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ARTICLE INFO ABSTRACT

Keywords: This study investigates the fracture behavior of fiber-reinforced seawater sea-sand concrete (FR-SWSSC),
Fiber-reinforced concrete focusing on the impact of fiber hybridization on fracture toughness properties and potential synergistic effects.
:eawatedr The study employed micro-fibers including short polypropylene (PPS), polyvinyl alcohol (PVA), basalt fibers
ea-san

(BF), and macro-fibers consisting long polypropylene (PPL) and twisted polypropylene (TPPL) fibers. The results
indicated that macro-fibers, PPL and TPPL, significantly enhanced the post-peak behavior of SWSSC, increasing
fracture energy by 144 % and 93 % respectively, while micro-fibers alone showed negligible impact on the post-
peak behavior. Micro-fiber hybridization significantly enhanced both flexural strength and fracture energy of
SWSSC, with hybrid PPS/BF and PPS/PVA demonstrated notably improved fracture energy by 176 % and 290 %,
respectively, compared to mono PPS. Hybrid combinations of micro/macro-fibers demonstrated a synergistic
effect on fracture toughness, where PPL and TPPL fibers bridged larger cracks, activating micro-fibers for
enhanced energy dissipation. Moreover, the strong interfacial bond of PVA and BF fibers with the concrete matrix
improved macro-fiber bonding strength and overall fracture resistance. By exploring the synergistic effect of
hybrid discrete fibers in enhancing the fracture performance of FR-SWSSC, this research promotes sustainable
construction practices by addressing inherent challenges of SWSSC.

Fracture toughness
Hybrid fiber
Synergy

1. Introduction its successful implementation as a viable alternative, a thorough un-
derstanding of its properties is crucial.

The presence of various ions in SWSSC, including sodium (Na®'),
potassium (K*), chloride (Cl™), sulphate (SO?{), calcium (Ca®"), and
magnesium (Mg?*), can impact the properties of both fresh and hard-
ened SWSSC compared to freshwater normal sand concrete (FWNSC).
The presence of chloride in SW and SS accelerates cement hydration [11,
12], resulting in higher compressive strength at an early age of SWSSC
[12-17]. Furthermore, most studies have shown that the tensile and
flexural strength of SWSSC is lower than FWNSC [12, 13, 18, 19].
Additionally, the use of SW and SS, containing chloride ions, can lead to
carbonation of the concrete and corrosion of steel in steel reinforced
concrete structures, negatively impacting their long-term performance

Concrete production significantly impacts the environment due to
high water consumption and river sand/gravel extraction [1,2]. This is
particularly concerning with the looming global water crisis, with pre-
dictions of water scarcity for over half the population by 2050 [3]. River
sand extraction further exacerbates ecological disruption in river eco-
systems. Additionally, cement production, a key component of concrete,
generates significant CO3 emissions, which reached to 2.8 billion tons in
2019 [4]. Consequently, research prioritizes identifying more sustain-
able concrete materials to reduce greenhouse gas emissions [5-7].
Seawater (SW) and sea-sand (SS) emerge as promising replacements for
freshwater (FW) and normal river sand (NS) due to their abundance and

ease of extraction and transport, particularly in coastal projects and
remote areas with limited access to high-quality materials due to scar-
city or transportation costs [2, 8-10]. The utilization of seawater
sea-sand concrete (SWSSC) presents a promising approach for sustain-
able construction, particularly for coastal structures. However, to ensure
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[2, 20]. To improve the durability of SWSS-RC structures, it is crucial to
enhance crack resistance and understand the fracture behavior of
SWSSC.

Previous studies employed fibers (natural or synthetic) to improve
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the crack resistance of both SWSSC and FWNSC, leading to improve
long-term performance [17, 21-23]. Fiber-reinforced concrete (FRC)
exhibited improved energy absorption and ductility compared to normal
concrete [24-27]. Synthetic fibers (e.g. polypropylene (PP) and poly-
vinyl alcohol (PVA)) are popular FRC choices due to their affordability,
positive influence on concrete properties, and environmental resilience
[17, 28, 29]. Studies showed that the mechanical bonding between PP
fibers and concrete resulted in fiber pull-out, whereas PVA fibers
exhibited rupture due to their chemical bond with the concrete matrix
[30]. Research on FRC using micro-PP and PVA fibers in SWSSC
demonstrated significant improvements in flexural strength, fracture
energy, and post-peak behavior [30]. Both PP and PVA fiber inclusion
transformed SWSSC failure mode from brittle to ductile under
compression [17, 31]. Incorporation of PP and PVA fibers also increased
splitting tensile strength by 17 % and 23 % compared to plain SWSSC
[17]. Incorporation of basalt fiber (BF) into SWSSC demonstrated that a
fiber length of 12 mm and a volume fraction of 0.6 % constitute optimal
parameters. Under these conditions, compressive strength increased by
9 % and splitting tensile strength by 7 % compared to control specimens
[32].

Fiber incorporation improves SWSSC strength and ductility, but the
impact of hybrid fibers, particularly on flexural and fracture behavior,
remains unexamined. While mono-fibers reinforce concrete, their limi-
tations—length, tensile strength, and bonding strength— in crack con-
trol of concrete are well-documented [31, 33, 34]. A meticulously
designed hybrid fiber system, combining micro and macro-fibers based
on specific properties, has the potential to overcome these limitations
and enhance the overall mechanical performance, ductility, and dura-
bility of FWNSC [35-41]. Hybrid fiber-reinforced concrete (HFRC) of-
fers superior strength, ductility, toughness, and energy absorption [29,
42-44]. In HFRC, higher-modulus fibers enhance strength, while
lower-modulus fibers improve ductility [45]. Studies demonstrate the
synergistic effect of fiber hybridization in SWSSC. PVA-basalt fiber (BF)
hybridization significantly improved total energy absorption and re-
sidual compressive strength compared to mono-BF at the same fiber
content (44 % and 181 % increase, respectively) [31]. Similarly,
PVA-long PP (PPL) hybridization exhibited substantially higher ductility
and residual compressive strength (59 % and 65 % increase, respec-
tively) compared to mono-PPL [31]. Furthermore, adding 3 % macro-BF
significantly increased ultra-high performance (UHP) SWSSC compres-
sive strength by 26 %, while micro-PP and BF additions maintained
compressive strength [33]. Hybridization of micro-BF/PP fibers in SWSS
mortars demonstrated the potential to enhance flexural, compressive,
direct tensile, and splitting tensile strengths compared to incorporating
mono-fibers. Optimal results were observed with a fiber dosage of 0.4 %
for each fiber type in the hybrid system [46].

Fiber-reinforced SWSSC (FR-SWSSC), a relatively new sustainable
construction material, requires further investigation to understand its
properties and industrial applications. Existing research on its me-
chanical properties (splitting tensile strength, elastic modulus,
compressive strength, etc.) is limited and mostly focused on single fiber
types [17, 21, 30, 31, 33]. SWSSC exhibits distinct physical and chemical
properties compared to conventional concrete. This substantial chemical
reactivity in SWSSC can potentially influence fiber synergies and inter-
facial bonding, both of which are critical for the performance of hybrid
fiber mixes. Additionally, fracture toughness, a crucial property of
concrete that reveals crack resistance and propagation, ductility, and
post-crack behavior, all of which are valuable for both design optimi-
zation and durability assessment of concrete structures, needs thorough
evaluation for FR-SWSSC as well. This study comprehensively in-
vestigates the potential effects of hybrid fibers on the fracture toughness
of FR-SWSSC. The hybrid fibers employed micro and macro fibers,
combining them based on size and type, and then compared their impact
on the fracture performance of FR-SWSSC with the mixes containing
mono fibers. The findings of this study contribute to sustainability in the
construction industry by addressing common problems associated with
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SWSSC.
2. Test program
2.1. Materials

In line with previous findings on the benefits of ground granulated
blast furnace slag (GGBS) in lowering CO» emissions and enhancing
material properties [47-49], this study employed a similar approach. A
combination of 35 % ordinary Portland cement (OPC) and 65 % GGBS
was used as the cementitious material in all investigated mixes. Ion
chromatography (IC) analysis revealed significantly elevated chloride
(CI") and sulphate (SO?{) concentrations in seawater compared to
tap-water [17]. Chloride levels in seawater were approximately 360
times higher than those in tap water, measuring 19,809.7 mg/L and
54.9 mg/L, respectively. Similarly, sulfate concentrations were 76 times
greater in seawater (2824.4 mg/L) than in tap-water (36.8 mg/L). The
physical properties of coarse aggregate, normal sand, and sea-sand are
listed in Table 1. The corresponding sieve analysis for the aggregates is
shown in Fig. 1.

Table 2 provides the physical properties of the fibers employed in
this study. A combination of synthetic fibers (PP and PVA) and a natural
fiber (BF) was used to reinforce SWSSC. The purpose of using these fibers
was their readily availability in Australian market and to reduce
manufacturing costs while utilizing their high performance. The selec-
tion of BF stemmed from its excellent mechanical properties, high-
temperature resistance, acid/alkali resistance, readily available raw
materials, and eco-friendly processing [50, 51]. Two fiber sizes were
investigated including micro-fibers (PPS, PVA, and BF) and macro-fibers
(PPL and TPPL), as shown in Table 2. Additionally, recycled
plastic-based PPL fibers were incorporated for eco-friendliness. Fiber
morphology was characterized using scanning electron microscope
(SEM) and presented in Fig. 2.

2.2. Mix design, and specimens preparation

A total of 23 concrete mixes (target compressive strength = 25 MPa)
were prepared including two plain concrete (FWNS and SWSS), and 21
FR-SWSSC. The mix proportions and their 28-day compressive strengths
(average of three standard cylinders) are presented in Table 3. All
concrete mixes shared the same base proportions, with variations only in
fiber type and the use of SW and SS. The study incorporated micro-fibers
(PPS, PVA, and BF) and macro-fibers (PPL and TPPL) at a total volume of
0.25 %, used in both mono and hybrid configurations (detailed in
Table 3). This relatively lower fiber dosage ensured that the perfor-
mance of samples would not be adversely affected by improper mixing.
This percentage aligns with previous studies examining the impact of
fibers on various properties of FRC for both FWNSC and SWSSC [17, 21,
30]. Hybrid mixtures incorporated these fibers at ratios of 33 % and
66 % each. For instance, two mixtures were prepared to examine the
hybrid behavior of PPL and PVA fibers: 0.33PPL/0.66PVA, and
0.66PPL/0.33PVA. To facilitate the placement of the concrete for the
structural applications, a highly workable mix was designed to reach a
slump value of 150-200 mm without the use of any superplasticizer.

Table 1

Physical properties of the aggregates.
Material Specific Gravity (kg/ Bulk Density (kg/ Fineness

m?) m%) Modulus
Coarse 2.71 1560 6.92
Aggregate

Normal Sand 2.66 1628 1.97
Sea-Sand 2.57 1578 1.38




A. Mashayekhi et al.

100
90
s 80
£ 70
L
EJGO
5 50
& 40
w
Z 30
~~
20
10
0 Tt ——Trr
0.01 10 100
Particle size (mm)
Fig. 1. Grading curves for NS and SS coarse aggregates.
Table 2
Physical properties of different fibers [31].
Property PPS PVA BF PPL TPPL
Specific gravity 0.91 1.3 1.57 0.91 0.91
Length (mm) 6 8 7 47 54
Diameter (pm) 180 38 15 — 800
Thickness (pm) — — — <500 —
Tensile strength 600 1600 2900 400 620
(MPa)
Young’s modulus 9.5 40 85 6 9.5
(GPa)
Chemical Excellent  Excellent  Excellent  Excellent  Excellent
resistance
Melting point (°C) 160 225 1450 160 160
Water absorption <1 <1 <1 Nil Nil

(% by weight)
Alkali resistance
Corrosion

Excellent
Excellent

Excellent
Excellent

Excellent ——
Excellent

Excellent
Excellent Excellent

resistance

2.3. Test specimens and methods

Three concrete beam specimens were prepared according to
Australian Standard AS 1012.2 [52] with dimensions of 100 mm x
100 mm x 350 mm. After casting, beam samples were demolded at 24 h
and cured in a moist environment at 23 + 2°C for one day. Subse-
quently, they were immersed in a lime-saturated water bath for 28 days,
following the same curing procedure as the cylinder samples. After
curing, all samples were pre-cracked with a length of 30 mm and a width
of 5 mm using a cutting saw, creating a defined notch. To determine the
fracture toughness properties, three-point bending test was employed,
which have been used widely in previous studies [30, 42, 53-55]. De-
tails regarding the beam geometry and support configuration are pro-
vided in Fig. 3. The experiments were conducted with a 100-kN
displacement-control testing machine at a loading rate of
0.05 mm/min. A dynamic extensometer and linear variable displace-
ment transducers (LVDT) (see Fig. 3) were used to measure the crack
mouth opening displacement (CMOD) and deflection at the mid-span of
the beams, respectively. Data were recorded using a data acquisition
system, and the test was terminated when CMOD reached 3.5 mm.

3. Results and discussion

Fig. 4 shows typical failures of the specimens. As expected, all
specimens exhibited a major crack forming at the mid-span notch point.
With increasing concentrated load, the crack at the concrete mid-span
propagated upward, and all specimens exhibited similar Mode I frac-
ture (fracture opening in tension), as anticipated. A detailed analysis of
the fracture properties, including load-CMOD curves, fracture energy,
and fracture toughness, along with the overall behavior of the
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specimens, is presented and compared in subsequent sections.
3.1. Load-CMOD curves

Fig. 5a-c presents load-CMOD curves for concrete mixes reinforced
with mono-, hybrid micro-, and hybrid macro/micro-fibers, respec-
tively. As shown in Fig. 5a, plain concretes (SWSS and FWNS) showed
similar pre-peak behavior with comparable strengths but exhibited
brittle failure after cracking (sudden strength loss). All FR-SWSSC mixes
exhibited approximately similar initial pre-peak behavior, suggesting
minimal fiber contribution in the pre-cracking stage, aligning with prior
research findings [30, 42]. Fig. 6 presents the load reduction factor
(LRF), defined as the ratio of the peak load to the residual load at 0.8 mm
of CMOD. The LRF represents the percentage reduction in load capacity
between the peak point and the point where the CMOD reaches 0.8 mm.
Both SWSS and FWNS concretes exhibited significant strength loss,
exceeding 80 % at 0.8 mm CMOD, with negligible residual strength
(defined as post-peak flexural strength) remaining at 2.5 mm CMOD.
Macro fiber addition (PPL and TPPL) significantly improved
post-cracking behavior in SWSSC, maintaining approximately 50 % and
38% of peak load at 0.8 mm CMOD, respectively. Among the
micro-fibers investigated (PVA, PPS, and BF), PVA exhibited the best
post-crack performance (Figs. 5a and 6), potentially due to strong
chemical bonding with the matrix, as reported in previous studies [31,
33, 56].

In comparison, as shown in Fig. 5b, the post-cracking behavior of
hybrid micro-fiber mixes showed improvement specially when PVA fi-
bers were incorporated in the hybrid system. According to Fig. 5b, the
hybrid PVA/PPS fibers significantly improved LRF compared to both
mono PVA and PPS fibers. In this case, incorporating 0.66PPS/0.33PVA
was more effective. Additionally, compared to mono BF, PVA/BF and
PPS/BF hybridization significantly improved LRF and maintained the
load drop after peak point. At a CMOD of 0.8 mm, hybrid 0.66PVA/
0.33BF fibers showed a great enhancement of strength, with an
approximately 185 % and 55 % increase compared to mono BF and
plain SWSSC, respectively. This improvement can be attributed to the
chemical bonding between PVA and BF fibers [31, 34, 56], which
enhanced the strength of the mixture by increasing its cohesion and
overall strength, resulting in improved peak-load and post-cracking
performance.

Micro/macro fiber hybridization (Fig. 5a) improved both peak and
post-cracking performance in all fiber mixtures. This is attributed to
macro-fibers bridging cracks, enhancing the load-carrying capacity of
SWSSC. Their longer length allows macro-fibers to limit crack width
more effectively than micro-fibers. Among the hybrids, 0.66PPL/
0.33PVA improved flexural strength by 10 % compared to mono PVA,
while 0.33PPL/0.66BF yielded a 20 % increase compared to mono BF.
Fig. 6 demonstrates significant improvement in LRF and post-peak
behavior of SWSSC due to hybrid macro/micro fiber incorporation.
PPL/PPS hybridization yielded the greatest improvement in LRF, with a
193 %-273 % enhancement compared to mono PPS fibers. This superior
performance stems from the effectiveness of long PPL fibers in bridging
post-peak macro cracks. Compared to mono PVA and BF, both hybrid
PPL/PVA and PPL/BF significantly enhanced the ratio by 47-77 %,
while TPPL/PVA and TPPL/BF achieved a 55-115 % improvement. This
enhancement was likely attributed to the improved bonding strength of
PPL and TPPL fibers achieved through hybridization with PVA and BF
fibers. Considering the SEM images in Fig. 7, the hybrid PPL/PVA and
TPPL/PVA fibers appear to exhibit synergistic effects. This stems from
the strong chemical bonds between PVA and BF and the SWSSC matrix,
as reported previously [30, 31]. Notably, TPPL/PVA exhibited the
highest improvement, likely due to superior TPPL fiber distribution and
flexibility compared to PPL.
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Fig. 2. Characterization of various fibers: shape, dimensions, and SEM images.

Table 3
Concrete mix design and their 28-day compressive strengths.
Groups Concrete Mix Binder (kg/m®)  Gravel (kg/m®  Sand (kg/m®)  Water (kg/m®  Fiber (kg/m>) 28-day
OPC GGBS NS SS FW SW PPS PVA BF PPL TPPL f ¢ (MPa)

Plain FWNS 126 234 995 785 — 256 — — — — — — 28.5
SWSS 126 234 995 — 785 — 256 — — — — — 27.6

Mono PPS 126 234 995 — 785 — 256 2.28 — — — — 27.2
PVA 126 234 995 — 785 — 256 — 3.25 — — — 28.9
BF 126 234 995 — 785 — 256 — — 6.63 — — 27.4
PPL 126 234 995 — 785 — 256 — — — 2.28 — 28.6
TPPL 126 234 995 — 785 — 256 — — — — 2.28 29.0

Hybrid micro 0.33PPS/0.66BF 126 234 995 — 785 — 256 0.76 — 4.41 — — 27.9
0.66PPS/0.33BF 126 234 995 — 785 — 256 1.52 — 2.21 — — 28.2
0.66PVA/0.33BF 126 234 995 — 785 — 256 — 2.17 2.21 — — 31.1
0.33PVA/0.66BF 126 234 995 — 785 — 256 — 1.08 4.41 — — 27.0
0.33PPS/0.66PVA 126 234 995 — 785 — 256 0.76 217 — — — 27.3
0.66PPS/0.33PVA 126 234 995 — 785 — 256 1.52 1.08 — — — 26.9

Hybrid macro/micro 0.33PPL/0.66PPS 126 234 995 — 785 — 256 1.52 — — 0.76 — 27.2
0.66PPL/0.33PPS 126 234 995 — 785 — 256 0.76 — — 1.52 — 26.4
0.66PPL/0.33PVA 126 234 995 — 785 — 256 — 1.08 — 1.52 — 31.9
0.33PPL/0.66PVA 126 234 995 — 785 — 256 — 217 — 0.76 — 311
0.33PPL/0.66BF 126 234 995 — 785 — 256 — — 4.41 0.76 — 31.5
0.66PPL/0.33BF 126 234 995 — 785 — 256 — — 2.21 1.52 — 31.5
0.33TPPL/0.66PVA 126 234 995 — 785 — 256 — 2.17 — — 0.76 30.3
0.66TPPL/0.33PVA 126 234 995 — 785 — 256 — 1.08 — — 1.52 30.5
0.33TPPL/0.66BF 126 234 995 — 785 — 256 — — 4.41 — 0.76 28.5
0.66TPPL/0.33BF 126 234 995 — 785 — 256 — — 2.21 — 1.52 29.6

3.2. Fracture energy (Gp) 0.75W, + W.
_ /2o T P

Gr (€)]

In this study Eq. 1, [57] was adopted to calculate fracture energy Aug
(Gr). Researchers commonly employ this equation to quantify total en- In Eq. 1, W, denotes the energy consumed at CMOD=3.5 mm and A,
ergy dissipation per unit crack area from load-CMOD curves [58-60]. represents the ligament area. The work Wi, due to self-weight of the
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Fig. 4. Typical fracture toughness failure mode.

specimen and equipment (e.g., steel rod), is calculated as:
W; =0.75 x %m x g x CMOD, 2)

with S as the loading span, L the specimen length, m the specimen
mass, and g representing the gravity acceleration, and CMOD, =
3.5 mm.

Fig. 8 presents the mean Gr values for all investigated concrete mixes
at CMOD values of 0.5, 1.0, and 3.5 mm. The results demonstrated
approximately similar Gr values for both FWNS and SWSSC across all
CMOD values. The incorporation of mono fibers exhibited a dependence
on fiber type, with increases or decreases in Gy observed. Notably, mono
fibers were more effective at higher CMOD values due to their ability to
bridge the load across cracked concrete. For example, PPS and BF fiber
incorporation significantly decreased Gr, while PPL and TPPL fibers
significantly improved it. PPL and TPPL fibers demonstrably increased
Gr by approximately 144 % and 93 %, respectively, compared with
plain SWSSC at a CMOD of 3.5 mm. Mono PVA fiber incorporation
resulted in lower Gr at lower CMOD values, but it increased at a CMOD
of 3.5 mm by about 11 %. The observed behavior could be due to the
crack-bridging capability of PVA fibers, which stems from their superior
bonding and tensile strengths. However, their effectiveness in this
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Fig. 5. Load-CMOD curves of flexural strength test for different fiber types: (a)
Mono-fibers, (b) Hybrid micro-fibers, (¢) Hybrid micro- and macro-fibers.

regard is demonstrably lower compared to PPL and TPPL fibers, likely
due to a difference in fiber length.

The combination of micro-fibers significantly influenced Gr and
exhibited a synergistic effect compared to mono fibers. Hybridizing PPS
with BF or PVA significantly improved Gr at CMOD 3.5 mm by
approximately 176 % and 290 %, respectively, compared to mono PPS.
Additionally, hybrid PPS/PVA fiber was more effective than hybrid PPS/
BF fiber, which led to an increased G at CMOD 3.5 mm by 53 % over
mono PVA. Notably, a higher dosage of BF in the hybrid system with PPS
fibers (0.33PPS/0.66BF) proved more effective, while for PVA and PPS
hybridization, a higher dosage of PPS fibers (0.66PPS/0.33PVA) yielded
better results. These observations can be attributed to the ability of PVA
and BF fibers to enhance the bonding strength of PPS fibers. While BF
exhibited slight corrosion in SWSSC [31], leading to their lower
contribution to improved bonding compared to PVA fibers, a higher
dosage of BF was required in the hybrid system. When it comes to the
PVA/BF hybrid, Gr at CMOD 3.5 mm improved by 62 % compared to
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mono BF incorporation. In this case, 0.66PVA/0.33BF was more mono PPS and BF. This enhancement was attributed to the bridging

effective. effect of macro fibers across larger cracks, with its effectiveness
A significant improvement in Gy was observed for all CMOD values increasing with higher CMOD values. Specifically, hybridization of PPL
when macro/micro fiber hybridization was employed compared to fibers with PPS, PVA, or BF resulted in increases of 244 %, 66 %, and



A. Mashayekhi et al.

68 % in Gy at a CMOD of 3.5 mm, respectively, compared to only micro-
fibers. Similarly, hybridization of TPPL with PVA or BF led to en-
hancements of 80 % and 93 % in Gr at a CMOD of 3.5 mm, respectively.
Notably, a fiber volume fraction of 0.66TPPL/0.33PVA (or BF) and
0.66PPL/0.33PVA (or BF) proved to be more effective.

In summary, the fracture energy analysis revealed a positive corre-
lation with increasing CMOD value. This trend was attributed to the
enhanced contribution of macro-fibers (due to their extended length and
mechanical bonding) and micro-fibers (particularly PVA and BF with
superior chemical bonding and tensile strength) in arresting crack
propagation. Notably, fiber length emerged as the most crucial param-
eter influencing Gy improvement.

3.3. Fracture toughness (Kic)

In three-point bending fracture tests, concrete undergoes three stages
including crack initiation, stable crack propagation, and critical unsta-
ble fracture. The double-K fracture model (DKFM), a two-parameter
method for assessing concrete fracture behavior [61-64], treats it as a
brittle elastic-plastic material. It defines K% (initial fracture toughness)
as the energy for crack initiation influenced by cohesive strength, and
Ki¢ (unstable fracture toughness) as the energy for continued crack
propagation governed by tensile strength. DKFM allows evaluation of
concrete fracture behavior under varying loads and the influence of
reinforcement. This study employs DKFM to calculate fracture param-
eters of the investigated mixtures, with results presented in this section.

According to the DKFM (Fig. 9), the K can be calculated using Eq.
(3.

3(Pyi + %)S\/a—o
W?B
where S denotes the span length. For S/W values of 2.5 and 4.0, the
function (Vo) can be determined using Eqgs. (4) and (5), respectively.
Interpolation techniques can then be employed to estimate f(V,) for
intermediate S/W ratios.

Kp; = f(Vo) ®

F(V) = 1.83 — 1.65V, + 4.76V,* — 5.3V + 2.51V,* @
o) =
(142Vo)(1 — Vp)*?

1.99 — Vo(1 — Vp)(2.15 — 3.93V, + 2.7V,?)
(1 +2V)(1 — Vp)*2

f(o) = (5)
where Py represents the initial cracking load; W denotes the height
of the beams; B represents the width of the beams; a, represents the
length of the initial crack; and V|, represents the ratio of the initial crack
length to the depth of the specimen (ag/W).
Using Eq. (6), K} can be calculated.

3(Puax +"9)S\/dc
W2B

where a. represents the critical effective crack length, and it can be

i

Kic = f(Ve) (6)

Fig. 9. Stress distribution of DKFM method.
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calculated using Eq. (7) as follows:

.E.CMOD¢

2 B
=— H —0.1135 - H,
ac p W+ O)arctg\/ 32.6. 0.1135 o 7)

where P, represents the peak load, CMOD, represents the critical
crack mouth opening displacement, H, refers to the thickness of the
knife edges, and E denotes the elastic modulus, which can be calculated
using Eq. (8).

- 1 2 ﬂ'a0+H0
E_BCi {3.7+32.6tan (2 W+H0>} 8

where, C;, representing the initial compliance, can be expressed as
CMOD;/P;, and P; is the load at the initial linear segment of the P-CMOD
curve. When S/W = 2.5 and 4.0, f(V¢) can be calculated using Eqgs. (9)
and (10), respectively [61, 62, 65, 66].

1.83 —1.65V, +4.76V:? — 5.3V% + 2.51V*
(14 2Ve)(1 — Ve)*?

f(Ve) = ©

1.99 — V(1 — Ve)(2.15 — 3.93Ve + 2.7Vc2)
Vo) = 10
fve) 1+2ve)1 - Vo) 10

The span-to-height ratio of the beams, denoted as V¢, can be calcu-
lated by taking the ratio of ac/W. In this study, the span-to-height ratio
(S/W) of the specimen used in the fracture test was designed to be 3.0.
As a result, f(V,) and f(V¢) must be obtained through linear interpola-
tion using the values calculated using S/W values of 2.5 and 4.

The cohesion toughness, represented by K, can be considered as the
energy absorbed in the progressive expansion of the fracture process
zone. As such, it can be evaluated by utilizing the following straight-
forward relationship:

K¢ = K¢ — K, an

where K. represents the cohesion toughness that arises from the
cohesive force within the fracture process zone (FPZ), a region around
the crack tip where there is localized damage.

Fig. 10 depicts higher initial fracture toughness (Ki%) for SWSSC
compared to FWNS concrete (by approximately 7 %), likely due to its
denser pore structure as supported by [21, 31, 67], which may reduce
initial microcracking. The SEM analysis in Fig. 11 provides further ev-
idence for the denser structure of SWSSC compared to FWNS. As K3
reflects inherent toughness at crack initiation, this denser structure
likely reduces microcracking at the initial stages, potentially explaining
the increased K. However, KX results indicate a 12 % lower value for
SWSSC. Similarly, Fig. 12 shows a significant reduction (by approxi-
mately 96 %) in K< for SWSS compared to FWNS. These findings suggest
that while the denser structure in SWSS enhanced initial crack resis-
tance, it may also promote a more brittle fracture behavior within the
FPZ, leading to lower K.

Mono-fiber mixtures exhibited lower K% compared to plain SWSSC,
with PPS fibers showing the least reduction. This is likely due to
microcrack formation within the matrix, which weakens the dense
structure of plain SWSSC. However, these microcracks can dissipate
stress and prevent larger cracks, leading to significantly higher Kj7—a
measure of total toughness near failure—with mono PVA and PPL fibers
increasing it by 24 % and 51 %, respectively, compared to plain SWSSC.
PPS fiber incorporation demonstrated the least reduction in initial
fracture toughness (Kﬁ’g) but proved ineffective for ultimate fracture
toughness (Kj¢?). This behavior likely arises from the inherent properties
of PPS fibers. Their lower stiffness and tensile strength compared to
other fibers might improve initial crack resistance through microcrack
bridging, but hinder crack arrest and strength enhancement due to weak
concrete-fiber bonding, promoting fiber pull-out instead of breakage.
Conversely, strong chemical bonding in PVA fibers and superior me-
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chanical interlocking in PPL and TPPL fibers with the concrete matrix
resulted in higher K. This is further supported by the K§. results in
Fig. 12, where PPS fiber exhibited the lowest value. Overall, fiber
addition significantly improved the K. of SWSSC, with PVA and PPL
fibers being most effective, leading to approximately 54 and 93 times
higher K, respectively.

Micro-fiber hybridization significantly increased K compared to
mono-fiber mixtures. Notably, 0.66PVA/0.33BF hybridization yielded
the greatest improvement, surpassing both BF and PVA by 22 % and
17 %, respectively. This is attributed to the positive synergy of PVA/BF
in SWSSC, enhancing chemical bonding with the matrix and promoting
more efficient reinforcing. Hybridizing PPS with BF or PVA significantly
improved fracture behavior compared to mono PPS. Hybrid 0.33PPS/
0.66BF and 0.66PPS/0.33PVA increased K% (by about 8 % and 9 %),

¢ (by about 19 % and 28 %), and K,CC (by about 362 % and 616 %),
respectively, over mono PPS. This improvement likely stemmed from
enhanced bonding strength of PPS fibers, a key weakness, due to the
incorporation of PVA or BF, which exhibit strong adhesion to the con-
crete matrix. Incorporation of hybrid 0.33PPS/0.66BF and 0.66PPS/
0.33PVA fibers led to increases in Ki¥ (by about 35 % and 31 %) and K%
(by about 9% and 3 %) compared to mono BF and PVA fibers.
Conversely, a significant decrease in K& (by about 55 % and 49 %) was
observed compared to mono BF and PVA fibers. This suggests that BF
and PVA fibers enhance the bonding of PPS fibers within the concrete
matrix, resulting in improved energy absorption, crack bridging capac-
ity, and overall fracture behavior.

Macro/micro-fiber hybridization significantly increased Kt
compared to mono-fiber. PPL or TPPL combined with BF or PVA fibers
showed the most pronounced effect. For example, 0.66PPL/0.33PVA
hybridization increased K% by 25 % and 32 % over mono-PVA and PPL,
respectively. Similarly, 0.33PPL/0.66BF increased Ki by 27 % and
28 % over mono-BF and PPL, respectively. The results showed that
0.33PVA was more effective in the PPL fiber-containing hybrid system,
while 0.66BF proved more effective in the combined PPL/BF system.
Notably, both micro-fiber type and dosage significantly influenced the
initial crack strength. The difference in effectiveness between PVA and
BF in SWSS is attributed to their bonding behavior. PVA fibers exhibited
strong chemical bonding [17, 31], enhancing the adhesion of PPL fibers
by reinforcing the surrounding matrix. Consequently, a lower dosage
(0.33 %) of PVA fibers is sufficient to improve PPL fiber bonding and
achieve superior fracture toughness compared to a higher PVA dosage in
the hybrid system. Conversely, previous research suggested that BF
corrosion in SWSSC can compromise its bridging capability [31, 68, 69].
This necessitates a higher BF content for effective PPL fiber bonding and
positive synergy within the hybrid system. Considering the results of
Ki¢, it was found that macro-fiber type significantly impacted Kj’. A
0.33TPPL/0.66BF configuration yielded 9% and 4 % greater K.
compared to mono-fiber and TPPL configurations, respectively. The
improved performance may be attributed to a superior distribution of
TPPL fibers, enhancing their bond strength with the concrete matrix,
particularly when combined with PVA or BF. The results of K% indicated
that macro/micro-fiber hybridization significantly reduced K%
compared to mono fibers. The positive synergy between micro and
macro fibers enhanced crack resistance across a broad spectrum and
improved energy absorption during crack propagation.

FWNS concrete exhibited a 12.6-fold increase in fracture process
zone length (Aac) compared to SWSSC. This suggests a more brittle
behavior and lower damage tolerance for SWSSC. Materials with shorter
Aac lack the capacity to absorb stress in the surrounding crack zone,
potentially leading to rapid crack growth and brittle failure. This may be
attributed to the denser microstructure of SWSSC [31], which enhances
crack initiation resistance but accelerates subsequent propagation.
Mono-fiber addition significantly enhanced Aac compared to plain
SWSSC. PVA, BF, PPL, and TPPL fibers were particularly effective,
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increasing Aac by 30, 19, 39, and 21 times, respectively. This suggests
fibers improved the fracture toughness of SWSSC, transitioning its
behavior from brittle to ductile, leading to enhanced damage tolerance
and plastic deformation, due to fiber bridging, as corroborated by prior
research [30, 61, 70, 71]. Fiber hybridization further increased Aac for
PPS fibers, addressing their inherent weakness in bonding with the
concrete matrix.

3.4. Analysis of fracture behavior

To investigate the fracture behavior of plain concrete and fiber-
reinforced SWSSC mixes, load-CMOD curves for previously identified
promising mixes are analyzed and presented in Fig. 13. These mixes
were selected based on prior fracture analysis results. To further visu-
alize the fracture behavior, schematic failure mode is illustrated in
Fig. 14. For improved clarity, the fracture behavior in Fig. 13 is cate-
gorized into six stages, which are comprehensively discussed in the
following section.

1) O-A: Linear-elastic phase

2) A-B: Crack initiation stage and Crack propagation stage
3) B: Peak load stage

4) B-C: Post-peak stage

5) C-D: Continuation of the post-peak stage

6) D-E: Concrete failure stage

Between points O and A (60-80 % ultimate strength), plain and FR-
SWSSC demonstrated linear-elastic behavior with minimal cracks. While
both exhibited this behavior, the underlying mechanisms differed. The
slope for plain SWSSC reflected its slightly higher elastic modulus than
normal concrete by about 8 % due to sea-sand [31]. Conversely,
FR-SWSSC exhibited a load-CMOD slope dependent on fiber character-
istics (type, volume fraction, aspect ratio, distribution, and hybridiza-
tion). Though fibers potentially increased tensile strength in both plain
and FR-SWSSC, they primarily influenced crack behavior in FR-SWSSC
by delaying initiation and reducing initial width. During this initial
stage, no fibers were activated, and overall behavior (except stiffness)
remained similar.

The concrete specimens exhibited a transition from the linear elastic
to crack initiation and propagation stages (A-B). Both SWSS and FR-
SWSSC displayed non-linear behavior with increasing crack width
(CMOD). SWSSC deviated from linearity during crack initiation due to
its lower tensile strength, resulting in rapid crack growth during prop-
agation as the material could not sustain the load. The load-CMOD curve
of FR-SWSSC exhibited a deviation from linearity during crack initia-
tion. This behavior can be attributed to the influence of fiber type,
volume fraction, aspect ratio, distribution, and hybridization. These fi-
bers bridged crack tips, delaying initiation, and resulting in a slight load
increase and reduced initial crack width. Fibers inhibited crack growth
during propagation, significantly reducing crack width and increasing

—SWSS

- ==PVA

— —PPL

- - = 0.66PVA+0.33BF
— - =0.66PPL+0.33PVA
— -+ 0.66TPPL+0.33PVA

Load (kN)

CMOD (mm)

Fig. 13. Load-CMOD curves for various SWSSC mixes.
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Fig. 14. Schematic of the crack development process in hybrid FR-SWSSC.

peak load. PVA fibers exhibited stronger bonding with concrete matrix,
while PPL fibers, with their superior length, enhanced bridging, and
fracture energy. Notably, all hybrid mixtures displayed a higher ultimate
load compared to those containing only PVA fibers. Additionally,
replacing 33 % of PVA with BF fibers significantly improved fracture
behavior during this stage. This improvement could stem from the
positive synergy of PVA/BF hybridization, where BF enhanced the
bonding strength of PVA fibers by reinforcing the surrounding concrete
matrix, thereby facilitating greater contribution from the PVA fibers.
This complementary mechanism can be observed in Fig. 14 through SEM
imaging.

Following the peak load stage, concrete specimens transitioned to
the post-peak stage (B-C), marked by a sudden localization and propa-
gation of a macrocrack through the beam, leading to a significant loss in
flexural strength. Plain SWSSC displayed a post-peak decrease in load
capacity and load-CMOD curve, driven by its low tensile strength.
Aggregate bridging acted as the main toughening mechanism. With
diminishing load resistance, the crack width continued to increase. The
post-peak stage in FR-SWSSC also exhibited a decrease in load capacity,
although the rate of decrease was influenced by fiber type. Fibers
enhanced the tensile strength of SWSSC, leading to a higher residual
strength at Point C and a reduced rate of crack width increase compared
to plain concrete. Fiber hybridization significantly improved load-
bearing capacity compared to mono PVA fibers. Notably, the
0.66PVA/0.33BF combination enhanced both bonding strength and the
bridging effect within the hybrid system, leading to a higher load ca-
pacity. Similarly, a 0.33PVA content in hybrids with 0.66PPL or
0.66TPPL improved the bonding of macro-fibers (PPL and TPPL),
consequently resulting in a significantly enhanced bridging effect. The
strong chemical bonding strength of PVA fibers significantly reinforced
the surrounding concrete of macro-fibers (Fig. 14). Furthermore, the
higher mechanical bonding strength of PPL fibers compared to TPPL
fibers, attributed to their rough surface, resulted in a better synergistic
effect with PVA fibers, enhancing the ultimate capacity relative to TPPL/

10

PVA hybridization. Moreover, the residual strength of Point C high-
lighted the crucial role of macro-fibers in maintaining post-peak load.

Specimens with macro-fibers exhibited a slower load-CMOD reduc-
tion and reached stability during transition from point C to D. This
extended softening, attributed to crack-bridging and branching, con-
trasted with the failure-prone behavior of plain SWSSC due to its loosely
connected aggregates, leading to rupture or pull-out of fibers.
Conversely, the 0.66 PVA/0.33BF mix, displayed rapid crack widening
and reduced load capacity, attributed to lacking elongation-providing
fibers like PPL or TPPL. However, its higher capacity compared to
plain SWSSC can be explained by a strong bond between PVA, BF, and
the concrete matrix. At large CMOD values during this phase, macro-
fibers exhibited a more pronounced influence on crack propagation ar-
rest and stabilization due to their greater length. However, their syn-
ergistic interaction with microfibers, particularly PVA and basalt BF,
yielded superior performance compared to micro-fibers alone. The
incorporation of mono micro-fibers proved inadequate in sustaining
crack growth at large CMOD values, owing to their limited length and
tensile strength.

During the failure stage (D to E and after), SWSSC and FR-SWSSC
exhibited distinct failure mechanisms under load. SWSSC experienced
a sudden, brittle failure with complete load-bearing capacity loss and
minimal energy dissipation. The failure mode was typically tensile, with
concrete fracturing along cracks. On the other hand, FR-SWSSC failure
can be impacted by fiber properties, potentially experiencing delays due
to increased energy absorption within the fibers. These fibers also
altered the failure mode from brittle to ductile, allowing concrete
deformation before catastrophic failure. Among the fiber types, macro-
fibers offered consistent load-bearing capacity, while single PPL fibers
exhibited enhanced energy absorption and a slight improvement in load-
bearing. The PVA/BF hybrid, however, reached its minimum load ca-
pacity due to short length and inability to bridge macrocracks. These
findings highlight the crucial role of macro-fibers in enhancing the
ductility of FR-SWSSC.
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3.5. Post-crack performance evaluation using guidelines

The post-crack behavior of FR-SWSSC was investigated in this study
to elucidate its residual strength and brittleness, providing more insights
to informing the design and evaluation of FR-SWSSC structures. Estab-
lished methods outlined in the Fib Model Code [72], European standard
EN 14651 [73], and RILEM TC 162-TDF [74] are employed. The study
focused on determining residual strength corresponding to specific
CMOD of 0.5, 1.5, 2.5, and 3.5 mm, following the Fib Model Code [69]
(Fig. 15). Residual strength was evaluated using fr; and frs for both
serviceability (SLS) and ultimate (ULS) limit states. Moreover, the
fr3/fr1 ratio assessed material brittleness. The potential for FR-SWSSC to
partially replace ULS reinforcement if it meets fz1/fi > 0.4 and
frs/frn > 0.5 [72, 75]. f, defined by RILEM TC 162-TDF [74] and EN
14651 (CEN 2005) [73], is the peak load within 0-0.05 mm of CMOD.
The flexural strengths were calculated using:

_3 FxS
C2bxE,

f 12

where F represents load values from tests, b is the specimen width
(100 mm), and hy, is the distance from notch tip to the top of the cross-
section (70 mm).

Fig. 16 presents the flexural strength of all investigated mixtures.
FWNS and SWSS measured 4.94 MPa and 4.79 MPa, respectively. Mono
fiber addition to SWSS minimally affected peak strength, except for PPL
fibers, which increased it by 10 %. Micro-fiber hybridization with
0.66PPS/0.33PVA achieved the highest strength (5.74 MPa), exceeding
mono PPS and PVA by 26 % and 22 %, respectively. This was likely due
to the superior chemical bonding of PVA fibers, enhancing the bonding
strength of PPS fibers within the concrete matrix. Incorporation of
hybrid micro- and macro-fibers including 0.66PPL/0.33PVA, 0.33PPL/
0.66BF, and 0.33TPPL/0.66BF, significantly enhanced SWSS flexural
strength by about 8 %, 14 %, and 8 %, respectively, compared to plain
SWSS. These mixtures also exhibited greater strength than mono PVA
and BF.

Fig. 17 shows the residual strength ratios (fzs/fr1 and fr1/f1), with
frs/fr1 indicating material brittleness. Mono PPL and TPPL fibers
increased fr3/fr1 by 317 % and 278 %, respectively, compared to plain
SWSSC, resulting in significantly more ductile behavior. Among the
micro-fibers, only PVA resulted in a 45 % higher fgs /fr1 ratio compared
to the control (SWSS). PPS and BF, conversely, exhibited a decrease in
frs/fr1 and a shift towards brittle behavior. Micro-fiber hybridization of
BF with either PPS or PVA fibers significantly enhanced fzs/fr1 and
promoted ductile behavior. Micro- and macro-fiber hybridization
significantly enhanced ductility compared to mono micro-fibers, as
evidenced by the increased fr3/fz: ratio. Hybrids 0.66PPL/0.33PVA and
0.66PPL/0.33BF increased fz3/fr1 by 114 % and 466 % over PVA and
BF, respectively. Notably, 0.66TPPL/0.33BF achieved the most signifi-
cant improvement, surpassing both mono TPPL and BF by 24 % and
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Fig. 15. Flexural behavior of FRC: Nominal stress vs. CMOD.
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679 %, respectively. This is attributed to enhanced bonding of TPPL fi-
bers due to partial replacement with BF, leading to improved rein-
forcement of the TPPL surrounding concrete.

Micro-fiber hybridization significantly enhanced the fg;/f; ratio
compared to mono fibers in all hybrid mixtures. Among these, the
0.66PPS/0.33PVA hybrid achieved the most pronounced improvement
by about 244 % and 80 % over mono-PPS and -PVA, respectively.
Micro/macro fiber hybridization significantly improved fr1/f;
compared to micro-fibers alone, but negatively impacted compared to
mono macro-fibers. Notably, only the PPL fiber achieved fz;/fi > 0.4
and fzs/fr1 > 0.5, demonstrating adequate reinforcement in SWSSC.
While hybridization offers potential, a higher total dosage is needed to
meet reinforcement substitution requirements.

4. Synergistic effects of fiber hybridization

Synergistic effects of various fibers in hybrid system determine hy-
bridization success. This study employed the synergistic coefficient (SC)
to evaluate the fracture performance of these combinations relative to
single fibers. The SC was calculated using Eq. (13) [37, 76] at a constant
fiber volume fraction (V) of 0.25%. A positive value indicates
improved performance relative to the individual fibers.

Vv, V
R&L dasp — MaxX (Rr(nofn?),a; R,(nofnl,b >
v V;
max <Rr(noj;1)u.a7 R(mofrl)u.b )

where Rpprigass is the fracture toughness properties—flexural

SC =

13

strength, fracture energy and two fracture parameters (K., and Ki?)— of
hybrid FR-SWSSC, Ryon0.a a0d Ryono p are the fracture properties of mono-
fibers, respectively.

The synergistic coefficients in Fig. 18 indicate that the incorporation
of fibers in all hybrid systems resulted in a significant increase in the Ki
and showed positive synergy. However, the specific fiber type and
dosage are critical factors influencing the positive synergy observed for
ultimate fracture toughness (Kj*). Hybridizing 0.33PPS/0.66BF and
0.66PPS/0.33BF fibers exhibited positive synergy in all fracture tough-
ness parameters compared to mono-fibers. PPS/BF and PPS/PVA hy-
brids exhibited enhanced Gr and positive synergy, likely due to PVA and
BF improving bonding strength and PPS fibers enhancing elongation,
ultimately leading to increased fracture energy. Incorporation of PPL
fibers with BF, PPS, and PVA generally resulted in decreased Gr and
flexural strength. However, the 0.33PPL/0.66BF combination exhibited
a synergistic enhancement in flexural strength. This positive synergy
was attributed to the ability of BF to improve the bonding strength of
PPL fibers with concrete matrix. Conversely, increasing BF content
within the hybrid system led to heightened brittleness due to BF
corrosion in SWSSC, resulting in a negative synergistic effect on energy
dissipation. Furthermore, the influence of PPL fiber content on the en-
ergy dissipation mechanisms within the PPL/micro-fiber hybrid system
was pronounced. TPPL hybridization with PVA or BF resulted in positive
synergy for flexural strength, likely due to the superior flexibility and
distribution of TPPL fibers compared to PPL, leading to improved syn-
ergy within the hybrid system. Notably, only the 0.66TPPL/0.33PVA
combination displayed positive synergy for Gp, possibly due to the su-
perior bonding strength of PVA fibers compared to BF. This stronger
bonding reinforced the surrounding concrete matrix of TPPL, promoting
fiber rupture and enhancing energy dissipation. Additionally, TPPL/BF
hybridization exhibited positive synergy for Kji, whereas TPPL/PVA
displayed a negative effect.

Synergistic coefficient analysis revealed that fiber addition differ-
entially impacted properties. Selecting the optimal fiber type or mix
based on maximized overall fracture performance was therefore critical.
To achieve this, the combined mechanical performance (CMP) of all
mixes, calculated using Eq. (14) [68], was compared to plain SWSSC. A
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Fig. 17. The post-peak residual flexural strength of FR-SWSSC.

CMP exceeding 1.0 indicated superior overall fracture behavior. This
study assigned equal weight to all fracture parameters, neglecting their
individual significance.

CMP = l « fr rfiber GF.ﬁber K}.rcl‘l:ﬁber + K}lg.ﬁber 14)
4 rswss  Grswss  Kigswss  Kicswss

The results of the CMP study for FR-SWSSC mixes were compared
with those of plain SWSSC and are illustrated in Fig. 19. The results
showed that PPS and BF fibers had the lowest CMP value, while mono
PPL and TPPL mixtures had the highest. The enhanced CMP of PPL fibers
can be attributed to their higher volume fraction when utilized in a
mono configuration. Experimental findings demonstrated that the PPL
fiber content within the hybrid system significantly influenced its syn-
ergistic interaction with micro-fibers. As such, augmenting the PPL fiber
dosage in the hybrid system, in conjunction with the complementary
effects of PVA and BF micro-fibers, could potentially result in superior
fracture behavior. This potential enhancement was ascribed to the high

5. Conclusion

12

3 NN RN

chemical bond established between the PVA and BF micro-fibers and the
concrete matrix. CMP results indicated that PPL fibers outperformed PPS
fibers, despite sharing a common base material. The superior CMP value
of PPL (1.45 vs. 0.85 for PPS) facilitated enhanced crack bridging and
energy dissipation due to its greater length. Moreover, the rough surface
of PPL fibers promoted improved bonding with the concrete matrix,
resulting in enhanced load transfer and fracture toughness. The com-
bination of the factors including greater length, rough surface, and
higher stiffness contributed to significantly higher fracture toughness of
PPL fibers compared to PPS. Also, it was found that hybrid micro-fiber
mixes had a CMP value greater than 1.0, except for 0.66PPS/0.33BF
mixture. 0.66PPS/0.33PVA exhibited the greatest CMP value among
micro-fiber hybrids. Among all micro and macro fiber hybridizations,
hybrid PPL/PVA and TPPL/PVA resulted in the highest CMP value.

This study investigated the influence of hybrid fibers on fracture
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Fig. 19. The combined mechanical performance (CMP) of FR-SWSSC.

properties of fiber-reinforced seawater sea-sand concrete. Five fiber
types were incorporated: micro-polypropylene (PPS), polyvinyl alcohol
(PVA), and basalt (BF) alongside macro-polypropylene (PPL) and
twisted polypropylene (TPPL), all at 0.25 % volume fraction. These were
added to plain SWSSC in mono, hybrid micro, and hybrid micro-macro
combinations to assess the hybridization effect. The findings offer
valuable insights into how hybrid fibers can improve the fracture
resistance of FR-SWSSC. Key results are presented below:

e Macro-fiber incorporation (PPL and TPPL) significantly improved
the post-peak behavior of SWSSC. PPL and TPPL fibers increased
fracture energy by 144 % and 93 %, respectively compared to the
plain SWSSC at CMOD 3.5 mm. The enhanced performance was
attributed to the length of macro-fibers, which effectively bridged
macro-cracks at post-peak stages due to superior mechanical
bonding strength.

e Micro-fiber inclusion in SWSSC marginally affected post-crack
behavior, but hybridization significantly enhanced fracture perfor-
mance. Hybridizing PPS with BF or PVA increased fracture energy at
CMOD 3.5mm by 176 % and 290 %, respectively, compared to
mono PPS. This improvement likely stemmed from the weak bonding
strength of PPS fibers, which PVA and BF effectively addressed, and
their synergistic action in mitigating micro-cracks.

13

e Hybridizing PPL fibers with PPS, PVA, or BF significantly increased

fracture energy at a CMOD of 3.5 mm compared to mono micro-
fibers by 244 %, 66 %, and 68 %, respectively. Similarly, TPPL hy-
bridization with PVA or BF enhanced fracture energy by 80 % and
93 %, respectively. The ability of PPL and TPPL fibers to bridge
macro-cracks activated micro-fibers for synergistic behavior. Addi-
tionally, the strong chemical bonding of PVA and BF effectively
reinforced the surrounding concrete matrix and improved macro-
fiber bonding.

The fracture process zone length (Aac) of SWSSC significantly
increased with PVA, BF, PPL, and TPPL fibers, enhancing it by about
30, 19, 39, and 21 times, respectively. Fiber inclusion significantly
enhanced cohesion toughness (K}:C), with PVA and PPL fibers
yielding the most improvements, by about 54 and 93 times, respec-
tively. This can be attributed to fiber bridging of micro-cracks,
distributing tensile stress, and engaging a larger section compared
to plain SWSSC, resulting in higher Aac and K.

Fiber hybridization significantly improved initial fracture toughness
(K. The 0.66PVA/0.33BF combination exhibited the greatest
enhancement in micro-fiber hybrids, surpassing both BF and PVA by
22 % and 17 %, respectively. This was attributed to the synergy of
PVA/BF in SWSSC, enhancing matrix bonding and promoting
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reinforcement efficiency. 0.66PPL/0.33PVA hybridization increased

ini hy 25 % and 32 % relative to mono PVA and PPL, respectively.
This synergy between the fibers resulted in enhanced bonding
strength and concrete reinforcement, allowing PPL fibers to better
resist crack initiation.

The study revealed that fiber hybridization in SWSSC showed
promise for enhancing its fracture properties. Synergistic effects
enhanced fracture performance compared to mono-fiber configurations,
making it a promising material for coastal and offshore structures.
Further research is needed to understand the behavior and optimize
fiber content of hybrid FR-SWSSC under varying conditions. Addition-
ally, long-term performance and durability in marine environments
require evaluation. Overall, hybrid fibers offer significant potential for
more resilient SWSSC structures.
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