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The increasing demand for low-carbon concrete necessitates the development of
binder systems that are capable of simultaneously ensuring structural
performance and sustainability. This study presents an experimental investigation
on the mechanical, structural and microstructural behavior of M30 grade concrete
incorporating ternary blended binders composed of fly ash, ground granulated
blast furnace slag and Alccofine. A systematic replacement strategy was adopted
to identify an optimal binder composition that balances strength development and
material efficiency. Mechanical properties were evaluated at 7 and 28 days, while
reinforced concrete beams were tested under loading to assess load-deflection
response and crack development. Microstructural analysis using scanning electron
microscopy and energy dispersive X-ray analysis was performed to examine
hydration morphology and interfacial transition zone characteristics. The results
indicate that the optimized ternary mix achieved improvements of 19.29% in
compressive strength, 33.3% in split tensile strength and 33.85% in flexural
strength compared to the control mix. Structural testing showed enhanced load-
carrying capacity, improved deformation response and delayed crack propagation.
The findings suggest that the combined effect of particle packing, secondary
hydration and interfacial transition zone refinement contributes to improved
tensile behavior. In addition, the optimized mix achieved 52% clinker reduction,
demonstrating its potential for sustainable structural applications.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

The extensive use of cement as the primary binder in reinforced concrete construction poses
significant challenges in terms of sustainability, durability, and long-term structural performance
[1-3]. Cement production is among the most energy-intensive industrial processes involving high-
temperature clinkerization and the inevitable release of carbon dioxide during limestone
decarbonation [4,5]. As a result, the cement industry accounts for approximately 7-8% of global
anthropogenic CO, emissions, prompting increasing regulatory and research-driven efforts to
reduce OPC consumption in structural concrete [6-8]. In addition to its environmental burden, OPC-
dominant concrete is frequently associated with durability-related concerns, including drying
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shrinkage, early-age microcracking, and vulnerability to aggressive exposure conditions such as
chloride ingress, sulphate attack, and carbonation, all of which compromise serviceability and long-
term structural performance [9-11]. Partial replacement of ordinary Portland cement (OPC) with
supplementary cementitious materials (SCMs) has emerged as an effective strategy for improving
sustainability, mechanical performance and durability of concrete [12-14]. Among widely used
SCMs fly ash and ground granulated blast furnace slag (GGBS) have been extensively investigated
and implemented in structural concrete applications [15,16]. Fly ash, a siliceous and aluminous by-
product of coal-fired power generation contributes primarily through pozzolanic reactions by
consuming calcium hydroxide released during cement hydration to form secondary calcium silicate
hydrate (C-S-H) and calcium aluminosilicate hydrate phases [17-19]. These reactions refine pore
structure, reduce permeability, and enhance long-term strength and durability [20,21]. In addition,
the substantially spherical morphology of fly ash particles improves fresh-state workability by
enhancing particle distribution and reducing internal friction [22,23]. GGBS, produced by rapid
quenching and grinding of molten blast furnace slag, exhibits latent hydraulic behavior and
contributes additional binding phases under alkaline conditions, resulting in a denser cementitious
matrix and improved resistance to chloride ingress and sulphate attack [24-26]. Despite these
advantages, binary cementitious systems incorporating fly ash or GGBS exhibit certain limitations,
particularly at higher replacement levels [27]. High-volume fly ash concretes often suffer from
slower hydration kinetics and reduced early age strength development limiting their relevance in
structural members requiring early stiffness and load carrying capacity [28,29]. Similarly excessive
replacement of OPC with GGBS may extend setting time and delay early heat evolution, adversely
affecting early mechanical performance despite alterations in long-term durability [30,31]. These
limitations are especially critical for commonly adopted design grades such as M30, where a
balance between early-age strength development, long-term durability, and structural reliability is
required [32].

To overcome the limitations of conventional binary blends, recent research has progressively
focused on ternary cementitious systems incorporating ultrafine and highly reactive mineral
additives [33,34]. Among these, Alccofine-1203 an ultrafine slag-based mineral admixture with
high fineness and reactive aluminosilicate content has gained consequential attention for its ability
to modify hydration kinetics and microstructural evolution [35-37]. Unlike traditional SCMs that
contribute primarily through slower pozzolanic or latent hydraulic reactions. Alccofine plays a dual
role within the cementitious matrix physically acting as a micro-filler to enhance particle packing
density and chemically providing nucleation sites that accelerate early hydration and promote
rapid C-S-H formation [38-40]. These mechanisms lead to refinement of the interfacial transition
zone (ITZ) improved phase continuity and enhanced early age strength development [41,42]. The
combined fusion of fly ash, GGBS, and ultrafine Alccofine in ternary blended cementitious systems
enables complementary physical and chemical interactions [1]. Fly ash contributes to long-term
microstructural refinement through sustained secondary hydration, GGBS enhances durability
through latent hydraulic binding, and Alccofine improves early-age densification through packing
optimization and hydration acceleration [43,44].

The combined use of these materials produces a more homogeneous and compact microstructure
with reduced pore interaction and improved load transfer pathways which enhances compressive
strength and improves tensile and flexural performance by delaying microcrack initiation and
enabling improved stress redistribution under applied loading [37,45,46]. Although numerous
studies have examined the mechanical and durability performance of binary and ternary SCM-
based concretes, much of the existing literature remains focused on material-level characterization,
particularly compressive strength and durability indices [10,37]. Comparatively limited attention
has been directed toward establishing explicit relationships between microstructural evolution
and the structural behavior of reinforced concrete members [10,47]. In practice, the performance
of reinforced concrete beams is governed by cracking behavior, stiffness degradation, load-
deflection response, and failure modes, which cannot be fully captured through specimen-scale
testing alone [10,48,49]. However, existing studies predominantly focus on material-level
properties such as compression strength and durability indices, with limited emphasis on
establishing a direct and experimentally validated relationship between microstructural
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refinement and member-level structural response, particularly in terms of load- deflection
behavior, cracking characteristics and stiffness degradation of reinforced concrete beams [50- 52].

Despite extensive studies on supplementary cementitious materials, most existing research
is limited to material-level characterization, with insufficient emphasis on establishing a direct and
experimentally validated relationship between microstructural evolution and structural behavior
of reinforced concrete members [53-58]. In this context, the present study introduces a multi-scale
experimental framework that quantitatively links ternary binder composition, microstructural
refinement, and flexural performance of reinforced concrete beams [59]. Unlike previous studies,
this work integrates mechanical testing, beam-level structural response, and microstructural
evidence to establish a direct correlation between hydration mechanisms, interfacial transition
zone characteristics, and load-deflection behavior [60-62]. This approach provides a more
comprehensive understanding of how binder-level modifications influence structural performance
[63-66].

2. Materials

2.1 Constituent Materials

The use of Ordinary Portland Cement (OPC, 53 grade) was considered as the main binding agent.
Class F fly ash, Ground Granulated Blast Furnace Slag (GGBS), and Alccofine-1203 were considered
as supplementary cementitious materials to prepare ternary binder mixes. All the materials were
considered in their as-presented form without any further processing. OPC contributed to early
strength development and creating an alkaline environment in the pores to facilitate the
subsequent hydration reactions. The addition of supplementary materials was done to enhance the
late strength and facilitate the pore refinement of the hardened mass. The physical properties of
the component materials are given in Table 1, and the oxide contents are given in Table 2. Fly ash
meets [S 3812 (Part 1):2013[53] specifications, and GGBS meets IS 12089:1987 [54] specifications.
The supplementary distribution of SiO,, Al,0s;, and CaO-rich phases helps in the combined
pozzolanic and latent hydraulic reactivity. The physical appearance and particle characteristics of
materials are shown in Fig. 1(a-c). Fly ash consists of fine, rounded particles, which improve
workability and exhibit delayed pozzolanic activity. GGBS appears as finer, irregular-shaped
particles with latent hydraulic properties under alkaline conditions.

Table 1. Summary of the physical properties of the constituent materials used in this study

Material Specific gravity Bulk density (kg/m3)
Cement (OPC) 3.01 1440
GGBS 2.85 1300
Fly ash 2.28 979
Alccofine 2.70 680
Fine aggregate 2.62 1600
Coarse aggregate 2.66 1550

Alccofine contains ultrafine particles that promote heterogeneous nucleation and enhance particle
packing in the binder matrix. The combination of these components promotes staged hydration
reactions and results in a gradual refinement and densification of the cementitious matrix.




RamakKrishna et al. / Research on Engineering Structures & Materials x(x) (xxxx) XX-Xx

Fig. 1. Physical appearance of cementitious materials; (a) GGBS (100 pum), (b) fly ash (50 pm)
and (c) Alccofine (20 pm)

Table 2. The chemical composition of the cementitious materials used in this study.

Oxide Cement Fly Ash GGBS Alccofine
Si02 18.7 54.22 34.06 35.03
Al,O3 4.5 31.18 20.00 21.4
CaO 64.8 1.35 32.6 32.20
Fe,03 4.1 2.63 0.8 1.20

2.2 Mix Proportioning

The concrete mix design was done to produce M30 grade concrete as per IS 10262:2019 [55], with
the control mix designed using Ordinary Portland Cement. To investigate the influence of ternary
hybrid cementitious materials cement was partially replaced with fly ash, GGBS and Alccofine
following a systematic replacement strategy while maintaining consistent workability and strength
requirements. Fly ash content was varied up to 25%, GGBS content ranged between 15% and 35%,
and Alccofine was incorporated in the range of 10% to 12% by weight of total binder. The selected
replacement ranges for fly ash, GGBS, and Alccofine were based on previous studies and
preliminary trials to ensure a balance between early-age strength development, workability and
long-term hydration, while avoiding excessive dilution of clinker content that could adversely affect
structural performance. For all mixes, the total binder content was kept constant to isolate the
effect of material replacement on performance. The detailed percentage proportions of OPC, fly ash,
GGBS and Alccofine adopted for each mix are presented in Table 3. A total of ten mix proportions
including one control mix and nine blended mixes were designed and evaluated to identify
optimum combinations based on mechanical properties.

Table 3. Mix proportions of concrete mixes incorporating ternary blended binders
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M1 380.0 0.0 0.0 0.0 1308 555 177 0.466 100.0% 0.0% 0.0% 0.0% 0.0%

M2 190.0 76.0 76.0 38.0 1308 555 177 0466 50.0% 20.0% 20.0% 10.0% 50.0%
M3 1634 950 76.0 45.6 1308 555 177 0466 43.0% 25.0% 20.0% 12.0% 57.0%
M4 133.0 95.0 114.0 38.0 1308 555 177 0466 35.0% 25.0% 30.0% 10.0% 65.0%
M5 125.6 95.0 114.0 45.6 1308 555 177 0466 33.0% 25.0% 30.0% 12.0% 67.0%
Mé 152.0 950 950 38.0 1308 555 177 0466 40.0% 25.0% 25.0% 10.0% 60.0%
M7 1064 950 133.0 45.6 1308 555 177 0466 28.0% 25.0% 35.0% 12.0% 72.0%
M8 1824 76.0 76.0 45.6 1308 555 177 0466 48.0% 20.0% 20.0% 12.0% 52.0%
M9 1824 57.0 950 456 1308 555 177 0466 48.0% 15.0% 25.0% 12.0% 52.0%

M10 1824 95.0 57.0 45.6 1308 555 177 0466 48.0% 25.0% 15.0% 12.0% 52.0%

3. Experimental Procedure

A performance-oriented experimental framework was adopted to establish multi-scale
correlations between binder composition and structural behavior. Ten M30 concrete mixes were
designed by systematically varying fly ash, GGBS, and Alccofine contents while maintaining
constant total binder content and water-binder ratio. Compressive strength at 28 and 56 days was
used for preliminary screening to capture hydration development and secondary reaction effects.
On the basis of strength performance and variability, four mixes (M1, M2, M8, and M9) were
shortlisted for further analysis. The shortlisted mixes were analyzed for compressive, split tensile,
and flexural strength as per the standards. SEM-EDX analysis was carried out to investigate the
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morphology of hydrates, pore structure, and elemental analysis. The reinforced concrete beams
were subjected to two-point monotonic loading to assess the load-deflection characteristics,
cracking pattern, stiffness loss, and failure behavior. Each reported value represents the mean of
three specimens, and variability was quantified using standard deviation and coefficient of
variation. The coefficient of variation for the measured properties ranged between 3% and 6%,
indicating experimental consistency. The differences between the control mix and optimized mixes
were analyzed using a two-tailed t-test at a confidence level of 95% to establish the significance of
differences. One beam specimen was tested for each mix; therefore, the structural results should
be interpreted as indicative rather than statistically representative.

3.1 Workability of Fresh Concrete

Workability test was done by slump test as per IS 1199:2018 [56]. The test was performed
immediately after mixing using a standard slump cone apparatus. Concrete was placed in three
layers, each compacted with 25 tamping strokes, followed by lifting the cone vertically to measure
the slump.

3.2 Casting and Curing

Concrete specimens were cast and cured following a structured experimental framework to ensure
systematic evaluation of mechanical properties and structural behavior. A total of ten mix
proportions were initially developed for evaluation. Cube specimens were prepared and subjected
to curing for 28 and 56 days to assess compressive strength and to identify the most suitable mix
compositions based on strength performance. All specimens were water-cured at a temperature of
27 £ 2°C until the specified testing age. Based on strength-based screening, the selected mixes were
subjected to further mechanical testing. After completion of the prescribed curing periods,
reinforced concrete beam specimens were subsequently cast using the optimum mixes, cured for
28 days and tested to evaluate structural performance. The complete progression of casting and
curing, specimen preparation and testing adopted in the study is expressed in Fig. 2.

| Mix design for 10 mixes
v

l Casting of cubes specimens only |-

| Initial curing I

I Water curing (28, 56 days) |

I Compression strength testing |

I Selection of 4 optimum mixes ]

Casting of specimen for optimum mixes
*  Cubes
*  Cylinder
*  Prisms
| Standard curing (7, 28 days) |
1

| Mechanical characteristics |

| Casting of RC beam specimen |— o

| Curing age (28 days) I

| Structural performance evaluation |
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Fig. 2. Experimental workflow illustrating casting, curing, mechanical testing, and structural
evaluation of concrete specimens and RC beams

3.3 Mechanical Properties

The mechanical properties of the concrete were determined in accordance with applicable Indian
Standards. Compressive strength and flexural strength were measured on cubes and prisms
specimens as per IS 516 [57]. Split tensile strength was determined on cylindrical specimens as per
IS 5816 [58]. All specimens were properly cured prior to testing. For each test, three specimens
were cast and tested and the average values were reported. The details of specimen types and
counts are summarized in Table 4. Cube specimens of size 150 mm x 150 mm x 150 mm were used
for compressive strength, cylindrical specimens of 150 mm x 300 mm were used for split tensile
strength and prism specimens of 100 mm x 100 mm x 500 mm were used for flexural strength in
accordance with relevant Indian standards.

Table 4. Summary of the specimen details

Specimen details Count
Cubes 84
Cylinders 24
Prisms 24
Beams 4

3.4 Beam Design

The reinforced concrete beams in this study were designed in accordance with IS 456:2000[57],
with the objective of achieving a flexure-controlled failure. All beams were under-reinforced,
ensuring that yielding of the tensile reinforcement preceded crushing of the concrete in the
compression zone, which allows a clear assessment of the influence of supplementary cementitious
materials (SCMs) on flexural behavior. Four concrete mixes were used: the control M1-PCC (plain
cement concrete) and three SCM mixes incorporating fly ash (F), GGBS (G), and Alccofine (A) —M2
(F20-G20-A10), M8 (F20-G20-A12), and M9 (F15-G25-A12). All beams shared identical
geometry (1500 mm x 230 mm x 230mm), reinforcement detailing, span, and support conditions,
ensuring that variations in ultimate load and cracking behavior could be attributed solely to the
SCM composition. Shear reinforcement was designed to be adequate in preventing shear failure,
ensuring thatall specimens failed by flexure. This design allows a direct assessment of the influence
of various SCM combinations on the load-deflection behavior and cracking patterns of the
reinforced concrete beam. The calculated flexural capacity (Mu) and shear capacity (Vu) for the
critical section were 20.85 kN.m and 46.2 kN respectively, confirming that shear capacity
significantly exceeded flexural demand, thereby ensuring flexural failure.

3.5 Beam Geometry and Reinforcement Details

The reinforced concrete beam specimens were compared with similar geometry and reinforcement
details to provide a comparable structural response and thus facilitate the effect of concrete
composition on flexural response. The beam had a square cross-section of 230 mm x 230 mm and
a total length of 1500 mm, and was tested under simply supported conditions with an effective
span of 1400 mm. A nominal clear concrete cover of 25 mm was provided as per IS 456:2000 [59].
The beams were designed as singly reinforced, under-reinforced flexural members to provide a
flexural failure mode due to yielding of the tensile reinforcement before concrete crushing.
Longitudinal tension reinforcement consisted of 12 mm diameter high-yield strength deformed
bars, and nominal compression reinforcement was provided using 10 mm diameter bars. Adequate
anchorage and development length were ensured as per [S-code provisions. To prevent premature
shear failure and to ensure a flexure-controlled response, shear reinforcement was provided using
8 mm diameter closed stirrups at a uniform spacing of 130 mm c/c along the beam length. The
shear reinforcement was designed such that the shear capacity exceeded the corresponding
flexural demand, enabling stable crack development and reliable assessment of flexural
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performance under monotonic loading. The geometry and reinforcement are illustrated in Fig. 3
and the detailing parameters are summarized in Table 5.
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Fig. 3. Geometrical reinforcement details

Table 5. Reinforcement detailing parameters of RC beam specimens

bxD L Span Cover Tension Compression SHITUDS Steel Supbort
(mm) (mm) (mm) (mm) steel steel P grade PP
8 mm @ .
230 4500 1400 25 2712 5 jomm  130mm Je SimPl
230 mm c/c 550 supported

3.6 Test Setup and Instrumentation

All reinforced concrete beam specimens were tested under monotonic static loading. A simulated
uniformly distributed load was applied through two symmetrically positioned concentrated point
loads along the span. The beams were supported on a roller support at one end and a hinged
support at the other providing a simply supported condition while allowing free rotation and
minimizing restraint effects during testing. The applied load was delivered through a hydraulic
loading frame provided with a calibrated load cell and transferred to the beam via a two-point
loading arrangement, which effectively represents a uniformly distributed load over the central
region of the span. This loading configuration was adopted to generate a constant bending moment
region between the loading points thereby confirming that the beams were subjected
predominantly to flexural action while limiting the influence of shear. Mid span deflection was
measured using a linear variable differential transformer (LVDT) kept at the bottom of the beam.
The LVDT was securely mounted to record the deflection during the test. The crack initiation and
growth were also visually monitored and marked on the surface of the beam representing the
flexural cracking pattern. The loading was incrementally applied until the occurrence of the first
flexural cracks, and then it was continued until failure, which was indicated by a substantial loss of
load-carrying capacity or excessive deflection. A schematic illustration of the test arrangement is
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shown in Fig. 4. Crack width and crack spacing measurements were not instrumented and were
assessed qualitatively; therefore, crack-related interpretations are based on visual observations.

Steel plate

Steel frame
1 |

Loading supports

Force sensor

Beam specimen

Roller support LVDT Hinge support

Fig. 4. Test setup and instrumentation

3.7 Microstructural Analysis

Microstructural analysis was conducted on the shortlisted optimal mixes to determine the direct
correlation between the mechanical properties and the internal microstructural properties of the
cementitious matrix. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray analysis
(EDX) were used to investigate the hydration morphology, pore structure, and elemental
composition. Representative particles were extracted from the interior of crushed concrete
specimens after 28 days of compressive strength testing to ensure that the microstructural
properties observed were representative of the hydration products and not altered by surface
carbonation. SEM micrographs allowed the detailed observation of hydration products, matrix
density, pore refinement, and interfacial transition zone (ITZ) quality. EDX spectra were utilized to
provide phase identification using elemental composition and Ca-Si-Al maps to confirm the
presence of C-S-H rich areas, ettringite-like morphology, and secondary aluminosilicate reaction
products due to pozzolanic and latent hydraulic reactions. The combined SEM-EDX analysis
provides supporting evidence for the observed mechanical performance, although it should not be
interpreted as definitive proof of causation. Microstructural analysis demonstrates a denser
cementitious matrix with diminished capillary porosity, a more consolidated interfacial transition
zone and improved spatial distribution and interconnection of hydration products within the
hardened composite. For each mix, multiple regions were examined, and representative
micrographs were selected to ensure consistency of observations.

4. Results and Discussion
4.1 Workability

The variation in slump values across different mixes is presented in Fig. 5. An increase in
workability is observed with the incorporation of supplementary cementitious materials. All mixes
exhibited slump values within the acceptable range for reinforced concrete applications, indicating
adequate workability suitable for proper placement and compaction of reinforced concrete without
segregation. This behavior is attributed to improved particle packing and reduced internal friction
within the concrete matrix.
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Fig. 5. The variation in slump values of different mixes

4.2 Compressive Strength

Minor variations in compressive strength between screening and detailed phases are due to
separate casting batches at different experimental stages and do not affect the overall performance
ranking. The compressive strengths recorded at 28 and 56 days (Table 6; Fig. 6(a)) vary from 24.87
to 47.12 MPa and from 29.6 to 52.1 MPa respectively. Error bars representing standard deviation
are included in Fig. 6(a-d) to indicate variability in measured properties. The continued increase in
strength from 28 to 56 days in the blended mixes reflects sustained hydration and persistent
secondary reaction activity within the supplementary cementitious system. Based on this
performance trend, mixes M1, M2, M8 and M9 were identified for detailed evaluation.

Table 6. Compressive strength of concrete mixes

Compressive strength (MPa)

Selection of optimum mix

MIX ID 28 days 56 days
Measured (MPa) Enhancement (%) Measured (MPa) Enhancement (%)
M1 39.5 - 421 -
M2 43.69 10.60 45.2 7.40
M3 33.58 -15.0 39.5 -6.2
M4 32.05 -18.9 36.2 -14.0
M5 27.87 -29.4 31.7 -24.7
M6 33.94 -14.1 40.8 -3.1
M7 24.87 -37.0 29.6 -29.7
M8 46.14 16.80 50.3 19.50
M9 47.12 19.29 52.1 23.80
M10 40.93 3.60 44.3 5.20
optimum mix
7 days 28 days
Measured (MPa) Enhancement (%) Measured (MPa) Enhancement (%)
M1 23.0 - 39.5 -
M2 25.0 8.70 43.6 8.50
M8 26.4 14.80 46.14 14.80
M9 27.0 17.40 47.12 17.20
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Their corresponding 7- and 28-day strength values are presented in Table 6 (optimum group) and
Fig. 6(b), showing 28-day values of 39.5-47.12 MPa, exceeding the 30 MPa requirement for M30
grade concrete, thereby validating their suitability for subsequent tensile, flexural, stress-strain,
microstructural, and beam-level studies. The compressive test setup is shown in Fig. 7(a). The
improved performance observed in M8 and M9 indicates an effective interaction among the
components of the ternary binder. Alccofine contributes to enhanced early-stage particle packing
and accelerates nucleation of hydration products whereas fly ash and GGBS support continued
reaction and progressive matrix densification at later ages. This complementary interaction
supports continued strength development and enhances long-term retention.

a0 - [ 28 days
I 56 days

w
o
1

2

Compressive Strength MPa

-
o
L

M1 M2 M3 M4 M5 M6 m7 Mg M9 M10
Mix
(a)
60 .
[0 7 days
504 [ 28 days

8

Compressive Strength MPa
N
3 8

-
o
L

Fig. 6. (a). Compressive strength development of concrete mixes at 28 and 56 days and Fig.
6(b). Comparison of compressive strength of selected concrete mixes at 7 and 28 days

The superior performance of Mix M9 can be attributed to an optimal balance between calcium
availability and reactive silica, which promotes the formation of a dense calcium-aluminosilicate
hydrate gel network. Unlike higher replacement levels (e.g., M5 and M7), where excessive clinker
dilution limits early hydration, M9 maintains sufficient calcium hydroxide for secondary reactions
while enabling progressive microstructural densification. This balance enhances both early-age
strength and long-term performance. Similar trends have been reported in recent studies on

10
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ternary blended systems, where optimized combinations improve both packing density and
hydration kinetics, leading to enhanced mechanical and structural response.

4.3 Split Tensile Strength

The split tensile strength results of the selected mixes at 7 and 28 days are illustrated in Table 7
and shown in Fig. 6(c). At 7 days, the tensile strength increased from 2.6 MPa for M1 to 3.6 MPa for
MO. At 28 days, the corresponding values rose from 3.9 MPa (M1) to 5.2 MPa (M9). The
experimental setup for the split tensile test is illustrated in Fig. 7(b). The tensile strength was found
to increase with the curing age, signifying better resistance to crack formation and better stress
transfer mechanisms in the cementitious matrix. This is related to the improved paste matrix
continuity and ITZ refinement. The mechanical results are in line with the microstructural results
presented in Section 6, which indicate lower pore connectivity and a denser ITZ in the ternary
blended cements.

Table 7. Split tensile strength of concrete mixes at 7 and 28 days

Split Tensile Strength (MPa)
7 days 28 days
MIX ID Measured (MPa)  Enhancement (%)  Measured (MPa)  Enhancement (%)

M1 2.6 - 3.9 -
M2 2.9 11.50 4.4 12.80
M8 3.3 26.90 4.9 25.60
MO 3.6 38.50 5.2 33.30
7 days
6- | | 28 days
g | I
: T
24 I
5 I
% I
o
= 1
E I
=2
[=1
w
0 T
M1 M2 M3 Mg

Mix

Fig. 6(c). Split tensile strength of selected concrete mixes at 7 and 28 days

4.4 Flexural Strength

The values of flexural strength at 7 and 28 days are given in Table 8 and Fig. 6(d). At 28 days, the
flexural strength was found to increase from 6.5 MPa for M1 to 8.7 MPa for M9. The experimental
setup for the flexural test is given in Fig. 7(c). The relatively larger increase in flexural strength
compared to the compressive strength (Table 8 compared to Table 6) suggests that the ternary
mixture is more effective in enhancing the tensile-dominated fracture properties. The increase in
flexural strength is disproportionately higher than compressive strength, indicating improved
tensile resistance and crack-bridging efficiency due to interfacial transition zone reinforcement.
This can be attributed to the enhanced continuity of ITZs and the suppression of calcium hydroxide-
rich regions, as evident from the SEM micrographs (Section 6)
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Table 8. Flexural Strength of concrete mixes at 7 and 28 days

Flexural Strength (MPa)
7 days 28 days
MIX ID Measured (MPa)  Enhancement (%)  Measured (MPa)  Enhancement (%)

M1 5.6 - 6.5 -
M2 6.2 10.71 7.4 13.85
M8 7.2 28.57 8.1 24.62
M9 7.4 32.14 8.7 33.85
10 - N 7 days
|28 days
8-
m
g I
£
g
n
®
£ 4
3
i
z_
0

Mix
Fig. 6(d). Flexural strength of selected concrete mixes at 7 and 28 days

S . _
[ 4@ 3 | . L
( !

(a) (b) ©

Fig. 7. Experimental setup (a) compression strength test, (b) split tensile test & (c) flexural
strength test

5. Structural Performance

The flexural performance of the reinforced concrete beams indicated an improvement in structural
behavior following the optimization of ternary blended binder compositions. Compared to the
control beam, the specimens containing fly ash-GGBS-Alccofine blends exhibited higher ultimate
load capacity, improved curvature ductility, and enhanced post-cracking stiffness retention. The
smoother transition from linear elastic to nonlinear behavior, along with moderated stiffness
degradation, is consistent with a more distributed cracking mechanism and improved internal
stress transfer. These results indicate that the refinement of binder composition at the material
level is reflected in the structural performance at the member level. For the clarity of presentation,
the reinforced concrete control beam is referred to as RC-CB-1 (M1), where RC-CB stands for
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reinforced concrete control beam, whereas the ternary blended beams are referred to as RC-TB-2
(M2), RC-TB-3 (M8), and RC-TB-4 (M9), where RC-TB stands for reinforced concrete ternary beam.

5.1 Load-Deflection Behavior of Beams

The load-deflection curves for all beams under monotonic two-point loading are shown in Fig. 8.
These curves illustrate the typical under-reinforced behavior, which consists of an initial linear and
elastic portion, followed by a stiffness degradation after cracking, nonlinear deformation evolution,
and finally post-peak softening. The control beam (M1) attained an ultimate load of 112.00 kN, as
seen in Fig. 8(a). The ternary beams showed an increasingly higher ultimate load resistance, with
M2, M8, and M9 reaching 116.26 kN, 120.00 kN, and 124.60 kN, respectively (Fig. 8(b-d)). The
optimized mix proportion (M9) showed an 11.3% increase in ultimate load resistance over the OPC
control. Following the peak load, the control beam experienced a sudden loss of load-carrying
capacity, characteristic of localized crushing in the compression zone. Compared to the control, the
ternary blended beams exhibited a less sudden post-peak stiffness degradation, which is consistent
with a more distributed cracking mechanism and improved internal stress transfer which can be
attributed to the improved microstructural uniformity and refined interfacial transition zone that
facilitate more distributed cracking and gradual stress transfer within the concrete matrix.
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Fig. 8. Load-deflection response of control beam (a) RC-CB-1, (b) RC-TB-2, (c) RC-TB-3, and

(d)RC-TB-4

5.2 Experimental ss Theoretical Flexural Capacity

The comparison between the predicted and actual moment capacities is given in Table 9. The
ultimate flexural strength was calculated on the basis of strain compatibility for a doubly reinforced
rectangular section, as per IS 456:2000. The cross-section of the beam was 230mm x 230 mm with
an effective depth of 180 mm, area of tension reinforcement 191.63 mm?, area of compression
reinforcement 157.08 mm? (2-10 mm bars), and strength of steel 550 MPa. The shear span was

0.433 m

Table 9. Experimental and theoretical flexural moment capacity of RC beams

Beam Mu, th Mu, exp Mu, exp/ Mu,th
M1 19.82 24.25 1.22
M2 20.36 25.17 1.24
M8 20.71 25.98 1.25
M9 20.85 26.98 1.29

Experimental capacities exceeded theoretical predictions by 22-29%, reflecting conservative
stress-block assumptions, compression steel contribution, and tension stiffening effects. The
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progressive increase in moment capacity tends to confirm that binder refinement improves the
efficiency of the compression zone with no negative effect on under-reinforced bending.

5.3 Crack Pattern and Failure Characteristics

Typical crack patterns at ultimate load are presented in Fig. 9(a-d). In all beams, flexural cracks
originated in the constant moment zone and then propagated vertically towards the compression
zone. The control beam (Fig. 9a) had fewer but wider cracks, reflecting an earlier stage of crack
localization and lower tension stiffening. In contrast, beams M2 and M8 (Fig. 9b-c) exhibited a
greater number of finer, more uniformly distributed cracks, suggesting improved bond behavior
and strain compatibility between concrete and reinforcement, likely due to the densification of the
interfacial transition zone and reduced micro-porosity, which enhances stress transfer across the
steel-concrete interface. The optimized beam M9 (Fig. 9d) demonstrated the most refined crack
distribution with delayed crack widening and improved spatial spread. This behavior is consistent
with enhanced interfacial transition zone densification observed in SEM analysis. All specimens
ultimately failed in a flexure-dominated mode characterized by yielding of tensile reinforcement
followed by compression zone crushing, confirming under-reinforced behavior consistent with
strain compatibility assumptions.
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Fig. 9. Crack pattern and failure characteristics of beam specimens (a) RC-CB-1, (b) RC-TB-2, (c)
RC-TB-3 & (d) RC-TB-4

5.4 Ductility and Stiffness Degradation

The deformation capacity of the reinforced concrete beams was quantified using a deflection-based
ductility index derived from the load-deflection responses shown in Fig. 8. The ductility index was
computed as p=Au/Ay, where Ay is the mid-span deflection corresponding to 0.75Pu on the
ascending branch of the load-deflection curve and Au is the ultimate mid-span deflection at failure.
The evaluated parameters are presented in Table 10.

Table 10. Ductility parameters obtained from load- deflection response

Beam (Mix) Pu (kN) Au (mm) Ay at 0.75Pu (mm) u = Au/Ay
M1 112.00 16.52 7.50 2.20
M2 116.26 23.50 8.90 2.64
M8 120.00 24.30 9.10 2.67
M9 124.60 26.50 9.80 2.70

The ductility index increased from 2.20 in the control beam (M1) to 2.70 in the optimized beam
(M9) while the ultimate deflection increased by 60% relative to the control. The control specimen
showed a marked loss of stiffness after cracking, indicative of localized damage development and
early compression-zone softening. Conversely, the ternary blended beams experienced greater
deformations with a softer slope of the secant stiffness and a shallower slope in the post-peak
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region. The cracking pattern distribution shown in Fig. 9, and the softer slope of the descending
partin Fig. 8, further verifies the above-mentioned phenomenon. The experimental results indicate
that ternary binder refinement improves deformation capacity while maintaining the same under-
reinforcement failure mode.

6. Microstructural Characteristics

The SEM micrographs of the control mix (Fig. 10(a-c)) reveal a heterogeneous cementitious matrix
with a predominance of primary hydration products. Regions exhibiting morphology consistent
with C-S-H phases were observed; however, phase identification based on visual characteristics
remains indicative rather than definitive. The interfacial transition zone (ITZ) is relatively porous,
with a discontinuous gel region and CH concentration. The microstructural inhomogeneities cause
localized stiffness changes and provide easy paths for the development of cracks under tensile
loading. The presence of partially hydrated cement particles, along with pore networks, indicates
poor packing density and an underdeveloped hydration gel structure. The microstructural
characteristics are in line with the lower tensile strength and the relatively brittle post-peak
response of the control specimen. This study establishes a direct correlation between ternary
binder composition, microstructural refinement and flexural behavior at the structural level, which
remains insufficiently addressed in existing literature.
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Fig. 10. SEM micrographs of control mix M1 at (a) low (b) medium & (c) high magnification.
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6.1 Microstructural Characteristics of Mix M2

SEM micrographs of Mix M2 (Fig. 11a-c) reveal a denser and more uniform matrix compared to the
control. A marked reduction in the size and number of calcium hydroxide (CH) crystals indicates
the presence of pozzolanic activity. The hydration products are more continuous, signifying better
phase integration. The interfacial transition zone (ITZ) is relatively denser, with reduced pore
connectivity and better bonding between the matrix and aggregates.
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()

Fig. 11. SEM micrographs of mix M2 at (a) low (b) medium & (c) high magnification.

6.1.1 Microstructural Characteristics - Mix M8

Mix M8 (Fig. 12a-c) shows significant pore refinement and a reduced incidence of microcracks. The
matrix looks dense with fewer portlandite deposits, signifying a good interaction between fly ash,
GGBS, and Alccofine. The improved spatial continuity of the hydration phases increases the
efficiency of load transfer in the cementitious matrix
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Fig. 12. SEM micrographs of mix M8 at (a) low (b) medium and (c) high magnification

6.1.2 Microstructural Characteristics — Mix M9

Mix M9 (Fig. 13a-c) has the most advanced microstructure. Features indicative of C-A-S-H-type
phases and reduced capillary porosity are observed. The ITZ zone is very dense and continuous,
which is conducive to enhanced tensile strength and resistance to crack localization.

e AT 3 2N -

T RN

-
Hydration Product

Zoum ZHT = 15.00 kV Signal A = VPSE G3 Date :19 Dec 2025 e | 10um THT = 15,00 kV Signal A = VPSE G3 Date :19 Dec 2025 ZEISS
D= 85mm Mag= 100KX Time :11:20:24 D= 80mm Mag= 200KX Time :11:2226
(a) (b)

19



RamaKrishna et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

EHT = 15.00 kv Signal A = VPSE G3 Date :19 Dec 2025
1pm WD = 85mm Mag= 10.00 K X Time :11:27:06
(c)

Fig. 13. SEM micrographs of mix M9 at (a) low (b) medium & (c) high magnification.

The gradual increase in microstructural density from M1 to M9 clearly indicates that ternary
synergy promotes microstructural stability. It should be noted that SEM observations are primarily
morphological in nature and therefore identification of hydration phases is based on visual features
rather than definitive phase confirmation. Consequently, microstructural interpretations are
presented as supportive evidence and should be considered in conjunction with mechanical and
structural results.

7. EDX Analysis

The EDX spectra of Mixes M1, M2, M8, and M9 are given in Fig. 14-17, and the corresponding atomic
percentages are given in Table 11. The control mix (M1) has a Ca/Si ratio of 4.86, indicating a
calcium-rich matrix due to the presence of portlandite. The addition of supplementary
cementitious materials causes a drastic decrease in the Ca/Si ratio. Mix M2 shows the lowest ratio
of 1.41, while Mix M8 shows an intermediate ratio of 2.60. The efficient mix M9 has a Ca/Si ratio of
1.76, indicating a significant consumption of calcium hydroxide consumption and better silicate
incorporation into the hydrate matrix. Although Mix M2 shows the lowest Ca/Si ratio, Mix M9
achieves better mechanical and structural properties. This indicates that the enhancement of
strength is not dependent on the Ca/Si ratio but on the combined influence of hydrate chemistry
modification, ultrafine particle packing, pore refinement, and ITZ modification. While Ca/Si ratio
provides useful insight into hydration chemistry, it cannot independently explain mechanical
performance and is therefore used only as a supportive indicator.

Table 11. Elemental composition and Ca/ Si atomic ratio of concrete mixes obtained from EDX
analysis

MIX ID C% 0% Mg% Al% Si% K% Ca% Fe% Ca/Si
M1 0.4 64.1 0.6 1.4 5.2 0.8 25.3 1.5 4.86
M2 0.2 73.2 1.9 3.6 8.0 0.9 11.3 0.9 1.41
M8 0.1 66.6 1.1 2.6 7.5 1.0 19.5 1.6 2.60
M9 6.9 64.6 1.4 3.5 8.2 - 14.4 1.0 1.76
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8. Sustainability Implications

The optimized proportion (M9) resulted in 52% clinker substitution compared to the reference
concrete. The cement content reduced from 380 kg/m? to 182.4 kg/m?, which in turn led to a
reduction of 197.6 kg of cement per cubic meter of concrete. Based on an emission factor of 0.9 kg
CO; per kg of cement, this translates to a reduction of 178 kg CO, per cubic meter of concrete. This
calculation takes into account the cement phase emissions alone and does not account for
embodied emissions of supplementary cementitious materials or transportation. Although there is
a reduction in the amount of clinker, the optimized proportion has a higher load-carrying capacity
and deformation behavior at a structural scale, which in turn indicates better carbon efficiency per
unit structural performance. The findings validate that a substantial amount of clinker can be
reduced without affecting the mechanical performance or member-level behavior. When compared
to the embodied carbon reduction, the optimized proportion has better structural carbon
efficiency, as it has a higher load-carrying capacity per unit CO, emission than the OPC reference.
The analysis considers only cement-phase emissions and does not account for full life-cycle
impacts, and therefore conclusions are limited to relative clinker reduction benefits.

9. Conclusion

This study presents a comprehensive experimental investigation into the mechanical, structural,
and microstructural performance of ternary blended concrete incorporating fly ash, ground
granulated blast furnace slag, and Alccofine. By adopting a multi-scale approach, the study
establishes a direct correlation between binder composition, hydration characteristics, and the
flexural behavior of reinforced concrete members, thereby attempting to address a critical gap in
existing literature that predominantly focuses on material-level properties.

The experimental results demonstrate that the optimized mix (M9) achieves a well-balanced
enhancement in performance across multiple scales. At the material level, compressive strength
improved by 19.29%, while more significant gains were observed in tensile-dominated properties,
with split tensile and flexural strengths increasing by 33.3% and 33.85%, respectively. These
results indicate that ternary binder systems are particularly effective in enhancing crack resistance
and tensile load transfer mechanisms, which are critical for structural applications.

At the structural level, reinforced concrete beams exhibited an increase of approximately 11.3% in
ultimate load-carrying capacity, along with improved deformation capacity and ductility. The load-
deflection response showed a smoother transition from elastic to nonlinear behavior, reduced
stiffness degradation, and enhanced post-cracking response. The observed crack patterns,
characterized by a greater number of finer and more uniformly distributed cracks, suggest
improved bond characteristics and more effective stress redistribution within the concrete matrix.
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Microstructural analysis revealed a denser cementitious matrix with reduced pore connectivity
and a refined interfacial transition zone, supporting the observed improvements in mechanical and
structural performance. However, these observations are interpreted as supportive rather than
conclusive, and the enhanced behavior is attributed to the combined effects of particle packing,
secondary hydration reactions, and progressive microstructural densification.

In addition to performance improvements, the optimized mix achieved approximately 52% clinker
substitution, resulting in a substantial reduction in cement consumption and associated carbon
emissions. While this indicates significant potential for sustainable construction, environmental
assessment is limited to cement-phase emissions and does not represent a complete life-cycle
analysis. Overall, the findings demonstrate that ternary blended systems can effectively enhance
structural performance while contributing to sustainability objectives, providing a viable pathway
for the development of high-performance, low-carbon concrete.

9.1 Future Scope

Although the current study has proven the structural feasibility of optimized ternary binder
systems on a beam scale, further research is needed to evaluate their long-term performance
characteristics in actual service conditions. Future studies should be aimed at investigating their
durability performance in aggressive environments, time-dependent behavior including creep and
shrinkage, and validation at a larger structural scale. Incorporation of experimental data into
nonlinear analytical models would be helpful in this regard. Furthermore, life-cycle assessment
studies encompassing transportation, processing, and service life aspects are also recommended
to estimate the comprehensive environmental impact of these systems
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