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Abstract

Concrete brittleness limits its use in bending-dominated elements. It also raises the cost of tensile
reinforcement. A three-stage experimental program was carried out to address this limitation while
also reducing the environmental burden associated with clinker production. In Stage I, marble dust
(MD) was used to replace Portland cement at five levels, from 5% to 14% of binder mass. A 10%
replacement gave the highest 28-day compressive strength, 49.64 MPa, and the highest modulus
of rupture, 6.18 MPa, at a w/b of 0.364. In Stages II and III, polypropylene macro-fibers (PP),
recycled PET bottle strips (rPET), and hooked-end steel fibers (SF) were added to the MD10
mixture, across twelve dosages in total. The brittleness index was reduced by up to 27.3% relative
to the unreinforced MD10 mixture, which had an index of 8.03. Recycled PET fibers at a 1.00%
volume fraction gave the lowest brittleness index of any mixture tested, 5.84, lower than every
steel-fiber dosage. A cost and carbon assessment was then carried out, using validated emission
factors and regional material prices. It showed that rPET fibers achieved this reduction for a
material cost premium of only 1.68 USD per cubic meter and a carbon overhead of 7.66 kg CO.e
per cubic meter. The resulting cost efficiency index, 0.77 USD/m?® per unit of brittleness reduction,
and environmental efficiency index, 3.50 kg COze/m® per unit of brittleness reduction, were
substantially lower: the corresponding value for the best performing steel fiber dosage were
approximately 79 and 36 times lower higher, respectively. Recycled PET fibers in a marble dust
matrix are therefore a structurally effective, low-cost, and low-carbon route to brittleness reduction
in sustainable concrete.

Keywords: brittleness index; recycled PET fiber; marble dust; fiber; environmental efficiency;
circular economy; waste valorization; sustainable concrete; life cycle assessment.

1. Introduction

Concrete is the most widely produced manufactured material. Annual output exceeds 10 billion
tonnes. Clinker calcination releases about 0.83 kg of CO:2 per kilogram of cement and is
responsible for roughly 8% of global anthropogenic greenhouse gas emissions [1], [2]. Hardened
Portland cement concrete is also brittle by nature. Its tensile to compressive strength ratio stays
below 0.12, and cracks initiate with little post-crack energy absorption [3]. Brittleness is measured
here as the brittleness index (BI). This index is defined as the ratio of the 28-day compressive
strength to the 28-day modulus of rupture. A high BI increases the cost of tensile reinforcement
and limits the structural efficiency of pavements, slabs and shells [4].

Marble dust (MD) is a fine calcium carbonate byproduct of ornamental stone cutting. It acts as an
additional supplementary cementitious material through a physical microfilling mechanism. The
calcium carbonate content densifies the interface transition zone without pozzolanic reaction [5],
[6]. In many studies, the optimum level of ordinary Portland cement substitution has been
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determined to be between 5% and 12%. Sathe et al. [7] found a 17% increase in 28-day
compressive strength at 5% MD. Agrawal et al. [8] found that a substitution level of 7.5% was
optimum under water curing and provided a 9.5% increase in strength. Sai et al. [9] reported an
increase in compressive strength by combining 10% MD and polypropylene fiber dosage.
Corinaldesi et al. [10] observed a 7.6% increase in strength at 10-12% MD.

Yin et al. [11] reported 15-35% improvements in flexural strength at 0.5-1.0% PP volume ratio.
Borg et al. [12] observed an 18-27% increase in flexural toughness at 1.0% rPET volume ratio.
Al-Hagri and Dondiiren [13] confirmed that rPET fibers reduced compressive strength but
increased ductility in the OPC matrix compared to steel fibers. Yazici et al. [14] documented
monotonic gains in compressive and flexural strength with SF up to 1.0% volume ratio.

This study makes three contributions. It tests PP, rPET, and SF fibers within a single marble-dust-
modified matrix. The brittleness index is the primary outcome, measured alongside compressive
and flexural strength. Additionally, a cost efficiency index and an environmental efficiency index
are introduced.

The program was carried out in three stages. Stage I identified the optimum MD replacement level,
from 5% to 14% of binder mass, and a constant water to binder ratio of 0.364. Stages II and III
introduced PP (0.25-1.00%), rPET (0.50-1.50%), and SF (0.50-1.75%) into the invariant MD10
matrix, across twelve dosages. Four analytical indices (brittleness index, flexural efficiency ratio,
specific strength, and specific flexure) together with an early-age strength prediction model, were
used to characterize the mechanical behavior. A cost efficiency index and an environmental
efficiency index then bring the economic and environmental comparison together.

2. Materials and Experimental Program

2.1 Parameter Selection

Table 1 summarizes the studies that informed the experimental parameters. Marble dust
replacement studies converge on an optimum of 5-12% of binder mass. Stage I therefore tested a
5-14% range, with 10% targeted as the central value. The PP volume-fraction range (0.25-1.00%)
covered the optimum reported by Yin et al. [11] and the MD-PP range examined by Sai et al. [9].
The rPET range (0.50-1.50%) addressed the compressive-flexural divergence observed by Al-
Hagri and Dondiiren [13] and Borg et al. [12]. The SF range (0.50—1.75%) extended through the
clustering threshold reported by Yoo et al. [15].



Table 1. Studies informing the experimental design

performance FRC

No. | Reference Matrix MD (%) P(I:A)\),f rP(]::,Z)Vf S(lj A)‘),f Key finding
0 .
OPC concrete, w/c 2.5-20 3 /?, MD raised CSzs by
1 [7] 0.45 (opt. 5) - - - 17%; denser pore
’ pt. structure at low MD
5 [8] Iglll)l(t:; (:lzn;lif;;’ 2.5-15 3 B B 7.5% MD with water
P & opt. 7.5 curing raised CS by 9.5%
regimes
Combined MD and PP
3 [9] OPC concrete, PCE 0-20 0-1.0 B B addition improved
admixture (opt. 10) ' compressive performance
near 10% MD
Concrete, constant . 3 B B CSys increased by 7.6%
4 [10] w/b 10-12 at 10-12% MD
. Flexural strength
5 [11] RGIV:‘I?VCV ;izioefp' - (g'st_(l)'(s)) - — | improved 15-35% at
pt- . optimum PP dosage
Flexural toughness
g _"770/.
6 | [12] OPC concrete _ _ 1.0 _ | o K2
compressive strength
reduced 5-14%
Steel fiber gave best
overall performance; PP
7 [13] OPC concrete, - 0.5,1.0 | 0510 | 0.5,1.0 and PET reduced CS but
improved ductility
Steel fiber Monotonic CS and MoR
8 [14] . - - - up to 1.0 | gains with steel fiber up
reinforced concrete
to 1.0%
9 [15] Ultra-high- 3 3 B 0-1.25+ Fiber clustering threshold

identified near 1.25%

2.2 Cementitious Materials

CEM 1 42.5N cement, conforming to EN 197-1:2011 [18], was supplied by the National Cement
Company, Yemen. Marble dust was collected as a dry by-product from the Al-Rohani Marble
Factory. The material originated from limestone quarried in the Marib governorate. It was oven-
dried for 24 hours and sieved through a No. 270 sieve before use. Table 2 summarizes the chemical
and physical properties of the cement and marble dust. X-ray fluorescence analysis showed a
calcium oxide content of 64.30 wt.%, consistent with a pure limestone source. The combined
reactive oxide content (SiOz + Al,O3 + FexO3) was 16.48 wt.%, below the 70 wt.% minimum
required by ASTM C618-19 [19] for natural pozzolan classification. The material therefore acts
as a non-pozzolanic calcareous filler. It contributes through physical micro-filler action and CaCO3
nucleation rather than pozzolanic reaction [5], [6]. Specific gravity was 2.643.




Table 2. Chemical and physical properties of cement and marble dust

Property / oxide Unit OPC Marble dust
SiOs % 21.23 10.05
AlO3 % 5.92 4.53
Fe)0; % 4.05 1.89
CaO % 57.77 64.30
MgO % 3.03 2.55
SO; % 2.75 —
Chloride content % 0.01 —
Insoluble residue % 3.34 —
Si0,+A1203+Fe203 % — 16.48
Specific gravity — 3.15 2.643
Blaine fineness cm?/g 3565 —
Initial setting time min 200 —
Final setting time min 265 —
Le Chatelier expansion mm 1.0 —
CS2d MPa 23.17 —
CS7d MPa 33.59 —
CS 28d MPa 45.19 —
2.3 Aggregates

Coarse aggregate was crushed basalt from a local quarry. It was supplied in three size fractions
(12.5, 9.5, and 4.75 mm) and blended to meet the ASTM C33/C33M [20] grading requirements.
The Los Angeles abrasion loss was 14.5%, determined as per ASTM C131 [21]. Specific gravity
and water absorption were calculated according to ASTM C127 [22], and their values were 2.879
and 1.26%, respectively. Fine aggregate from the Zagan region was used. Its specific gravity was
2.48, and its fineness modulus was 2.33, as determined by ASTM C128 [23] and ASTM D2419
[24].

A polycarboxylate ether superplasticizer, conforming to EN 934-2 [25], was used at a base dosage
0f 0.80% by binder mass. This was increased to a maximum of 1.10% for the highest fiber dosages
to maintain slump at a constant w/b.

2.4 Fiber Reinforcement

Three fiber types were selected to span the mechanical performance and sustainability range of
available reinforcement options. Fiber properties are summarized in Table 3 and Figure 1 show
their appearance.



Polypropylene macro-fibers (P) had an embossed rectangular cross-section, length 56 mm,
equivalent diameter 1.0 mm (L/d = 56), density 910 kg/m>, tensile strength 500 MPa, elastic
modulus 10 GPa, and embodied carbon 1.58 kg COze/kg [26].

Recycled PET strips (rPET) were manually cut from post-consumer water bottles to length 50 mm,
equivalent diameter 0.833 mm (L/d = 60), density 1380 kg/m>, tensile strength 55 to 80 MPa,
elastic modulus 2.1 to 3.1 GPa, and embodied carbon 0.45 kg COze/kg [17].

Hooked-end steel fibers (SF) had length 50 mm, diameter 1.0 mm (L/d = 50), density 7810 kg/m°,
tensile strength 1200 MPa, elastic modulus approximately 200 GPa, and embodied carbon 2.46 kg
COze/kg [16].

I S
Figure 1. Fiber types: (a) polypropylene macrofiber; (b) recycled PET strip; (c) hooked-end steel fiber

Table 3. Fiber properties

Property PP rPET SF
Type Commercial microfiber | Recycled waste strip | Commercial hooked-end wire
Length (mm) 56 50 50
Equivalent diameter (mm) 1.0 0.833 1.0
Aspect ratio, L/d 56 60 50
Density (kg/m?) 910 1380 7810
Tensile strength (MPa) 500 55-80 1200
Elastic modulus (GPa) 10 2.1-3.1 ~200
Surface geometry Embossed rectangular Smooth flat strip Hooked ends
COqe (kg/kg) 1.58 0.45 2.46
Price (USD/kg) 1.80 0.05 1.20

2.5 Experimental Program and Mix Design

In this study, the experimental work was conducted in three stages. In the first stage, the effect of
marble dust was studied. Six mixes were prepared. A control mix with no MD was included. Five
additional mixes were prepared with MD at 5%, 8%, 10%, 12%, and 14% by weight of cement.
The 10% MD mix was selected as the base for fiber addition. In the second stage, fibers were
added to the MD10 matrix. PP fibers were added at 0.25%, 0.50%, and 1.00% by volume. Recycled
PET fibers were also added at 0.50%, 1.00%, and 1.50% in separate mixtures. In the third stage,



SF were added to the MD10 matrix. Six volume fractions were examined: 0.50%, 0.75%, 1.00%,

1.25%, 1.50%, and 1.75%. The complete mixing ratios for all stages are given in Table 4.

Table 4. Mix proportions

Mix ID OPC3 MD3 Basal: Sand3 Wate;‘ SP Fiber; Vi (%) Slump
(kg/m’) | (kg/m”) | (kg/m’) | (kg/m”) | (kg/m’) | (%) | (kg/m’) (mm)

Stage 1
CTRL 440.29 0.00 1012.23 657 159.84 0.80 0 0 100
MD5 418.27 22.01 1012.23 657 159.84 0.80 0 0 95
MDS§ 405.06 35.22 1012.23 657 159.84 0.80 0 0 90
MD10 396.26 44.03 1012.23 657 159.84 0.80 0 0 80
MD12 387.45 52.83 1012.23 657 159.84 0.80 0 0 75
MD14 378.65 61.64 1012.23 657 159.84 0.80 0 0 70
Stage Il — PP fibers
MD10-Ref 396.26 44.03 1012.23 657 159.84 0.80 0 0 80
PP025 396.26 44.03 1012.23 657 159.84 0.80 2.28 0.25 80
PP050 396.26 44.03 1012.23 657 159.84 0.80 4.55 0.50 75
PP100 396.26 44.03 1012.23 657 159.84 0.90 9.10 1.00 75
Stage Il — rPET fibers
rPET050 396.26 44.03 1012.23 657 159.84 0.80 6.90 0.50 80
rPET100 396.26 44.03 1012.23 657 159.84 0.95 13.80 1.00 75
rPET150 396.26 44.03 1012.23 657 159.84 1.10 20.70 1.50 75
Stage III — SF fibers
SF050 396.26 44.03 1012.23 657 159.84 0.80 39.25 0.50 75
SF075 396.26 44.03 1012.23 657 159.84 0.85 58.88 0.75 75
SF100 396.26 44.03 1012.23 657 159.84 0.90 78.50 1.00 75
SF125 396.26 44.03 1012.23 657 159.84 0.90 98.13 1.25 75
SF150 396.26 44.03 1012.23 657 159.84 0.95 117.75 1.50 75
SF175 396.26 44.03 1012.23 657 159.84 1.00 137.38 1.75 75

2.6 Specimen Preparation and Testing

The same mixing method was followed for all mixtures. The dry materials were mixed for two
minutes. Water and superplasticizer were added over three minutes, followed by two minutes of
wet mixing. When using fibers, they were added gradually over two minutes to avoid
agglomeration. Workability was measured using slump tests according to ASTM C143/C143M
[27].

Compressive strength was measured on 100 mm cubes. Testing was carried out at 7 and 28 days.
The test procedure followed BS EN 12390-2 [28] and BS EN 12390-3 [29]. Flexural strength was
measured on 100 x 100 x 700 mm prisms at 7 and 28 days using four-point loading per ASTM
C78/C78M [30]. Three specimens were tested for each property at each age. A total of 228
specimens were cast.



2.7 Analytical Performance Indices

The brittleness index (BI) was used as the main performance indicator. It is defined as the ratio of
28-day compressive strength to 28-day modulus of rupture (Eq. 1). A lower BI means a better
balance between compressive and flexural strength. BI is only a comparative measure of
brittleness. It does not directly measure post-cracking ductility. That requires load-deflection or
toughness data. Plain concrete typically has a BI between 7 and 10 [4], [31]. Fiber-reinforced
composites often show BI values of 5 to 6, which indicate quasi-ductile behavior [3].

BI = C528/MOR28 (1)

The flexural efficiency ratio (FER) is the reciprocal of BI (Eq. 2). It helps explain how BI is
reduced. Two pathways are possible. In the first, MoR2s increases while CSazs increases or stays
the same. In the second, CS2s decreases while MoRos increases. Both pathways can produce similar
Bl values. FER, combined with the individual changes in CS2: and MoRas, reveals which pathway
is active.

FER = MORZS/CSZS (2)

SF are much denser than PP fibers. The density of steel is 7810 kg/m?, while PP is 910 kg/m?. To
account for this, specific strength (Eq. 3) and specific flexure (Eq. 4) were calculated. These were
normalized by 28-day density (ps).

Specific strength = CS,g/ p2s 3)
Specific flexure = MoR,g / pa2sg 4)

2.8 Economic Assessment

Material costs were calculated at the batching plant. Purchase costs were included. Transport,
labor, mixing, formwork, and curing were not included. The cost per cubic metre was calculated
using Eq. 5. Mass is expressed in kg/m? and price is expressed in USD/kg.

Cmix = 2 (M X pj) &)

Prices were based on the Sana'a market. Plain concrete was priced at 80 USD/m?. A full price
schedule is given in Table 5. Marble dust and rPET were treated as waste materials. Their prices
were set near zero.

The cost efficiency index (CEI) was calculated using Eq. 6. CEI expresses the cost per unit
reduction in BI. Lower CEI values indicate more cost-effective brittleness mitigation.

CEl = ACmix /| ABI | (6)

where ACnix 1s the cost difference between a fiber mixture and MD10-Ref, and |ABI| is the
magnitude of BI reduction.



Table 5. Unit material prices

Material (Ulglgilig) Basis

OPC 0.1203 Calibrated from CTRL mix cost benchmark (80 USD/m?); consistent with
World Bank Yemen cement import data

Marble dust 0.002 Waste by-product; price reflects collection, drying, and sieving labour only

Basalt 0.015 Local quarry delivered price, Sana'a region

aggregate

Natural sand 0.010 Local delivered price, Zajan area supply

PP fiber 1.800 SikaFiber-142 regional distributor, mid-range published price

rPET fiber 0.050 Near-zero material cost; price reflects cutting and preparation labour

Steel fiber 1.200 SikaFiber-502 regional distributor, published price range 1.0-1.4 USD/kg

Superplasticizer 1.500 Polycarboxylate ether HRWR, regional admixture market data

Mixing water 0.000 Negligible; excluded from cost calculation

2.9 Environmental Life Cycle Assessment

Environmental impact was evaluated using a cradle-to-gate life cycle approach. The assessment
followed ISO 14040 and ISO 14044. The scope covered raw material extraction, transport to
processing, and manufacturing. On-site mixing, curing, use, and end-of-life were excluded,
consistent with precedent in the fiber-reinforced concrete literature [32], [33].

Embodied carbon per cubic meter was calculated using Eq. 7 as the sum of the product of each
constituent mass and its validated cradle-to-gate emission factor:

Emix = Z'(ml X EFI) (7)

where m; is the mass of constituent i per cubic meter of concrete (kg/m?), and EF; is its cradle-to-
gate unit emission factor (kg CO»e/kg).

The adopted OPC emission factor, 0.830 kg COze/kg, accounts for calcination and kiln fuel
combustion and is supported by Andrew [1] and the ICE v2.0 database [16]. Andrew [1] reported
a calcination contribution of 0.507 kg of CO: per kg of clinker based of global cement-production
data spanning 1928 to 2018. The rPET factor, 0.45 kg COze/kg, comes from an ISO 14044-
compliant assessment of mechanically recycled PET bottles, which reported a 79% reduction
relative to virgin PET production (2.15 kg COze/kg) [17]. The PP factor, 1.58 kg CO»e/kg, comes
from a regional life cycle assessment of polypropylene production [26]. The steel fiber factor, 2.46
kg CO»e/kg, comes from the ICE v2.0 database entry for wire-drawn steel [16]. The cradle to gate
emission factors is given in Table 6.

The environmental efficiency index (EEI; Eq. 8) expresses incremental embodied carbon per unit
Bl reduction:

EEI = AEmix/ | ABI | (8)



Here, AE.ix is the embodied carbon difference between a fiber mixture and MD10-Ref. |ABI] is
the magnitude of Bl reduction. EEI is expressed in kg COze/m? per Bl unit. Lower values indicate
a more carbon-efficient brittleness mitigation strategy.

Table 6. Cradle-to-gate emission factors

. EF (kg .
Material CO:e/kg) Source / basis

OPC 0.830 Andrew [1] and ICE v2.0[16], generic cradle-to-gate OPC factor

Marble dust 0.005 Waste-stream proxy; ICE v2.0 crushed-limestone basis [16]

Basalt aggregate 0.0083 ICE v2.0 crushed-rock factor [16], proxy for local basalt

Natural sand 0.0050 ICE v2.0 general natural—agggzﬁzte factor [16], proxy for local

PP fiber 1.580 Alsabri et al.[26], GCC-region cradle-to-gate PP resin factor

rPET fiber 0.450 ALPLA/denkstatt [17], mechanically recycled PET factor
ICE v2.0 wire-drawn steel [16], supported by World Steel

Steel fiber (SF) 2.460 Association LCI [34]

Superplasticiser 2.200 MECLA [45], generic polycarboxylate-ether proxy

Mixing water 0.000 Negligible; excluded per standard LCA practice

3. Results

3.1 Marble Dust Replacement Level

The results of Stage I are presented in Table 7 and Figure 2. The CSas increased from 45.13 MPa
in the control mix to 49.64 MPa at 10% MD. It then decreased to 45.92 MPa at 12% MD and to
43.23 MPa at 14% MD. The relationship followed a parabolic trend. In the upward segment (0—
10% MD), the strength increased by 0.454 MPa per 1% MD. In the downward segment (10—14%
MD), the strength decreased by 0.603 MPa per 1% MD. The decline was steeper than the increase.

The MoR2s followed the same trend. it increased from 5.76 MPa to 6.18 MPa at a 10% MD
(+7.3%). After that decreased to 5.24 MPa at a 14% MD. The loss of flexural strength (-15.2%)
was greater than the loss of compressive strength (-12.9%). This indicates a greater sensitivity of
the flexural properties to clinker dilution.

The compressive strength after 7 days showed the same parabolic pattern. This confirms that the
microfilling mechanism is active from the early age. MD10 was chosen as the reference matrix
because it achieved the highest values for both CSzs and MoRas. It also reduced material costs and
had a low carbon content within the tested ratios.



Table 7. Stage I mechanical results

3.2 Density

PP fibers showed a gradual decrease in density with increasing dosage (figure 3). The density
decreased from 2440.13 kg/m?* at 0.25% to 2431.33 kg/m? at 1.00%. This corresponds to the

Marble Dust Replacement Level (%)

. MD 3 CS7a CSa284 MoR74 MoR:2s4 @
Mix ID (%) p2s (kg/m>) (MPa) (MPa) (MPa) (MPa) ACSz2s (%)
CTRL 0 2431.33 31.10 45.13 4.40 5.76 —
MDS5 5 2431.26 32.62 47.18 4.58 5.90 +4.5%
MDS 8 2437.50 33.88 48.67 4.65 5.98 +7.8%
MD10 10 2445.69 35.47 49.64 4.96 6.18 +10.0%
MD12 12 2436.90 33.54 45.92 4.50 5.56 +1.7%
MD14 14 2425.27 31.95 43.23 4.32 5.24 —4.2%
54 6.6
Bl CSzg (left axis)
E 52 A Bl MoRys (right axis)| [ 6.4 ®
=
g Reference mix 6.2 =
= 50 A (optimum) =]
(75) N
O 48 - WA
£ =
i) 58 %
5 46 - &
= -5.6 8
)
[ 44 T é
2 W
¢ 42 - .
& 52 5
) E
s 401 -5.0 3
e =
38 - 4.8
0 5 8 10 12 14

Figure 2. Effect of marble dust replacement level on CS2s and MoR2g

decreasing density of the PP particles (910 kg/m?) as they are replaced by denser materials.

rPET fibers showed a similar downward trend, despite having a higher density (1380 kg/m?) than
PP. The largest decrease in density was recorded at 1.50% for rPET fibers, at 2429.09 kg/m*. SF
fibers reversed this trend. The density increased steadily from 2486.77 kg/m? at 0.50% to 2554.92

kg/m? at 1.75%.
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Figure 3. Density vs. fiber volume fraction

3.3 Compressive Strength

Table 8 is summarizing the mechanical properties of the tested samples. As figure 4 shows, In PP
mixtures, the CSz increased from 49.64 MPa (MD10-Ref) to a peak of 53.68 MPa at 0.50%
(+8.1%). After that it decreased to 50.98 MPa at 1.00% (+2.7%). However, in rPET series, the
CS2s increased to 51.93 MPa at 0.50% (+4.6%). This trend is similar to PP but with a lower value.
It then declined to 45.44 MPa at 1.00% (-8.5%), and then to 42.99 MPa at 1.50% (-13.4%). At
1.50%, CSas was 4.7% lower than the plain control sample (45.13 MPa).

The SF series produced the largest and most consistent gains. CSzs increased from 55.10 MPa at
0.50% (+11.0%) to a maximum of 58.74 MPa at 1.25% (+18.3%). It then declined to 55.26 MPa
at 1.75% (+11.3%). A positive gain of at least 11% was sustained across the full dosage range.
The 7-day compressive strength of SF mixtures (43.94 to 47.03 MPa) exceeded both polymer fiber
series at all dosages. This indicates that the confinement contribution of steel fibers is active before
7 days. Figure 6 shows the failure of some tested samples.

(a) PP Fibers (b) rPET Fibers (c) SF Fibers
55.0 52.5 60 ;
E . - O~ CS;
_ 525 i 50.0 1 i
© | i
S 500 { 47.5 |
e |
= i . | .
£ 475 : s 45.0
£ 45.0 1 | 8= CSy 42.5 1
n | e MD10-Ref CS;,
2 425- i 40.0
2 i
£ 400 i 375 -
|
§ 37.5- S s ol 3504
gpgl@=—" | § | | lgapl | | | O] 8 i S s
00 02 04 06 08 1.0 0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.0 0.5 1.0 15 1.8
Ve (%) Ve (%) Ve (%)

Figure 4. CS7 and CSys vs. fiber volume fraction for PP, rPET, and SF
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3.4 Modulus of Rupture

All three fiber types improved MoR2s relative to the reference at every dosage tested (Figure 5).
PP fibers peaked at 7.58 MPa at 0.50% (+22.7%). This flexural gain was nearly three times the
concurrent compressive gain (+8.1%) at the same dosage. rPET fibers reached 7.78 MPa at 1.00%
(+25.9%). This was the highest modulus of rupture among the two polymer fiber types. It occurred
at the dosage where compressive strength had already fallen 8.5% below the reference. SF fibers
reached a maximum of 9.66 MPa at 1.25% (+56.3%). This flexural gain was more than three times
the corresponding compressive gain (+18.3%). Fiber reinforcement improved flexural response

across all mixtures, regardless of compressive performance.

8.0 8.0
-0~ MoR,
e~ 754 7.5 |0 MoR,
S I (N A B ey | N S MD10-Ref MoR,
e 7.0 7.0 1
£
2
265 65-
&
% | @ <
° 6.0 g 6.0 <
g PC N i -@ s
o 4 g
E 551 ~@ MoR, 551 -0 @ MoR,
.’ @~ MoR,, o ~@- MoR,
50{g--=""" |w MDI10-Ref MoRyy | 5.0 g~ T 7~ (R S MDI10-Ref MoR,
00 02 04 06 0'.8 1:0 0.00 025 050 0.75 1.00 l.l25 1.50 0.0 0.5 1.0 15
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Figure 5. MoR7 and MoRog vs. fiber volume fraction for PP, rPET, and SF
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Figure 6. Flexural failure of (a) SF and (b) PP specimens

3.5 Compressive-Flexural Trajectory

The relationship between compressive and flexural strength is shown in Figure 7. Three distinct
patterns were observed.

In the SF series, both features increased together. The trajectory moved north-east up to a volume
ratio of 1.25%. Subsequently, both features decreased to 1.50% and 1.75%. Clustering is the likely
cause of this decline.

The PP series followed a similar northeast arc. Both properties peaked at 0.50% and declined at
1.00%. The clustering threshold for PP is lower than for steel. This explains the earlier reversal.
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The rPET series showed a different behavior. From the reference to rPET050, both properties
moved northeast together. At rPET100 and rPET150, the trajectory turned northwest. Compressive
strength fell below the reference. Flexural strength continued to rise. This reversal was specific to
rPET and was not seen with PP or SF.

The trajectory plot reveals more than individual bar charts. It shows the direction of mechanical
change and the dosage window of additivity. Steel fibers offer the widest window of simultaneous
enhancement, up to 1.25%. PP offers a narrower window, up to 0.50%. rPET offers a trade-off at
higher dosages, where flexural gain is obtained at the cost of compressive strength.

SF17597

MoR,3 (MPa)
=
=)

&
7.5 -
PP100
rPET150
7.0 -
6.5
@ MD10-Ref
44 46 48 50 52 54 56 58
Cst (MPa)

Figure 7. CSzs to MoRus trajectory by fiber type

3.6 Brittleness Index and Flexural Efficiency Ratio

As Figure 8 illustrates, all fiber types reduced BI relative to the MD10-Ref value of 8.032 is
required to distinguish. Within the PP series, BI fell to a minimum of 7.082 at 0.50% (—11.8%), a
numerator-driven reduction in which the relative MoR2g gain (+22.7%) substantially outpaced the
relative CSzg gain (+8.1%) at the same dosage. The rPET series achieved the largest BI reduction
recorded, 5.841 at 1.00% (—27.3%). This rPET minimum is a denominator-driven reduction, CSazg
declined faster in relative terms than MoR2g rose, and the corresponding FER of 0.171 is the
highest recorded across all fiber-reinforced mixtures, confirming the disproportionate flexural
dominance that underlies the rPET brittleness result.

The SF series achieved a minimum of Bl = 6.049 at 1.00% (—24.7%) before rising marginally to
BI = 6.081 at 1.25% (—24.3%), the dosage that otherwise delivers the series' peak absolute CSog
and MoRog values. The near-identical BI values at SF100 and SF125 (6.049 against 6.081, a
difference of only 0.53%) despite a considerably larger difference in absolute MoR2g between the
two dosages (9.58 against 9.66 MPa) illustrates that BI, as a ratio, can remain nearly stationary
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even while absolute performance continues to improve, reinforcing the case for reporting BI
alongside, rather than instead of, the raw strength values from which it derives.
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Figure 8. Brittleness index for fiber reinforced mixtures

3.7 Specific Strength and Specific Flexure

Density normalization is necessary for fair cross-fiber comparison. SF increases density, while PP
and rPET reduce it. Part of SF's absolute strength advantage is therefore due to additional mass,
not efficiency.

In compression, specific strength peaked at SF125 (23.146 x 10> MPa-m?/kg). The 18.3% CSzs
gain at this dosage exceeded the 3.8% density increase by a factor of nearly five. The SF125
compressive advantage therefore remained intact after normalization. PP050 achieved the second-
highest specific strength (22.033 x 107%) with a density change of only —0.23%. On a weight-
normalized basis, PP050 was the most efficient compressive option among the twelve mixtures.
rPET100 specific strength (18.651 x 107%) fell below the MD10-Ref value (20.297 x 107). This
confirms that its compressive penalty is real and not a density artifact. Weight normalization does
not recover the loss. fPET100 is therefore unsuitable when specific compressive performance
governs the design.

In the flexural dimension, specific flexure revealed a result not apparent from absolute MoR2s
values. rfPET100 (3.193 x 10 MPa-m?/kg) exceeded PP050 (3.111 % 107?) in specific flexure.
Their absolute MoR2s values were similar (7.78 vs. 7.58 MPa). Their densities were also near-
identical (2436.29 vs. 2436.31 kg/m?). The small MoR advantage of rPET100 was therefore
preserved after density normalization.

For applications governed by flexural performance per unit self-weight, rPET100 is the most
weight-efficient polymer fiber solution identified in this study. This applies to thin precast slabs,
lightweight panels, and composite shells.
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SF dominated specific flexure at all dosages, with values from 3.265 to 3.806 x 1073. SFI125
recorded the maximum (3.806 x 107%). Even after accounting for the self-weight penalty of steel,
its flexural advantage over both polymer types remained substantial.

3.8 Early-Age Strength Prediction

The early-age prediction model is explained in Eq. 9 (Figure 9). A single set of regression
coefficients applies across all three fiber types:

CS,s = 19.585 + 0.826 x CS, (R* = 0.853) (9)

The R? value of 0.853 means that CS- alone explains 85.3% of CSas. This is true even though the
three fiber types have different CS- values. Fiber type does not change the maturity pathway. It
only changes the final strength.

A slope coefficient of 0.826 indicates a relatively faster maturation in the SF series. For SF
mixtures, CS; represents 85-90% of CSzs. For MD10-Ref and PP mixtures, CS; represents
approximately 71% of CSzs. This difference reflects the early-age confinement contribution of
steel fibers.

60
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58 4| @ PP series
B rPET series
56 A A SF series
Regression: CSyg = 19.58 + 0.826xCS;
- R2=0.853
54

T T i) T T T T L T

32 34 36 38 40 42 14 46 48
CS7; (MPa)

Figure 9. Empirical correlation between CS7 and CSzs

3.9 Material Cost and Embodied Carbon

The full economic and environmental assessment is summarized in Table 9. Figure 10 shows that
the MD10-Ref baseline cost 74.79 USD/m? and carried 348.55 kg CO2e/m>, reductions of 6.5%
and 9.4% respectively relative to the plain OPC control (80.00 USD/m?; 384.87 kg CO2e/m?),
confirming that the 10% marble dust substitution alone delivers a measurable economic and
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environmental benefit before any fiber is introduced. OPC accounted for 94.4% of MD10-Ref
embodied carbon (328.90 of 348.55 kg COze/m3), against a marble dust contribution of only 0.22
kg COze/m3 despite its 44.03 kg/m® mass share of the binder, reflecting the roughly 166-fold
difference between the OPC and marble dust emission factors (0.830 against 0.005 kg CO»e/kg).

Among the fiber series, rPET produced by far the smallest cost and carbon increments at every
dosage tested, 0.35 USD/m® and 3.10 kg COze/m> at 0.50%, rising only to 1.68 USD/m? and 7.66
kg COze/m?® at 1.00%, keeping the entire three-dosage rPET series below both the cost and the
embodied carbon of the plain OPC control. PP050 added a moderate 8.19 USD/m® and 7.19 kg
COze/m?, remaining affordable relative to its mechanical gain. SF produced by far the largest
increments of any fiber type, rising from 47.10 USD/m? and 96.55 kg CO2e/m* at 0.50% to 118.42
USD/m?® (+158% relative to MD10-Ref) and 242.36 kg CO2e/m3 (+69.5%) at 1.25%, where steel
fiber alone accounted for 69.3% of total mixture embodied carbon, displacing OPC as the
dominant emissions source at that dosage, a reversal not observed at any dosage of either polymer
fiber type.
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Figure 10. Material cost and embodied carbon by mixture

3.10 Cost and Environmental Efficiency

The cost and carbon increments were normalized by the BI reduction achieved by each mixture
(Figure 11). This reframes the mechanical results from Sections 3.3 to 3.6 in terms of economic
and environmental cost per unit of brittleness improvement.

rPET100 recorded the minimum values for both indices: CEI = 0.77 USD/m? per BI unit and EEI
= 3.50 kg COze/m? per BI unit. This means each unit reduction in BI corresponds to 0.77 USD/m?
of additional material cost and 3.50 kg COze/m? of additional embodied carbon. rPET050 was the
second most efficient mixture, with CEI = 0.98 and EEI = 8.86. It remained an order of magnitude
more cost-efficient than any SF dosage.

PP050 recorded CEI = 8.62 and EEI = 7.57. It was approximately eleven-fold less cost-efficient
than rPET100, despite comparable carbon efficiency. This divergence reflects PP's higher unit
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price (1.80 USD/kg) relative to its emission factor (1.58 kg CO2e/kg), compared to rPET's near-
zero values (0.05 USD/kg; 0.45 kg CO2e/kg).

The SF series recorded the highest CEI and EEI values at all dosages. Values ranged from CEI =
37.78 and EEI = 77.45 at 0.50% to CEI = 85.37 and EEI = 174.62 at 1.75%. The latter represents
a 79-fold higher cost and 36-fold higher carbon intensity than rPET100 per unit of BI reduction.

A higher CEI or EEI at a given SF dosage does not indicate an inferior system in absolute terms.
SF125 still delivers the largest numerator-driven BI reduction through simultaneous dual
enhancement and the highest absolute MoR2s recorded.
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Figure 11. Cost efficiency index and environmental efficiency index by mixture

3.11 Multi-Criterion Comparison

A radar comparison was carried out for the three optimal mixtures. PP at 0.50%, rPET at 1.00%,
and SF at 1.25% were compared against the MD10-Ref baseline. The results are presented in
Figure 12. The baseline was set to 1.0 on all six axes. The axes were CSzs, MoRas, ductility (1/BI),
specific flexure, FER, and specific strength.

The largest total closed area was observed for SF125. The CS2s and MoR2s vertices extended
significantly. Gains of 18.3% and 56.3% were recorded, respectively. Specific flexure was
maximized. The FER vertex extended only slightly beyond the reference.

A well-proportioned, quasi-symmetric profile was shown by PP050. Each vertex extended beyond
the baseline. No deficiency was observed on any axis. This reflects the selective nature of PP
reinforcement. MoR2s was raised disproportionately. CSzs was raised slightly. Density remained
essentially unchanged.

The most asymmetric profile was exhibited by rPET100. The highest ductility (1/BI) and FER
vertex were recorded for this mixture. However, the CSzs vertex was clearly compressed within
the reference hexagon. The specific strength vertex also fell below the baseline.
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Figure 12. Multi-criterion radar comparison of optimal mixtures

Table 8. Mechanical properties results

Sp.

Mix |Fiber| 06| o Uit | vpey| (vB) | (5% | (VP | vPay | )| P |FER [(riod 10
Il\fe]?lo_ - 0 |2445.69| 35.47 | 49.64 - 4.96 6.18 - 8.03210.124(20.297 | 2.527
PP025 PP [0.25(2440.13| 35.72 | 50.89 | +2.5% | 5.16 6.54 +5.8% |7.781(0.129]|20.855| 2.680
PP050 PP |0.50({2436.31| 37.53 | 53.68 | +8.1% | 5.90 7.58 | +22.7% |7.08210.141]122.033 | 3.111
PP100 PP [1.00(2431.33| 36.89 | 50.98 | +2.7% | 5.78 7.14 | +15.5% [7.140{0.140|20.968 | 2.937
rPETO050 | rPET |0.50({2441.03| 36.89 | 51.93 | +4.6% | 5.52 6.76 +9.4% |7.68210.130(21.274| 2.769
rPET100 | rPET |1.00({2436.29| 34.04 | 45.44 | —8.5% | 6.30 7.78 | +25.9% [5.841({0.171|18.651| 3.193
rPET150 | rPET |1.50({2429.09| 32.78 | 42.99 [—13.4%| 5.98 7.20 | +16.5% |5.971(0.167|17.698 | 2.964
SF050 SF 10.50(2486.77| 43.94 | 55.10 [+11.0%| 6.18 8.12 | +31.4% |6.786(0.147|22.157 | 3.265
SF075 SF [0.75|2507.51| 45.28 | 56.37 |+13.6%| 6.95 8.98 | +45.3% [6.277(0.159]22.480 | 3.581
SF100 SF 11.00(2524.34| 45.92 | 5795 [+16.7%| 7.44 9.58 | +55.0% [6.049|0.165]|22.956 | 3.795
SF125 SF [1.25|2537.85| 47.03 | 58.74 |+18.3%| 7.35 9.66 | +56.3% |6.081]0.165]|23.146| 3.806
SF150 SF 11.50(2545.01| 46.23 | 57.16 |+15.1%| 7.10 9.24 | +49.5% [6.186]0.162|22.460 | 3.631
SF175 SF [1.75|2554.92| 44.97 | 55.26 |+11.3%| 7.04 9.08 | +46.9% |6.086|0.164|21.629 | 3.554
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Table 9. Economic and environmental assessment

CEI EEI (kg
Mix (Ugl‘)’fltn3) (fg(/);;) BI (UAsg)/s;ﬁ) (ig/ong (Uslzl-:;)-S/BI COZ::;:;:;/BI
Moo 74.79 348.55 | 8.032 — — — —
PP025 78.90 35215 | 7781 |  +4.10 3.60 16.35 14.35
PPO50 82.98 35574 | 7.082|  +8.19 +7.19 8.62 7.57
PP100 91.83 36389 |7.140 | +17.04 | +1535 19.10 17.20
PET050 | 75.14 35165 |7.682| +035 3.10 0.98 8.86
PET100 |  76.47 35621 | 5841 +1.68 +7.66 0.77 3.50
PET150 | 77.81 36077 | 5971  +3.02 11222 1.46 5.93
SF050 12189 | 44510 |6.786| +47.10 | +96.55 37.78 77.45
SF075 14578 | 49388 |6277| +7099 | +145.33 40.45 82.80
SF100 169.65 | 54262 |6.049| +9486 | +194.07 47.83 97.86
SF125 19321 | 59091 |6.081| +11842 | +242.36 60.68 124.19
SF150 217.08 | 639.66 |6.186| +14229 | +291.11 77.07 157.68
SF175 24097 | 68844 |6.086| +166.18 | +339.89 85.37 174.62

4. Discussion

4.1 Marble Dust Optimum

The optimum of Stage I was found at 10% MD. A 10.0% increase in CS2s and a 7.3% increase in
MoR2s was recorded. These values are within the range reported in the marble powder literature.
Aliabdo et al. [6] reported a 9.4% increase in CSzs at 10% MD in cement mortar cured under
standard conditions. This value closely matches the compressive increase observed in the present
study. Corinaldesi et al. [10] reported a 7.6% CSas gain at 10 to 12% MD replacement in concrete
at constant w/b. Sathe et al. [7] identified a lower optimum, 5% MD, with a considerably larger
gain of 17%, in a higher w/c system (0.45); the higher water content in that system likely amplifies
the relative contribution of micro-filler densification to the pore structure, shifting the optimum
toward a lower replacement level before dilution effects dominate. Agrawal et al. [8] found the
compressive optimum shifts to 7.5% under water curing specifically, with a 9.5% gain, indicating
that curing regime modulates the optimum replacement level in addition to w/b.

The mechanistic framework proposed by Vardhan et al. [5], interfacial transition zone (ITZ)
densification through CaCOj3 nucleation of C-S-H combined with physical void filling by sub-53-
micrometre MD particles, explains both the existence of an optimum and its approximate location.
Below the optimum, the available MD surface area is insufficient to fully densify the ITZ, so the
densification benefit is under-realized. Above the optimum, the same mechanism runs in reverse.
Clinker dilution reduces the C3S and C,S available for long-term calcium silicate hydrate
formation, and while CaCOs can react with aluminate phases to form carboaluminate hydrates,
this reaction does not compensate volumetrically for the lost C-S-H gel [6], [36]. The results show
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this reversal is asymmetric. A modest 1.7% CSzs gain remains at 12% MD, whereas the system
falls 4.2% below the plain control at 14%, This decline is steeper decline than the near-linear loss
reported by Topcu et al. [36] in self-compacting MD concrete, suggesting that the w/b = 0.364
matrix used here reaches the dilution-dominated regime more abruptly than higher-w/b systems.

4.2 Polypropylene Fiber Behavior

The PP compressive response was inverted-parabolic. It peaked at 0.50% (+8.1%) and retreated at
1.00% (+2.7%). The flexural gain at 0.50% was +22.7%. These results agree with the findings of
Yin et al. [11]. Flexural gains of 15-35% were reported at 0.5-1.0% PP. The flexural gain here
was at the lower end of that range. This is attributed to the MD10 matrix, which was already
densified.

PP acts through crack arrest at the micro-crack stage [37]. At low dosage, both CS2s and MoRos
are raised. The flexural gain exceeds the compressive gain. This reflects the mode-selectivity of
fiber bridging. Bending isolates a single crack. Compression involves distributed cracking. Fibers
are therefore more efficient in bending [3].

The maturity ratio (CS2s/CS-) was unchanged by PP addition. Values ranged from 1.42 to 1.43,
similar to the MD10-Ref value of 1.40. PP is chemically inert and does not alter hydration kinetics.

The decline at 1.00% is due to fiber balling. The clustering threshold for polyolefin fibers is 0.50—
0.75% [35]. Above this, fiber clusters form weak zones and crack initiation sites. Performance
therefore declines.

4.3 Recycled PET Fiber Behavior

The most significant finding in the rPET series was the compressive-flexural divergence. At 1.00%
volume fraction, CSzs fell by 8.5% while MoR2s rose by 25.9%. This divergence is larger than in
most prior studies.

In compression, load transfer depends on adhesion between the fiber and the matrix. The PET
surface is smooth and hydrophobic. A weak bond is formed with the cement paste [40]. Voids and
poor wetting were observed at the interface by Behzadian and Shahrajabian [40]. This explains the
compressive strength loss.

In bending, the mechanism is different. Crack propagation across a single plane is governed by
fiber count and geometry, not bond quality. The rPET aspect ratio (L/d = 60) is higher than PP
(56) and SF (50). At the same volume fraction, more rPET fibers cross the crack plane. Each fiber
provides frictional pull-out resistance. The combined effect is a substantial bridging force, even
without strong adhesion [39], [41].

The BI at rPET100 was 5.841. This was lower than any SF dosage. Brittleness mitigation is
therefore not proportional to absolute mechanical performance. This finding agrees with Borg et
[12], who reported a flexural toughness advantage for rPET. The present results extend their work
by quantifying the trade-off through the FER decomposition.
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4.4 Steel Fiber Behavior

The SF series was the only fiber type that raised both CS2s and MoR2s simultaneously. This dual
enhancement was sustained up to 1.25% volume fraction. This finding is consistent with Yazici et
al. [14], who reported the same pattern up to 1.0%. The present results extend the peak to 1.25%.

Under compression, the mechanism is passive confinement. The steel fiber network intercepts
splitting cracks. This is analogous to hoop reinforcement [42]. The confinement increases both
compressive strength and ductility.

Under bending, the hooked ends provide anchorage. As the crack widens, the anchorage engages
and sustains load transfer. This effect is stronger than smooth fiber pull-out [43].

The decline beyond 1.25% is due to fiber clustering. Fiber-fiber contact increases non-linearly at
high volume fractions. Agglomerations displace paste and form weak planes [15], [44]. The
superplasticizer dosage was adjusted from 0.80% to 1.00% to maintain workability. This only
partially offset the clustering at the highest dosages.

4.5 Economic Trade-offs

The MD10-Ref basic model is 6.5% cheaper than plain OPC control. This saving is achieved
before any fiber is added. This is because marble powder has almost zero cost (0.002 USD/kg),
replacing a proportional amount of OPC (0.1203 USD/kg). Among fiber types, rPET fiber achieves
the lowest cost increase per dosage. PP is in the mid-range, while steel (SF) fiber is in the highest.
This ranking is based on unit price and mass dosage. rPET costs US$0.05/kg, while SF costs
US$1.20/kg; this represents a 24-fold difference. Mass dosage is directly proportional to fiber
density, and therefore has the highest density for steel (7810 kg/m?). When normalized by BI
reduction, rPET100 is the most cost-efficient brittleness mitigator. It achieves a CEI of 0.77
USD/m? per BI unit. This is because it represents a larger reduction in BI (2,191 units from 8,032
to 5,841) and a smaller increase in cost (USD 1.68/m?) compared to any SF dosage.

4.6 Environmental Trade-offs

Embodied carbon results reflected cost findings. MD10-Ref had 9.4% less embodied carbon than
plain concrete. This is because MD's emission factor (0.005 kg COze/kg) is lower compared to
OPC (0.830 kg CO2¢e/kg).

The embodied carbon of rPET at 1.00% remained lower than that of plain concrete. However, in
SF at 1.25% exceeded the reference level by 70%. Steel fibers alone contributed 69% of total
emissions at this dosage. This is due to the high mass and carbon density of the fibers. SF has 2.46
kg COz¢e/kg. rPET has 0.45 kg CO-e/kg. This is a 5.5-fold difference.

For every reduction in the BI, rPET was 36 times more carbon-efficient than SF. This is consistent
with published studies. Habert et al.[32] showed that steel fiber contributes disproportionately to
carbon emissions.
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4.7 Structural Selection Guidance

The results point to a fiber-selection framework. The framework is organized by the governing
structural criterion. It complements, not replaces, code-based design (ACI 318-19 [47], fib Model
Code [48]).

For compression-governed members (columns, shear walls, pile caps), SF at 1.25% is preferred.
It gives the highest CS2s with favorable CEI and EEI. PP at 0.50% is a secondary option if steel is
unavailable. rPET above 0.50% is unsuitable if compressive class requirements are binding. CSzs
falls below MD10-Ref from rPET100 onward.

For flexure-governed members (slabs, pavements, precast elements), the choice depends on the
criterion.

Where absolute MoR governs (AASHTO [50]), SF at 1.00-1.25% is preferred. SF100 (9.58 MPa)
and SF125 (9.66 MPa) are close substitutes.

Where the fib Model Code residual strength ratio are controlled [48], rPET at 1.00% is preferred.
This requires compressive demand below 45.44 MPa.

Where self-weight is binding (seismic ASCE 7-22 [51]), PP at 0.50% or rPET at 1.00% are
preferred. Both add negligible density.

In constructions where cost and carbon emissions are controlled, MD10 with rPET at 1.00% is the
best option.

5. Conclusions

In this study, the potential for reducing brittleness using PP, recycled PET, and hooked-end steel
fibers in a marble dust-modified concrete matrix was evaluated. Mechanical tests were combined
with cost and carbon efficiency assessments. The main key findings are summarized as follows:

* For 10% MD was used, the CSzs and MoR2: values increased by 10.0% and 7.3%,
respectively. Whereas, the material costs and carbon emissions decreased by 6.5% and 9.4%,
respectively, when compared to plain concrete.

* Polypropylene fiber with a 0.50% volume fraction provided an 11.8% reduction in brittleness,
without changing hydration kinetics at all dosages tested.

* The use of 1.00% by volume of recycled PET fibers resulted in the greatest reduction in
brittleness (27.3%), thanks to a denominator-dependent approach that combines the
disadvantage of compression with a large gain in flexural strength.

« Steel fibers with a volumetric ratio of 1.25% produced the highest absolute compressive and
flexural strengths (18.3% and 56.3% respectively) through true double reinforcement, with
performance decreasing after this dose due to fiber agglomeration.

» The cost efficiency index and environmental efficiency index identify recycled PET fiber as
the dominant strategy where efficiency, rather than absolute performance, governs fiber
selection, at 79-fold lower cost and 36-fold lower carbon intensity than the optimal steel-fiber
dosage per unit of brittleness reduction.
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* An early-age prediction model (CSzs = 19.585 + 0.826 x CS7, R? = 0.853) applies across all
three fiber types within the MD10 matrix.

Future work should priorities splitting tensile testing to extend the brittleness assessment to direct
tension, microstructural analysis of the rPET-paste interface to confirm the proposed bonding
mechanism, surface treatment of rPET to recover compressive performance, durability testing of
the optimal mixtures under chloride and sulphate exposure, and evaluation of hybrid rPET-SF
systems at sub-optimal individual dosages.
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