and the slope of the line corresponding to b is closer to 1.
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Figure 19. Experimental/Calculation diagram of values a and b.
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Figure 20. Microgram of specimens.

https://doi.org/10.3390/buildings16152958


https://doi.org/10.3390/buildings16152958

Buildings 2026, 16, 2958

24 of 28

Meanwhile, considering that the experimental design comprises only 3 levels of water
saturation and 5 fiber conditions, and that the fitting of Equation (16) involves multiple
parameters, there is a substantial risk of overfitting. Therefore, this study performed
Leave-One-Out Cross-Validation (LOOCV) to refine the model and verify its reliability and
generalization capability. Given the total sample size of 15, one sample was iteratively
isolated as the validation set while the remaining 14 samples were used for training and
modeling. This cycle was repeated 15 times, ensuring that each sample was individually
predicted exactly once. Let the original true value be y; and the predicted value obtained
through successive LOOCV extrapolation be §j;, where i = 1,2,...,15. Finally, the core

indicators, namely the Root Mean Square Error (RMSE) and the cross-validated coefficient

2

of determination (R7 .,

), were derived. The specific calculation formulas are as follows:

A 2
2
8 (vi-y)

T (vi *ﬁz

2 —
RLOOC vV
where ¥/ is the mean of the dependent variable. The detailed results are presented in Table 11.

Table 11. LOOCYV parameters for values a and b.

Parameter Regression Model Sample Size RMSE R% vocw
a Multiple linear regression 15 0.195 0.765
b Multiple nonlinear regression 15 5.871 0.938

Table 11 reveals that the cross-validated R%oo « Values for both a and b exceed 0.7. This

threshold confirms that the overfitting risk is constrained to an acceptable margin and the

2
Loocv

for parameter b corroborates the reduced scatter observed in Figure 19. Mechanistically,

model retains strong predictive generalizability. Moreover, the demonstrably higher R

this implies that Equation (8) yields a highly accurate fit for the post-peak descending
branch of the stress—strain curves of FRRAC, albeit with relatively larger discrepancies
during the pre-peak ascending branch. Lastly, it should be acknowledged that due to the
limited experimental sample size, the analysis regarding other fiber types and a wider
range of saturation conditions remains insufficient. Consequently, the applicability scope
of the proposed model is limited, which warrants further investigation in future research.

4.2. Microstructural Analysis

The microstructural characteristics of recycled aggregate concrete reinforced with
basalt and glass fibers are shown in Figure 20, as observed using scanning electron
microscopy (SEM).

As shown in Figure 20a,b, the failure of the concrete progresses from a single fine crack
and eventually forms a penetrating crack. Figure 20c,d indicate that in fiber-reinforced
concrete, during early failure, some fibers become ineffective due to pull-out or breakage,
while others, due to their position or other factors, do not undergo tensile deformation. As
shown in Figure 20e, fibers of appropriate length are effective in anchoring, bonding, and
bearing tensile forces [51,52]. However, as shown in Figure 20f, when the fiber content is
high, fibers tend to become entangled and form fiber bundles, reducing the effective bond-
ing between the fibers and the surrounding cementitious materials, potentially creating
weak points that decrease the strength and toughness of the concrete.

Figure 21 illustrates the process by which cement particles dissolve on their sur-
faces upon encountering water, undergoing hydration reactions. During the setting and
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hardening process, some crystals are generated, which are the primary source of the
concrete’s strength.

Figure 21. Microscopic images of hydration products.

In a dry environment, cement hydration products gradually lose moisture, leading to
structural alterations in the crystals of products such as calcium hydroxide and calcium
silicate hydrate gels, which may become denser and finer. However, due to moisture
deficiency, microcracks may emerge within the hydration products situated in the ITZ
(as illustrated in Figure 22a). These microcracks inevitably degrade the toughness and
impermeability of the ITZ.

Figure 22. Microscopic images of cement matrix: (a) Dried (b) Natural (c) Water-Saturated.

Conversely, in the water-saturated state, although the total generation of hydration
products may increase due to the abundance of moisture, the dilution effect of water can
cause these products to be more dispersed throughout the concrete matrix. Furthermore,
under saturated conditions, highly soluble hydration products like CH are prone to dissolve
and migrate, resulting in a heterogeneous distribution of internal chemical compositions (as
depicted in Figure 22c). Concurrently, the internal pores are completely filled with water,
reaching a saturated state. Driven by this moisture filling, the pore walls are subjected to
hydrostatic pressure, which can induce a certain degree of expansion. Capillary pores, in
particular, appear more fully engorged in the saturated state, leading to a marginal increase
in pore size. Taking Group B1.5 as an example, quantitative image analysis was conducted
on the scanning electron microscopy images of the fractured FRRAC specimens under
various saturation states using Image]J software (version 1.54p). Based on the calculated
area fractions, the porosities in the dry, natural, and water-saturated states were determined
to be 9.8%, 11.7%, and 12.3%, respectively.

5. Conclusions

The main purpose of this study is to clarify the effects of varying saturation degrees
on the static strength and toughness properties of FRRAC. For this purpose, glass fiber
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and basalt fiber were incorporated at varying volume fractions for comparative analysis.
Based on the experimental results, several strength prediction equations and a stress—strain
model were developed, which may serve as a reference for future research on recycled
aggregate concrete. Finally, SEM observations were conducted on representative specimens
to reveal the microstructural evolution of the cement matrix, fibers, and other constituents
under varying saturation states. On the basis of these findings, the main conclusions are
summarized as follows:

(1) The compressive and flexural strengths of fiber-reinforced recycled aggregate
concrete decrease continuously with increasing water saturation. Compared to the water-
saturated state, the maximum improvements in these strengths under the dry state are
20.50% and 31.78%, respectively. In contrast, the splitting tensile strength exhibits an
initial increase followed by a decrease as saturation increases, reaching its peak in the
natural state, which is 9.79% and 20.05% higher than those in the dry and water-saturated
states, respectively.

(2) The compressive toughness, as well as the splitting and flexural fracture ener-
gies of FRRAC, generally follow an “increase-then-decrease” trend with increasing water
saturation, achieving their maximum values in the natural state.

(3) The proposed prediction equations for splitting tensile and flexural strengths
effectively incorporate the effects of water saturation and fiber incorporation, yielding
statistical coefficients of determination (R?) greater than 0.9, which indicates a high degree
of predictive accuracy. Additionally, the stress—strain model developed from uniaxial
compression tests was validated using the leave-one-out cross-validation (LOOCV) method.
The cross-validated R? ., values for parameters 2 and b are 0.765 and 0.938, respectively,
suggesting that parameter b (characterizing the post-peak descending branch) provides a
more robust fit than parameter a (characterizing the pre-peak ascending branch).

(4) Under identical fiber dosage and saturation conditions, the glass fiber-reinforced
RAC outperforms the basalt fiber-reinforced RAC in terms of compressive, splitting tensile,
and flexural strengths, with maximum improvements of 19.76%, 22.03%, and 15.04%,
respectively. However, this performance advantage diminishes as the degree of water
saturation increases.

(5) With the same fiber type, there is no monotonic relationship between concrete
strength and fiber content across different saturation levels. Overall, concrete specimens
with a fiber volume fraction of 1.0% exhibit higher strength and toughness than those
with 1.5%. Therefore, it is suggested that the optimal dosage for both fiber types is
approximately 1%.
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