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ABSTRACT 
The construction sector faces a dual imperative: managing the escalating volume of construction and demolition 
(C&D) waste while simultaneously reducing reliance on quarried natural aggregates, both of which carry 
significant environmental costs. Recycled aggregate concrete (RAC) addresses this dual challenge by substituting 
demolished concrete debris for natural coarse aggregate; however, RAC is characterized by reduced compressive 
strength, elevated porosity, and inferior interfacial transition zone (ITZ) quality relative to natural aggregate 
concrete (NAC), limiting its deployment in structural applications. This investigation presents a systematic 
experimental programme in which M30-grade RAC employing 100% recycled coarse aggregate (RCA) 
replacement was reinforced with hybrid combinations of steel fibers (SF, 6 mm hooked-end) and glass fibers (GF, 
3 mm alkali-resistant) at total volume fractions of 0+0% (M1 NAC control), 0.5%+0.5% (M2), 1.0%+1.0% (M3), 
and 1.5%+2.0% (M4). Compressive strength (3, 7, 14, 28 days), split tensile strength, flexural strength, and water 
absorption were evaluated by IS standards. Relative to the NAC control (M1: CS = 38.43 MPa), the 100% RCA 
M2 baseline exhibited a 21.7% reduction in compressive strength; however, hybrid fiber additions progressively 
recovered performance, with M4 achieving 35.40 MPa (−7.9% vs NAC control but +17.6% vs unfiber-reinforced 
RAC baseline). More significantly, split tensile and flexural strength showed increases of 55.7% and 50.6% above 
NAC control for M4, respectively, confirming that fiber bridging is disproportionately beneficial for tensile-
dominated failure modes. The mechanistic basis for these improvements lies in steel fiber crack-bridging arresting 
macrocrack propagation and glass fiber microcrack suppression refining the ITZ. To extend predictive capability, 
a multi-output artificial neural network (ANN) with a 6-12-8-12-5 architecture was developed and trained on an 
N = 190 experimental datasets compiled from this study and published literature. The ANN achieved R² values 
of 0.987, 0.983, and 0.979 for compressive, split tensile, and flexural strength, outperforming XGBoost, Random 
Forest, and SVR. SHAP analysis identified RCA replacement percentage, steel fiber content, and glass fiber 
content as the three dominant predictors, quantitatively confirming the physical mechanisms observed 
experimentally. 
Keywords: Recycled Aggregate Concrete; Steel Fiber; Glass Fiber; Hybrid Fiber Reinforcement; Interfacial 
Transition Zone; Compressive Strength; Toughness; Flexural Strength; Artificial Neural Network; Shap; 
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1. INTRODUCTION Concrete is the most produced manufactured 

material on Earth, with annual output exceeding 30 
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billion tonnes per annum driven by an urbanising 
global population [1]. This extraordinary scale of 
production imposes two parallel environmental 
burdens: the Portland cement manufacturing process 
alone contributes approximately 7–8% of global 
CO₂ emissions, and the quarrying of natural 
aggregates   which constitute 70–80% of concrete by 
volume   degrades river systems, hills, and 
ecologically sensitive land at an irreversible pace 
[2]. Simultaneously, global construction and 
demolition (C&D) waste generation is estimated at 
3.5–4.0 billion tonnes per annum, the majority of 
which is landfilled rather than valorised as a 
resource [3]. 
Recycled aggregate concrete (RAC) in which 
natural coarse aggregate is partially or fully 
substituted by crushed demolition concrete   offers a 
technically credible and environmentally 
compelling pathway to close this resource loop. At 
100% RCA replacement, RAC can divert millions of 
tonnes of demolition waste annually from landfills 
while substantially reducing the extraction of 
primary aggregate resources. However, the technical 
case for structural-grade RAC is complicated by the 
characteristically inferior properties of RCA relative 
to natural aggregate: the residual adhered cement 
mortar encrusting RCA particles introduces elevated 
porosity, higher water absorption (typically 4–8% vs 
<2% for natural aggregate), lower specific gravity, 
and a double interfacial transition zone (ITZ)   
between new paste and old mortar, and between old 
mortar and original aggregate surface   each 
representing a preferential locus for crack initiation 
and propagation [4,5]. 
Fiber reinforcement offers a mechanistically sound 
approach to compensate for these RAC deficiencies. 
Steel fibers (SF) act primarily at the macrocrack 
scale: randomly distributed through the concrete 
matrix, hooked-end or crimped steel fibers bridge 
developing cracks, transferring tensile load across 
the crack faces and requiring energy for fiber pull-
out, thereby enhancing toughness, ductility, and 
post-crack load-bearing capacity [6,7]. Glass fibers 
(GF) operate at a finer scale: their high tensile 
strength (1020–4080 N/mm²) and small diameter 
(10–14 µm) enable suppression of microcrack 
formation and propagation in the cement paste and 
ITZ, reducing shrinkage cracking, improving 
impermeability, and enhancing long-term durability 
[8,9]. 
The hybrid deployment of both fiber types   
exploiting the complementary scale of action of 

macro steel fibers and micro glass fibers   is expected 
to produce synergistic improvements in both 
strength and durability of RAC that neither fiber 
type achieves individually. While individual fiber 
studies and some hybrid studies on conventional 
concrete are well established [10–16], the systematic 
quantification of hybrid SF+GF effects in fully 
recycled aggregate concrete (100% RCA), with 
concurrent evaluation of compressive, tensile, 
flexural, and durability properties, remains 
incompletely documented in published literature. 
Furthermore, machine-learning-based simultaneous 
prediction of all these properties in hybrid fiber 
RAC   with physically interpretable feature 
importance analysis   has not been previously 
reported. 
Early investigations into the use of alumina silicate 
in self-consolidating concrete indicated that such 
additions can improve the strength of the concrete 
during both the setting and hardening phases [1]. 
Additional investigations into the use of such 
materials in self-flowing concrete in the presence of 
elevated temperatures indicated that such additives 
can lead to improvements in the remaining strength 
of that concrete after exposure to those temperatures 
[2]. Research into 3D printing techniques indicated 
that it is possible to print concrete elements, but that 
some of the properties of the concrete are often 
reduced in such construction techniques [3]. The 
inclusion of polypropylene geo-fabric into concrete 
has been shown to lead to improvements in crack 
control and crack resistance of that concrete [4]. 
The use of both steel fibers and polypropylene geo-
fabric in concrete has been shown to lead to 
improvements in the strength of that concrete, as 
well as to the crack resistance of that concrete [5]. 
Investigations into pervious concrete revealed 
methods of creating pervious concrete that exhibited 
improved strength [6]. The addition of steel scrap to 
concrete has been shown to improve the strength of 
that concrete [7]. Additionally, research into the 
replacement of fine aggregate with rice husk ash 
indicates that such a replacement is one means of 
developing sustainable construction materials [8]. 
Further investigations into the use of waste steel 
within concrete indicated that the use of steel scrap 
to strengthen concrete can lead to improvements in 
the strength and toughness of those construction 
materials [9]. Investigations into the addition of 
nano-fillers to concrete indicate that concrete with 
nano-fillers exhibit improvements in their reliability 
and strength [10]. Additionally, studies of 
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geopolymer concrete that are reinforced with both 
steel and polypropylene fibers indicate that these 
materials can improve the ductility of those 
geopolymer concrete [11]. The development of 
affordable 3-axis concrete printers was found to be 
useful in the construction of sustainable housing 
systems [12]. 
In the construction of concrete that utilize recycled 
aggregates, the addition of polyacrylate-based super 
absorbent polymers indicated improvements in 
strength of that concrete [13]. Additionally, 
investigations into the use of bio-mediated methods 
for the remediation of cracked concrete indicate that 
such methods can be effective in increasing the 
durability of those construction materials [14]. 
Studies of the use of waste foundry sand within 
concrete indicated that such sand could lead to 
improvements in the strength, durability, and other 
physical properties of concrete [15]. Additionally, 
investigations into the development of self-curing 
concrete that utilizes polyethylene glycol and 
recycled PET indicated that such concrete have the 
potential to reduce the scarcity of water for 
construction purposes [16]. 
These investigations into  concrete indicate the use 
of supplementary cementitious materials [1], 
thermally-resistant modified  concrete [2], digital 
construction technologies [3], crack-control 
materials like polypropylene geo-fabric [4], 
methods that incorporate both steel and 
polypropylene fiber to provide additional strength 
and crack control to  concrete [5], pervious  concrete 
[6],  concrete that incorporate recycled metallic 
waste [7], construction materials that utilize 
agricultural by-products [8], methods of utilizing 
waste steel to enhance the strength and toughness of  
concrete [9], nano-scale additives to improve the 
strength of  concrete [10], geopolymer  concrete that 
utilize both steel and polypropylene fibers [11], 3D 
printing methods to construct sustainable housing 
[12], internal curing techniques to improve the 
strength of  concrete that utilize recycled aggregates 
[13], bio-based methods to remediate  concrete [14], 
methods of utilizing waste foundry sand in  concrete 
[15], and self-curing  concrete comprised of 
sustainable composite materials [16]. Thus, each of 
these methods and technologies redefines concrete 
as construction materials that are both strong and 
sustainable. 
This paper addresses these gaps through four 
objectives: (i) experimental characterisation of 
M30-grade 100% RCA concrete at four hybrid 

SF+GF dosage levels; (ii) mechanistic interpretation 
of all property changes through fiber bridging 
theory, crack-arrest mechanics, and ITZ physics; 
(iii) development and validation of a multi-output 
ANN for simultaneous prediction of five concrete 
properties; and (iv) SHAP-based feature importance 
quantification linking ML model predictions to 
physical mechanisms. 
2. STATE OF THE ART 
2.1 Steel Fiber in Recycled Aggregate Concrete 
Chen [6] conducted a comprehensive experimental 
programme on fully recycled aggregate concrete 
(FRAC) reinforced with steel fibers at 0.5%, 1.0%, 
and 1.5% volume fractions combined with 
polypropylene fibers. The study reported maximum 
improvements of 56.9% in compressive strength, 
113.3% in split tensile strength, and 217.0% in 
flexural strength relative to unreinforced FRAC, 
with steel fibers outperforming polypropylene fibers 
in crack resistance and tensile toughness. Pereiro-
Barceló [7] investigated hooked-end steel fibers in 
RAC at 50% and 100% RCA replacement levels and 
reported that steel fibers significantly increased peak 
strain and elastic modulus, with the ITZ quality 
measurably improved through fiber bridging that 
reduced brittleness and retarded crack propagation. 
The early foundational work of Vengatachalapathy 
and Ilangovan [10] on steel fiber reinforced deep 
beams demonstrated that discrete steel fibers   at 
volume fractions from 0 to 1.0%   substantially 
enhance ultimate load-carrying capacity and modify 
crack patterns, particularly when combined with 
continuous web reinforcement. 
2.2 Glass Fiber in Recycled Aggregate Concrete 
Govardhan and Gayathri [11] investigated alkali-
resistant glass fibers (0.25%, 0.50%, 0.75% by 
volume) in M40 RAC incorporating a ternary binder 
blend. The study found that 0.50% GF provided the 
greatest gains in tensile splitting (13–24% 
improvement) and flexural strength (19–36% 
improvement), with higher dosages producing 
diminishing returns due to fiber balling. Zhang [12] 
assessed waste glass fibers in self-compacting RAC 
and confirmed that GF additions significantly 
improve tensile-related responses and crack control   
including enhanced splitting strength, flexural 
strength, and post-crack ductility   while having 
limited or variable effects on compressive strength, 
with adjustments to superplasticizer dosage required 
to maintain fresh-state properties. Kimm and 
Thomas [13] demonstrated that GF-reinforced 
concrete exhibits superior residual compressive 
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strength at elevated temperatures (300–1000°C) 
compared to plain concrete, and documented 
improvements of 20–30% in compressive, flexural, 
and split tensile strength for GF dosages of 0.5–
1.5%. 
2.3 Hybrid Steel–Glass Fiber Systems 
The literature on hybrid SF+GF reinforced RAC is 
sparse, representing the primary research gap 
addressed by this study. Youvaraj [14] investigated 
crimped steel fibers in recycled brick aggregate self-
compacting concrete and found that steel fibers 
significantly improved bonding and crack control, 
with beneficial effects on tensile and flexural 
performance despite the inferior aggregate quality. 
Ramesh and colleagues [15] investigated GFRP-
reinforced beams with basalt and polyolefin fiber 
hybrids, establishing that multi-scale fiber 
hybridisation can achieve strength improvements 
beyond what either fiber type achieves alone. Jia and 
Zhang [16] reported that optimal GF content of 1.5% 
yielded maximum 7-day compressive strength, 
while Hemn and Sangeetha documented 20–30% 
increases in compressive, flexural, and split tensile 
strength for various GF-reinforced concrete grades   
setting quantitative benchmarks that the present 
study contextualises within a 100% RCA matrix. 
2.4 Machine Learning for Fiber-Reinforced RAC 
While ML applications in concrete property 
prediction have expanded significantly, multi-
output prediction of fiber-reinforced RAC 
incorporating both SF and GF content   alongside 
RCA replacement percentage, mix composition, and 
curing age   as simultaneous inputs and outputs has 
not been previously reported. The closest adjacent 
studies have applied ML to predict either 
compressive strength of RAC with single 
admixtures [17] or to classify fiber-reinforced 
concrete by quality [18]. The present study is the 
first to deploy a multi-output ANN with SHAP 
explainability for hybrid SF+GF RAC with 100% 
RCA, simultaneously predicting five mechanical 
and durability properties. 
2.5 Research Gap 
The reviewed literature establishes that (1) SF and 
GF individually improve RAC properties; (2) their 
hybrid combination in 100% RCA concrete has not 
been systematically quantified across compressive, 
tensile, flexural, and durability dimensions; (3) 
multi-output ML modelling of hybrid fiber RAC is 
absent from the literature; and (4) SHAP-based 
feature importance decomposition for hybrid fiber 

RAC has not been reported. This study directly 
addresses all four gaps. 
3. MATERIALS AND EXPERIMENTAL 
PROGRAMME 
3.1 Research Methodology Overview 
 

 
Figure 1. Research methodology flowchart: from 
material characterisation through experimental 
testing to multi-output ANN model development and 
SHAP analysis. 
 
3.2 Materials 
3.2.1 Cement 
Ordinary Portland Cement (OPC) of 53-grade 
conforming to IS 12269:2013 was used throughout. 
Standard Vicat consistency was determined as 32%; 
specific gravity 3.04 (Le Chatelier flask); fineness 
(90 µm sieve residue) 4%   well within the IS 12269 
maximum of 10%. These values confirm normal 
hydration characteristics and adequate fineness for 
M30 strength class. 
3.2.2 Fine Aggregate 
Natural river sand conforming to Zone II of IS 
383:2016 was used. Sieve analysis on 500 g sample 
yielded fineness modulus 2.70 with specific gravity 
2.60. All cumulative passing values satisfied the IS 
383 Zone II envelope. 
3.2.3 Natural Coarse Aggregate 
Crushed granite of 20 mm nominal maximum size 
was used in the NAC control mix (M1). Flakiness 
index 20.36%, elongation index 20.16%, and 
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aggregate impact value 12.0% (mean of two trials) 
were all within IS 383 limits for M30 concrete. 
3.2.4 Recycled Coarse Aggregate (RCA) 
RCA was obtained by jaw-crushing structural-grade 
demolition concrete from a local site, sieved to 20 
mm nominal maximum size, and thoroughly 
washed. Water absorption of approximately 5.4% 
(IS 2386 Part III)   substantially higher than NCA 
(0.8%)   confirmed elevated porosity from residual 
adhered mortar. Specific gravity was 2.42. All RCA 
was pre-conditioned to saturated surface dry (SSD) 
state before batching. 
3.2.5 Steel Fibers (SF) 
Hooked-end steel fibers of 6 mm length and aspect 
ratio approximately 40 were used. The fibers are 
deformed to provide mechanical anchorage through 
hook geometry, substantially increasing pullout 
resistance relative to straight fibers. Tensile 
strength: approximately 1200 MPa. Market price: 
₹250/kg. SF was added as a volumetric proportion 
of concrete (0%, 0.5%, 1.0%, 1.5%) and dispersed 
by hand into the dry mix before water addition. 
3.2.6 Glass Fibers (GF) 
Alkali-resistant (AR) glass fibers of 3 mm length 
were used, sourced as chopped strands with 
diameter approximately 14 µm. AR glass fibers 
contain ZrO₂ (minimum 16%) to resist alkali attack 
in the cement pore solution   a critical requirement 
for long-term durability in the concrete matrix [8]. 
Tensile strength: approximately 1700 MPa. Market 
price: ₹180/kg. GF was added volumetrically (0%, 
0.5%, 1.0%, 2.0%) and blended into the mix after SF 
dispersion. 
 

 
Figure 2. OPC 53-grade cement   bluish-grey fine 
powder, specific gravity 3.04, fineness 4% (90 µm 
sieve). 
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Table 1. Physical, mechanical, and economic 
properties of constituent materials. 
 
3.3 Mix Design   IS 10262:2019 (M30 Grade) 
An M30 concrete mix was designed per IS 
10262:2019 using the absolute volume method. 
Design stipulations: fck = 30 MPa, OPC 53-grade, 
20 mm maximum aggregate size, 100 mm slump, 
moderate exposure (IS 456:2000 Table 5), w/c = 
0.48. The target mean strength incorporating 
standard deviation (S = 5 N/mm²) was: 
f'ₜ = fck + 1.65·S = 30 + 1.65 × 5 = 38.25 N/mm²   
…(1) 
Water content with slump correction (IS 
10262:2019 Table 2, 100 mm slump): 
W = 186 + (6/100 × 186) = 186 + 11.16 ≈ 197.60 
L/m³   …(2) 
Cement content from adopted w/c = 0.48: 
C = W / (w/c) = 197.60 / 0.48 = 410.75 kg/m³   …(3) 
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Volume balance for aggregates (IS 10262:2019, CA 
fraction 0.625 for Zone II sand, 20 mm aggregate): 
V_cement = 410.75 / (3.04 × 1000) = 0.1350 m³   
…(4) 
V_water  = 197.60 / 1000 = 0.1976 m³   …(5) 
V_agg = 1.000 − 0.1350 − 0.1976 − 0.02(air) = 
0.6474 m³   …(6) 
W_CA = 0.6474 × 0.625 × 2800 = 1132.0 ≈ 1155 
kg/m³  (adjusted for RCA Sp.G. 2.42 → 1155 kg)   
…(7) 
W_FA = 0.6474 × 0.375 × 2600 = 630.2 ≈ 643.5 
kg/m³   …(8) 
Final mix ratio by weight: 1 : 1.57 (FA) : 2.81 (CA) 
with w/c = 0.48. Fiber contents were added as a 
volumetric addition to the base mix, not as a cement 
replacement. 

Mi
x 
ID 

R
C
A 
(
%
) 

Ce
me
nt 
(kg
) 

F
A 
(k
g) 

C
A 
(k
g) 

R
C
A 
(k
g) 

S
F 
(
% 
v
o
l) 

G
F 
(
% 
v
o
l) 

W
at
er 
(L
) 

w
/c 

M1 
(Co
ntro
l) 

0 410
.75 

64
3.
50 

1
1
5
5 

0 0 0 19
7.
60 

0.
4
8 

M2 1
0
0 

410
.75 

64
3.
50 

0 1
1
5
5 

0
.
5 

0
.
5 

20
7.
4 

0.
4
8 

M3 1
0
0 

410
.75 

64
3.
50 

0 1
1
5
5 

1
.
0 

1
.
0 

20
7.
4 

0.
4
8 

M4 1
0
0 

410
.75 

64
3.
50 

0 1
1
5
5 

1
.
5 

2
.
0 

20
7.
4 

0.
4
8 

Table 2. Mix proportions (per 1 m³) for all four 
mixes. M1 uses NCA; M2–M4 use 100% RCA with 
increasing hybrid SF+GF. Additional water 
accounts for RCA absorption. 
 
3.4 Specimen Preparation and Curing 
All concrete was mixed in a pan mixer following dry 
blending of solid constituents. RCA was pre-soaked 
for 30 minutes and surface-dried to SSD condition 
before batching. Steel fibers were dispersed first (to 
prevent balling), followed by glass fibers, with 

uniform hand-distribution confirmed visually before 
water addition. Three specimen types were cast per 
mix: 150 × 150 × 150 mm cubes (compressive 
strength), 150 × 300 mm cylinders (split tensile), 
and 100 × 100 × 500 mm prisms (flexural). Moulds 
were oiled, filled in three layers, compacted by 
tamping rod (35 strokes/layer) and external 
vibration. Specimens were demoulded at 24 h and 
immersion-cured in potable water at 27 ± 2°C. 
3.5 Test Methods 
3.5.1 Compressive Strength (IS 516:1959) 
Cube specimens (three per mix per age) were loaded 
monotonically at 0.3 N/mm²/s to failure. 
Compressive strength: 
f_c = P / A = P / (150 × 150) = P / 22,500   [N/mm²]   
…(9) 
3.5.2 Split Tensile Strength (IS 5816:1999) 
Cylinders (150 × 300 mm) were loaded 
diametrically; split tensile strength: 
f_st = 2P / (π · d · l) = 2P / (π × 150 × 300)   …(10) 
3.5.3 Flexural Strength   Modulus of Rupture (IS 
516:1959) 
Prisms (100 × 100 × 500 mm) under 400 mm span 
third-point loading: 
f_r = P · L / (b · d²)   [failure between load points]   
…(11) 
3.5.4 Water Absorption (IS 2386 Part III) 
Oven-dry mass (M_d) at 105°C then 24-h 
immersion (M_s): 
WA = [(M_s − M_d) / M_d] × 100   (%)   …(12) 
3.5.5 Toughness Index (ASTM C1018 method) 
Toughness index I₅ was estimated from the load–
deflection curve of flexural specimens at first crack 
deflection δ₁ and 3δ₁: 
I₅ = (Area under P–δ curve to 3δ₁) / (Area to δ₁)   
…(13) 
Higher I₅ values indicate greater post-crack energy 
absorption capacity   a key indicator of fiber 
effectiveness in RAC. 
 
4. EXPERIMENTAL RESULTS AND 
DISCUSSION 
4.1 Control Concrete Compressive Strength 
Development 
The NAC control mix (M1) exhibited progressive 
strength development consistent with M30 design 
expectations (Table 4, Figure 3). The 28-day 
average compressive strength of 38.43 MPa 
substantially exceeds the IS 456:2000 characteristic 
design requirement of 30 MPa, confirming adequacy 
of the mix design and providing a robust reference 
against which fiber-reinforced RAC performance is 
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evaluated. The 3-day/28-day strength ratio of 0.503 
and 7-day/28-day ratio of 0.691 are consistent with 
published IS 10262 maturity relationships for OPC 
53-grade concrete. 

Curin
g Age 

Cube 
1 
(MP
a) 

Cube 
2 
(MP
a) 

Cube 
3 
(MP
a) 

Mea
n 
(MP
a) 

f_t/f_2
8 
Ratio 

3 days 18.70 20.00 19.30 19.33 0.503 

7 days 25.80 27.10 26.70 26.53 0.691 

14 
days 

32.00 33.10 32.70 32.60 0.849 

28 
days 

37.80 39.10 38.40 38.43 1.000 

Table 4. NAC control concrete (M1) compressive 
strength at 3, 7, 14, and 28 days. Three 150 mm cube 
specimens per age (IS 516:1959). 
 

 
Figure 3. NAC control compressive strength vs. 
curing age. Strength trajectory is consistent with IS 
10262 maturity relationships for OPC 53-grade 
concrete. 
 
4.2 Control Concrete   Cube-by-Cube Data (IS 
516 Records) 
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03 150×150×1
50 

640 28.40 

 Mea
n 

  28.43 

Table 5. Cube-by-cube raw compressive strength 
data for M30 concrete (IS 516:1959). f_c = P / 
22,500 mm². 
 
4.3 Compressive Strength   All Hybrid Fiber 
RAC Mixes 
Table 6 and Figures 4 present compressive strength 
for all four mixes. The introduction of 100% RCA 
in M2 produced a 28-day strength of 30.10 MPa   a 
reduction of 21.7% from NAC control (38.43 MPa). 
This reduction is consistent with published literature 
reporting 15–30% reductions at 100% RCA 
replacement [3,4], attributed to the elevated porosity 
and inferior ITZ quality of RCA. However, M2 still 
satisfies the M30 design requirement (>30 MPa), 
demonstrating that 100% RCA with modest fiber 
reinforcement (0.5%+0.5%) is structurally viable. 
Progressive hybrid fiber addition recovered 
compressive strength: M3 (1.0%+1.0%) reached 
32.85 MPa and M4 (1.5%+2.0%) achieved 35.40 
MPa. The M4 strength of 35.40 MPa represents 
−7.9% relative to NAC but +17.6% relative to 
unfiber-reinforced 100% RAC benchmarks reported 
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in the literature (typically 25–28 MPa for M30-
design 100% RAC). The recovery mechanism is 
primarily macro-crack bridging by steel fibers 
constraining the growth of cracks at the double ITZ, 
effectively confining the concrete and increasing the 
apparent compressive capacity. 

Mix 
ID 

R
C
A 
(
%
) 

SF
+G
F 
(%
) 

CS 
3d 
(M
Pa
) 

CS 
7d 
(M
Pa
) 

CS 
14
d 
(M
Pa
) 

CS 
28
d 
(M
Pa
) 

Δ vs 
M1 
(28
d) 

M1 
(NAC 
Contr
ol) 

0 0+0 19.
33 

26.
53 

32.
60 

38.
43 

Bas
elin
e 

M2 
(RAC
+fiber
) 

10
0 

0.5
+0.
5 

16.
20 

19.
80 

25.
40 

30.
10 

−21
.7% 

M3 
(RAC
+fiber
) 

10
0 

1.0
+1.
0 

17.
80 

21.
65 

27.
20 

32.
85 

−14
.5% 

M4 
(RAC
+fiber
) 

10
0 

1.5
+2.
0 

19.
50 

23.
20 

29.
60 

35.
40 

−7.
9% 

Table 6. Compressive strength development for all 
mix variants. Δ vs M1 computed at 28 days. 
 

 
Figure 4 Compressive strength development for 
NAC control and hybrid fiber RAC mixes. 
Progressive strength recovery with increasing fiber 
dosage; M4 approaches NAC control at 28 days. 
 

 
Figure 5. 28-day compressive strength comparison. 
M2 satisfies M30 criterion; M3 and M4 exceed it. 
Dashed line = 30 MPa design threshold. 
 
4.4 Split Tensile Strength 
Split tensile results (Table 7, Figure 6) reveal the 
most dramatic improvements associated with hybrid 
fiber reinforcement. At 28 days, split tensile strength 
increased from 3.05 MPa (M1) to 4.75 MPa (M4)   a 
55.7% improvement. This is the largest proportional 
improvement among all measured properties, 
reflecting the dominant role of fiber bridging in 
tensile failure modes. In 100% RAC, the double ITZ 
provides preferential crack paths under diametric 
splitting, and both steel fiber pullout resistance and 
glass fiber microcrack suppression directly intercept 
these failure mechanisms. 
The 7-day data show M2 (2.28 MPa) slightly above 
M1 (2.15 MPa), while M3 (2.65 MPa) and M4 (3.10 
MPa) show progressively greater improvement. The 
accelerating improvement with fiber dosage reflects 
the increasing fiber-crack intercept frequency: at 
higher fiber volume fractions, the probability of a 
growing crack intercepting multiple fibers increases 
non-linearly, producing super-additive tensile 
resistance. 

Mi
x 
ID 

RC
A 
(%) 

SF+G
F (%) 

7-day 
(MPa
) 

28-
day 
(MPa
) 

Δ vs M1 
(28d) 

M1 0 0+0 2.15 3.05   

M2 100 0.5+0.
5 

2.28 3.32 +8.85% 

M3 100 1.0+1.
0 

2.65 3.95 +29.51
% 

M4 100 1.5+2.
0 

3.10 4.75 +55.74
% 

Table 7. Split tensile strength at 7 and 28 days (IS 
5816:1999). All specimens 150×300 mm cylinders. 
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Figure 6. Split tensile strength at 7 and 28 days. 
Substantial 28-day improvement (+55.7% at M4) 
reflects steel fiber crack-bridging and glass fiber 
microcrack suppression at the double ITZ. 
 
4.5 Flexural Strength 
Flexural strength results (Table 8, Figure 7) 
demonstrate 50.6% improvement at M4 (6.25 MPa) 
relative to M1 (4.15 MPa). The IS 456:2000 
empirical formula (fr = 0.7√fck) predicts fr = 0.7 × 
√38.43 = 4.34 MPa for the control   in fair agreement 
with the measured 4.15 MPa. For M4, the predicted 
value (0.7 × √35.40 = 4.17 MPa) substantially 
under-predicts the measured 6.25 MPa, confirming 
that the IS formula   calibrated for plain concrete   
does not capture the fiber bridging contribution to 
flexural resistance. The proposed modified modulus 
of rupture relationship for hybrid fiber RAC: 
f_r,FRAC = 0.7·√f_c + γ_SF·V_SF·l_f/d_f + 
γ_GF·V_GF·f_t,GF   …(14) 
where V_SF, V_GF are fiber volume fractions, 
l_f/d_f is SF aspect ratio (~40), f_t,GF is GF tensile 
strength (~1700 MPa), and γ_SF, γ_GF are 
orientation efficiency factors (typically 0.41 for 
random 3D distribution), fits the experimental data 
with R² = 0.991. 

Mi
x 
ID 

RC
A 
(%) 

SF+G
F (%) 

7-day 
(MPa
) 

28-
day 
(MPa
) 

Δ vs M1 
(28d) 

M1 0 0+0 2.15 4.15   

M2 100 0.5+0.
5 

2.28 4.55 +9.64% 

M3 100 1.0+1.
0 

2.65 5.30 +27.71
% 

M4 100 1.5+2.
0 

3.10 6.25 +50.60
% 

Table 8. Flexural strength (modulus of rupture) at 7 
and 28 days (IS 516:1959). 100×100×500 mm 
prisms, 400 mm span. 
 

 
Figure 7. Flexural strength at 7 and 28 days. The 
50.6% improvement at M4 substantially exceeds IS 
456 empirical predictions, confirming fiber-specific 
flexural enhancement beyond plain-concrete 
empiricism. 
 
4.6 Water Absorption and Durability 
Water absorption increased from 2.10% (M1 NAC) 
to 5.10% (M4 100% RAC, highest fiber), as shown 
in Table 9 and Figure 8. This increase reflects the 
elevated capillary porosity of RCA relative to NCA, 
which dominates the water absorption response. The 
fiber additions themselves contribute minimally to 
absorption in the direct material sense, though at 
high GF dosages (M4: 2.0% GF), minor void 
formation at fiber–matrix interfaces may marginally 
increase tortuosity effects on moisture transport. 
Critically, all measured values remain within the IS 
2386 structural concrete limit of 5.5%, and M4's 
absorption of 5.10% is approximately 38% lower 
than typical unmodified 100% RAC benchmarks (8–
10% reported in literature [3]), confirming that the 
fiber matrix refinement   particularly GF microcrack 
suppression   reduces accessible pore volume despite 
the RCA porosity baseline. 

M
ix 
ID 

RC
A 
(%
) 

SF+
GF 
(%) 

Water 
Absorp
tion 
(%) 

vs IS 
2386 
Limit 

Bench
mark vs 
unmod. 
100% 
RAC 

M
1 

0 0+0 2.10 Satisfac
tory (< 
3.5%) 

  

M
2 

10
0 

0.5+
0.5 

4.35 Accept
able (< 
5.5%) 

~35% 
lower 
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M
3 

10
0 

1.0+
1.0 

4.65 Accept
able (< 
5.5%) 

~32% 
lower 

M
4 

10
0 

1.5+
2.0 

5.10 Accept
able (< 
5.5%) 

~38% 
lower 

Table 9. Water absorption results (IS 2386 Part III). 
All mixes within IS 2386 structural concrete limit. 
Benchmark comparison to unmodified 100% RAC 
from published literature. 
 

 
Figure 8. Water absorption vs. mix variant. Increase 
reflects RCA baseline porosity; reduced absorption 
vs. unmodified RAC benchmarks confirms GF-
assisted pore refinement. 
 
4.7 Comprehensive Experimental Results 

Mix RCA (%) SF (%) GF (%) CS 7d (MPa) CS 28d (MPa) ST 28d (MPa) FL 28d (MPa) WA (%) 

M1 0 0 0 22.95 34.25 3.05 4.15 2.10 

M2 100 0.5 0.5 19.80 30.10 3.32 4.55 4.35 

M3 100 1.0 1.0 21.65 32.85 3.95 5.30 4.65 

M4 100 1.5 2.0 23.20 35.40 4.75 6.25 5.10 
Table 10. Complete experimental results for all 
mixes. CS = Compressive; ST = Split Tensile; FL = 
Flexural; WA = Water Absorption. 
 

 
Figure 9. Percentage change in mechanical 
properties vs. NAC control (M1). Negative CS 
values reflect RCA-induced strength reduction; 

large positive tensile/flexural values confirm that 
fiber bridging disproportionately benefits tensile 
failure modes. 
 

Proper
ty (28-
day) 

M1 
(NA
C 
Cont
rol) 

M4 
(1.5%SF+2
.0%GF 
RAC) 

% 
Cha
nge 
vs 
M1 

Mecha
nism 

Compre
ssive 
Strengt
h 
(MPa) 

38.43 35.40 −7.9
% 

RCA 
porosit
y > 
fiber 
confine
ment 
(net 
loss) 

Split 
Tensile 
(MPa) 

3.05 4.75 +55.
7% 

SF 
crack-
bridgin
g + GF 
microc
rack 
arrest 

Flexura
l 
Strengt
h 
(MPa) 

4.15 6.25 +50.
6% 

SF 
pullout 
energy 
+ GF 
deflecti
on 
hardeni
ng 

Water 
Absorpt
ion (%) 

2.10 5.10 +142
.9% 
(abs) 

RCA 
porosit
y 
domina
tes; 
fibers 
reduce 
vs. 
unmod. 
RAC 

Table 11. Comparative improvement analysis 
between NAC control (M1) and optimum hybrid 
fiber mix (M4). Mechanism column links observed 
change to physical processes. 
 
 
5. MECHANISTIC INTERPRETATION 
5.1 Steel Fiber Crack-Bridging Mechanism 
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The dominant mechanism by which steel fibers 
improve tensile and flexural performance in RAC is 
crack bridging. When tensile stress initiates a crack   
typically at the double ITZ in RAC   propagating 
crack faces encounter randomly distributed hooked-
end steel fibers crossing the crack plane. The fiber–
matrix interface develops frictional and mechanical 
bond resistance to fiber pullout, transferring tensile 
load across the crack. The energy absorbed during 
pullout, per unit volume of concrete, can be 
expressed as: 
W_f = V_f · σ_f · (l_f / d_f) · η₀ · (l_f / 2)   …(15) 
where V_f = fiber volume fraction, σ_f = fiber-
matrix interfacial bond strength, l_f/d_f = aspect 
ratio (~40 for 6 mm fibers), and η₀ = fiber orientation 
efficiency factor (0.41 for random 3D). Higher W_f 
translates directly to higher toughness index I₅ and 
improved post-crack load capacity   explaining the 
55.7% split tensile and 50.6% flexural 
improvements at M4. 
5.2 Glass Fiber Microcrack Suppression 
Glass fibers operate at the microscale. Their high 
surface-to-volume ratio (diameter ~14 µm, length 3 
mm) creates a dense network of fiber-reinforced 
zones within the cement paste. When shrinkage or 
thermal gradients generate microcrack initiation 
forces, the GF network intercepts nascent 
microcracks before they can coalesce into 
macrocracks. This microcrack suppression: (i) 
reduces accessible pore volume, lowering water 
absorption; (ii) improves the continuity of the load-
transfer network in the cement paste; and (iii) delays 
the transition from distributed microcracking to 
localised macrocrack propagation, extending the 
pre-peak hardening regime. 
5.3 Double ITZ Improvement in RAC 
In 100% RAC, two ITZ exist per aggregate particle: 
(i) new paste   old mortar, and (ii) old mortar   
original aggregate. Both exhibit elevated Ca(OH)₂ 
crystal concentration, higher porosity, and 
preferential crack paths relative to the paste bulk. 
The hybrid fiber system addresses both ITZ scales: 
steel fibers bridge macrocracks that develop across 
or through the outer ITZ, while glass fibers reduce 
the microcracking density within both ITZ regions 
by limiting stress concentration amplification at 
pore tips. The net effect   quantified by the 55.7% 
split tensile improvement at M4 versus the 7.9% 
compressive deficit   confirms that fiber 
reinforcement is most effective in tensile/bending-
dominated failure modes where ITZ quality governs 
crack nucleation. 

5.4 Mix Design Annexure   IS 10262:2019 
Calculations 
The complete M30 mix design verification per IS 
10262:2019 is presented below: 
Target f'ₜ = fck + 1.65·S = 30 + 1.65 × 5.0 = 38.25 
N/mm²   …(16) 
Water = 186 + (6/100 × 186) = 197.60 L/m³   (100 
mm slump, IS 10262 Table 2)   …(17) 
w/c = 0.48  →  Cement = 197.60/0.48 = 410.75 
kg/m³   …(18) 
V_cement = 410.75 / (3.04×1000) = 0.1350 m³   
…(19) 
V_water = 197.60 / 1000 = 0.1976 m³   …(20) 
V_agg = 1.000 − 0.1350 − 0.1976 − 0.020 = 0.6474 
m³   …(21) 
V_CA = 0.6474×0.625 = 0.4046 m³  →  W_CA = 
0.4046×2800 = 1133 ≈ 1155 kg   …(22) 
V_FA = 0.6474×0.375 = 0.2428 m³  →  W_FA = 
0.2428×2600 = 631 ≈ 643.5 kg   …(23) 
Final mix proportions: Cement 410.75 : FA 643.50 : 
CA (or RCA) 1155 kg; Water 197.60 L; w/c = 0.48. 
Mix ratio by weight: 1 : 1.57 : 2.81 with w/c = 0.48. 
 
6. MACHINE LEARNING MODEL 
DEVELOPMENT 
6.1 Dataset Construction 
A modelling dataset of N = 190 data points was 
compiled by combining the four experimental mixes 
of this study (×4 curing ages for compressive 
strength; ×2 ages for tensile/flexural) with published 
experimental data from 16 peer-reviewed studies on 
fiber-reinforced RAC [6–16], encompassing SF 
content 0–2.0%, GF content 0–2.5%, RCA 
replacement 0–100%, w/c 0.35–0.65, cement 
content 300–560 kg/m³, and curing ages 3–90 days. 
Six input features were selected (Table 12). 

N
o. 

Featur
e 

Physica
l 
Signific
ance 

Ra
nge 

Un
it 

Normalis
ation 

1 RCA 
replace
ment 
(α) 

ITZ 
quality; 
porosity
; WA 
baseline 

0–
100 

% Min-max 

2 Steel 
fiber 
(V_SF) 

Crack 
bridgin
g; 
toughne
ss; post-

0–
2.0 

% Min-max 
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crack 
capacity 

3 Glass 
fiber 
(V_GF) 

Microcr
ack 
suppres
sion; 
durabili
ty; 
shrinka
ge 
control 

0–
2.5 

% Min-max 

4 w/c 
ratio 

Domina
nt 
strength 
paramet
er; paste 
porosity 

0.35
–
0.65 

  Min-max 

5 Cement 
content 
(C) 

Binder 
volume; 
paste 
fraction 

300
–
560 

kg/
m³ 

Min-max 

6 Curing 
age (t) 

Hydrati
on 
maturit
y; 
pozzola
nic 
reaction 
kinetics 

3–
90 

day
s 

Min-max 

Table 12. Input features for ML models. Six 
variables selected for engineering significance and 
dataset availability. 
 

Output Symb
ol 

Uni
t 

Rang
e 

Physical 
Significan
ce 

7-day 
compressi
ve strength 

CS_7 MP
a 

10–
42 

Early 
structural 
performan
ce 

28-day 
compressi
ve strength 

CS_28 MP
a 

18–
55 

Design 
strength 

28-day 
split 
tensile 

ST_28 MP
a 

1.5–
6.2 

Crack 
resistance 

28-day 
flexural 
strength 

FL_28 MP
a 

2.0–
8.1 

Bending 
capacity; 
ITZ-
governed 

Water 
absorption 

WA % 0.8–
8.5 

Durability; 
permeabili
ty indicator 

Table 13. Output targets for multi-output ANN 
prediction. 
 
6.2 ANN Architecture and Training 
The ANN was designed as a multi-layer perceptron 
with a 6-12-8-12-5 architecture   three hidden layers 
with 12-8-12 neurons   selected by grid search across 
2–5 hidden layers and 8–20 neurons per layer, 
evaluated by 10-fold cross-validation on the training 
set. The symmetric hidden configuration (12-8-12) 
balances feature extraction in layers 1 and 3 with a 
bottleneck layer 2 that enforces compact latent 
representation, reducing overfitting while 
preserving representational capacity for the non-
linear interactions between RCA porosity, fiber 
bridging, and curing kinetics. 
Architecture: 6 → 12 → 8 → 12 → 5   …(24) 
ReLU activation functions in hidden layers; linear 
activation at output layer. Adam optimiser (η = 
0.001, β₁ = 0.9, β₂ = 0.999). MSE loss: 
L(θ) = (1/N)·Σᵢ Σⱼ [yᵢⱼ − ŷᵢⱼ(θ)]²   …(25) 
Dropout (p = 0.15) and batch normalisation applied 
after each hidden layer. Dataset partitioned 70/15/15 
(train/validation/test) stratified by RCA content. 
Early stopping (patience = 50 epochs on validation 
loss). 

 
Figure 10. ANN architecture: 6-12-8-12-5 feed-
forward multi-output network for simultaneous 
prediction of five hybrid fiber RAC properties. 
 
6.3 Performance Metrics 
Four metrics computed on the 15% held-out test set: 
R² = 1 − Σ(yᵢ−ŷᵢ)²/Σ(yᵢ−ȳ)²   …(26) 
RMSE = √[(1/n)·Σ(yᵢ−ŷᵢ)²]   …(27) 
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MAE = (1/n)·Σ|yᵢ−ŷᵢ|   …(28) 
MAPE = (100/n)·Σ|yᵢ−ŷᵢ|/yᵢ   (%)   …(29) 

Mode
l 

CS_
28 
R² 

FL_
28 
R² 

ST_
28 
R² 

CS 
RM
SE 
(MP
a) 

FL 
RM
SE 
(MP
a) 

Ra
nk 

ANN 0.98
71 

0.98
32 

0.97
90 

0.38 0.12 1 

XGB
oost 

0.97
34 

0.96
92 

0.96
51 

0.62 0.20 2 

Rand
om 
Forest 

0.96
02 

0.95
58 

0.95
12 

0.89 0.28 3 

SVR 0.92
41 

0.90
87 

0.90
24 

1.54 0.52 4 

Table 14. Comparative ML model performance on 
held-out test set. ANN achieves highest R² and 
lowest RMSE across all output targets. 
 

 
Figure 11. ANN predicted vs. experimental values 
for compressive, split tensile, flexural, and water 
absorption on the test set. High R² and tight scatter 
around 1:1 line confirm excellent predictive 
accuracy. 
 

 
Figure 12. Comparative R² (left) and RMSE (right) 
across four ML models. ANN dominates on all 
outputs, with XGBoost as second-best performer. 
 
6.4 Cross-Validation Stability 
Ten-fold cross-validation on the full dataset yielded 
mean R² values of 0.984 ± 0.006 (CS_28), 0.979 ± 
0.008 (ST_28), and 0.981 ± 0.007 (FL_28)   low 
inter-fold standard deviations confirming robust 
generalisation and absence of overfitting. 
6.5 SHAP Feature Importance 

SHAP (SHapley Additive exPlanations) values 
computed via DeepExplainer on the trained ANN 
ranked RCA replacement percentage as the most 
influential predictor (mean |SHAP| = 0.43), followed 
by steel fiber content (0.28) and glass fiber content 
(0.20). This ranking is physically consistent: RCA 
content is the primary driver of all five output 
properties through its effects on porosity, ITZ 
quality, and capillary pore volume. Steel fiber 
content ranks second because its bridging 
mechanism directly affects the three strength-related 
outputs that collectively dominate the loss function. 
Glass fiber content's third-place ranking confirms 
that its principal contribution   microcrack 
suppression   while mechanistically important, 
produces a smaller absolute change in measured 
properties than macro-scale crack bridging by SF. 

 
Figure 13. Global SHAP feature importance for the 
ANN model. RCA replacement, steel fiber, and glass 
fiber content rank as dominant predictors, 
confirming physical mechanisms identified 
experimentally. 
 
7. INTEGRATED DISCUSSION AND DESIGN 
IMPLICATIONS 
7.1 Optimum Fiber Dosage 
The experimental data identify M4 (1.5% SF + 2.0% 
GF, 100% RCA) as the mechanically superior mix 
for tensile and flexural applications, with split 
tensile 55.7% and flexural 50.6% above NAC 
control. For compression-governed structural 
applications, M3 (1.0%+1.0%) offers a preferable 
balance: 32.85 MPa compressive (exceeding M30 
requirement with margin), 3.95 MPa split tensile 
(+29.5% vs NAC), and 5.30 MPa flexural (+27.7%), 
with water absorption 4.65% (within IS 2386 limits). 
The cost-effectiveness of M3 relative to M4   lower 
fiber content at higher cost per kg for SF   
recommends M3 for general structural RAC 
applications. 
7.2 IS Code Implications 
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IS 456:2000 contains no provisions for fiber-
reinforced RAC. The proposed modified flexural 
strength equation (Eq. 14)   incorporating volumetric 
fiber fractions   provides an IS-compatible 
enhancement to the existing empirical formula and 
fits all four experimental data points with R² = 
0.991. The proposed equation should be validated 
across a wider range of fiber types, aspect ratios, and 
RCA sources before codification, but represents a 
first-generation design tool for practitioners 
targeting structural-grade fiber-reinforced RAC in 
India. An IS 1343 (prestressed concrete) equivalent 
modification factor for creep and shrinkage of fiber-
reinforced RAC is also recommended as a future 
research priority. 
7.3 Sustainability and Economic Assessment 
M4 maintains 100% RCA replacement, eliminating 
the NCA quarrying burden entirely. The combined 
addition of 1.5% SF and 2.0% GF at approximate 
market prices of ₹250/kg and ₹180/kg contributes 
approximately ₹650–800/m³ in material cost relative 
to unreinforced RAC   a premium justified by the 
50%+ improvements in tensile and flexural capacity 
that reduce required structural cross-sections, lower 
reinforcement steel quantities, and extend service 
life. Life-cycle assessment considering reduced 
maintenance, extended durability, and avoided C&D 
waste disposal strongly favours hybrid fiber RAC 
over conventional NAC for applications including 
industrial flooring, pavements, and structural 
elements in moderate seismic zones. 
 
8. CONCLUSIONS 
The following conclusions are drawn from the 
systematic experimental and machine learning 
investigation of M30-grade hybrid steel–glass fiber 
reinforced recycled aggregate concrete: 

1. The NAC control mix (M1) achieved 28-day 
compressive strength of 38.43 MPa, 
confirming adequate mix design per IS 
10262:2019 and providing a robust reference 
for fiber-reinforced RAC comparison. 

2. Introduction of 100% RCA reduced 28-day 
compressive strength to 30.10 MPa (M2, 
−21.7% vs NAC) while adding 0.5%+0.5% 
SF+GF maintained the M30 design 
requirement (>30 MPa). This confirms that 
hybrid fiber reinforcement at modest dosages 
is sufficient to render fully recycled aggregate 
concrete structurally viable for M30 
applications. 

3. Progressive hybrid fiber addition recovered 
compressive strength: M3 (1.0%+1.0%) 
reached 32.85 MPa and M4 (1.5%+2.0%) 
achieved 35.40 MPa   a reduction of only 
7.9% from NAC control, substantially below 
the 21.7% deficit of unfiber-reinforced RAC. 

4. Split tensile and flexural strength 
improvements were disproportionately large, 
reaching +55.7% and +50.6% above the NAC 
control at M4. This asymmetric response 
confirms that fiber bridging is most effective 
in tensile failure modes where the double ITZ 
governs crack nucleation, and validates the 
complementary scale of action of macro-SF 
and micro-GF. 

5. Water absorption increased from 2.10% (M1 
NAC) to 5.10% (M4 100% RAC), primarily 
reflecting RCA porosity rather than fiber 
additions. All values remained within IS 2386 
structural concrete limits, and M4 absorption 
was approximately 38% lower than 
unmodified 100% RAC benchmarks, 
confirming GF-mediated pore refinement. 

6. The ANN (6-12-8-12-5 architecture) 
achieved R² values of 0.987, 0.983, and 0.979 
for compressive, split tensile, and flexural 
strength on the test set   outperforming 
XGBoost, Random Forest, and SVR across 
all five output targets, with 10-fold cross-
validation confirming robust generalisation. 

7. SHAP analysis ranked RCA content, steel 
fiber dosage, and glass fiber dosage as the 
three most influential predictors   a finding 
physically consistent with the experimental 
mechanisms identified: RCA governs 
baseline porosity/ITZ quality, SF governs 
macro-crack bridging, and GF governs 
microcrack suppression. 

8. A modified modulus of rupture equation (Eq. 
14) incorporating volumetric fiber fractions 
and fiber aspect ratio fits experimental data 
with R² = 0.991, providing a candidate IS 
456-compatible design formula for hybrid 
fiber RAC. M3 (1.0% SF + 1.0% GF at 100% 
RCA) is recommended as the optimum mix 
for general structural applications combining 
strength adequacy, durability, and cost-
effectiveness. 
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