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This study investigates ecdriendly approaches for enhancing the earl
mechanical strength and durability of mortars utilizing slaga byproduct of the
steel industry. Mortars incorporating slag often exhibit inferior strength anc
durability compared to those made with cement. The objectives to ameliorate
these properties through the incorporation of limestone filler (LF) anc
granulated ground blast furnace slag (BFS) at varying proportionseither
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1. Introduction

The chemical production process of Portland cementwhich involves the use of clinker
accounts for 6065% of CQ emissions during its manufacture[1,2]. Moreover. the
clinkering process exerts a significant impact on natural sources of raw materialehich
are depleting at an alarming rate3]. Various strategies have been proposed to mitigate
anthropogenic CQ emissions linked to clinker production by 58%. Among the
technological solutions suggestedsubstituting clinker with industrial or natural waste
shows promise in reducing totalCQ emissions by approximately 37943,4].

Blast furnace slag (BFS) isn't just an addn in concrete production; it's a sustainability
champion. By incorporating BFS concrete gains improved workability for easier
placement reduced heat of hydration to minimize crackingenhanced longterm strength
for lasting structures. and all while significantly lowering greenhouse gas emissions thanks
to its partial replacement of clinker in cement[5-8]. However. a significant drawback of
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incorporating slag into Portland cement is its poor earlyage strength particularly evident
at high replacement lewels. attributed to the slow hydration kinetics of this cementitious
additive [9-11]. To mitigate this limitation. numerous studies have been ndertaken to
expedite the hydration processes of slag within cementitious solutiond.2,13]. Bougara et
al. [12]. suggest that the activation of hydration mechanisms at an early stage can be
achieved through physicalthermal. or chemical means. Additionallylimestone filler (LF)
has emerged as a recdnaddition to binary cementitious systems incorporating BFS
[14,15]. Ternary mortars comprising LF and BFS demonstrate a superior cest
effectiveness ratio and reduced environmental footprint compared to slagased materials
[16]. leading to enhanced hydration levels attributed to the dilution effect within the
cement paste containing sla@l7].

The primary drawback of incorporating slag into Portland cement is the poor earkage
strength. especially noticeable at high replacement levelswing to the slow development
of hydration in this cementitious addition[9-11].To mitigate this issue various studies
have endeavored to expedite the hydration reactions of slag withh cement solutions.
Bougara et al.[12]report that the activation of hydration processes at an early age can
occur through physical thermal. or chemical meansactivation of hydration processesat
an early age being physicathermal or chemical[13]. The incorporation of limestone filler
(LF) into binary blends containing blast furnace slag (BFS) is a recent innovation. This
development has led to ternary mortars with LF and BFS boasting a meofavorable cost
effectiveness ratio and a reduced environmental footprint compared to traditional slag
based materials[14,15] [16]. This leads to improved hydratn levels due to the dilution

effect in the cement paste containing slafj. 7] [18].Berodier et al [19] note that the rate of

substitution and the fineness of the mineral addition introduced depend on this
mechanism. Moreover the presence of limestone in Portland cement leads to the
formation of carboaluminate due to reactions between ¢\ and CaC® However. this
production is limited to ages below 3 days because of the complete consumption gACIn
contrast. in ternary mortars containing limestone and a source of aluminosilicatethe
aluminate-carbonate reaction persists at later ages. For instanamixtures based on fly ash
and limestone exhibit carboaluminates present up to 90 daygR0,21]. as do mixtures of
metakaolin-limestone [22]. This results in an increase in compactness and mechanical
strength due to the stabilization of ettringite. which causes an expansion in the volume of
hydrates. thereby enhancing hydration leve$ [23,24] [17]. This study builds upon prior
research investigating the properties of ternary composites combining ordinary Portland
cement (OPC)LF. BFS. Previous studies have shown that thesomposites offer promising
benefits. Gao et al[25] found that incorporating 10% LF enhances the earbage
compressive strength of BFS concrete while reducing G@missions and production costs.
Similarly. Carraco et al[26] demonstrated that within the LF-BFSOPC ternary mixture LF
and BFS contribute to increased early and later compressive strengtiespectively.

Building on this concept- AT i T A A (27] Aiévelofidd & model to identify the ideal
ternary mix for maximum strength and minimal porosty. Their model predicted a mortar
containing 10% limestone and 10% slag for peak earlpge compressive strength.
Conversely for later stages the optimal mix shifted to an Ordinary Portland Cement (OPC)
blend with 35% Blast Furnace Slag (BFS) and 7.5%ntestone Filler (LF) to achieve
superior physical and mechanical properties. Deboucha et 48] studied how limestone
and slag influence the chemical reactions in which water is absorbed by ternary cements.
Their findings revealed that the degree of hydration is dependent on both the replacement
level of these additives and the wateto-binder ratio employed.

Yu et al.[28] suggested that LF and BFS have the potential to enhance cement hydration
and homogenize mixturesthereby reducing pores particularly in regions near aggregates
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due to their filling effect and nucleation siteswhen used in fabricating ternary composites.
Xuan et al[29] found that limestone filler (LF) and slag (BFS) work together to enhance a
certain process (synergistic effect)while Adu-Amankwah et al.[17] noted that these same
ternary blends (OPCLF-BFS) have a low aluminum to silicon ratio (Al/Si)Arora et al.[30]
established a linear function correlating monocarbonateformation with carbonate
consumption.

Line with previous research Bouaskeret et al[14] reported that incorporating limestone
filler (LF) between 10% and 20% effectively hinders the development of endogenous
shrinkage and prevents initial cracking in cemenblast furnace slag (BFS) systems.
Similarly. Itimet et al. [31] hey discovered that adding up to 15% limestone filler (LF) with
the right amount of slag (BFS) can lessen the concrete's shrinkage caused by water loss.
Investigating the impact of limestone finenessBriki et al. [32] found that replacing 20% of

Al ETEAO xEOE AZETAO TEIi AOGOITA j"33 EORP®BuUpp
to 7 days. This improvement is attributed to enhanced cement hydrationwhich
compensates for the dilution effect of limestone.

However. despite these prior studiesthere remains a significant gap in research regarding
ternary mortars. For instane. microscopic analyses to comprehend macroscopic
phenomena must be undertaken. Thereforen exhaustive investigation was imperative to
elucidate the impacts of dilution and nucleation in ternary mixtures (OPCF-BFS).
Additionally . the effects of Blainespecific surface area (BSS) of slag and limestone on
ternary composites have not been thoroughly explored based on previous research.
According to the authors of this studyno research was found on the longerm mechanical
behavior (365 and 1095 days) ofternary mortars (OPGLFBFS). Consequentlythe
durability of ternary cement-limestone-slag mortars has seldom been examined.

To address these existing research gapshis study scrutinizes the microstructural.
mechanical properties and durability of OPCLFBFS ternary mortars. Various
experimental tests were conducted to evaluate compression and bending resistance (at
ages of 27. 28. 365. and 1095 days) employing scanning electron microscopy (SEM)
mercury porosimetry (MIP). gauze permeability. carbonation.and chemical attack (HCI).

The principal findings of this study are as follows: firstly the properties of the ternary
mixture were analyzed using both macroscopic and microscopic tests. Secondtiie
experimental results delineated the effects of thestone and slag fineness and substitution
rate. Thirdly. the durability of OPGLFBFS ternary mortars was assessed through
immersion in 1.5% HCI solution carbonation testing. and gauze permeability analysis.

2. Materials and Methods
2.1. Materials

i 67

In experimental tests Portland clinker sourced from the AiREl-+ 1 AEOA AAT AT O bl Al

'l CAOEAQ xAO ¢cOi 01T A O A .msdinAd fd® Gatulial Focko v Tt
guarries near the same cement plantvith a 3% content rate was utilized. with a hydrated
calcium sulphate (CaS&E ¢ 20) level of 76.4%. Granulated blast furnace slag (BFS) from El
HADJARconsisting of spherical grains with a particle size class of 0/5 mnand limestone
fillers (LF) from limestone rock deposits were also graind to various Blainespecific
surface areas (BSS). The particle size distributions of the raw materials are depicted in Fig.
1.illustrating that limestone and slag contained a higher volume of fine particles compared

to clinker.

Chemical compositions determined by X-ray fluorescence (XRF) analysisand physical
properties (Blaine-specific surface and density) of OPQF. and BFS are presented in
Tables 1 and 2respectively.

io;
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Table1. Chemical composition®f all powders used (wt.%)

Clinker Gypsum Slag Limestone filler

CaO 63.73 225 43.2 45.85

SiG 21.42 3.8 41.1 12.74
Al2Gs 4.58 05 7 1.65
FeOs 4.96 0.1 2.8 0.58
MgO 1.43 0.58 4.7 0.73
NaO 0.24 - 0.6 -

K20 0.32 - 0.32 0.24

SQ 0.72 32.84 0.25 0.11
L.O.I 2.62 39.09 - 37.54

Table 2. The Blaine specific surface area (BSS) and density of all powders.

Clinker Gypsum Slag Limestone
filler
BSS1 (n/kg) 350 350 350 350
BSS2(nd/kg) - - 550 550
Absolute density (kg/m3) 3200 2340 2800 2600
Apparent density(kg/m3) 1300 980 1000 1030
74
—— Clinker
64 Gypsum
—— Slag
Limestone

Volume (%)
Sre

G T T T T T T T
04 06 1 2 4 6 810 20 40 60 100
Particle diameter (um)

Fig.1. Particle size analysis of clinker. slag and limestone

Fig.2. SEM images of the raw materials
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Additionally. standardized siliceous sand (0/3). meeting EN194. [33] standards. was
employed. Fig. 2 showcases the particle morphologies of blast furnace slag and limestone o
AEI T AO PIi xAAOO8 #1 AOOA " &3 I AOCAO &
with a uniform shape. a highly compact morphological structure. and a smooth surface.

2.2. Preparation of Mixtures

This study adhered to EN 196l standard [33] for mortar preparation. incorporating

limestone filler (LF) and granulated blast furnace slag (BFS) as partial cement
replacements (up to 35% by weight) in various combinations with differing fineness (refer

to Table 3). A fixed watefto-binder ratio of 0.50 and sandto-cement ratio of 3:1 were

maintained for all mixtures. After casting in molds for 24 hourshe mortars were cured by

Eii AOOETIT ET xAOGAO AO A AiT100111AA OAIi PAOAOO
details for each mixture are provided in Table 3.

Table 3. Mixtures proportions

-E@OOOA #1 ETEA ' UDOOI &3 , & b 7T,
, AAAT O i pPQ
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G o &t, (VN o Z m38uv m8v
o ndu, (VN o) ovu m8vu m8u
T pmtFpu, p 0q o p T cu m8u
v prEq, p 0HS o p T v m8u
0 pmtEpu, ¢ (0Nd o) p T cu m8u
X P&, ¢ 0N o p T cu T8
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w P X 3PX . ¢ 0N o pX8 pxX8u TmM8uU
pm P XIS, P ¢Cq (o} pXx38 pxX8u Tm8uU
PP P X X, ¢ 0N o pX8 pxX8u Tm8uU
pPC G u Ppm, p (ONS (o} pT Gu m8u
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pT Cu 3, p 0 q o p T cu m8u
pu UL Icm, ¢ (0N o p T Cu T8

2.3. Experimental Tests

Table 4 shows the experimental tests used in this studyheir fields of application and
measurement times.

Table4. Experimental methods andfields of applications

Method Test sample Test time
. All samples (Mixtures from 1 to 2.7.28.365 and 1095
Compressive strength
15) days
All samples (Mixtures from 1 to 2.7.28.365 and 1095
Flexural strength
15) days
Permeability Mixtures (Mixtures1.2.3 and 8) 28 Days
Carbonation Mixtures (Mixtures1.2.3 and 8) 28 Days+_15 Days (in the
carbonation chamber)
SEM Mixtures (5.9.11.13 and 14) 365 Days
MIP Mixtures (1.2.f‘.1)5. 9.11.13 and 365 Days
Chemical attacks (1.5 % All samples (Mixtures from 1 to
HCL) 15) 200 Days
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2.3.1. Compressive amdexural Strength

The compression and flexural strength tests were conducted using an apparatus with a

maximum capacity of 3000 KN. These mechanical properties were determined in
accordance with standard33]8 4EA 111 A0 OOAA EAA AEI AT OEIT O 1 4
samples of each miture were tested at 2 7. 28. 365. and 1095 days after casting. The

average strength value was used to represent the ultimate flexural and compressive

strength for each mixture.

2.3.2. Scanninglectron Microscop€SEM)

To better understand the macrostructiral phenomena a microstructural analysis of
various mixtures was performed after 365 days using a Hitachi-3400N scanning electron
microscope (SEM).

2.3.3. MercunypPorosimeter

Mercury intrusion porosimeter (MIP) is a technique employed in this study to analyze the
pore size distribution within the mortar samples [34,35]. An Autopore I\\Micromeritics
mercury porosimeter was used capable d applying high pressures (up to 414 MPa) to
force mercury into pores as small as 3.6 nanometers and as large as 360 micrometers. By
analyzing the pressure required for mercury intrusion researchers can determine the
distribution of pore sizes within the mortars.

2.3.4. OxygeRermeability

The O2 oxygen permeability methodwhich evaluates gas penetration resistance and

transfer properties in cementitious mortars. x AO Al I T UAA8 | £FOAO AOQUET C
until constant weight was achieved (48 hours)11 cm diameter and 5 cm thick specimens

were laterally sealed and vertically confined to ensure unidirectional radial oxygen flow.

Intrinsic permeability (Kint) was then calculated from apparent permeability (Ka)
measurements at three absolute pressures (3.and 4 bar) using the inverse of the average

pressure (refer to equation 1 for details).

00 ¢0z0 z20Z—m—120 1

S S )

Where Q is the volume flow at the inlet cm3/s)A EO OEA AUT Ai EA OEOAIT OEC
¢nl#mgJI# ANOAI.PGIithe gb8otute presslve all Aput (bar)Patm is the
atmospheric pressure (bar), EO OEA OEEAET AOO 1T £ OEA OAI PI A |
The Klinkenberg approach[36] was employed to isolate the intrinsic permeability

representing only the viscous flow of the permeating fluid. This value is determined

through linear regression of various apparent permeability values in relation to the inverse

of the average pressure (calculated as the mean between atmospheric pressara gas

inlet pressure) [37] [38]. It is defined as follows:

0 0 p (2)
0 0 0 Tc (3
7EQE 1d OEA +1 El0EAT ADODC ODERBEBRADOAOOOOA AT A 8
Klinkenberg line.
2.3.5. Accelerate@arbonation

To assess Cfpenetration resistance an accelerated carbonation test based on the NF R18
458 458 standard[39] was conducted. After 28 days of water curingcylindrical mortar
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specimens (110 x 220 mm) were sectioned into four discs (approximately 5 cm thick). To
ensure unidirectional carbonation all sides except the sawn fee were sealed with sel
adhesive aluminum foil. Following a 14A AU A OUET C Ddn® gubrfr oAtle ¢ mJ #
specimens were placed in a dedicated chamber maintained at 4% £@u b m v b OAlT AO]
humidity AT A ¢nJd# £ O A 111 O0ES

2.3.6. Chemicattack

Following 24 hours in molds mortar samples were cured in water for 28 days. They were

then conditioned in a controlled environment (50% relative humidity.c mJ #q O1 OEI OAA
constant weight before immersion in a 1.5% hydrochloric acid (HCI) solution for 200ays.

This process simulates chemical attacland the samples were subsequently evaluated for

physical and mechanical properties to assess their durability.

3. Results and Discussion
3.1. Compressive Strength

The results of the evolution of the compressivstrength of mortars formulated with slag
and limestone in the short and long term were presented in Fig. 3a and 3bspectively. At
the two-day mark. the 0SOL blend exhibited superior compressive strength compared to
other mixtures. This can be attributel primarily to the dilution effect caused by the
inclusion of limestone filler and slag7,40]. Consequently. the compressive strength of 8S
35L exceeded that of 359L by 19%. attributed to LF acting as ncleation sites. facilitating
additional CzSzH formation and enhancing cement hydration kinetic$5,41]. Moreover. LF
was noted to fill voids. increasing mixture compctness and altering reaction rates at early
stages[42]. However. the combination and fineness of LF and BFS had minimal effect on
compressive strength at this early stage.

Thermogravimetric analysis revealed that calcite consumption increased over time.
particularly after 28 and 90 days. indicating slower calcite reaction kinetics with
aluminates from slag to form hemi/monocarboaluminates [9] [30]. Although comparable
compressive strengths were observed for 358L and 0S35L after 7 days. a remarkable
increase in strength was noted in blends containing LF and BFS additions. For instance.
mortars like 10S1-25L1. 17S317L1. 17S317L2. and 25S3110L2 exhbited substantial
increases in strength compared to 358L and 0S35L [30].

60
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Fig.3. The compressive strength of various mixtures in (a) the shosterm and (b)long-

term

This increase was attributed to the formation of hemi/monocarboaluminate. preventing
ettringite transformation into monosulphate and resulting in higher total hydrate volume
and hydration reaction rates[21].However.the compressive strength of mortar with these
additions was slightly lower compared to the control (0SOL). indicating that while
hemi/monocarboaluminate formation offset the dilution effect. it couldn't fully
compensate for the decline in cement hydratd43]. Additionally. LF with a higher specific
surface caused higher resistanceand finely ground limestone was found to improve
hydration and compensate for dilution caused by clinker reductiofi32] .

After 28 days while the compressive strengh of 35S0L was significantly higher than that
of 0S35L. it remained lower than that of 0SOL by 30.9%. Ternary blends with high slag
content showed notable strength increases over 3568L and 0S35L due to various factors
such as nucleation of €H. ettringite stabilization. and carboaluminate formation.
However. the presence of LF with ahigh-rate induced performance decreases due to
dilution. Compared to 35S0L. certain composites like 25S110L1. 25S210L2. 25S1-10L2.
and 25S210L1 showed increased stength. while slight decreases were observed
compared to 0SOL. Moreover. the higher fineness of additions particularly LF. led to
better performance. contributing to capillary pore filling and mortar property
improvement. While ternary mixtures with low BFS content showed lower resistance
compared to OSOL and other ternary composites after one and three years35S0L
exhibited higher strength compared to 0SOL controls. Overall the study highlights the
importance of material fineness in short and longerm reactions. emphasizing the
necessity of alumina sources for carboaluminates formation and the optimal LF content for
improved mortar strength. Furthermore. an increase of 14% in compressive strength at
the one-year mark was observed with the addition o25% BFS and 10% LF to cementitious
mortars. This underscores the significance of maintaining carboaluminate formation for
extended periods as observed in mixtures containing limestone and aluminosilicate
sources[42]. The presence of AFm phases was linked to calcite and reactive aluminates
from limestone and slag potentially explaining the lower long-term resistance of certain
mixtures [44]. Studies suggest that using an ideal limestone content ensures the utilization
of all active alumina from pozzolans in ternary binderd45]. In this study. 10% LF was
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deemed optimal highlighting the importance of balanced material compositions for
optimal mortar performance.

In summary. the fineness of materials significantly influences the reaions in ternary
mixtures in both short and long terms particularly for limestone fillers. Maintaining the
formation of carboaluminates for up to three years requires adequate alumina sources in
the ternary mixtures. Adding 25% slag (BFS) and 10% limeste filler (LF) boosted the
mortar's compressive strength by 14% after one year. This highlights the importance of
precisely formulated compositions for achieving superior mortar performance.

3.2. Flexural Strength

The flexural strength of mortarscontaining various additions at different ages (27. 28.
365. and 1095 days) is illustrated in Figure 4(a) and (b)Similar to the compressive
strength trend. flexural strength development varied across ages for different mixtures.

1 Atearly ages (2 days)0S-35L containing LF exhibited the highest flexural strength
likely due to improved packing and reduced capillary porosity41].

1 By 7 daysternary blends showed similarflexural strength to the control mortar
(0S-0L) and surpassed the strength of 358L (BFS only). The enhanced strength is
ascribed to the combined effects of limestone filler (LF) promoting nucleation and
the early formation of Hemicarboaluminates (HC)which contribute to a stronger
structure.

91 Interestingly. long-term (1 and 3 years) results showed a greater increase in
flexural strength compared to compressive strength for ternary blends with a low
LF content (25% BFS10% LF). This suggests that carboaminates formed in these
mixtures are more effective in improving flexural strength than compressive
strength [46] . This translates to stronger and more robust caraluminate particles
that contribute significantly to the enhanced mechanical performance of these eco
friendly mortars.

Overall, the flexural strength results support the findings from compressive strength
analysis. highlighting the benefits of incorporaing both BFS and LF in cementitious
mortars. particularly at a 25% BFS and 10% LF ratio. The improved packing by LF and the
formation of carboaluminates play a crucial role in strengthening these mortars over time.
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Fig.4. Flexural strength of differentmixtures in (a) the short-term and (b) long-term

3.3. Compressive vs. Flexural Strength Correlation

Figure 5 examines how well a mortar's compressive strength (resistance to crushing)

translates to its flexural strength (resistance to bending) across the different mixture

Al T AET ACET 108 4EA OAOGOI OO OEIT x Aindcad@ithttC DT OEOE
compressive strength generally increases along with flexural strength. Inteséingly. the

data points for early ages (2 and 7 days) are tightly clustered/hile those for later ages (28

days. 1 year. and 3 years) are more dispersed.

16

M2 Days
14 1 .
@7 Days m- .-
) 0o
12 4 E28 Days l o

W1 Year -

@3 Years

o
"

@'ﬂ y=0,1447x+1,1801
=0,9695

A .

0 — —

0 10 20 30 40 50 60 70 80 90 100
Compressive strength (MPa)

=31
1

Flexural strength (MPa)
=
}'.\
]

-
1

(3]
L

Fig.5. Relationship between compressive and flexural strength

This suggests that at early agesthe variations in compressive and flexural strength
between mixtures are relatively small. Howeveras the mixtures age and the effects of their
composition and finenessbecomemore pronounced the mechanical properties diverge
leading to a wider spread of data points in the long term.

3.4. Mercury Porosity

To better understand the mechanical behavior of the different mortars studiedhe pore
size distribution was evaluated using a mercury porosimeter. Fig. 6 shows the results

10
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obtained at 365 dayslt can be seen that the 09L mixture has a large number of pores

with dimensions ranging between 0.02n 8t Al 8 ! AAE OE Iniixiule.lthergis £ O OE
A xEAA AEOOOEAOOEIT 1T &£ PI OAO AAOXxAAT mn8¢ AT A
of capillary pores. The 0S35L mortar presents peaks between the ranges of 0.62 8 p A
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Fig.6. Pore size variation in different mortars after one year

However,the 35St, AET AOU Al i b1 OEOA OEi xO Z£ET A bpi OAO
A [.which is a result of the pozzolanicreaction of longterm slagproducing a large volume

of GSH that fills voids and capillary pores[47]. Additionally. the pore distribution of all

mortars based on ternary types of cement is better compared to those based on binary

binders or cement aloneas they evolve significantly towards fine pores. For exampléhe
composites 25S5210L1and25S2p 1, ¢ OAOAAI DAAEO AAOxAAT mn8mp
mercury intrusion of around 0.045 ml/g. indicating good compactness and homogeneity

of these mixtures. Moreoverthe decrease in pore size in the ternary mortars 25S20L1.

255210L2 and 17S217L2 results in high mechanical performances (see Fig. 3). This is

due to the phenomena of nucleation of - S-H on CaO surfacethe stabilization of ettringite.

and the formation of carboaluminates of the clinker phase the ternary compgite. These

results were confirmed by Hadj Sadok et a[7,48]. which showed at 90 days a finer pore

size distribution for mixtures containing slag and calcined sediment (15 %).

3.5. Accelerated Carbonation and Gas Permeability

The physical and chemical characteristics of building materials significantly influence their
durability. Figure 7 explores how these properties affect transport phenomea. specifically
focusing on accelerated carbonation and gas permeabilityfor the different mortar
mixtures at 28 days of ageFigure 7 explores the relationship between material properties
and transport phenomena (permeability and carbonation) for the diferent mortar
mixtures at 28 days.

1 Permeability: The binary mixture with 35% LF (0S35L) exhibited the lowest gas
permeability (1.01x107I 6 Q@ AT i PAOAA O 1 OEAO I EQGOO0OAOS
by Tsivilis et al.[49] and Panesar et a[50] who attributed reduced permeability to
LF's porefilling effect. Conversely. the 35%L mortar (high BFS) showed higher
permeability due to the slow hydration of BFS at early ages. creating mopares
[9,11,51]. Interestingly. the ternary blend (17S117L1) demonstrated a significant
permeability reduction compared to 35S0L. Suggesting a beneficial interaction
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between LF and BFS. This improvement in pore structure is likely due to the
combined effects of pore filling by LF and nucleation sites provided by both BFS and
LF. as suggested by Yu et 8] and Xuan et al[29].

1 Carbonation: The 0S35L mortar displayed the lowest carbonation depth (0.25
cm). likely due to its denser microstructure achieved through LF addition.
Conversely. the 358)L blend showed higher carbonation depths. which aligns with
findings by Gruyaert et al.[52]due to its higher porosityThe mixture combining
limestone filler and slag (17S117L1) resisted carbonation better than the one
without (35S-0L). This improvement may be due to the formation of particles
within the mixture (carboaluminates) that fill in tiny gaps and make the structure
denser.

1  The limited number of mixtures tested (four) due to travel constraints restricts
broader conclusions. Further research is recommended to investigate the impact of
varying BFS and LF contents and fineness on peeability and carbonation in
ternary mixtures at later ages.
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Fig.7. Permeability and depth of carbonation of different mortars at 28 days

3.6. Scanned Electron Microscope ( SEM

The fig. 8 shows the results of the morphological analysis of hydrates after 365 days. The
control paste's portlandite formed into a dense hexagonal crystdb3]. The hydration
products. appearing as needles and flakes. were identified as AFt and Ms. respectively.
Additionally. some capillary pores were discernible in the control mixture (0L). These
findings align with the results from the mercury porosimeter test in section 3.4.
Conversely. the ternary mortars mainly exhibit the initial hydration phase.
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Fig.8. The microstructures of various types of mortars

Despite the low clinker content in the ternary mixture. there are more hydrates present
(C-(A)-SH gel). It is also noted that Ms manifests as plates in the mixture without additives
(0S-0L). while the introduction of LF and BFS alters these particles intdc and Mc. The
presence of GA-SH in the capillary pores significantly impacts transfer properties.
Crystalline phases such as GBFm in needleshaped form[54] (observed in mixture 25S2
25L1) effectively occupy capillary voids.The GA-SH resulting from the pozzolanic
reaction can also play a significant role in masking the limestone dilution effect. The mortar
25S82-25L1 exhibits the highest compactness. correlating with the highest compressive
strength. However. microcracks were observed on samples 25&5L2. According to
Khalifa et al.[55] . the high substitution rate and fineness of slag induce some microcracks
due to the accelerated hydration rate of the composite.

3.7. Hydrochloric Acid Attack

In Fig. 9a and bit can be observed that the loss of compressive strength and mass after
200 days of various mortars immersed in aggressive media (HCL (1.5 %)) is showrhe
behavior of all mortars varies according to the nature of the aggressive medium.
Concerning hydrodloric acid resistance. a significant 78% decrease in compressive
strength is observed after 200 days of HCI exposure in the 35811 composite[56]. This
reduced resistance is attributed to the presence of a high number of pores at the age of 28
days. resulting in lower resistance to ionic penetration and compromising the stability of
hydrated phases. Additionally. significant strength decreaseof 75% and 68% are also
observed in mortars 0SOL and 0S135L1. respectively[57]. This is believed to be due to
the sufficient amount of portlandite present in the OPC and LF. leading to the formation of
gypsum. which is known to be expansive. Mass loss corroborates the compressive strength
results. However. all ternary mortars exhibit a notable improvement in resistance gainst
hydrochloric acid (HCI) attack compared to 35S:DL and OPC. Mixtures 10S25L2. 17S1
17L1. and 25S110L2 show respective strength decreases of 50%. 42%. and 46% after 200
days in HCI. resulting in an approximately 85% increase in resistance to HGtazk for
ternary mixtures.

The addition of pozzolanic materials with limestone is identified as a potential solution to
improve sulfate resistance. as observed by Boubekeur et al. Furthermore. the effect of
fineness is noted. with higher Blaine specific isface (BSS) area resulting in a slight
improvement in HCI resistance. Mixtures 10S25L2 and 25S210L2 show strength
increases of 14% and 17% over 10S25L1 and 25S110L1. respectively. This is attributed

to the accelerated hydration process. leading to denser and more compact porous
structure. as noted by Sia et al. Microstructural analysis reveals that the SitAth residues
generated at the surface by the pozzolanic behavior of BFS effectively inhibit corrosion by
acting as a barrier to chemical attek [58] [59].
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Fig.9. lllustrates the percentage decrease in both compressive strength (a) and weigl|
loss (b) for different mortar specimens

5. Environmental Assessment

The environmental analysis of the materials used in this study focuses on the energy
consumption during the grinding process of each powder and the corresponding €0
emissions. These analyses are crucial for assessing the sustainability and environmental
impact of the cementitious materials employedThe energy required to grind the various
powders (clinker. gypsum. LF. and slag) was calculated based on Bond's thirchéory of
comminution[60]. According to Bond's law the energy consumpion for grinding is
proportional to the new surface area generatedwvhich can be expressed as:

muyn Nan

Where; E is the energy consumption (kwh/ton) Wi is the Bond work index (kWh/ton);
P80 is the 80% passing size of th® O1 A O A;F80jisAHe @0% passing size of the feed
i Al Q8

Using this equation the energy consumption for grinding 1 ton of each powder was
calculated basing on the SME Handbook for Mineral Processifd]. Table 6 summarizes
the energy consumption values for clinkergypsum. LF. and slag.The energy consumption
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values wereconverted to CQemissions using the grid emissions factor specific to Algeria
which is 0.73 kgC@kWh [62]. The CQ emissions for grinding each powder were
calculated using the following formula:

#1 Al ECQCE@TIOI 1T %l AGGCD 001 #EGHDIIT i o (5)

Table 5. Energy consumption and Carbone emission for grinding 1 ton

Wi (kWh/ton) P80j AT &wm j E (kWh/ton) CQ emissions

(kg/ton)

Clinker 136 32 5000 2212 16.15
Gypsum 742 36 3000 11.01 8.04
Slag S1 134 146 3000 3262 2381
Slag S2 134 10.23 3000 39.45 28.80
LF L1 11.22 16.8 3000 2533 1849
LF L2 11.22 1125 3000 31.40 2292

Fig. 10 illustrates the CQ emissions and the embodied C{parameters. which represents
the ratio of CQ emissions to the compressive strength after one yeafior various mixtures.
providing a clear visual representation of their environmental efficiencyThe results of the
energy consumption and the Carbone emissions for grinding 1 ton of each powder are also
illustrated in Table 5. The analysis reveals that the grinding process foeach material
results in different levels of energy consumption and CQemissions. Slag and LF grinding
is typically the most energyintensive process. resulting in the highest COemissions.
Conversely. clinker and gypsum require less energy to grindesulting in lower CQ
emissions. However. when considering the embodied G@arameter. which represents the
ratio of CQ emissions to the compressive strength of the mixtures after one year. a more
nuanced picture emerges.
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Fig.10. CQemissions and embodied C&parameter resultsof each mixture

Mixtures such as 359L exhibit the highest embodied C&values due to the significant CO
emissions associated with high slag content and their low strength. Ohe other hand
mixtures incorporating higher proportions of LF and slagsuch as 0S35L and 25S110L2.
demonstrate the lowest embodied C&values. This indicates that substituting clinker with
LF and slag not only reduces G@missions but also enhances afironmental efficiency by
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improving compressive strength relative to the carbon footprint. For instancghe mixture
25S1-10L2. with an embodied CQ value of 0.22 kgC&ton.MPa. represents the best
environmental efficiency among the tested mixturesachieving a balance between lower
emissions and robust structural performance.

4. Conclusion

This study assessed various mortars containing different proportions of limestone filler
(LF) and blast furnace slag (BFS) powdecommonly used as cementitious raterials. The
findings yielded the following conclusions:

1 Ternary mortars containing limestone filler (LF) and slag (BFS) exhibited
significantly higher compressive strength compared to mortar with only 35% slag.
After 7 days of curing the ternary mortars showed a remarkable 62% increase in
strength. and this improvement remained substantial at 31% after 28 days.
Additionally . the compressive strength of ternary mortars was found to be 8.23
14% higher than that of OPEIL-0S after 365 days.

1 The fineness ofmaterials significantly influenced the reaction of ternary mixtures
(LF+BFS) in both shortterm and longterm scenarios particularly concerning
limestone fillers.

1 Adequate amounts of alumina sources (BFS) were necessary in ternary mixtures to
ensure the brmation of carboaluminates for up to 3 years.

I There were consistent variations in flexural and compressive strengthwith a
perfect linear relationship (R2 = 0.97) observed through correlation analysis.

1 Ternary mixtures exhibited a densecompact and less porous microstructure. as
evidenced by SEM and mercury porosity teststtributed to the presence of CA-S
H and carboaluminate.

9 The inclusion of LF with BFS in cementitious composites (17SI7L1) improved
resistance to CQ@ diffusion by 80% compared to nixtures with only 35% BFS
resulting in a permeability decrease of over 100% at 28 days for 17SH7L1
compared to 35S0L. These findings were consistent with mercury porosimeter
tests.

1 The cement mixture containing 35% slag exhibited a significant decreasia
compressive strength after 200 days in 1.5% hydrochloric acid compared to all
other mixtures. However. all ternary mixtures demonstrated substantial
improvement in acid resistanceranging from 45-80%.

1 The optimal mix in terms of mechanical performancend durability was found to
be 25S110L. with an optimal LF content of 10%.

In conclusion. the development of eceefficient materials with high performance and

reduced cement content (substituted with a combination of slag and limestone filler) did
not compromise long-term strength and durability against carbonation and hydrochloric

acid attack. On the contrary depending on the added finesit significantly enhanced

durability performance. ensuring longerlasting constructions made with concrete
containing such mortar formulations.
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