Comprehensive Flexural Analysis of High-Performance
Fiber-Reinforced Concrete Based on Mix Design and

Energy/Post-Peak Strength Indices

Peyman FarhadiYeganeh!, Maryam Firoozi Nezamabadi!, Ata Hojatkashani'*, Abbas Akbarpour
NikghalbRashti', Hassan Abbasi!

"Department of Civil Engineering, ST.C., Islamic Azad University, Tehran, Iran

*Corresponding Author: a_hojatkashani@iau.ac.ir

Abstract:

This study experimentally investigates the flexural behavior of high-performance fiber-reinforced cementitious
composites (HPFRCCs) incorporating polypropylene fibers, with a particular focus on the influence of mix design
parameters. Forty-four mixtures with varying proportions of cement, metakaolin, silica fume, slag, and limestone
powder were tested under three-point bending conditions. The load—displacement responses were analyzed to extract
a set of energy-based ductility and toughness indicators that characterize the post-cracking performance of the
composites. The results revealed that ductility and residual load capacity were highly dependent on binder
composition, especially the balance between cement, metakaolin, and slag contents. Correlation analysis using
Spearman’s rank coefficients showed that higher cement and metakaolin levels improved post-peak stability and
energy dissipation, whereas excessive slag content led to greater softening and reduced toughness. These findings
highlight that optimal mechanical performance in HPFRCCs arises not merely from strength maximization, but from
a well-optimized mix design that enhances both energy absorption and post-cracking stability critical attributes for

durable and seismic-resistant structures.
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Highlights

e  This study introduces a new method to evaluate flexural behavior by using energy-based measures that give

a clearer view of post-cracking performance.

e The findings show that balanced material composition greatly improves stability after cracking and increases

the ability to absorb energy.

e The work presents a fresh analytical approach that helps identify mix designs with better toughness and more

reliable post-cracking behavior.

1. Introduction

The mechanical performance of High-
Performance Fiber-Reinforced Cementitious
Composites (HPFRCCs) under flexural
loading is fundamentally governed by their
post-cracking behavior, which distinguishes
them from conventional concrete through the
capacity to sustain load beyond first cracking
via fiber-bridging mechanisms[1,2]. Unlike
brittle failure in ordinary concrete, HPFRCCs
often exhibit strain-hardening characteristics,
manifested as a distinct ascending or plateau
region in the post-peak segment of the load—
displacement (P—A) curve obtained from
standardized flexural tests. This behavior is
critical in structural applications subjected to
dynamic or seismic actions, where energy
dissipation, deformation capacity, and
residual load-carrying ability directly
influence structural safety and collapse
prevention[3,4]. Consequently, the accurate
characterization of post-cracking response

through quantitative metrics derived from P—

A curves has become a central focus in the
development and evaluation of advanced

cementitious composites[5].

A comprehensive assessment of flexural
performance necessitates moving beyond
conventional  strength-based parameters
toward energy- and deformation-based
indices that capture the full spectrum of
material behavior from elastic response
through crack initiation, peak load, softening,
and residual capacity[6]. In this context,
several ductility and toughness indices have
been proposed in the literature to extract
meaningful mechanical insights from
experimental P—A data[7]. Notable among
these are the energy-based ductility index
(1e), which quantifies the ratio of post-peak
to elastic energy absorption; the softening
ductility ratio (SDR), defined as the residual
load at a specified displacement normalized
by the peak load; the residual toughness
factor (RTF), representing the proportion of
total energy dissipated after peak load; and



the toughness modulus (TM), which
normalizes total absorbed energy by
specimen volume to enable geometry
independent comparisons[8,9]. These indices
collectively provide a multidimensional
perspective on material performance,
reflecting not only strength but also
deformation tolerance, crack stability, and
fiber efficiency in stress transfer across
cracks[7,10].

The shape and characteristics of the P-A
curve and by extension, the values of these
derived indices are highly sensitive to
mixture composition, particularly the type
and dosage of supplementary cementitious
materials (SCMs) and fibers[11].
Polypropylene (PP) fibers, widely used due
to their cost-effectiveness, chemical
resistance, and ease of dispersion, contribute
significantly to post-cracking ductility
through

pull-out and bridging

mechanisms[12,13]. However, their
effectiveness is strongly modulated by the
properties of the cementitious matrix, which
in turn depend on the nature and proportions
of SCMs such as metakaolin (MTK), silica
fume (SF), ground granulated blast-furnace
slag (SL), and limestone powder (LP)[14].

Metakaolin, for instance, enhances matrix

density and interfacial bond strength through

its high pozzolanic reactivity, potentially
improving fiber—matrix interaction and post-
peak load recovery. Silica fume refines pore
structure and increases early-age strength but
may reduce workability if not properly
balanced. Limestone powder primarily acts
as a filler that improves particle packing and
hydration  kinetics, though excessive
replacement of cement can induce a dilution
effect, weakening the matrix. Slag
contributes to long-term durability but may
alter rheology and delay strength
development, indirectly affecting fiber
dispersion and bonding Despite extensive
research on fiber-reinforced concretes, a
systematic ~ experimental  investigation
linking the quantitative features of P-A
curves specifically the suite of energy-based
ductility and toughness indices to the precise
compositional  variables in HPFRCCs
containing polypropylene fibers remains
limited[15,16]. Many existing studies focus
on qualitative descriptions of load—deflection
responses or rely on a single performance
metric (e.g., flexural strength or first-crack
deflection), thereby overlooking the complex
interplay between multiple post-cracking
characteristics[17]. Several studies have
investigated the flexural behavior and

toughness of concrete reinforced with

polypropylene fibers (PP). For instance,



Smarzewski compared the effects of PP and
basalt fibers in self-compacting concrete
(SCCO), evaluating flexural toughness based
on the area under the load—deflection curve.
However, this study primarily focused on
fiber type and did not examine the influence
of binder composition or multiple post-
cracking energy indices[18]. Similarly, Wei
et al. reported that incorporating PP fibers in
reinforced concrete beams enhances crack
control and deformation capacity, although
their work is limited to reinforced systems
and does not address the role of
supplementary ~ cementitious  materials
(SCMs)[19]. In another investigation, Meena
etal. demonstrated that metakaolin and silica
fume can improve the mechanical response
of PP-fiber-reinforced mixtures; however,
their analysis emphasized strength and first-
crack deflection rather than a comprehensive
evaluation of post-peak energy metrics or
multivariable interactions among SCMs[20].
Even in broad review studies, such as Khan
et al. the mechanical and durability-related
contributions of SCMs in high-performance
cementitious composites are discussed, yet
detailed insights into post-cracking behavior,
energy-based indices, and combined SCM
effects in the presence of PP fibers remain
largely unexplored[21].Accordingly, a clear

research gap exists in the current literature:

previous studies often investigate only one or
two SCMs, report a limited set of
performance indices, lack standardized
terminal displacements for index extraction,
and rarely provide multivariate analysis to
quantify how binder components govern
post-cracking behavior. To address this gap,

the present study develops an extensive

experimental  program  involving 44
HPFRCC mixtures incorporating
simultaneous  variations in  cement,

metakaolin, silica fume, slag, and limestone
powder. Six key energy- and ductility-based
indices are extracted from load—deflection
curves using a uniform terminal displacement
of 4 mm, and Spearman rank correlation
analysis is applied to quantify the relative
influence of each binder component on post-
cracking performance. This integrated and
data-driven  approach  constitutes  the
principal innovation of the study, offering a
multidimensional understanding of how
binder composition governs the flexural
toughness and ductility of PP-fiber-

reinforced HPFRCCs.

2. Materials and Methods

This study adopted an integrated

experimental—analytical approach to

investigate the mechanical behavior of



HPFRCCs. Multiple mixtures incorporating
polypropylene fibers and  various
combinations of cement, metakaolin, silica
fume, slag, and limestone powder were
prepared to evaluate the influence of binder
composition.Flexural  performance  was
assessed through three-point bending tests
following ASTM C1609. Load—displacement
responses were then used to extract six key
ductility and toughness indices using a
consistent terminal displacement.
Subsequently, Spearman’s rank correlation
analysis was applied to quantify the
independent contribution of each binder
component to post-cracking behavior. This
methodology  provided a  systematic
understanding of how binder variations
govern energy absorption, ductility, and
residual load capacity in PP-fiber-reinforced

HPFRCCs.

2.1 Materials

All raw materials employed in this
investigation were carefully selected based
on their compatibility with high-performance
cementitious  composites and  their
conformity with relevant international
standards  (e.g., ASTM and EN
specifications). Moreover, the initial ranges

of mix design variables including cement,

metakaolin, silica fume, ground granulated

blast-furnace slag, limestone powder, water-
to-binder ratio, and fiber volume fraction
were determined in accordance with the
guidelines and findings reported in previous
experimental studies[22].This study
employed HPFRCC mixtures incorporating
pozzolanic  supplementary  cementitious
materials and  polypropylene fibers,
following design principles established in
prior experimental investigations to ensure
realistic and mechanically viable mix
proportions . Given the presence of five key
mixture variables, a Taguchi L.27 orthogonal
array was adopted for the initial experimental
screening a statistically efficient approach
widely used in cementitious composite
optimization to reduce the number of
required trials while reliably identifying
dominant factors[23]. The analysis indicated
that cement, LP, MTK, and SL had the most
significant effects on the post-cracking

flexural behavior of HPFRCC, as shown in
Figure 1.
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Fig. 1. Main effects of C, LP, MTK, on ductility

obtained from Taguchi analysis.



The raw materials utilized in this research
comprised Type I Portland cement, locally
produced in Tehran, Iran, which met the
requirements of ASTM C150[24].This
cement served as the principal binding agent
due to its consistent and reliable compressive
strength development. The fine aggregate
employed was naturally rounded, wind-
deposited desert sand with a maximum
particle size of 1.5 mm, conforming to ASTM
C33 specifications and ensuring optimal
particle packing within the matrix[25]. In
addition, several supplementary cementitious
materials (SCMs) were incorporated to
enhance the matrix performance. Among
these, silica fume (SF) with an average
particle size of approximately 100 nm was
used to improve pozzolanic reactivity and
refine the microstructure.[26], finely ground
limestone powder (LP, 1.5 pum) to improve
packing density and alter hydration kinetics
[27], Metakaolin (MTK, 1.5 um), a highly
reactive  pozzolanic =~ material, = was
incorporated to refine the pore structure and
accelerate early strength development. In
addition, ground granulated blast-furnace
slag (SL, < 1.5 mm) was used to improve the
long-term durability and chemical stability of
the composite matrix[28].Polypropylene
fibers (PP) with a length of 12 mm, diameter
of 19 um, and tensile strength of 400 MPa

were selected to improve the strain-hardening
and crack-bridging capacity [29]Potable
water complying with the requirements of
ASTM C1602 was used in all mixtures to
ensure consistency and chemical stability.
Additionally, a polycarboxylate ether (PCE)-
based superplasticizer was incorporated to
achieve the desired workability and to
promote uniform dispersion of fibers
throughout the matrix.The raw materials
utilized in this study, including silica fume,
limestone powder (calcium carbonate), slag,
and metakaolin, were  characterized

according to relevant ASTM standards prior

to use, as illustrated in Figure 2.

c d

Fig. 2. Images of Raw Materials: (a) Silica Fume,

(b) Calcium Carbonate Powder, (c) Slag, (d)

metakaolin.



2.2 Mix Design and Specimen Preparation

To minimize the number of physical
experiments while maintaining statistical
reliability, the mix design optimization
adopted the Taguchi orthogonal array
approach, supported by prior experimental
findings, particularly those reported by Feng
et al. Considering the inclusion of five
independent variables in the experimental
program, a Taguchi L27 orthogonal array was
employed to efficiently evaluate the
parameter effects.[30]. This hybrid design
approach enabled a systematic variation of
key mix parameters including cement,
supplementary ~ cementitious  materials
(SCMs), and fiber content across a total of 44
mix formulations. All concrete specimens
were produced and cured under controlled
laboratory conditions in accordance with
ASTM C192. The curing temperature was
maintained at 20 £ 2 °C, and the relative
humidity was kept above 90% throughout the
process.A standardized pan-mixing
procedure was employed to ensure
uniformity in mixing time, rotation speed,
and material loading sequence across all
batches, thereby minimizing external
variability. The procedure commenced with

the dry blending of cement, SCMs (silica

fume, slag, metakaolin, and limestone

powder), and sand in a rotating drum mixer
at 70 rpm for 60 s to achieve homogeneous
distribution of dry ingredients. Subsequently,
two-thirds of the total mixing water and
superplasticizer were introduced, followed
by mixing at 140 rpm for 120 s.
Polypropylene (PP) fibers were gradually
incorporated over a 10-minute period to
prevent agglomeration and promote uniform
dispersion. During fiber addition, the
remaining water and superplasticizer were
added in three incremental stages, each
followed by mixing at 300 rpm for 30 s to
maintain mixture homogeneity. The fresh
HF-ECC was then cast into standard cube and
beam molds and compacted using a vibrating
table to eliminate air voids and ensure
complete mold filling. After casting, all
specimens were stored under ambient
laboratory  conditions for 24  hours,
demolded, and subsequently water-cured for
28 days to ensure adequate hydration and
strength development. Across all mixtures,
the contents of polypropylene fibers (20
kg/m®), sand (1128 kg/m?®), water (400
kg/m?), and superplasticizer (12 kg/m?) were
kept constant to eliminate overlapping effects
and ensure that variations in post-cracking
behavior could be attributed solely to
differences in binder composition. This

approach is consistent with recent studies in



which non-binder constituents are held Table 1: Mix Design Data a: N1-N28
constant to enable a clear and unbiased MixID SF SL MTK Cement(C) LP
' N1 - - - 800 -
assessment of the influence of supplementary ) s 36 20
cementitious  materials. Five  binder N3 — 48 712 40
components cement, metakaolin, silica fume, N4 - - 688 40
) N - - 24 696 80
slag, and limestone powder were selected as
N6 - - 48 672 80
variables because each contributes distinct N7 ) 648 80
mechanical and microstructural effects, N8 - - 24 656 120
) ) . : . N9 - - 48 632 120
including matrix  densification, pore
. ' N10 - - 608 120
refinement, enhanced fiber matrix bonding, NI e 576 )
and modifications to post-peak response. NI2 - 120 48 552 40
Moreover, multi-component binder systems N3 - 160 72 528 40
. . . N14 — 160 24 536 80
have become increasingly common in
N15 - 160 48 512 80
HPFRCC design, yet the independent and N16 160 72 488 30
interactive  effects of these SCMs, N17 - 160 24 496 120
. ) NI18 — 160 48 472 120
particularly in the presence of PP fibers,
N19 - 160 72 448 120
remain insufficiently explored. Therefore, o0 %0 4 656 20
selecting these five variables enables a more N21 - 80 48 632 40
comprehensive and comparative evaluation N22 - 8s0m 608 40
£ how bind o N16 - 160 72 488 80
inder composition ms energy-
of how er composition governs energy NIE e a 196 0
and ductility-related performance N18 ~ 160 48 472 120
indices.[30].The first 28 mix designs are NI19 - 160 72 448 120
. N20 - 80 24 656 40
shown in Table 1.
N21 - 80 48 632 40
N20 - 80 24 656 40
N21 - 80 48 632 40
N22 - 80 72 608 40
N23 - 80 24 616 80
N24 - 80 48 592 80
N25 - 80 72 568 80
N26 - 80 24 576 120
N27 - 80 48 552 120
N28 - 80 72 528 120




2.3 Mechanical Testing Procedures

A three-point bending test was performed to
evaluate the flexural behavior and ductility of
the HPFRCC specimens. All testing
procedures were conducted in accordance
with the relevant ASTM standards to ensure
the reliability and reproducibility of the

experimental results.

2.3.1 Flexural Test (Ductility Evaluation)

The flexural performance of the HPFRCC
mixtures was evaluated through a three-point
bending test conducted in accordance with
ASTM C1609. Beam specimens with
dimensions of 250 mm x 50 mm x 50 mm
were prepared for each mix design and cured
under water for 28 days prior to testing. The
test setup consisted of two cylindrical
supports spaced 180 mm apart, while a
monotonic central load was applied using a
servo-controlled actuator. The loading was
performed at a constant displacement rate of
0.1 mm/s until specimen failure. For each
mixture, three beam specimens were tested,
and the average results were reported. Figure
3 illustrates the schematic arrangement of the
three-point bending test and a representative
crack pattern observed during flexural

failure.

()

(b)

Fig. 3. a) Three-point bending test setup, and b)
Crack pattern of the HPFRCC beam after
flexural failure.

2.4 Analysis of the Load—Displacement

Curve and Index Extraction

In the three-point bending test of HPFRCC
specimens, the primary output of the testing
apparatus was the load—displacement (P—A)

curve, which illustrates the mechanical



response of the specimen from the onset of
loading to final failure. In this curve, the
horizontal axis represents the mid-span
displacement (A), while the vertical axis
corresponds to the applied load (P).The
general form of the P—A curve can be divided
into three characteristic regions. The first is
the ascending elastic branch, where the
relationship between load and displacement
is approximately linear. This is followed by a
sudden load drop after the peak point, caused
by matrix cracking and stiffness degradation.
The final region is the gradual load recovery
stage, resulting from the fiber-bridging
mechanism, during which fibers bridge
across cracks and restore part of the lost load-
carrying capacity[31].The area under the
load—displacement curve represents the
mechanical work performed by the applied
load during deformation. Since the load and
displacement are expressed in kilonewtons
(kN) and millimeters (mm), respectively,
their product (kN-mm) corresponds to energy
in joules (I kN-mm = 1 J). Thus, the area
enclosed by the P—A curve directly indicates
the material’s energy absorption capacity and
ductility; a larger enclosed area signifies a
tougher and more deformable material.In
Figure 4, the load—displacement (P-A)

response of five different specimens is
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presented. These specimens are identified by

the codes N1, N4, N7, N16, and N32.
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Fig. 4. Load—displacement curves of HPFRCC
mixtures (N7, N4, N16, N32) showing different
ductility levels.

For  quantitative analysis, several
characteristic points were identified from
each load—displacement (P—A) curve, as
schematically illustrated in Figure 5. The
parameters Ppeak and Apeak correspond to
the maximum load and the associated
displacement at the peak point, marking the
end of the elastic stage. The parameters Pr
and Ar denote the minimum load and
displacement immediately following the
sudden load drop, representing the onset of
softening due to matrix cracking. Finally, Pu
and Au = 4 mm indicate the load and
displacement at the fixed reference point

used for comparative evaluation.
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Fig. 5. Typical load—displacement (P—A) response
of HPFRCC under three-point bending, showing
the key characteristic points: peak load (P[],

AUeal), recovery point (P, A;), and ultimate point

Py, Av).

The ultimate displacement of Au =4 mm was
selected based on a sensitivity analysis of the
load—displacement curves for all mixtures.
The results indicated that beyond 4 mm, the
post-peak responses tended to stabilize, and
additional deformation contributed
negligibly to the total absorbed energy.
Adopting a constant terminal displacement
ensured consistency in evaluating ductility
and toughness indices and prevented
variability caused by differences in post-peak
softening behavior. This criterion is also
consistent with previous HPFRCC studies,
which commonly use fixed limits between 3
mm and 5 mm. Therefore, all indices in this
study were computed using Au = 4 mm as the
standardized reference displacement.[32].
Table 2 numerical data

summarizes the
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corresponding to the ten selected points identified
on the load—displacement (P—A) curves. These
values of load and displacement were directly
obtained from the experimental measurements
and form the basis for calculating the ductility
and toughness indices discussed in the following

section.

Table 2. Numerical data extracted from load—
displacement (P—A) curves for selected HPFRCC

mixtures.

NO Au pu Ar pr Apeak  Ppeak
(mm) (kN) (mm) (kN) (mm)  (kN)
N1 4 085 095 1.05 0.65 1.6
N10 4 0.5 1.05  0.85 0.6 1.3
N18 4 0.75 0.9 1.1 0.6 1.75
N21 4 0.7 1.1 0.95 0.7 1.35
N22 4 065 1.05 085 0.65 1.25
N24 4 0.6 0.9 0.7 0.55 1.35
N26 4 0.5 0.8 0.6 0.5 1.1
N28 4 0.45 0.9 0.55 0.55 1.1

2.5 Formulation of Ductility and Failure

Indices

To quantitatively assess the post-cracking
behavior and energy absorption capacity of
fiber-reinforced

(HPFRCCs), a

the  high-performance

cementitious composites
series of mechanical indices were developed
based on the experimental load—displacement
(P-A) These

designed to capture various aspects of

responses. indices were

flexural performance, including elastic



stiffness, energy dissipation, post-peak

recovery, and residual strength.

Across all experimental curves, four

characteristic stages were consistently
identified. The yield stage corresponds to the
termination of the linear elastic region, where
microcracks initiate and deviation from
linearity begins. The peak stage represents
the point at which the maximum load is
reached, typically prior to the formation of a
major crack. The recovery stage is
characterized by a partial restoration of load
capacity, attributed to the fiber-bridging
mechanism following the initial post-peak
drop. Finally, the ultimate stage is defined at
a displacement of 4 mm, where the post-peak
softening response becomes nearly stable

across all mixtures.

These stages serve as reference boundaries
for evaluating the ductility, toughness, and
integrity indices. The choice of the ultimate
displacement value was determined through
the previously discussed sensitivity analysis,
ensuring that all specimens were assessed
within a consistent deformation domain. This
standardized criterion minimizes variability
associated with differences in failure

progression and enables reliable comparison

among all HPFRCC mixtures.
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2.5.1 EnergyBased Ductility Index (pe)

The energy-based ductility index provides a
physically meaningful measure of the

material’s ability to undergo inelastic

deformation after cracking.

Unlike conventional displacement ratios, this

index quantifies the mechanical work
performed by the load during both the elastic
and post-peak phases, allowing a more
reliable mixtures

comparison among

exhibiting different softening behaviors.

In this approach, the elastic portion of the

load—displacement curve represents the
energy stored prior to cracking, while the
post-peak region reflects the energy absorbed
through fiber bridging, matrix deformation,

and crack opening.

The ratio of these two energy components
defines the ductility index, where a higher
value indicates greater deformation tolerance

and energy dissipation capacity of the

composite[33].
g = Eelastic _ Ppeak ’ Apeak
E = =
Epost (Ppeak + PU) ) (Au - Apeak)

(D



The term Eelastic represents the strain energy
stored within the specimen during the elastic
phase, that is, before the maximum load is
reached.

The parameter Epost corresponds to the
energy absorbed during the post-peak
softening stage, when deformation continues
under decreasing load due to fiber bridging
and matrix cracking. Ppeak denotes the
highest load sustained by the specimen
during flexural testing, while Pu indicates the
residual load recorded at the terminal
displacement. The displacements Apeak and
Au correspond to the deformation at the peak
load and at the fixed limit of four millimeters,
respectively.

Both energy terms, Eelastic and Epost, are
expressed in kilonewton—millimeters
(kN mm) , a unit directly equivalent to joules
(1 kN'mm = 1 J). This ensures that the
calculated ductility index reflects a consistent
and physically interpretable measure of
mechanical and

energy  absorption

deformation capacity among all mixtures.

2.5.2 Failure Work Index (FWI)

The Failure Work Index represents the total
mechanical energy absorbed by the specimen
during flexural loading up to the terminal

displacement of four millimeters.
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It is defined as the area under the entire load—

displacement curve and can be expressed as:

Ay

P(A) - dA 2)

FWI=f
0

where P(A) is the applied load at

displacement A.

In this study, the value of FWI was computed
numerically using the trapezoidal rule.
Higher values of this index indicate greater
overall toughness and energy dissipation
capacity, reflecting the ability of the

composite to sustain deformation and resist

brittle failure[34].
2.5.3 Softening Ductility Ratio (SDR)

The Softening Ductility Ratio quantifies the
ability of the composite to retain load-
carrying capacity after the peak point,
reflecting the contribution of fibers to post-
cracking resistance. It is defined as the ratio
of the residual load at the terminal
displacement to the maximum load sustained
by the specimen:

u

SDR =

3)

Ppeak

where Pu is the load at the ultimate

displacement (4 mm) and Ppeak is the peak



load. A higher SDR indicates a more stable
post-peak response and better fiber bridging
performance, signifying enhanced ductility

and toughness of the composite[35].
2.5.4 Recovery Index (RI)

The Recovery Index evaluates the degree of
load recovery after the initial post-peak drop,
representing the fiber-bridging efficiency and
the composite’s self-restoring capability.
It is defined as the ratio of the recovered load
after the minimum point to the difference

between the peak and minimum loads:

(Pr - Pu)

Rl = —T %
(Ppeak - Pu)

4

where Ppeak is the maximum load, Pr is the
recovered load after the initial drop, and Pu
is the residual load at the ultimate
displacement. A higher RI denotes a greater
capacity of the fibers to recover and

redistribute stresses after cracking[36].
2.5.5 Residual Toughness Factor (RTF)

The Residual Toughness Factor quantifies the
relative contribution of the post-peak region
to the total absorbed energy, providing an
integrated measure of the material’s

toughness beyond cracking.

It is defined as the ratio of the post-peak
energy to the total energy absorbed up to the

terminal displacement:

Epost

RTF =
(Eelastic + Epost)

©)

where Epost is the energy absorbed after the
peak load and Eelastic is the energy

accumulated before the peak.

This factor expresses the percentage of
energy dissipation that occurs during the

softening phase.

Higher RTF values indicate improved energy
absorption and greater ductility of the
HPFRCC under flexural loading[37].

2.5.6 Toughness Modulus (TM)

The Toughness Modulus expresses the
energy absorption capacity per unit volume
of the specimen, linking the mechanical
energy absorbed during flexural deformation
to the specimen geometry. It is calculated by
normalizing the total absorbed energy
(Failure Work Index) with respect to the

specimen’s volume subjected to bending:

™™ = —— (6)



where FWI is the total absorbed energy (in
kN-mm or J) and V'is the effective volume of
the prism under bending (in mm?).
This normalization allows for a geometry-
independent comparison among different

mixtures or testing setups.

A higher TM value indicates superior energy
absorption efficiency and improved structural

performance per unit material volume[37].

2.6 Sensitivity Analysis Using Spearman

Correlation

To quantitatively examine the influence of
input material parameters on the ductility and
toughness  indices, a non-parametric
correlation analysis was performed using the
Spearman’s rank correlation coefficient (p).
This method evaluates the monotonic
relationship between two variables without
assuming linearity or normal distribution,
making it particularly suitable for datasets
with limited sample size or nonlinear
dependencies common in

HPFRCC studies[38].

experimental

The Spearman coefficient (p) is computed as:

63 d;?

B nn? —1) ™

p=1
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where d; represents the difference between
the ranked values of the input and output
variables, and » is the number of data pairs.
The value of p ranges between —1 and +1,
where positive values indicate a direct
(increasing) relationship and negative values

represent an inverse (decreasing) trend.

In this study, the input variables included C,
LP, MTK, SF, and SL, while the output
indices were pE, SDR, FWI, RI, RTF, and
TM. All variables were normalized prior to
computation to ensure comparable scaling.
The results were visualized using a color-
coded heatmap, where warm colors represent
positive correlations and cool colors indicate

negative relationships.

To avoid misinterpretation, it should be noted
that the Spearman correlation analysis
applied in this study evaluates independent
monotonic relationships between individual
binder components and mechanical indices;
therefore, potential interaction effects among
SCMs (such as cement—slag synergy or
metakaolin—silica fume overlap) were not
explicitly assessed and remain outside the

scope of this investigation.



3. Results and Discussion

3.1 Overview

This section presents and interprets the key
experimental results, focusing on the flexural
response of HPFRCC mixtures as
represented by their load—displacement (P—
A) behavior. A total of 44 mix designs were
evaluated under three-point bending tests,
and six energy-based indices pE, FWI, SDR,
RI, RTF, and TM were systematically derived
from the experimental curves. The analysis
addresses four main aspects: (i) the
interrelation between ductility indicators
such as pE and SDR, (ii) the comparative
performance of top mixtures in terms of
toughness and residual strength, (iii) a
comprehensive ranking of all mixtures based
on their overall post-cracking behavior, and
(iv) the sensitivity of these indices to
variations in  mix composition using
Spearman’s correlation. Collectively, the
results establish an experimentally validated,
physics-based framework that elucidates how
binder composition governs the ductility and
toughness characteristics of PP-fiber-

reinforced HPFRCCs.

3.2 Interrelation of Ductility Indicators pr

and SDR

The relationship between pE and SDR is
presented in Figure 6. Each data point
corresponds to one HPFRCC mixture, with
the color gradient representing E total in
kN-mm. A moderately positive trend can be
observed between PE and SDR, suggesting
that mixtures exhibiting greater post-peak
stiffness retention tend to possess higher
ductility. Nevertheless, noticeable data
scatter is evident, highlighting the nonlinear
and composition-dependent nature of post-
cracking behavior influenced by fiber—matrix

interaction.
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Fig. 6. Correlation between pE and SDR for all
HPFRCC mixtures, with the color scale
representing total absorbed energy (E_total).



3.3 Evaluation of TM, RL, and RTF Indices

in High-Performance Mixtures

To compare the post-cracking performance of
the mixtures, three representative indices
TM, RI, and RTF were evaluated for the top
five mixes, as shown in Figure 7. These
mixtures (N26, N22, N1, N7, and N4) were
selected for their superior energy absorption,
post-peak stability, and residual capacity.
Among them, N26 exhibited the highest TM
value, indicating the greatest energy
absorption capability prior to failure, while
maintaining balanced performance in RI and

RTF.

Comparison of TM, RI, and RTF for Top 5 Mixes

Index Value

N26 N22 N1 N7 N4
Mix ID

Fig. 7. Comparison of TM, RI, and RTF values for
the top five HPFRCC mixtures.

3.4 Summary of Results

Table 3 presents the ten mixes with the
highest overall performance based on pE,
FWI, RI, R _SD, RTF, and TM. Mix N26
the rank, demonstrating

achieved top
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excellent energy absorption capacity (high
pE and TM) and well-balanced residual
behavior with an RI value around 0.45. Mixes
N22 and N1 followed closely, showing
consistent and reliable performance across all
evaluated indices. In comparison, mixes N28
and N33 displayed slightly lower toughness
(TM) but maintained stable post-peak

recovery, with RTF values close to 0.86.

Table 3. Top 10 HPFRCC Mixes Ranked by

Overall Mechanical Performance

Mix pE FWI RI R SD RIF T™M
ID (kN-mm)

N1l 634 3.82 053 047 086 3.67
N10  6.35 2.87 038 062 086 3.67
N18 6.28 3.82 043 057 086 3.64
N21  6.04 3.33 052 048 086 3.52
N22 648 3.04 052 048 087 3.74
N24  6.39 2.75 044 056 086 3.70
N26 733 2.29 045 055 088 4.16
N28  6.08 2.14 041 059 086 3.54

3.5 Sensitivity of Ductility Indices to Mix
Proportions

To evaluate the influence of mix composition
on mechanical behavior,  Spearman
correlation coefficients (p) were computed
between each ductility-related index and the
primary mix parameters. The results,
presented in Figure 8, illustrate both the
magnitude and direction of correlations
between the material constituents and the

mechanical performance indices.
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Fig. 8. Sensitivity of ductility and toughness
indices to mix proportions, based on Spearman’s

rank correlation coefficients.

3.6 Discussion
3.6.1 Discussion on pE-SDR Relationship

The results reveal that the ductility behavior
of HPFRCC mixtures cannot be described by
a single parameter.Although pE and SDR
both represent aspects of post-cracking
deformability, their correlation is onlypartial.
Mixtures with higher SDR valuesindicating
slower stiffness degradation tend to exhibit
enhanced pE, confirming that improved
energy dissipation is linked to stable post-
peak response.Nevertheless, the data
dispersion implies that other factors such as
fiber dispersion, matrix rheology, and
interfacial bond strength also play crucial
roles in determining ductility.The color
mapping of total energy further emphasizes

that the highest puE values correspond to
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013 I i

= 2
N w

e
-

| o
o o =
Rearsor+Correlation Coetiicient

o

18

intermediate  SDR levels, suggesting an
optimum balance between stiffness reduction
and energy absorption.This finding aligns
with previous HPFRCC studies, where
excessive softening (low SDR) or overly stiff
matrices (high SDR) both resulted in

suboptimal ductility performance.

3.6.2 iscussion on TM, RI, and RTF Indices

The comparison reveals that higher T™M
values do not necessarily coincide with
higher RI or RTF values, suggesting that total
toughness and residual stability do not

always peak simultaneously.

Mix N26, which recorded the highest TM,
demonstrates the greatest overall energy
absorption capacity, whereas Mixes N7 and
N4 exhibited relatively higher RI values,
implying better post-peak load retention and
enhanced  crack-bridging effectiveness.
These variations are primarily attributed to
differences in mix composition and fiber
dispersion, which influence the fiber—matrix
interfacial bonding and consequently the
residual stress transfer capability. Overall,
Mixes N26 and N22 showed the most

favorable post-cracking behavior,

characterized by a balanced combination of

toughness, ductility, and residual



strengthfindings  consistent ~ with  the

previously discussed pE and SDR trends.

3.6.3 Discussion on Comprehensive

Performance Ranking

The comprehensive ranking highlights that
optimal HPFRCC performance is achieved
through a balanced synergy between ductility
and residual stability rather than
maximization of a single parameter. Mix
N26, with the highest uE and TM, represents
the most energy-efficient composite,
maintaining both high deformation capacity
and moderate post-peak load retention.
Mixes N22 and N1, which follow closely,
exhibit well-proportioned RI and RTF values,
signifying stable post-cracking stress transfer
supported by  effective  fiber—matrix
interaction.

By contrast, mixtures like N33 and N28
achieved slightly lower pE values due to
faster stiffness degradation (higher RSD), but
their  overall performance remained
competitive because of adequate residual
toughness.Overall, this ranking confirms that
mixtures with optimized cement content,
moderate limestone powder, and balanced
superplasticizer dosage tend to yield superior

ductility—toughness synergy.
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These findings are consistent with previous

studies emphasizing that energy-based
evaluation provides a more comprehensive
criterion for assessing HPFRCC behavior
than conventional strength-based parameters

alone.

3.6.4 Interpretation of Spearman

Correlation Results

The correlation

C had

Spearman analysis

demonstrated that a positive
association with RI, implying improved
residual load capacity at higher cement
content. In contrast, SL exhibited a negative
correlation with both RI and SDR, indicating
that excessive fluidity reduces fiber—matrix
interaction and  accelerates  stiffness
degradation. The influence of MTK was
generally moderate and positive across most
indices, suggesting improved microstructure
and delayed cracking. SF showed almost
negligible correlations, indicating that its
effect on ductility becomes saturated beyond
an optimum level. LP exhibited weakly
negative trends, confirming its minor dilution
effect when replacing part of the cement.
Among all output indices, SDR was found to
be the most sensitive to variations in mix
and C,

proportions, particularly  SL

demonstrating its suitability as a key



indicator of post-cracking deformation
behavior.

Overall, these results confirm that ductility
and toughness in HPFRCCs are controlled by
a balanced combination of matrix
composition, packing density, and fiber—

matrix bond performance.

3.6.5 Comparison with Previous Studies

The findings of this study are generally
consistent with previous works that have
examined the effects of PP fibers on post-
cracking ductility and energy absorption. The
results confirm that higher binder content and
a well-balanced mix composition lead to
improvements in pE, TM, and RI, aligning
with the trends observed in prior FRCC and
HPFRCC studies emphasizing stable fiber—
matrix interaction and controlled crack
propagation. However, the range of index
values obtained in this study is broader,
revealing that mixtures with higher SL
content, while retaining reasonable residual
strength, tend to exhibit weaker post-peak
stability and reduced toughness an aspect less
emphasized in earlier reports. Overall,
whereas most previous studies have focused
on the isolated influence of fibers or one or
two supplementary materials, the present
the combined

work demonstrates that
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interaction of all binder components (C,
MTK, SL, SF, and LP) plays a decisive role
in simultaneously optimizing ductility, post-
peak stiffness, and energy absorption in

HPFRCC mixtures.[9,15-17]

3.6.6 Limitations and Future Work

This  study, while establishing a
comprehensive framework for ductility and
toughness indices, faced limitations primarily
related to its experimental dataset size (44
mixtures), which may affect the statistical
robustness and generalizability of the derived
correlations. The absence of resampling
techniques like k-fold cross-validation also
limits a rigorous assessment of model

stability.

Future research should focus on expanding
the experimental database to include a wider
range of mix proportions and material types.

Furthermore, microstructural

investigations (e.g., using SEM) are essential
to link the observed mechanical performance
to underlying mechanisms such as fiber
dispersion and fiber-matrix  interface.
Finally, broader validation of these indices
across various HPFRCC types and loading
conditions is recommended to confirm their

universal applicability.



4 . Conclusion

This study shows that evaluating the post-

cracking  behavior of  PP-reinforced

HPFRCCs requires a multidimensional
approach based on the P—A response rather
than strength-based criteria alone. Using six
energy-related indices (LE, FWI, SDR, RI,
RTF, and TM) extracted at a fixed terminal
displacement of 4 mm enabled consistent
comparison across all mixtures. The results
indicate that mixtures containing higher
proportions of cement and MTK achieved the
best post-cracking performance,
characterized by greater energy absorption,
improved post-peak stability, and higher
residual load capacity. These mixtures
exhibited a denser matrix and more effective
fiber—matrix interaction, leading to a more
stable softening response. In contrast,
mixtures with increased SL content showed
reduced SDR and RTF values, reflecting
weaker post-peak stability. SF primarily
enhanced matrix densification but did not
independently produce the highest ductility
levels. Overall, mixtures optimized with
cement-MTK—-LP combinations and limited
SL content demonstrated the highest
mechanical efficiency in terms of energy
absorption and controlled softening. These

findings suggest that the design of HPFRCCs
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for seismic and dynamic applications should
prioritize ductility, energy dissipation, and
residual capacity rather than relying solely on
peak strength, as these attributes are essential

for structural resilience and collapse

prevention.
Novelty of the Study:

e This study introduces a
multidimensional, energy-based
approach that provides a more
accurate assessment of post-cracking
behavior compared to traditional
strength-based criteria.

e The results demonstrate that
optimized combinations of cement,
metakaolin, and limestone powder
significantly improve energy
absorption, post-peak stability, and
residual load capacity.

e A correlation-driven  analytical
framework is employed to distinguish
the individual influence of each
binder component and identify mix
designs with superior mechanical
efficiency.
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