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Abstract: This paper investigates nine PVA fiber-reinforced cementitious composites with varying
fiber content (1-2.5%) and types (oil-coated and non-coated). The experimental compositions utilize
locally available cement, high volumes of fly ash, silica fume, PVA fibers, and a superplasticizer,
entirely omitting natural aggregates. Key parameters evaluated include bulk density, compressive
strength, secant modulus of elasticity, flexural tensile strength, fracture energy, and structural design
applicability. The results show that FRC without natural aggregates achieves significantly lower
densities (1500-1720 kg/m?). Compressive strength is influenced by matrix density, with the highest
value recorded at 30.98 MPa. The high fly ash content reduces the secant modulus of elasticity, while
flexural tensile strength follows a similar pattern to compressive strength. Oil-coated fibers generally
lower fracture energy, except for the 1.5% PVA content, where the 2.5% composition performs best.
All specimens exhibit tension softening rather than ECC’s strain-hardening behavior. Structural
design equations were developed, though experimental validation is necessary. The 2.5% PVA
composition increases compression zone height by 7% while requiring 2% more reinforcement. As a
sustainable alternative to conventional concrete, these composites offer promising mechanical
properties and structural viability for construction applications.

Keywords: fiber reinforced composite; polyvinyl alcohol fibers; high volume fly ash; compressive
strength; flexural tensile strength; ultimate limit state structural design

1. Introduction

Fiber Reinforced Cementitious Composites (FRCC) are an advanced class of cement-based
materials designed to enhance flexibility and crack resistance, addressing the brittleness of traditional
concrete. When FRC exhibits a tensile strain-hardening capacity exceeding 3-5%, it qualifies as an
Engineered Cementitious Composite (ECC), also known as flexible concrete. ECC stands out for its
exceptional tensile strength and ductility, allowing it to deform significantly without fracturing, like
ductile steel. These properties make ECC ideal for applications requiring superior durability, seismic
resilience, and energy absorption, gaining widespread interest in research and construction for its
potential to improve infrastructure longevity and performance.

This study explores the initial development and performance evaluation of a high-volume fly
ash FRC with a tensile strain-hardening capacity below 3%, aiming for future integration into the
ECC category. The proposed composites use locally available cement in standard dosages,
supplemented with silica fume, and PVA fibers. Unlike previous studies [1,2], the experimental
formulations replace sand aggregates entirely with unprocessed fly ash, maintaining concrete-like
behavior while offering structural, environmental, and economic advantages.

Careful selection of materials can transition an FRC into an ECC. ECC typically consists of
cement, silica sand, water, and additives such as fly ash, slag, silica fume, lime, or metakaolin.
Reinforcement with dispersed fibers, particularly PVA fibers, imparts multiple cracking and ductility

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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characteristics [3,4]. The matrix design and fiber addition make ECC more flexible and lightweight
than conventional concrete [3].

FRC and ECC rely on fiber performance within the cementitious matrix. When cracks form, fiber
bridging occurs, distributing stress and enabling stable crack propagation. As crack propagation
continues, the fibers separate from the matrix and elongate, causing the bridging stress to intensify,
eventually leading to a stable cracking condition. If the bridging stress exceeds the matrix’s cracking
stress, further loading does not widen the cracks. Matrix toughness significantly affects fiber bond
strength: lower toughness facilitates pseudo strain-hardening behavior, but excessive reduction may
compromise initial crack strength. Toughness depends on the water-cement ratio, aggregate
properties, and admixtures [1].

The mechanical properties of FRC and ECC are also dependent on the constituents. FRC and
ECC exhibit a broad range of compressive strengths, from low to high, influenced by component
proportions, specimen size, and testing conditions. A 50% fly ash content with a 0.25 water/binder
ratio yields approximately 60 MPa, while increasing the ratio to 0.35 reduces it to 35 MPa. 80% fly
ash content drops compressive strength to 11 MPa, making it unsuitable for most structural
applications. However, a 0.4 water/binder ratio with 80% fly ash can achieve 80 MPa, increasing to
100 MPa when substituting fly ash with rice husk ash [3,4]. Testing under negative temperatures or
high moisture can elevate compressive strength from 70 to 110 MPa [5], 55 to 80 MPa [6], 25 to 45
MPa [7,8]. Long-term pozzolanic effects enhance strength over time. If other admixtures such as
calcium carbonate are utilized, the compressive strength does not exceed 25-35 MPa [9].

Tensile strength and strain hardening behavior also depend on fiber type and matrix toughness.
Basalt fibers provide 6-8 MPa tensile strength with 1-2% strain [10], while PE fibers range from 2.7-8
MPa with 1.95-14% strain [11-13,15]. PVA fibers typically offer 3-7 MPa tensile strength with 4-6%
strain [11,14].

Among fiber types, PVA is most extensively studied for enhancing multiple cracking and
ductility. Other options include polypropylene (PP), polyethylene (PE), basalt, glass, and plant-based
or PET fibers [2]. While fiber type affects strain-hardening efficiency, PVA or PE fibers, typically
added at 1.3-2% of cement weight, are most common, either alone or combined with basalt or steel
fibers [15,16].

Portland Cement is crucial for early binding, with conventional concrete using 300-400 kg/m?
and ECC studies reporting 400-600 kg/m?, though lower amounts, 126-270 kg/m? [14] have been
explored to reduce costs and environmental impact [17].

To mitigate Portland Cement’s environmental effects, industrial by-products like fly ash, slag,
and silica fume are used. Fly ash content typically ranges from 400 kg/m?® [6] to 700 kg/m?> [18-21]
reaching up to 900 kg/m?3 in some studies [19]. Although high fly ash levels slow down early strength
gain, they reduce hydration heat, shrinkage stresses, and enhance workability, ductility, and strain-
hardening behavior [2]. Slag is used in quantities of 200-700 kg/m?, while silica fume, essential for
high-performance mixes, is added at 60-100 kg/m? [5].

Sand aggregates improve matrix toughness, typically dosed at 400-500 kg/m? [22-24]. Smaller
aggregate sizes reduce matrix toughness, influencing strain-hardening behavior [1]. ECC water-
binder ratios range from 0.25-0.4, necessitating high superplasticizer use, unlike ordinary concrete’s
0.5 ratio [22-24].

ECC’s modulus of elasticity (18-34 GPa) is lower than that of ordinary concrete [4]. Depending
on mixture and testing conditions, values range from 20-40 GPa. Even with graphene oxide, it
remains around 22 GPa [8]. However, ECC’s high strain capacity through fiber bridging allows
structural elements to share loads with steel reinforcement after cracking, a feature absent in
reinforced ordinary concrete. Thus, the actual value of the modulus of elasticity is not of great
significance.

Despite variations in ECC compositions, all are designed to achieve strain-hardening failure
with multiple microcracks, contrasting with the brittle failure of conventional concrete. This research
develops a high-volume fly ash fiber-reinforced concrete (FRC) as a step toward future ECC
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integration. By replacing sand aggregates with unprocessed fly ash, the mix brings multiple
advantages. It transforms traditional concrete into a lightweight material, reducing the dead load on
structural elements while maintaining load-bearing capacity and service life, thereby minimizing
seismic impact and foundation stress [25-27]. Additionally, it lowers the heat of hydration and
shrinkage stress, reducing the likelihood of cracks in large structural elements and decreasing future
repair costs [25].

The fly ash-based mix also improves workability by absorbing water during mixing and
gradually releasing it during hydration, eliminating the need for vibration during casting and thereby
reducing labor and execution costs [25]. It enhances durability by increasing resistance to chloride
ingress and freeze-thaw cycles, which is particularly beneficial in aggressive environments such as
those exposed to deicing salts, seawater, or chemical attack [15,26,31-33]. Moreover, the pozzolanic
effect contributes to greater long-term mechanical strength.

Economic and environmental benefits further support the use of fly ash. As a readily available
and cost-effective alternative to fine quarzitic sand, its use lowers production costs, particularly in
Romania, where the material was sourced from a local thermal plant landfill without additional
processing [25]. The approach also mitigates environmental and health risks associated with waste
landslides from thermal plants [25,29]. Additionally, the mix promotes self-healing in fine cracks, a
key feature of ECC that extends the durability and service life of structural elements [4,30]. Finally,
by lowering matrix toughness, the material enables strain-hardening behavior with a low fiber
content, a defining characteristic of ECC [25].

As an innovative, aggregate-free material, the studied fiber reinforced composite demonstrates
remarkable potential. With further research, it is expected to fully achieve the properties of
Engineered Cementitious Composites (ECC). This study examines its key physical and mechanical
characteristics, including bulk density, compressive strength, strain at peak, modulus of elasticity,
flexural tensile strength, and fracture energy. Additionally, its structural behavior in bending is
simulated and compared to traditional reinforced concrete, revealing an increase in the compression
zone—an advantage for both sustainability and cost efficiency.

2. Materials and Methods

This research aimed to develop a Fiber Reinforced Composite (FRC) by entirely substituting
natural sand aggregates with industrial fly ash and silica fume. Two factors were investigated:
incorporating oil coated PVA fibers and uncoated PVA fibers. To determine the optimal mix, different
fiber volumes were tested, yielding eight distinct concrete matrices. Additionally, a reference
composition (W) was included, featuring fine aggregates and the same cement dosage as the FRC
mixes, but without fibers. The W composition is designed to compare the performance of the FRC
compositions against a traditional cementitious matrix with fine aggregates and to isolate the impact
of aggregate replacement alone. In the end, there were nine experimental compositions. Their main
characteristics are depicted in Figure 1.
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Figure 1. Fiber Reinforced Cementitious Composites developed in this study.

The materials used in the experimental program are as follows: CEM 1I/42.5R StructoPlus from
Holcim Romania, Elkem Microsilica Grade 940-U silica fume, fly ash sourced from the local coal
power plant in Mintia, Romania [34], and PVA fibers of Masterfiber 401 type, both oil coated and
uncoated. These fibers have a diameter of 8 um and a length of 12 mm, with a tensile strength ranging
from 790 to 1160 MPa and an elastic modulus of 30 GPa. Additionally, water and MAPEI Dynamon
SX superplasticizer were used. For the witness composition "W" natural sand aggregates were incor-
porated. The components are illustrated in Figure 2.

Like self-compacting concrete, the fresh state compositions, except for the reference composition
W, exhibited high workability. As a result, no vibration was required during casting for the FROC-
FRC compositions. The precise workability values are not the primary focus of the present study. The
FRC compositions and the reference composition are listed in Table 1 based on the weight of cement.
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Figure 2. Visual aspect of material components and composite structure.
Table 1. Experimental compositions-material components.
Sand . . .
Type Uncoated fibers (FRC) Oil coated fibers (FROC)
aggregates
W FRC FRC FRC FRC FROC FROC FROC FROC
ID R1 R2 R3 R4 R9 R5 R6 R7 RS
- 1% 1.5% 2% 2.5% 1% 1.5% 2% 2.5%
Materials kg/m?
Cement 1 1 1 1 1 1 1 1 1
Silica fume 0.100 0.215 0214 0.213 0.211 0.215 0.214 0.213 0.211
Fly ash 0.000 1.200 1.200  1.200 1.200 1.200 1.200 1.200 1.200
PVA Fibers 0.000 0.010 0.015 0.020 0.025 0.010 0.015 0.020 0.025
Water 0.500 0.550 0.550 0550 0.550 0.550 0.550 0.550 0.550
Superplasticizer 0.010 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012
Sand :;215-0'25 1.689 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
(W+SP)/B 0.46 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23

The researched compositions were mixed using a 5-liter automated mortar mixer. For each com-
position, 4 cubes measuring 50x50x50 mm and 3 prisms measuring 40x40x160 mm were cast, result-
ing in a total of 70 specimens. These specimens were then cured in water at a constant temperature
of +20°C for 28 days.

The mechanical properties were investigated at the age of 28 days: bulk density (kg/m?), com-
pressive strength fom (MPa) and the compressive limit strain €c (%o), secant modulus of elasticity Ecm
(MPa), flexural tensile strength fea (MPa), and the displacement at peak A (mm). All tests were con-
ducted in accordance with the European standards [35] and [36]. The testing machine was equipped


https://doi.org/10.20944/preprints202504.0376.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 April 2025

with force and displacement sensors, connected to a computer (via CatmanEasy software), to collect
the experimental data.

3. Results
3.1. Bulk Density

The density of each composition is depicted in Figure 4 in correlation with the compressive
strength. The FRC compositions, which do not contain natural aggregates, exhibit significantly lower
weights compared to the witness composition, ranging from 1500 kg/m3 to 1720 kg/m3. In contrast,
the witness composition approaches the bulk density of ordinary concrete, with a value of 2140
kg/ma3.

As for the fiber reinforced oil coated polymer compositions (FROC), their density is approxi-
mately 73% of the density of the witness material (W), while the density of the fiber reinforced un-
coated polymers (FRC) is around 77% of the witness material's density (W). Minor variations in den-
sity are observed concerning the percentage of fibers. Specifically, at 1% PVA, the FROC density is
94% of the FRC density, at 1.5% PVA it decreases to 91%, at 2% PVA it increases to 98%, and at 2.5%
PVA, it rises even further to 101%.

3.2. Compressive Strength fom

The witness composition with natural aggregates displayed the highest compressive strength,
which is also associated with the highest density matrix (Figure 4). However, there is only a negligible
1% difference in compressive strength between FRC - R4 - 2% and the witness composition, but FRC
- R4 - 2% has a significantly lower density (-22.4%). In structural applications, such a major difference
in self-weight, coupled with the same compressive strength, can lead to substantial advantages (e.g.,
economical use of reinforcement, slender elements, etc.). As for the other specimens, the composites
with uncoated fibers exhibited a decrease in compressive strength compared to the witness compo-
sition: 31% for FRC — R2 - 1% and 26% for FRC - R3 - 1.5%. FRC — R9 - 2.5% displayed a significantly
lower compressive strength of 57% compared to the witness composition. For oil coated fibers com-
positions, the decrease ranged from 22% to 30% compared to the witness. A more consistent pattern
is observed with all four oil coated fiber compositions (FROC). In practice, for structural concrete, a
difference in compressive strength of up to 5 MPa is typically considered within the same concrete
grade and falls within tolerance limits.

Compressive strength vs. matrix density Compressive strength fcm (MPa)
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1603 @ 1660 o

30.00 "
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Figure 4. (a) Compressive strength vs. matrix density. (b) Compressive strength of the experimental composi-
tions — average values.

3.3. Compressive Strain &ci

The presence of aggregates in the cementitious matrix is beneficial, and the compression curve
is like the standardized curve of traditional concrete, even though the finesse of the material compo-
nents is greater than that of traditional concrete. For 1%, 1.5%, and 2.5% PVA fiber additions, the
compressive strain for oil coated fibers (FROC) is smaller than for uncoated fiber composites (FRC)
by approximately 1-1.5%o. The strain at peak load ranges between 1.45%o and 4.36%o.. Figure 5b pre-
sents the selected compressive diagrams considered as testing deviations due to the gentler slopes
compared to most of the specimens. For these specific specimens, W-R1-1 and 3, FRC-R3-1.5%-1 and
4, FRC-R4-2%-2, and FRC-R9-2.5%-2 and 4, the compressive strain at peak load ranges from 5.91%o
t0 9.57%o.

Figure 6 illustrates the relationship between compressive strength (fom) and compressive strain
at peak (ea) for all tested specimens, including the considered deviations. As observed in Figure 5b,
a distinct group of results shows strains at peak that are more than twice the value of most test results.
Moreover, FRC and FROC - 1% (shown in green) demonstrate predominant uniformity, with exper-
imental results concentrated in a strain interval ranging from 0.0015 to 0.004 and a corresponding
compressive strength interval from 22 to 26 MPa. The highest compressive strength is exhibited by
FRC - 2% and the witness specimens.

oW -
Compressive strength (fcm) vs. strain at peak (g) oW -
40 oW -
oW -
BIFRC - - 1% -
[ BFRC-R2- 1% -
BERC - R2
BFRC-R2 0 -
O BWFRC -R3 - 1.5% -
30 BWFRC -R3 -
A ° ] BFRC - 3
BERC -R3

) QFRC -
25 A.ﬁA * BFRC -R:
@ DEVIATIONS QIRC R

BFRC -R4 -
BERC -
BIRC -
OFRC -
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ecl

Figure 6. Compressive strength (fem) vs. strain at peak (ec).

The equation used for calculating e« out of fem according to Eurocode 2 (EC2) [38] is:
Ecl (%0) =0.7% fem031 (1)

Figure 7 displays the relationship between the compressive strain at peak resulted from the ex-
perimental tests and the calculated compressive strain using equation (1) as a function of the com-
pressive strength. FRCs with all PVA percentages have an average compressive strain of 23.46 MPa
and a median of 23.53 MPa with a standard deviation of 6.62 MPa. Therefore, the design values of
the compressive strain revolve around an average of 1.85%o, with a median of 1.86%. and a standard
deviation of 0.1697%o.. Alike, FROC with all PVA percentages have an average compressive strain of
2497 MPa and a median of 25.54 MPa with a standard deviation of 1.1 MPa. Therefore, the design
values of the compressive strain resolve around average of 1.89%o, with a median of 1.91%. and a
standard deviation of 0.00264 %o.
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The calculated values are very dissimilar to the experimental results even if the deviances were

removed from the analysis. In fact, the difference was expected due to fiber addition. For the witness
composition, the ratio (eci-exp)/(ec1-Ec2) takes values between 0.92 and 1.12. For FRC compositions, the
ratio (ect-exp)/(ec1-Ec2) depends on the fiber addition percentage: between 0.90 and 2.02 for 1%, 2.04 and
2.17 for 1.5%, 0.86 and 1.83 for 2%, and 2.74 and 3.37 for 2.5%. For FROC compositions, the ratios (&c-
exp)/(&c1-EC2) are as follows: 0.76 and 1.95 for 1%, 0.80 and 1.40 for 1.5%, 1.14 and 1.45 for 2%, and 1.05

and 2.06 for 2.5%.
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Figure 7. Compressive limit strain ec (%o): experimental and design EC2 [38] values.

3.4. Secant Modulus of Elasticity Ecn

Figure 8 indicates that the FRC-2% specimens 3 and 4, as well as witness specimens 2 and 4,

exhibit the highest values in the relationship between compressive strength and secant elastic mod-

ulus. These characteristics are more pronounced in these specimens compared to the others, primar-

ily due to the matrix toughness. The equation used for calculating the secant modulus of elasticity
Ecm out of fem according to Eurocode 2 (EC2) [38] is:

Ecm = 22*[(fcm)/10]03
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Figure 8. Compressive strength (fam) vs. secant modulus of elasticity (Ecm).

Figure 9 displays the relationship between the compressive strain at peak resulting from the
experimental tests and the calculated secant modulus of elasticity using equation (2) as a function of
the compressive strength. For the witness composition, the ratio (Eam-exp)/(Eemec2) takes values be-
tween 0.36 and 0.32. Because of the complete lack of aggregates of the FRC and FROC compositions,
the elastic modulus measured on the stress-strain curve is smaller than the design values calculated
based on the compressive strength. For these, the ratio (Ecm-exp)/(EemEc2) goes as low as 0.10 and as

high as 0.40.
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Figure 9. Secant modulus of elasticity Eem (MPa): experimental and design EC2 [38] values.

3.5. Flexural Tensile Strength fes

The witness composition with natural aggregates displayed the largest flexural tensile strength,
which is also associated with the highest density matrix (Figure 10). Nonetheless, there is a notable
reduction of up to 1.5 MPa, roughly 5.6%, between the highest flexural strength observed in the FROC
— R8 — 2.5% composition and the other FRC compositions. Furthermore, this same composition's
strength is lower than the witness by 3.4 MPa, representing a significant difference of 38%.

The difference between the composites with uncoated fibers and oil coated fibers varies as fol-
lows: for 1% PVA uncoated fibers it is a surplus of 22.5%, for 1.5% PVA uncoated fibers it is a surplus
of 3.7%, for 2% PV A uncoated fibers it is a surplus of 15% and for 2.5% PV A uncoated fibers it is a
minus of 5.9%.
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Figure 10. (a) Flexural tensile strength vs. matrix density. (b) Flexural tensile strength of the experimental com-
positions — average values.

3.6. Flexural Displacement A and Fracture Energy Gr

The equation (3) used for calculating the fracture energy in the experimental unnotched flexural
tests is based on RILEM [39]. The Japanese standard JCI-5-001-2003 [40] indicates a similar equation
with an additional reduction factor of 0.75.

The displacement can be measured either as CMOD (Crack Mouth Opening Displacement) or
as vertical deformation, but it is recommended that Gr be determined on unnotched beams with non-
rotatable boundaries [37], which the experimental tests did.

Gr=(Wo +m* g* do)/Alig [N/m] (3)

whereas,

Wo=area under the load-displacement curve

m = combined weight of the specimen between the supports (kg)

g = acceleration of gravity =9.8 N/kg

do= displacement corresponding to almost zero load in the softening portion of the load-displace-
ment curve

Alig=area of crack ligament (are of the cross section without the notch)

The witness specimens present an average fracture energy of 0.515 (N/mm). For fiber reinforced
composites (FRC), that value is 8.1% higher than for the composition with 1% PVA fibers, 55.7%
higher than the one with 1.5%, 57.7% higher than the one with 2%, and 17.9% lower than the one with
2.5%. For oil coated fiber reinforced composites (FROC), the average fracture energy of the witness is
59.9% higher than for the composition with 1% PVA fibers, 48.5% higher than the one with 1.5%,
63.9% higher than the one with 2%, and 41.9% higher than the one with 2.5%.

In general, oil coating of the fibers leads to a smaller fracture energy compared to the composi-
tions with uncoated fibers. For 1% PV A fibers, the ratio (Gruncoated /G¥ il coated) is 2.23, for 2% PV A fibers
is 1.17 and for 2.5% PV A fibers is 2.3. The exception is for 1.5% PVA fibers where the ratio is under 1:
0.86. In this case, the best performance is shown by the FRC-2.5%.

Figure 12 depicts the average flexural tensile strength (fctn1) versus the peak displacement (A) for
all the experimental compositions. The figure describes the pre-peak behaviour which corresponds
to the initiation of the first crack. In Figure 13, only the displacements at peak are presented, along
with their exact values. According to Eurocode 2 [38], the flexural tensile strength specific to the
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specimen size fama equals the direct tensile strength feam or 1.56*fcm, whichever is greater. Hence,
based on the experimental tests, a direct tensile strength can be estimated between a minimum of 2.16
MPa for FROC-1% specimen 3 and a maximum of 3.92 MPa for FROC-2.5% specimen 3. It is note-
worthy that ordinary concrete falls within the limits of C12 and C45, with corresponding direct tensile
strengths of fem 1.6 MPa and 3.8 MPa, respectively. The test results demonstrate that the experimental
compositions perform similarly in tension to ordinary concrete, despite the complete lack of aggre-
gates. The witness composition exhibits a direct tensile strength of 6.47 MPa.
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Figure 12. Flexural tensile strength (fe.1) vs. displacement (A).

However, despite the relatively low tensile strength, the displacement at peak shows, as
depicted in Figure 13, a significant "bendable" trait, similar to the behavior observed in traditionally
reinforced structural elements during bending tests. For functionality reasons during the service life,
a deformation limit of 4% of the clear span is usually imposed for reinforced concrete elements. For
the experimental specimens, this equals 0.58 mm, with three specimens surpassing this limit and the
others being in close proximity.
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Figure 13. Experimental displacement at peak A (mm).

4. Discussion
4.1. Bulk Density
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The replacement of natural aggregates with fly ash significantly reduces material density, mak-
ing the FRC compositions lighter alternatives to traditional concrete. Fiber type and dosage influence
density variations, though the overall impact remains relatively small.

4.2. Compressive Strength fom

According to fib Bulletin 42 [37], the standardized compressive strength of 150 mm cubes is
96.8% of that measured on 100 mm cubes. Further extrapolation suggests that the compressive
strength of 150 mm cubes is approximately 93.7% of that obtained for 50 mm cubes, which the present
study used. The estimated values for 150 mm cubes of the experimental compositions and their cor-
responding concrete grades are as follows:

e  Reference Concrete (W): 30.98 MPa — C25

e 1% PVA Fibers: Uncoated (FRC): 21.34 MPa - C16; Oil-coated (FROC): 21.62 MPa - C16;
e 1.5% PVA Fibers: FRC: 22.76 MPa - C16; FROC: 23.97 MPa - C16;

e 2% PVA Fibers: FRC: 30.65 MPa - C25; FROC: 23.88 MPa - C16

e 25% PVA Fibers: FRC: 13.17 MPa - C8; FROC: 24.11 MPa, C16

In this study, fiber type (coated vs. uncoated) had a minimal impact on compressive strength.
Even when excluding extreme cases (FRC-2% and FRC-2.5%), the fiber volume fraction did not sig-
nificantly influence the concrete grade. However, the presence of sand aggregates improves the
concrete grade, leading to a stronger matrix while maintaining the same cement dosage, without
requiring fly ash or fibers.

Using 2% uncoated PV A fibers (FRC-R4-2%) emerges as a viable alternative to conventional con-
crete, achieving a compressive strength comparable to W, but with significantly lower weight. How-
ever, increasing fiber content beyond 2% (e.g., 2.5%) negatively affects compressive strength, likely
due to fiber clustering, poor dispersion, or increased porosity. While oil-coated fibers exhibit slightly
more consistent performance, they do not significantly improve compressive strength.

This study highlights the potential of lightweight fiber-reinforced composites (FRC) for struc-
tural applications, particularly where reducing self-weight is a priority. However, further research is
needed to optimize fiber content and dispersion for improved efficiency and structural performance.

4.3. Compressive Strain ec1

The variability in the strain and slope patterns observed in the experimental results can be at-
tributed to the heterogeneity of high-volume fly ash and the distribution of PVA fibers within the
matrix [25]. Research suggests that oil-coated fibers improve ductility by reducing fiber-matrix bond
strength, leading to more uniform behavior [1-4].

These are the standardized values of compressive strength:

e fib42 [37]: 1.90%0 (C12), 2.07%0 (C20), 2.23%o (C30), 3.0%o (C120);
e Eurocode 2 [38]: 1.80%o (C12), 1.90%o (C16), 2.00%o (C20), 2.10%o (C25), 2.20%, (C30), 2.8%. (C90).

When compared to standardized values, the measured compressive strains in this study reached
up to twice the expected limits, indicating a significantly different failure mechanism than that of
traditional concrete. While witness specimens recorded compressive strains between 1.97%. and
2.25%0— consistent with C25-C30 concrete — the fiber-reinforced composites (FRC) displayed notably
higher ductility. At lower fiber content (1%), both strain and compressive strength showed greater
consistency. However, as fiber content increased, so did variability, likely due to fiber clustering and
its effect on the matrix.

Among the tested materials, oil-coated fibers (FROC) exhibited more uniform behavior than un-
coated fibers, suggesting that improved dispersion and reduced local stress concentrations contribute
to better performance. Additionally, the inherent heterogeneity of fly ash may have played a role in
mechanical property variations, emphasizing the importance of controlling particle size for improved
material reliability.
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The discrepancies between experimental and theoretical values underscore the challenge of ac-
curately modeling fiber-reinforced concrete. The presence of fibers alters material behavior in ways
that standard models do not fully capture. As a result, further research is necessary to refine predic-
tive models and establish a clearer understanding of the relationship between fiber content, strain
behavior, and overall performance.

4.4. Secant Modulus of Elasticity Ecm

The modulus of elasticity, a key parameter in material behavior, is influenced by aggregate stiff-
ness, cement paste, and the transition zone [37]. Defined as the tangent modulus at the origin of the
stress-strain diagram, it corresponds to the slope of the unloading branch. The secant modulus of
elasticity, which is used in service life calculations, is determined from the slope connecting the origin
to 40% of the compressive strength value, marking the elastic limit where deformations remain re-
versible.

Experimental results reveal that all tested specimens exhibit tension softening behavior, differ-
ing from ECC’s characteristic hardening. The extent of this softening is influenced by fiber volume,
material composition, and bond properties. The use of low elastic modulus PVA fibers, positioned
perpendicular to the applied force, resulted in poor flexural performance, with low displacements at
low flexural tensile strengths. Since testing was stopped before complete specimen separation, the
measured fracture energy was limited by the imposed deformation threshold.

Aggregate type and size can alter the modulus of elasticity by approximately +30%. For instance,
traditional concrete with sandstone aggregates has an elastic modulus of around 14.4 GPa, while
quartzitic aggregates increase this to 20.5 GPa [37]. In fiber-reinforced materials, microcracking and
stress redistribution play a critical role in deformation behavior, particularly in the fracture zone.
While ECC materials are designed to optimize these properties, FRC and FROC lower moduli of
elasticity necessitates further structural deformation testing.

The relationship between compressive strain at peak and the secant modulus of elasticity reveals
significant deviations from Eurocode 2 (EC2) predictions. The high fly ash content and absence of
aggregates in FRC and FROC mixtures contribute to a lower-than-expected modulus, reducing the
slope of the stress-strain curve. These compositions display greater variability in mechanical behavior
than the witness mix, highlighting the challenges of predicting elastic properties in fiber-reinforced
materials.

Ultimately, the lower modulus of elasticity in FRC/ECC suggests a fundamentally different
stress redistribution mechanism compared to traditional concrete. Future research should focus on
optimizing fiber content and dispersion to enhance load-bearing capacity and control long-term de-
formations.

4.5. Flexural Tensile Strength fu, Displacement A and Fracture Energy Gf

Tensile failure of traditional concrete is a brittle phenomenon due to the formation of mi-
crocracking, followed immediately by a singular sudden large crack at approximately 90% of the
tensile strength fe. Flexural tensile strength on unnotched specimens depends greatly on the same
parameters as the compressive strength, especially on the type and size of the aggregates, though it
increases more slowly with age. Water storage before testing also leads to a reduction of the tensile
strength of concrete compared to the tensile strength determined on dry and sealed specimens [37].

Fiber addition has minimal impact on peak tensile and compressive strength [41], but its primary
role emerges when cracking occurs—fibers limit crack opening and enhance post-cracking strength.
According to [41], fibers contribute to either flexural hardening (ECC behavior) or flexural softening
(typical of ordinary concrete and most FRCs).

Previous literature computed the post-cracking strength by considering the area under the load-
displacement curve on the descending branch after the peak [42]. Other research focused on evaluat-
ing the strain energy density in tension using the area under the entire tensile stress-strain curves
[43]. Nevertheless, the most generally utilized measure for tension hardening is the fracture energy.
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Fracture energy (Gr, N/mm) quantifies the energy required for crack propagation per unit area.
While traditionally considered constant, it varies with specimen size and initial crack length [44]. For
unreinforced concrete up to 140 MPa, fib 42 [37] suggests values between 0.10 and 0.25 N/mm.

In the experimental study, the fibers improved crack resistance and post-cracking strength, de-
spite minimal effects on peak tensile and compressive strength. All compositions exhibited tension
softening, with fiber volume, material type, and bond properties affecting performance. FRC mix-
tures generally outperformed FROC, though oil-coated fibers showed advantages at specific percent-
ages. FROC-2.5% exhibited the best overall performance.

Despite relatively low tensile strength caused also by the curing conditions, the high displace-
ment at peak indicates a “bendable” behaviour like traditionally reinforced elements. A 4% defor-
mation limit (0.58 mm for test specimens) was met or exceeded in most cases, suggesting a delayed
crack initiation compared to ordinary concrete. It can also mean there could be improved durability
by reducing crack width and limiting penetration of aggressive substances. The compositions have
the potential for structural applications, with FROC-2.5% recommended for further testing due to its
superior performance in flexure.

4.6. Structural Design

In this chapter, a comparison is made between the properties of ordinary concrete and FROC-
2.5% to evaluate the feasibility of using the experimental composition in structural applications. The
results highlight the promising potential of FROC-2.5% for such applications, demonstrating its suit-
ability and performance in comparison to conventional concrete.

4.6.1. General Considerations on Traditional and Fiber Reinforced Composite Structural Design

One of the most critical characteristics of traditional concrete is its compressive strength. In struc-
tural applications, this very attribute is balanced by the elasticity of steel to achieve internal equilib-
rium in the cross-section. At the ultimate limit state, both materials present in the cross-section reach
their capacity; for instance, the reinforcement begins its yielding plateau in tension, while the concrete
undergoes plasticization in compression before failing.

The more the concrete can withstand compression, resulting in higher compressive strength, the
longer the reinforcement will yield, thus leading to a more pronounced ductility of the reinforced
concrete element. Hence, not only the compressive strength but also the ultimate strain in compres-
sion governs the ductility of the structural element at the virtual failure point, also known as the
ultimate limit state. According to Eurocode 2 [38], for ordinary concrete up to C50/60, an ultimate
strain in compression of 3.5%o is considered in bending behavior, while a limit strain at the peak
ranging from 1.8 to 2.45%o is often considered in compression.

FRC exhibits slightly different behavior in structural applications. The presence of fibers hardly
improves the compressive strength, allowing the classification for ordinary concrete to be used, as
per fib 105 [41]. However, its advantage lies in the post-cracking tensile strength, which in standard
tests on specimens may exhibit tension softening. In a hybrid reinforced beam (combining traditional
reinforcement with fibers), tension softening can transform into tension hardening. If FRC toughness
is high, it can impact the flexural capacity of the beams. Otherwise, the main effects on structural
behavior in bending are the enhancement of ductility in compression and the increased ductility due
to higher energy absorption of FRC, provided that the bond between the bar and concrete does not
lead to strain localization.

4.6.2. FROC-2.5% Simulation in Bending

A structural design simulation was performed on a reinforced ordinary concrete beam OC in
bending in comparison with a hybrid FRC beam. For the latter, the experimental FROC-2.5 composi-
tion was chosen, although all the tested FRC compositions behaved rather similarly in compression
and flexure.
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The simulation helps assess how individual mechanical properties impact the overall structural
behavior, such as bending moment capacity, crack propagation, and energy absorption when the
experimental FROC is integrated with reinforcement. The simulation can also verify that the experi-
mental composition adheres to design standards, such as those in Eurocode 2, and provides safety
and durability under different loading conditions. It also ensures the new composition's compatibil-
ity with traditional reinforcement, as indicated by the similar design tensile strength (fcm) and neces-
sary area of reinforcement (As) values for FROC-2.5% and OC.

Figure 16 depicts the design diagrams for both ordinary concrete and FRC hybrid beams sub-
jected to bending.

Ordinary concrete OC J‘]LCL et

| |
7 N = E ]
=~ N T
s e a—
L —
Fiber Reinforced Composite FROC—2.57%
1=

Figure 16. Design diagrams for reinforced ordinary concrete and the hybrid reinforced FROC —2.5% in bending
in the ultimate limit state.

Table 4 presents the design characteristics according to fib 42 [37], Eurocode 2 [38], and fib 105 [41].

Table 4. Design characteristics according to fib 42 [37], Eurocode 2 [38], and fib 105 [41] in the ultimate limit

state.
Characteristics Ordinary FROC -2.5%
concrete
ocC
Bulk density (kg/m?) 2350 1603
Compressive strength fom (MPa)! 25 25.74
1Equals the characteristic compressive strength fu« after the age
of 28 days
Compression limit strain ea (%o) 2.2 2.94
Ultimate compressive strain €cu (%o) 3.5 -
Secant modulus of elasticity Emm (MPa) 33000 7740
Flexural tensile strength fem,a (MPa)? 3.53 5.51
2Equals max {(1.6 - h/1000)fctm; fem}, whereas h is the height
(mm)
Direct tensile strength fem (MPa)? 29 4.53

SEquals max {(1.6 - h/1000)fcm; fem}, whereas h is the height

(mm)
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Ultimate tensile strain &ctu (%o)
Peak displacement A (mm)

Fracture energy Gr (N/mm)

0.15 -
- 0.557
0.18 0.299

Design compression strength (MPa)
t0C:
fed = fec / ye Eurocode 2 [38]

whereas yc = 1.5 - partial coefficient for ordinary concrete

SFRC:

fa=p* (1 -a*p*V)fib 105 [39]

whereas

u is the mean compression strength

o = 0.8 - sensibility factor

[ = 3.8 — reliability index

V = (standard deviation / p) = 0.15 / 25.74 - coefficient of

variation

416.67 525.284

Tensile steel characteristic yielding strength f,x (MPa)
Tensile steel design yielding strength (MPa)
fya = fyx/ s
whereas ys = 1.15 - partial coefficient for steel
Design tensile strain (%o)
eyd=fyd/ Es
whereas Es = 200 000 MPa - modulus of elasticity of steel
Cross section b x h (mm)
Concrete cover Cnom (Mmm)
Effective depth d (mm), considering a 20 mm diameter
reinforcement
Considered bending moment Med (kNm)
Compression zone (mm)
Ecu2
Kuam = Eur T Eya wd
Reduced bending moment

Mg <.
ﬂ—b*dz*de—#llm

X1i X1i
Uiim =N * A * Zm*(l—O,S*A*%)

Whereas A =0.8 and 1) =1 for fa <50 MPa
Mechanic reinforcement coefficient
w=1-JT-Z+x

Necessary area of reinforcement
As=w*b*d*fu/ fya (mm?)

500
434.78

2.17

200 x 400

30

350

50

215.9 201.2

0.1225 0.0807

0.3717 0.3541

0.1311 0.0843

351.62 343.02

Xlim FROC / Xlim OC

1.07

Asrroc/ Asoc

1.02
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The design simulation reveals a 7% difference in the height of the compression zone in bending,
favoring the experimental composition FROC - 2.5%, when compared to ordinary concrete. Addi-
tionally, there is a 2% increase in the required area of reinforcement.

Larger compression zones usually translate into a more ductile behavior, thus ampler crack con-
trol and ductility, since both elements have the same dimensions. The small increase in reinforcement
(2%) suggests that the additional compression capacity does not drastically change the tensile rein-
forcement needs, which could mean a more efficient material utilization.

While the design results already demonstrate an advantage in using the experimental composi-
tion, it is estimated that in real-life structural beams, the behavior of the proposed FRC will yield even
more promising results, with enhanced ductility and very small crack widths. This hypothesis will
be further tested experimentally.

4.7. Recommendations for Future Work

The current experimental program on FRC with high-volume fly ash replacing sand aggregates
has revealed both advantages and disadvantages of this advanced class of materials.

e  Replacing aggregates with fly ash resulted in a decrease in the mechanical properties of the com-
posites, as indicated by generic material tests. However, the values remained suitable for use in
structural applications. Nonetheless, relying solely on material testing to assess structural be-
havior may not be sufficient, and conducting large-scale tests is essential, which is a key recom-
mendation for future studies. Structural elements in flexure with hybrid reinforcement can ulti-
mately demonstrate the tension hardening or softening properties of the newly proposed mate-
rial and its beneficial effects on structural ductility and durability.

e  For the structural design simulation, FROC-2.5% was selected due to the uniformity of the test
results, although there was considerable variation among the 9 compositions in all investigated
properties. This inconsistency can be partly attributed to the variability in unprocessed fly ash
particle size from the coal power plant, as well as to the small casting batches and testing proce-
dures. Future examinations should aim for a constant particle size by carefully selecting fly ash
batches and using larger casting batches. Implementing deformation control testing can further
improve result accuracy. With these enhancements, the FRC compositions developed in this
study have the potential to be classified as ECC.

5. Conclusions

Fiber Reinforced Cementitious Composites (FRC) represent an advanced category of cement-
based materials renowned for their remarkable flexibility and superior crack control, surpassing the
limitations of conventional concrete. The primary aim of this research was to initiate the development
and assessment of a high-volume fly ash FRC, intended to eventually be classified as Engineered
Cementitious Composites (ECC). These proposed composites incorporate locally available cement,
silica fume, PVA fibers, and superplasticizer, while excluding stone or sand aggregates. The study
involved 9 different compositions: 4 with uncoated PVA fibers (FRC) at 1%, 1.5%, 2%, and 2.5% by
weight of cement; 4 with oil coated PVA fibers (FROC) in the same percentages; and 1 witness com-
position (W) which included natural sand aggregates. In FRC and FROC, sand aggregates were en-
tirely replaced by local fly ash.

The research analyzed various experimental and design characteristics, including bulk density,
compressive strength, limit strain at peak, secant modulus of elasticity, flexural tensile strength and
displacements, fracture energy, reliability of tests, and structural design applicability.

Key findings from the study include:

e  FRC compositions without natural aggregates are significantly lighter (ranging from 1500 kg/m3
to 1720 kg/m3) compared to the witness composition (2140 kg/m3).

e  Compressive strengths of the compositions depend on matrix toughness, with the highest den-
sity composition (W) exhibiting the highest compressive strength (30.98 MPa). The average com-
pressive strengths are W: 30.98 MPa; 1% PVA fibers - FRC: 21.34 MPa; FROC: 21.62 MPa; 1.5%
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PVA fibers — FRC: 22.76 MPa; FROC: 23.97 MPa; 2% PVA fibers - FRC: 30.65 MPa; FROC: 23.88
MPa; 2.5% PVA fibers - FRC: 13.17 MPa; FROC: 24.11 MPa. The addition of oil coated PV A fibers
(FROC) at 1%, 1.5%, and 2.5% results in slightly lower compressive strain compared to the un-
coated fibers in FRC, with a difference of approximately 1-1.5%o.

e  The secant modulus of elasticity is affected by the large quantity of fly ash, resulting in lower
values for FRC and FROC compositions compared to the witness.

e  Tensile strength in flexure is influenced by similar parameters as compressive strength, with the
witness composition displaying the highest flexural tensile strength due to its high-density ma-
trix. The difference between the composites with uncoated fibers and oil coated fibers varies as
follows: for 1% PV A uncoated fibers it is a surplus of 22.5%, for 1.5% PV A uncoated fibers it is a
surplus of 3.7%, for 2% PVA uncoated fibers it is a surplus of 15% and for 2.5% PV A uncoated
fibers the difference consists in a decrease of 5.9%.

e  Fracture energy (GF) is influenced by the presence of oil-coated fibers, leading to smaller fracture
energies compared to non-coated fibers, except for 1.5% PVA fibers where FRC-2.5% shows the
best performance. The form of the flexural tensile strength — displacement curve indicates that
all specimens, including the witness, present a tension softening behavior, as opposed to ECC’s
hardening behavior.

e  Equations were developed to relate various characteristics of FRC compositions, though exper-
imental testing is necessary for each specific application due to variations in material compo-
nents.

e  Structural design in the ultimate limit state for FRC is comparable to ordinary concrete, with a
slight increase of 7% in compression zone height favoring FROC-2.5%, while requiring 2% ad-
ditional reinforcement area.

The experimental Fiber Reinforced Composites (FRC) created in this study lack the strain hard-
ening behavior typically seen in Engineered Cementitious Composites (ECC), but they do share var-
ious similarities. The significant distinction lies in the complete replacement of sand aggregates, com-
monly found in ECC, with industrial waste fly ash in FRC while maintaining favorable properties
suitable for structural applications. Ongoing efforts are dedicated to further research and develop-
ment to bring FRC compositions closer to exhibiting ECC-like behavior.

6. Patents

A Romanian patent application has been filed based on the work presented in this manuscript.
However, as of the manuscript's submission, the patent has not yet been officially granted.

Supplementary Materials: The following supporting information can be downloaded at the website of this pa-

per posted on Preprints.org.
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Abbreviations

The following abbreviations are used in this manuscript:

FRCC Fiber Reinforced Cementitious Composite

ECC Engineered Cementitious Composite

PVA Polyvinyl Alcohol

W Reference, witness, composition (experimental)

FRC Fiber reinforced uncoated polymers composite (experimental)

FROC Fiber reinforced oil coated polymers composite (experimental)

ocC Ordinary concrete
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