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Abstract

Conventional valorization of blast furnace slag commonly involves granulation, fine grind-
ing, mechanical activation, or chemical activation, which increase energy demand and
processing complexity. This study investigated a minimally processed blast furnace slag
(MP-BES), defined here as the fraction passing 64 pm obtained by sieving a 0-8 mm in-
dustrial material without grinding, additional granulation, thermal treatment, or chemical
activation. MP-BFS replaced 10-50% of the cement by mass to reduce clinker in indus-
trial mortars formulated at a constant flow spread of 23-24 cm and tested from 8 h to
90 d. Bulk density, water-accessible porosity, total and capillary water absorption, and
compressive and flexural strengths were evaluated. Replacing 10% of the cement with
slag improved compressive strength from the earliest test age and increased the 28-day
compressive and flexural strengths by 5.1% and 9.5%, respectively, relative to the control
mortar; this response coincided with a reduction in measured porosity from 8.95% to 8.01%.
This improvement is consistent with a physical filling effect and improved particle packing,
although these mechanisms were not directly verified by microstructural analyses. At
higher replacement levels, water-accessible porosity increased, reaching 24.45% at 50%
slag replacement, alongside greater water ingress and delayed strength development. Ex-
ploratory empirical regression analyses described associations among slag content, porosity,
water transfer, and compressive strength within the investigated formulations. A simplified
screening-level constituent-production-and-transport comparison per cubic meter, based
on generic ICE factors and an assumed 50 km transport distance, estimated a maximum
embodied carbon reduction of 44% at 50% replacement. Curing energy, use, carbonation,
maintenance, and end-of-life stages were excluded. Overall, 10% MP-BFS replacement pro-
vided the most favorable performance—carbon content balance, whereas 30-50% achieved
larger carbon reductions but showed early-age strength losses that limit their suitability for
rapid-demolding applications under the investigated conditions.

Keywords: minimally processed blast furnace slag; industrial mortar; early-age strength;
cement replacement; porosity; mechanical performance; embodied carbon
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1. Introduction

The building industry is a major source of man-made carbon dioxide (CO,) emissions.
This is mostly due to the energy required for clinker production. Recent estimates show
that cement production is responsible for about 7-8% of CO, emissions worldwide. De-
carbonization of the building and public works sector is therefore a top concern [1,2]. In
light of these environmental issues, research and industry are moving towards producing
eco-friendly cementitious materials by replacing cement with mineral additives.

Reducing the clinker content of cementitious materials is widely recognized as one of
the most technically accessible strategies for decreasing the embodied carbon of concrete
and mortar [1,2]. Supplementary cementitious materials can contribute to this objective
by partially replacing Portland cement while promoting the valorization of industrial
by-products and industrial symbiosis between the steel and construction sectors. However,
their environmental benefit depends not only on the cement replacement level but also on
the processing route, transportation requirements, allocation assumptions, and functional
performance of the resulting material [2]. The GCCA decarbonization roadmap accordingly
identifies clinker factor reduction, increased use of supplementary cementitious materials,
and circular utilization of industrial resources among the principal pathways toward
net-zero concrete [3].

Blast furnace slag is one of the supplementary cementitious materials sourced from
the steel industry. It is a by-product originating from the process of reducing iron ore and is
mostly made up of calcium, silicon, aluminum, and magnesium oxides. When cooled and
finely ground, slag shows latent hydraulicity, forming C-S5-H-type hydration products in
an alkaline environment [3,4]. Owing to its standardized composition, ground granulated
blast furnace slag (GGBFS) has become a common ingredient in composite cements and
high-durability concretes. Previous studies have shown that adding activated or crushed
slag to cementitious materials enhances their properties, including durability, chemical
resistance, lower hydration heat, and decreased permeability [5-15]. The reactivity of blast
furnace slag can be enhanced through granulation, fine grinding, mechanical activation,
or chemical and alkaline activation. Although these processing routes can improve slag
dissolution and early-age performance, they introduce additional energy, material, cost,
and operational requirements [15-18]. Alkali-activated materials constitute a distinct
valorization route involving the use of alkaline activators and specific processing and
handling conditions [3]. Therefore, the environmental advantage of direct or minimally
processed slag utilization may arise not only from Portland cement substitution but also
from avoiding some of the additional processing stages required for finely ground or
activated slag systems. The magnitude of this benefit nevertheless depends on the system
boundaries and assumptions adopted in the environmental assessment. In contrast to finely
ground or activated slag, coarse or non-activated blast furnace slag generally exhibits lower
early-age reactivity. The literature commonly attributes this behavior to a combination of
lower specific surface area, limited dissolution kinetics, and, depending on the cooling
history of the slag, a lower proportion of reactive amorphous phases [7,8,19-22]. The
limited early-age dissolution of Ca-, Si-, and Al-bearing phases may delay the formation of
C-5-H- and C-A-S-H-type hydration products, thereby slowing strength development. At
high replacement levels, this delayed contribution may not compensate for the dilution
of Portland cement, potentially resulting in higher water-accessible porosity and lower
early-age mechanical performance.

However, the effects of slag incorporation on porosity are not uniform and depend on
the slag processing route, particle size, amorphous content, replacement level, curing condi-
tions, testing age, and porosity measurement method. At early and intermediate ages, high
contents of coarse or low-reactivity slag may increase the fraction of open pores accessible to
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water because cement dilution is not yet compensated by slag reaction [7,20,22]. In contrast,
reductions in interconnected porosity have been reported at 28 days or later in systems con-
taining more reactive, finely ground, activated, or combined supplementary cementitious
materials [23,24]. Therefore, these reported trends are not necessarily contradictory, as they
refer to different slag characteristics and stages of microstructural development.

In addition to their lower specific surface area, minimally processed slag particles gen-
erally exhibit a coarser particle-size distribution and a less optimized particle morphology
than commercially ground granulated blast furnace slag (GGBFS) [23,24]. These character-
istics reduce the available reactive surface and may limit the physical filling and particle
packing effects that are commonly achieved with finely ground slag. Consequently, MP-BFS
is expected to exhibit lower latent hydraulic reactivity and slower hydration kinetics than
conventional GGBFS, particularly at early ages.

At low replacement levels, physical filling, improved particle packing, and possible
heterogeneous nucleation may contribute to matrix refinement, even when the direct hy-
draulic contribution of the slag remains limited. With prolonged curing, continued reaction
of reactive slag phases may also promote progressive densification of the cementitious ma-
trix. Nevertheless, high replacement levels have frequently been associated with increased
sorptivity and immersion water absorption, particularly when the early-age contribution
of the slag is insufficient to compensate for clinker dilution [25-28]. These results should be
interpreted cautiously because water-accessible porosity characterizes only the intercon-
nected pores accessible to water and does not provide direct information on total porosity
or pore size distribution.

Prior studies on blast furnace slag-blended cementitious matrices concentrated on
activated slag and were conducted under idealized laboratory circumstances at medium
and long curing ages (28 days and beyond). In contrast, industrial mortars are subjected to
industrial limitations, such as the need for quick formwork removal, high production rates,
or the need to reach a certain level of mechanical strength at an early age. Therefore, the
literature values obtained for GGBFS or activated systems cannot be transferred directly to
a minimally processed industrial fraction.

Direct incorporation of minimally processed blast furnace slag could reduce Portland
cement and clinker consumption while minimizing the additional energy and operational
requirements associated with fine grinding and activation [1,29]. This approach supports
the circular valorization of a steel industry by-product; however, the limited early-age
reactivity of MP-BFS may restrict the replacement levels compatible with rapid industrial
production. At high replacement levels, the combined effects of cement dilution, limited
early-age slag reaction, and increased water demand may adversely affect water-accessible
porosity and mechanical performance. The previous literature shows limited knowledge
about the effect of minimally processed slag on the mechanical and hygro-physical proper-
ties of mortars, especially in a real-world industrial setting. In this work, the term minimally
processed blast furnace slag (MP-BFS) refers specifically to the fraction obtained solely by
sieving the supplied 0-8 mm material to below 64 um, without grinding, additional granu-
lation, thermal activation, or chemical activation. The principal novelty is the combined
evaluation of this screened industrial fraction at replacement levels of 10-50% under a
constant-flow formulation constraint, with measurements from 8 h to 90 d and a simplified
embodied carbon comparison.

The objective of the present study is therefore not to compete directly with com-
mercially produced ground granulated blast furnace slag (GGBFS), whose performance
benefits from dedicated grinding and standardized processing. Instead, this work investi-
gates whether a minimally processed industrial fraction can provide an acceptable balance
between mechanical performance and embodied carbon reduction while avoiding addi-
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tional energy-intensive processing. Consequently, the study evaluates a distinct industrial
valorization pathway, recognizing that its performance limitations, particularly at early
ages, may differ from those reported for conventional GGBFS systems.

Accordingly, this study evaluates the influence of minimally processed blast furnace
slag (MP-BFS) content on early- and later-age mechanical performance, water-accessible
open porosity, bulk density, and water uptake in industrial mortars formulated to a flow
spread of 23-24 cm. Empirical regression analyses are used to describe associations among
replacement level, porosity, capillary uptake, and compressive strength. The environmental
comparison quantifies the effect of cement substitution under explicitly stated assumptions.
Industrial production in the investigated plant is organized in three consecutive 8 h shifts.
Consequently, the 8 h testing age corresponds to the intended demolding time at the
end of one production shift, whereas the 24 h testing age corresponds to the subsequent
handling and lifting stage. Under the investigated production conditions, the plant-specific
operational requirement is a minimum compressive strength of § MPa at 8 h for demolding
and 12 MPa at 24 h before handling. The latter requirement remains conditional on the
design and verification of the lifting system, including the element geometry and self-
weight, the position and embedment depth of the lifting anchors or inserts, the edge
distances, the lifting configuration, and the associated dynamic effects [30,31]. These values
are used as production-specific formulation-screening criteria and should not be interpreted
as universal requirements applicable to all precast products.

2. Results and Discussion
2.1. Water-Accessible Open Porosity

Figure 1 presents the results of water-accessible open porosity for the mortars with
different slag replacement levels. As shown, the reference mortar FO exhibits an open
porosity of 8.95%; this value decreases by 11% to reach 8.01% for F10, and then increases
by 10.4%, 51.1%, 65.4%, and 173.2% for F20, F30, F40, and F50, respectively. These results
indicate that the most significant increase in porosity occurs beyond a slag replacement
level of 20%, with a pronounced jump between F20 and F30. This finding is consistent
with data recorded in the existing literature regarding the use of low- or non-activated
slag in cement matrices presented in Table 1. Previous studies have associated the limited
early-age contribution of non-activated slag with slower matrix development and a more
open water-accessible pore network [4,6,21,32]. Because the mixtures were formulated at
constant flow, the increasing water-to-powder ratio may also have contributed to the higher
porosity at elevated replacement levels. Moreover, porosity was measured only at 28 d;
therefore, no direct conclusion regarding early-age pore structure evolution can be drawn.
Moreover, the diluting effect of cement, combined with partial substitution by a slow-
reacting additive, leads to a rise in the proportion of interconnected pores [33]. However,
particle packing, hydration products, pore size distribution, and connectivity were not
directly measured, so these mechanisms remain hypotheses rather than direct observations.

Table 1. Porosity of mortar incorporating low or non-activated slag.

. . Slag Replacement Water-Accessible Open
Reference Studied Matrix Level (%) Porosity (%)
B. Edeb et al. (2024) [34] Mortars with slag <25 ~10%
s Mortars with slag, silica fume, and B D00
Maléki Tagba et al. (2021) [35] aggregates (natural and rubber) 20 ~15-20%
Ikhaddalene et al. (2025) [36] Mortar with slag 10 ~19%
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Figure 1. Variation in water-accessible open porosity of mortar mixtures with increasing slag replace-
ment level.

These literature values are provided for qualitative comparison only because the
binder systems, curing conditions, and measurement procedures differ among the studies.

2.2. Bulk Density

Bulk density results for various mortar mixes are illustrated in Figure 2. The results
indicate that the apparent density gradually decreases as the amount of slag increases. The
progressive decrease in bulk density is consistent with the increase in water-accessible open
porosity observed at higher MP-BFS replacement levels [35,37]. The increasing mixing
water demand may also have contributed to the lower hardened density by increasing the
volume of water-accessible voids after drying.
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Figure 2. Variation in the bulk density of mortar mixtures as a function of slag replacement level.

Differences in constituent density, hydration development, and particle packing may
additionally influence bulk density. However, the density and morphology of the in-
corporated MP-BFS fraction, the packing density, and the degree of hydration were not
determined experimentally. These factors are therefore considered possible contributing
mechanisms rather than directly demonstrated causes.
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2.3. Water Absorption by Immersion

Table 2 shows the total water absorption values for all formulations at 28 d. The
results reveal that the water absorption of the control mix F0 is 4.15% and then decreases
to 3.69% for F10. Beyond 10%, total water absorption gradually increases with increasing
slag replacement level to attain 12.76% for F50. Numerous studies indicate that water
absorption through immersion depends on the volume and connectivity of open pores,
especially continuous capillary pores [38]. The reduction in water absorption from 4.15%
for FO to 3.69% for F10 is consistent with the lower water-accessible open porosity measured
for F10. This behavior may be associated with favorable filler or particle packing effects at
low MP-BFS content, although these mechanisms were not directly investigated.

Table 2. Water absorption of mortar mixes with different slag replacement levels.

Mass After 48 h

Formulation Average Dry Weight (g) Immersion in Water () Absorption (%)
FO 552.2 +24.85 575.1 +20.12 415+ 0.165
F10 555.4 £ 22.25 575.9 £ 20.15 3.69 £ 0.145
F20 550.5 £+ 19.45 575.8 +23.03 459 +£0.161
F30 520.2 +20.28 554.8 +22.75 6.65 + 0.266
F40 518.5 £ 18.18 556.4 £ 22.25 7.31 £ 0.307
F50 4904 + 17.15 553.0 = 16.55 12.76 £ 0.446

Beyond 10% replacement, water absorption increased progressively and reached
12.76% for F50. This increase cannot be attributed solely to MP-BES incorporation because
the mixtures were formulated at constant flow spread, and the mixing water content
increased with the replacement level. The observed behavior may therefore result from
the combined effects of higher water demand, Portland cement dilution, limited early-age
contribution of MP-BFS, and changes in the water-accessible pore network [6,7].

2.4. Capillary Absorption Uptake

Figure 3 displays the mass of water absorbed by capillary water uptake as a function
of the square root of time for the mortar mixes with varying slag replacement levels at
28 days. The results indicate the same trend, with capillary absorption increasing with time
for all mixtures. Atlonger times, the rate of water uptake becomes less pronounced, and the
curves tend toward a quasi-stabilized regime, suggesting a progressive refinement of the
capillary network. When comparing the mixes, mortar with replacement levels beyond 30%
presents steeper initial slopes and higher absorbed masses. This trend can be attributed to
the increase in water-accessible porosity observed for the same mixtures. Similar increases
in capillary absorption and sorptivity have been reported for mortars incorporating blast
furnace slag [6,7].

The interpretation of the mortar behavior is based on mechanical performance,
water-accessible open porosity, water absorption, and capillary water absorption measure-
ments. No direct microstructural characterization was performed using XRD, SEM/EDS,
TGA /DTG, MIP, or related techniques. Consequently, explanations involving delayed
MP-BFS reaction, hydration product formation, particle packing effects, and refinement
of the water-accessible pore network are considered literature-supported interpretations
consistent with the experimental trends rather than mechanisms directly verified in the
present study.
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Figure 3. Capillary absorption of mortar mixes with different slag replacement levels.

2.5. Compressive Strength

Figure 4 shows the compressive strength of mortars made with MP-BFS for replace-
ment ratios of 0%, 10%, 20%, 30%, 40%, and 50% (FO-F50) at ages of 8 h,1d,7 d, 28 d, and
90 d. Although compressive strength increases with age for all mixes, the level of strength
and gain rates are clearly affected by slag replacement ratios.

45
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Figure 4. Compressive strength of mortar mixes with different slag replacement levels.

The reference mix FO shows a continuous increase in compressive strength from
8.06 MPa at 8 h to 14.07 MPa at 1 d, 20.10 MPa at 7 d, 28.71 MPa at 28 d, and 32.95 MPa at
90 d. The gain rates between consecutive ages are +42.6% (8 h—1 d), +43.0% (1 d—7 d),
+42.8% (7 d—28 d), and only +14.8% (28 d—90 d), suggesting that compressive strength
development is dominated by cement hydration up to 28 days and strength gain at later
ages is much slower. Compressive strength development of F10 follows the same trend:
At 8 h and 1 d, F10 reached compressive strengths of 8.32 and 14.56 MPa, respectively,
exceeding the corresponding values of the control mix. Although at late age, the strength
gain is reduced again, the strength still remains much higher than the reference mix,
reaching ~105% of the reference strength at 28 d and remaining above that level at 90 d.

The simultaneous improvement in compressive strength and reduction in water-
accessible open porosity observed for F10 are consistent with possible physical filler, particle
packing, or heterogeneous nucleation effects at low MP-BFS content. However, the relative
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contributions of these physical mechanisms and any chemical contribution of MP-BFS
cannot be distinguished without direct microstructural and hydration measurements.

For slag replacement levels beyond 20%, early-age compressive strength shows de-
terioration. At 8 h, it drops by 13.8%, 46.3%, 62.9%, and 79.6% relative to FO for F20, F30,
F40, and F50, respectively. This trend remains at 1 and 7 days, reflecting a pronounced
delay in strength development. At 28 days, F20, F30, F40, and F50 reach 75%, 62.6%, 54.9%,
and 39.4% of the reference strength. The strength reductions at high replacement levels
also reflect the progressively increasing water demand and cannot be attributed exclu-
sively to MP-BFS replacement. The parent 0-8 mm slag contained a total Zn concentration
of 6310 mg/kg. Zinc-bearing species are known to retard Portland cement hydration,
particularly through inhibition of C3S dissolution and the formation or adsorption of
Zn-containing phases on unhydrated cement surfaces. Therefore, a Zn-related chemical-
retardation effect may have contributed to the early-age strength reductions observed at
high MP-BFS contents [4]. However, its contribution cannot be quantified from the present
results because Zn was measured in the parent 0-8 mm material rather than specifically
in the fraction passing 64 um, while Zn speciation, aqueous availability, hydration heat,
and hydration product evolution were not determined. The observed performance losses
are therefore interpreted as the combined outcome of cement dilution, increasing water
demand, limited early-age MP-BFS contribution, changes in particle packing, and possible
trace element-related retardation.

From an industrial perspective, the 8 h results were compared with the plant-specific
demolding requirement of 8 MPa. FO and F10 reached 8.06 and 8.32 MPa, respectively,
and therefore satisfied the demolding criterion. In contrast, F20, F30, F40, and F50 reached
6.95, 4.33, 2.99, and 1.64 MPa, respectively, and did not satisfy the 8 h requirement. At
24 h, FO and F10 reached 14.07 and 14.56 MPa, respectively, thereby exceeding the plant-
specific handling criterion of 12 MPa. Nevertheless, compliance with the compressive-
strength criterion does not replace the verification of the lifting anchors and the handling
configuration for the actual precast element.

The continued strength gain between 28 and 90 d is consistent with a possible delayed
contribution of MP-BFS together with continued cement hydration; however, these contri-
butions cannot be separated without direct hydration or microstructural measurements.
Whereas, at higher slag replacement levels, the late-age strength gain does not compensate
for the early strength loss. At 90 days, compressive strengths of 28.09 MPa (F20), 21.29 MPa
(F30), 16.53 MPa (F40), and 14.08 MPa (F50) are recorded, which remain 14.8%, 35.4%,
49.8%, and 57.3% lower than the control mixture, respectively. Taken together, these results
show that a low slag substitution level (10%) preserves and may even slightly enhance
compressive strength over the entire curing period, whereas higher replacement levels lead
to persistent strength losses that are particularly critical at early ages, despite continued
strength development at later times.

Such a strength evolution, combining stable performance at low slag contents with
pronounced early-age penalties at higher replacement levels, agrees well with previous
studies reporting delayed hydration and strength development in mortars containing
MP-BFS [6,20,39,40].

2.6. Flexural Strength

The flexural strength results of mortars incorporating MP-BFS at replacement levels
of 0%, 10%, 20%, 30%, 40%, and 50% (FO-F50) and tested at curing ages of 8 h,1d, 7 d,
28 d, and 90 d are presented in Figure 5. The results indicate that flexural strength increases
with curing age for all mixtures, whereas increasing slag replacement generally leads to a
reduction in strength, particularly at early ages.
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Figure 5. Variation in flexural strength of mortar mixtures as a function of slag replacement level.

A comparable trend was observed at 8 h and 1 d: FO exhibits the highest flexural
strength, while the incorporation of slag sharply decreases the strength to reach 0.51 MPa
at 8 h and 1.66 MPa at 1 d for F50. At 8 h, the flexural strength of FO is 2.98 MPa.

At 7 d, the flexural strength further increases, with F0 attaining 4.92 MPa. The 10%
replacement level increases the reference strength by 10.4% to reach 5.43 MPa, while the 20%
replacement level shows a strength close to that of the control at 5.09 MPa (+3.5%). When
the slag content varies between 30% and 50%, the flexural strength drops by 14.8-52.2%,
respectively.

At 28 d, F10 exhibits a flexural strength higher than the reference strength by 9.5%,
while 20% cement replacement reduces the strength by 6.9%. This suggests that flexural
performance was less sensitive than compressive performance to moderate MP-BFS re-
placement under the investigated conditions. Flexural strength loss is more noticeable for
higher replacement levels, reaching 52.9% of the control strength for F50.

A similar pattern is observed at 90 d. F10 remains the best-performing mix, outper-
forming the control mix by 4.6%, while F20 shows a strength decrease of 13.1%. For higher
replacement levels, late-age gains are observed, with values of 5.66 MPa (F30; —23.6%),
4.91 MPa (F40; —33.7%), and 3.66 MPa (F50; —50.6%). The strength increase between 28 and
90 d is particularly evident for these mixtures, indicating continued strength development
that may include a delayed contribution of MP-BFS together with continued cement hy-
dration. However, this interpretation remains tentative because particle packing, fracture
behavior, interfacial characteristics, and microstructure were not directly investigated.

3. Exploratory Empirical Relationship Analysis
3.1. Objective and General Approach

Along with experimental testing, empirical modelling was suggested to meet three
goals: (i) to understand the effect of minimally processed slag on hygro-physical and
mechanical properties, (ii) to check the accuracy of measurements using known laws, and
(iii) to predict relationships between parameters in order to enhance the performance
of the mixes. The chosen method connects the mix proportions to the porous network,
which directly affects water transport and mechanical strength. This connection fits well
with the “formulation — microstructure — properties” framework that is commonly
used for cementitious materials. The principle of establishing a relationship between the
replacement rate and a given property, or between two properties, is well documented
in the scientific literature [41-45]. Numerous studies have shown that modifying the
replacement rate of cement with mineral additives (such as limestone fillers, fly ash, or
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slag) directly influences the porosity of the mortar, which is in turn strongly correlated
with its mechanical and physical properties. For example, Benachour et al. demonstrated
a linear increase in mortar porosity with increasing limestone filler replacement level,
accompanied by a progressive deterioration of the mechanical performance [45]. Similarly,
Li et al. showed the existence of an optimal replacement rate of mineral additives at which
the mechanical properties are optimized by reaching a minimum porosity of cement paste
and mortar [44]. Moreover, Papayianni and Stefanidou demonstrated a robust inverse
relationship between the porosity and the compressive strength of mortars, regardless of
the binder [41].

3.2. Porosity Modeling: From Formulation to Porous Network

The hygric properties of the cementitious materials are controlled by the water-
accessible porosity, which is strongly related to the mixture and the clinker replacement
level. In this investigation, an empirical model was developed to connect the slag replace-
ment level to the water-accessible porosity of the mortars, with the goal of assessing the
effect of the MP-BFS on the porous network. A second-order polynomial regression was
used to describe the relationship between MP-BFS replacement level and water-accessible
open porosity, which is expressed as:

¢(r) = ar* —br +¢ (1)

where:

@(r) = Water-accessible porosity

r = Slag to binder ratio (0, 0.1, 0.2, 0.3, 0.4, and 0.5)

a, b, c = Regression coefficients

Figure 6 shows both measured and predicted water-accessible porosity. The high coef-
ficient of determination (R? = 0.96) indicates good agreement between the fitted values and
experimental findings and shows that the proposed model reliably captures the evolution
of porosity with slag replacement level.

30
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Figure 6. Comparison between measured and fitted water-accessible porosity of mortar mixtures
containing different slag replacement levels.

The experimental and empirical results indicate that water-accessible porosity in-
creases in a distinctly non-linear manner as the proportion of MP-BFS rises. At low substi-
tution levels (F10-F20), porosity remains close to that of the reference mortar, suggesting
that the clinker dilution effect is partially offset by improved particle packing and a filler
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contribution from the fine slag fraction. Comparable behavior has been reported in the liter-
ature for cementitious systems incorporating low- or moderately reactive mineral additions,
where limited replacement does not significantly disrupt the pore structure [38,46].

For slag replacement levels exceeding 30%, the evolution of porosity changes notice-
ably. At higher substitution rates, the reduction in clinker content becomes the dominant
factor, while the contribution of MP-BFS to early hydration remains limited. As a result, the
amount of hydration products formed at early ages is insufficient to efficiently occupy the
capillary space, which leads to a more open and increasingly interconnected pore structure.
Comparable observations have been reported for low-clinker binders and cementitious
systems incorporating mineral additions with delayed reactivity [47,48].

The close agreement between modeled and experimental porosity trends further sug-
gests that slag content plays a dominant role in governing the development and refinement
of the porous structure in the investigated mortars. In addition, the relatively small dis-
persion of the data around the fitted curve suggests that the influence of slag on porosity
is stable and reproducible under the current curing conditions. This result highlights
formulation as an effective means of adjusting microstructural porosity and, consequently,
the performance of mortars incorporating industrial by-products.

3.3. Sorptivity Modeling: From Porous Network to Water Transfer

Water ingress into cementitious materials depends on many factors: porosity, capillary
pore size, and pore connectivity. Based on the classic capillary flow theory (Washburn’s
law), capillary absorption in cementitious materials is commonly described using a square-
root-of-time relationship:

Am(t) = s\t )

where:

Am = Quantity of absorbed water (g)

S = Sorptivity (g/+/min)

T = Time (min)

Figure 7 demonstrates that the fitted relationship describes the experimental trend for
all slag replacement levels. This validation is reflected by high coefficients of determination
ranging from 0.77 to 0.97 for all mixes.

12
Formulation S linear regression
FO 0.93 94
10 - F10 0.41 83
G F20 0.61 77 % FO
= g | F30 0.82 90 e X
g F40 1 96 *5( F10
g- F50 1.53 97
'_8 6 - X‘,.,-"' K F20
< X ot et
5 Xt e K e’ X F30
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& Koot e
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Figure 7. Empirical agreement with the experimental data of capillary absorption.
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Initially, all formulations exhibited a linear relationship, validating that water transfer
is primarily governed by capillarity. The sorptivity, representing the slope of the regression
lines, increases with porosity. This trend shows that when the water-accessible porosity in-
creases, the capillary network becomes more connected, which promotes water movement
by suction. For low replacement levels (F10 and F20), sorptivity coefficients remain low,
which may be attributed to their porosity being comparable to that of the control. Contrarily,
for replacement levels of 40% and 50%, sorptivity increases notably, signifying a more
open and interconnected porous network. This phenomenon corresponds with microstruc-
tural models of cementitious pastes and mortars, indicating that an increase in capillary
porosity and a decrease in the amount of hydration products facilitate accelerated water
transfer [38,41,48]. Similar patterns have been observed in matrices integrating mineral
additives with reduced or delayed reactivity [46,47]. The link between porosity, sorptivity,
and immersion absorption shows that the porous network is the main microstructural factor
that controls water ingress through the matrix. Adding MP-BFS mostly affects this porous
network by slowly increasing the network’s ability to absorb and move water. In this
context, the “porosity — water transfer” model confirms the experimental measurements
and supports a direct relationship between MP-BFS and the water movement.

3.4. Strength Modeling: From Porous Network to Mechanical Performance

The mechanical properties of cementitious materials are highly controlled by their
microstructure, especially their porous network. An exponential model of the Ryshkevich
type was chosen to measure this relationship. This approach was originally suggested for
porous materials; nevertheless, it has been extended for cementitious materials to correlate
mechanical strength with porosity [48]. The overall relationship is as follows:

CS = CSpel k) 3)

where:

CS = Compressive strength (MPa)

CSy = Extrapolated strength for zero porosity (MPa)

¢ = Water-accessible porosity (volume percent vol.%)

k = Fitting coefficient relating strength to porosity

This model is suitable for cementitious materials with non-uniform porous networks
because it takes into account the non-linearity between the strength loss and the porosity.
Based on the experimental results of compressive strength and porosity evaluated at 28 d
for formulations FO to F50, CSO and k were determined.

Figure 8 shows the relationship between the 28-day compressive strength and the
water-accessible porosity. The experimental data points are compared to the fit of the
exponential model, showing a decrease in compressive strength as porosity increases. The
coefficient of determination (R? = 0.88) shows that the model and the experimental data
agree well, although cementitious materials are naturally variable.

The results are consistent with the observed relationship that water-accessible porosity
is the main microstructural factor that affects the compressive strength. Formulations with
low porosity, namely FO and F10, exhibited water-accessible porosity values of 8.95% and
8.01%, respectively, and developed the highest compressive strengths at 28 days (28.71 MPa
and 30.16 MPa) and 90 days (32.95 MPa and 33.37 MPa). In contrast, increasing slag replace-
ment led to a progressive rise in porosity, reaching 24.45% for F50, which corresponded
to a marked reduction in compressive strength to 11.30 MPa at 28 days and 14.08 MPa at
90 days. This represents a strength loss of approximately 62% at 28 days compared to F10,
confirming the strong inverse relationship between porosity and mechanical performance.
This phenomenon corresponds with the recognized microstructural models of cementitious
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materials, which assert that an increase in capillary pore volume simultaneously results
in a decrease in the continuous solid fraction that can support mechanical loads [38,49,50].
Moreover, a more open porosity network has been demonstrated to facilitate the onset
and propagation of cracks under load, consequently leading to a reduction in compressive
strength. When mortars incorporate MP-BFS, this change is even more noticeable due to
the slag’s delayed reactivity. At 28 d, the hydration products are insufficient to compensate
for the clinker dilution effect, rendering the material more porous and therefore weaker.
A comparable series of observations has been documented in the literature regarding
materials that include mineral additives exhibiting delayed reactivity [47,51]. The proven
association between porosity and mechanical strength offers a mechanistic explanation for
the impact of MP-BFS on mortar performance. The results indicate that the reduction in
mechanical strength observed at higher substitution rates is primarily governed by the
increase in porosity. On this basis, the proposed model provides an empirical description
of strength evolution and a quantitative framework for guiding mix design optimization.
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Figure 8. Experimental and modeled compressive strength versus water-accessible porosity at
28 days.

The model should consequently be regarded as an empirical formulation-specific
relationship rather than a validated general predictive law. The fitted equation is applicable
only within the investigated MP-BFS replacement range (0-50%) and should not be extrap-
olated beyond the studied formulations, materials, or curing conditions without additional
validation. Additional mixtures and independent validation data would be required before
applying the fitted parameters outside the investigated system.

4. Simplified Embodied Carbon Assessment

A simplified embodied carbon assessment was conducted to compare the mortar
formulations. The functional unit was defined as 1 m? of fresh mortar. The system boundary
included the production of the constituent materials and their assumed transport to the
mortar production facility. The embodied carbon of each formulation was calculated as:

Ecm3 = Zz( mi X EFi) + ECtransport + Ecprocess + ECLosses 4)
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where m; is the mass of the constituent i (kg/ m?) and EF; is its emission factor (kg COze/kg),
supplemented by contributions from the ICE model for transport, process, and loss.
ECtransport + ECprocess + ECLosses T€present the transport, processing, and material loss
contributions (on mortar mixing), respectively, calculated according to the assumptions
and factors provided in the Inventory of Carbon and Energy database [52].

The boundary covers the comparative production and assumed transport of con-
stituents. It excludes the energy required for the <64 um sieving operation, energy for
the 40 °C conditioning stage, allocation or avoided burden scenarios for the slag, carbon-
ation uptake, use and maintenance, and end-of-life. The assessment is therefore consid-
ered a simplified screening-level embodied carbon assessment rather than a complete
ISO 14040 [53].compliant life-cycle assessment (LCA). It is used only for relative compari-
son among formulations under the defined assumptions and system boundaries. These
emission factors used for each raw material were obtained from the ICE database [52].
Regarding slag, this database provides a value of 0.0416 kgCO, /kg for treated granulated
slag [52]. However, the absence of granulation and fine grinding in this investigation
significantly reduces the energy consumption, as discussed in some studies [54-57]. The
corresponding reduction in processing emissions could not be quantified because plant-
specific energy data for sieving and material handling were unavailable. No additional
avoided burden credit or alternative mass- or economic-allocation scenario was applied to
the slag. Consequently, the reported values depend on the selected ICE proxy and should
be interpreted as comparative estimates rather than material-specific life-cycle results. The
use of the granulated slag factor may overestimate the production impact of MP-BFS, but
the magnitude of this potential overestimation cannot be determined from the available
data. A formal sensitivity analysis was not conducted because no independent and suffi-
ciently documented alternative emission factors were available for the investigated MP-BFS.
Introducing arbitrary lower factors would have increased the numerical variability without
improving the reliability of the assessment. A transport distance of 50 km from the source
of each constituent to the mortar production facility was assumed for the comparative
calculation [1,16,57,58].

The carbon impact results are presented in Figure 9a,b. The findings show a decrease
in greenhouse gas emissions with the substitution rate of MP-BFS. The estimated cement
contribution decreases sharply with substitution: 313.4, 282.2, 251.0, 219.1, 187.9, and
156.7 kg CO,e-m 2 for F0, F10, F20, F30, F40, and F50, respectively. Non-binder contribu-
tions, defined as the difference between total embodied carbon and the binder contribution,
remain relatively stable at around 25-32 kg CO,e-m 3, which highlights the significant
impact of variations in cement on embodied carbon.

Taking the whole composition into consideration, the reference mortar FO has an
impact of 339 kgCO,e/m>. As shown in Figure 9a, greenhouse gas emissions are 309, 279,
248, 218, and 189 kgCO,e/ mS for 10%, 20%, 30%, 40%, and 50%, respectively. As illustrated
in Figure 9b, these reductions correspond to embodied carbon savings of approximately
9%, 18%, 27%, 35%, and 44% compared to the reference mix. Under the adopted ICE factors
and system boundary, the estimated embodied carbon decreased nearly linearly with
increasing MP-BFS replacement. This trend primarily reflects the reduction in Portland
cement content, which represents the dominant contribution to the calculated impact.
The estimated reductions of 9-44% are consistent with values reported for cementitious
materials containing substantial proportions of low-activity slag [24,55,56,59,60].
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Figure 9. (a) Embodied carbon of slag cement mortars; (b) slag cement mortar reduction in embod-
ied carbon.

As a supplementary performance-normalized indicator, the embodied carbon per
unit of 28-day compressive strength was calculated by dividing the embodied carbon
per cubic meter by the corresponding 28-day compressive strength. The resulting values
were 11.81, 10.25, 12.89, 13.80, 13.83, and 16.73 kg COpe-m~3-MPa ! for F0, F10, F20, F30,
F40, and F50, respectively. F10, therefore, exhibited the lowest strength-normalized carbon
intensity. Moreover, only FO and F10 satisfied the plant-specific early-age production criteria.
Consequently, the nominal 44% carbon reduction obtained for F50 should not be interpreted
as a functionally equivalent reduction for the intended rapid-demolding application.

However, the absolute values depend on the generic emission factors, the assumed
transport distance, and the adopted slag proxy. They also exclude curing energy, carbona-
tion uptake, allocation alternatives, and end-of-life scenarios. The results should therefore
be used to compare the investigated formulations under consistent assumptions and not as
complete life-cycle carbon footprints.
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5. ANOVA-Based Assessment of Slag Replacement Level Impact on
Mortar Mechanical Properties

To determine whether the amount of slag significantly affected the mechanical perfor-
mance of the mortars, the 28-day compressive and flexural strength results were analyzed
using one-way analysis of variance (ANOVA) at a significance level of 0.05. The analysis
was based on the replicate test results obtained for each formulation. The null hypothesis
assumed that the average strength did not differ among the mortar mixtures, whereas the
alternative hypothesis indicated that at least one formulation exhibited a different mean
value. Whenever the ANOVA result was significant (p < 0.05), Tukey’s honestly significant
difference (HSD) test was applied to identify which mixtures differed from one another.
Prior to conducting the one-way ANOVA, the normality of the residuals was assessed
using the Shapiro-Wilk test, whereas the homogeneity of variances among groups was
verified using Levene’s test. For compressive strength, both assumptions were satisfied
(Shapiro-Wilk p = 0.943; Levene’s test p = 0.719). For flexural strength, the homogeneity
of variances was confirmed (Levene’s test p = 0.217), while the Shapiro-Wilk test indi-
cated a slight deviation from normality (p = 0.035). Given the equal sample size across all
groups and the robustness of ANOVA to minor departures from normality, the analysis
was considered appropriate for the present data. This statistical evaluation was used to
determine the slag replacement range within which the mortar could retain acceptable
mechanical performance and to identify the replacement levels associated with a marked
reduction in strength.

The ANOVA results shown in Table 3 confirm that slag replacement significantly
affects the compressive strength. The calculated p-value (p = 5.75 x 10~14) is far below the
significance level (o = 0.05), indicating a statistically significant effect of slag replacement
on compressive strength. This could be linked to the changes in hydration mechanisms as
well as the densification of the matrix.

Table 3. ANOVA p-values for compressive and flexural strengths.

Property Compressive Strength Flexural Strength
p-value 5.75 x 10714 9.36 x 10717

Similarly, the ANOVA results indicate that slag content also has a statistically signifi-
cant effect on flexural strength. The calculated p-value (p = 9.36 x 10~17) is significantly
lower than 0.05, confirming that flexural behavior is also strongly correlated with the slag
replacement percentage.

Table 4 shows the groups for each mixture according to Tukey’s HSD post hoc test.
When analyzing compressive strength, FO and F10 are included in Group A, which means
they have similar results. This reinforces the observation that a low level of substitution
does not affect the compressive strength of slag-incorporated mortars. F20, F30, F40, and
F50 are included in Groups B, C, D, and E, respectively.

Considering flexural strength, F10, F0, F20, F30, F40, and F50 are classified into Groups
A, B, C, D, E, and F, respectively, indicating that each formulation exhibits statistically
significant differences from other mixes, which demonstrates that slag replacement has a
pronounced effect on the flexure performance of the mortars.

Additionally, the mean values of both compressive and flexural strengths reveal that
strength decreases with the slag replacement level, indicating a systematic influence of slag
content on mechanical performance.
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Table 4. Tukey HSD groupings for compressive and flexural strengths.
Mortar Mixture Mean Grouping: Mortar Mixture Mean Grouping:
Compressive Strength Flexural Strength
F10 30.16 A F10 6.79 A
FO 28.71 A FO 6.2 B
F20 21.64 B F20 5.77 C
F30 17.97 C F30 4.79 D
F40 15.76 D F40 3.96 E
F50 11.3 E F50 2.92 F

6. Materials and Methods

6.1. Materials
6.1.1. Cement

The cement used was Portland cement classified as CEM 1I/A-LL 52.5 R (Figure 10a),
in accordance with the NF EN 197-1 standard [61]. It has an apparent density of 3100 kg/m?,
a specific area of 5373 cm? /g, and an initial setting time of 45 min. Its compressive strength
reaches 30 MPa at 2 d and 52.5 MPa at 28 d. Selected chemical properties of the CEM
II/A-LL 52.5 R cement, as reported in the available supplier documentation, are presented
in Table 5.

© @

Figure 10. (a) Portland cement CEM II/A-LL 52.5 R; (b) BETOCARB® HP-MX limestone filler;
(c) natural sand 0—4 mm; and (d) parent 0-8 mm slag.

Table 5. Selected chemical properties of CEM II/A-LL 52.5 R cement.

Chemical Composition SO; MgO Na,O Cl-
Weight (%) <4 0.29 <0.1 <0.1

6.1.2. BETOCARB® HP-MX Limestone Filler

The limestone filler used in this study, presented in Figure 10b, is the commercial
product BETOCARB® HP-MX, supplied by Omya and produced in Maxey, France. It
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served as a mineral to improve the packing density and workability of the mortar. It has
a density of 2700 kg/m? with 85% and 70% of the particles passing the 0.125 mm and
0.063 mm sieves, respectively. The filler exhibits a specific surface area of 7000 cm?/g, and
an activity index of 0.8. The chemical and physical properties, as provided in the supplier’s
technical data sheet, are reported in Table 6.

Table 6. Chemical and physical properties of BETOCARB® HP-MX limestone filler.

Property Value Unit
Chemical Properties

Calcium carbonate, CaCOs 98.0 %
Total carbonates 98.7 Y%
Chloride 0.0006 %
Sulfates 0.02 %
Total sulfur 0.06 %
Total organic carbon 0.06 %
Si0, 0.1 %
NayO equivalent 0.001 %
Methylene blue value 0.4 g/kg
Physical Properties

Particles passing 2 mm 100 %
Particles passing 0.125 mm 91 %
Particles passing 0.063 mm 79 %
Blaine specific surface area 720 m?/kg
Activity index 0.85 —
Moisture content 0.2 %
Particle density 2.7 g/ cm’
Tapped bulk density 14 g/cm3

The reported properties were obtained from the supplier’s technical data sheet. No
independent XRD analysis, complete particle-size distribution measurement, or SEM-based
particle morphology characterization was performed.

6.1.3. Sand

The sand used in this investigation has a particle-size range of 0/4 mm (Figure 10c),
complying with the specifications outlined in NF EN 12620 [62]. It has a density of
2590 kg/m3, a water absorption of 1.1%, and a sand equivalent value of 81.3. Prior
to mixing, the sand was air-dried to control the water content in the mix design.

6.1.4. Admixture

Premia 595 from CHRYSO was used as a superplasticizer to enhance the workability
of the mixes. The admixture dosage was fixed at 0.5% of the binder mass and kept constant
for all mixtures.

6.1.5. Blast Furnace Slag

The blast furnace slag used in this study was obtained from TEERAG-ASDAG and
supplied as an industrial material with an initial particle-size range of 0-8 mm (Figure 10d).
The parent material was characterized before sieving, while only the fraction passing 64 pm
was incorporated into the mortar mixtures. The parent slag and the particle-size-classified
fraction are therefore described separately below.
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Parent 0-8 mm Slag

The parent slag was supplied with a nominal particle-size range of 0-8 mm. Before
particle-size classification, the material was analyzed by an ISO/IEC 17025 [63] accredited
laboratory. The characterization included moisture content, loss on ignition, total organic
carbon, hydrocarbons, polycyclic aromatic hydrocarbons, volatile organic compounds,
polychlorinated biphenyls, total trace element contents, and batch leaching according to
EN 12457-4 [64].

The parent 0-8 mm material had a moisture content of 19.9%, a loss on ignition of
12.88% at 550 °C, and a total organic carbon content of 6.12%. The C10-C40 hydrocarbon
content was 80 mg/kg dry matter, while the sum of the measured polycyclic aromatic
hydrocarbons was 12.6 mg/kg dry matter. Benzene, toluene, ethylbenzene, xylenes, poly-
chlorinated biphenyls, and the investigated chlorinated solvents were below their respective
analytical quantification limits.

Selected total trace element concentrations are reported in Table 7. The highest mea-
sured concentrations were those of Zn and Pb, reaching 6310 and 903 mg/kg dry matter,
respectively. These values represent total concentrations in the solid material and do not
directly indicate the fraction that may be released under environmental exposure.

Table 7. Heavy metals and trace elements in parent slag.

Element Content (mg/kg MS)

Zn 6310
Pb 903
Cr 122
Ni 88

Cu 28

Cd <QL
Hg <QL

QL: Quantification limit.

A batch-leaching test was conducted on the parent 0-8 mm material according to
NF EN 12457-4 [64]. The eluate exhibited a pH of 8.8 and an electrical conductivity of
175 uS/cm. Selected leachate concentrations are presented in Table 8. These results provide
an initial indication of the release behavior of the parent slag under the applied batch-
leaching conditions.

Table 8. Leaching test results for the parent 0-8 mm slag before sieving.

Parameter Value

pH 8.8

Electrical conductivity 175 uS/cm

As 0.0122 mg/L
Cd <0.0001 mg/L
Cr 0.0012 mg/L
Cu 0.0018 mg/L
Hg <0.0001 mg/L
Ni 0.0011 mg/L
Pb 0.0302 mg/L
/n 0.144 mg/L
Chloride 0.1mg/L
Sulfate 6.1 mg/L
Fluoride 49mg/L

Dissolved solids

105 mg/L
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Although the parent slag contained measurable total concentrations of trace elements,
including Zn and Pb, total solid concentrations do not directly represent their environmental
mobility. The NF EN 12457-4 batch-leaching test showed substantially lower concentrations
in the aqueous eluate, including 0.144 mg/L Zn and 0.0302 mg/L Pb. Cementitious matrices
may further reduce trace element mobility through physical encapsulation, precipitation,
sorption onto hydration products, and chemical incorporation into hydrated phases [65].
However, these mechanisms were not directly evaluated in the present study because
leaching tests were not performed on the hardened mortars. Consequently, the available
results provide an initial characterization of the parent 0-8 mm slag but do not constitute a
complete assessment of the long-term environmental behavior or regulatory compliance of
the MP-BFS mortars.

However, the recovered MP-BFS fraction was not further characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), complete particle-size distribution
analysis, or amorphous content quantification. Consequently, the mineralogical com-
position, particle morphology, and proportion of reactive amorphous phases were not
directly determined in this study and represent limitations when interpreting the hydraulic
reactivity and performance of MP-BFS.

The environmental analyses were performed on the parent 0-8 mm slag before sieving
and not directly on the fraction passing 64 um or on the hardened mortar specimens. Fur-
thermore, the results do not constitute a complete regulatory assessment for construction
product reuse because the applicable acceptance criteria depend on the intended applica-
tion and national regulatory framework. Long-term immobilization and release of trace
elements from the hardened cementitious matrices were not assessed in the present study.

Minimally Processed Blast Furnace Slag

The parent 0-8 mm slag was subjected only to particle-size classification by sieving,
and the fraction passing 64 um was recovered for incorporation into the mortar mixtures.
No additional grinding, granulation, thermal treatment, mechanical activation, or chemical
activation was applied. This fraction is therefore referred to throughout the manuscript as
minimally processed blast furnace slag (MP-BFS).

6.2. Mix Design

The mortar mixtures were designed in accordance with the requirements of NF EN
196-1 [66]. Mortar mixtures were formulated with MP-BFS replacement levels of 0%,
10%, 20%, 30%, 40%, and 50% by mass of cement, corresponding to formulations F0, F10,
F20, F30, F40, and F50, respectively. For all mixtures, the binder-to-sand (b/s) ratio was
maintained constant at 1/3, while a polycarboxylate-based superplasticizer was added at a
fixed dosage of 0.5% of the binder mass. The mixing water content was adjusted for each
formulation to obtain the same workability in the fresh state, resulting in slump /spread
values ranging between 23 and 24 cm, as illustrated in Figure 11. This choice reflects
the industrial formulation procedure, in which the fresh mortar must satisfy a prescribed
rheological performance to ensure casting, compaction, surface finishing, and production
reproducibility rather than the water-to-powder ratio. This formulation strategy improves
the industrial relevance of the comparison but introduces water demand as an additional
variable. Consequently, the effects observed at high MP-BFS replacement levels cannot
be attributed exclusively to slag incorporation. The increased water-accessible porosity,
water uptake, and reduction in strength may result from the combined effects of Portland
cement dilution, limited early-age MP-BFS reaction, increased water content, and changes
in particle packing.
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Figure 11. Flow test for FO and F30.

The mix proportions of all mortar formulations are presented in Table 9. Mixing was
performed using a mechanical mixer. Initially, cement, MP-BFS, limestone filler, and sand
were blended for 60 s at low speed to ensure homogeneity. The fresh mortars were cast
into molds in two layers. Prismatic specimens with dimensions of 40 x 40 x 160 mm
were prepared for physical, mechanical, and water absorption tests (Figure 12), while cubic
specimens measuring 100 x 100 x 100 mm were cast for capillary absorption measurements.
Each layer was compacted using a vibrating table to eliminate entrapped air and ensure
uniform compaction. After pouring, the surfaces of the test specimens were leveled using a
metal trowel. Immediately after casting, the molds were covered with plastic film to limit
moisture loss and were placed in a climate-controlled chamber maintained at 40 42 °C and
50% relative humidity. At 8 h, the specimens were demolded. The specimens assigned to
the 8 h mechanical tests were tested immediately after demolding, whereas the remaining
specimens were returned to the same curing chamber and maintained at 40 + 2 °C and
50% relative humidity until 24 h. At 24 h, the specimens assigned to the 24 h mechanical
tests were tested, while the specimens intended for later-age testing were transferred to
the factory ambient conditions of 20 °C and 50% relative humidity and stored under these
conditions until their scheduled testing ages.

Table 9. Mix proportions (kg/m3).

Formulation FO F10 F20 F30 F40 F50
Cement 392 353 314 274 235 196
Limestone filler 47 47 47 47 47 47
MP-BFS 0 39 78 118 157 196
Sand 1328 1328 1328 1328 1328 1328
Admixture 2.352 2.352 2.352 2.352 2.352 2.352
Water 185 190 195 200 205 215
Nominal w/b * 0.42 0.43 0.44 0.45 0.47 0.49

*b = Cement + limestone filler + MP-BFS.

This curing procedure was selected to reproduce the targeted industrial production
cycle. In the plant, demolding takes place approximately 8 h after casting, whereas handling
and transfer of the elements take place after approximately 24 h. The initial temperature of
40 °C therefore represents the actual elevated-temperature curing conditions used during
the early production stage rather than conventional standard laboratory curing. No parallel
standard-cured series was included because the objective was to compare the formulations
under the actual plant-specific production cycle. Therefore, the absolute results should not
be extrapolated directly to conventional standard curing conditions.
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Figure 12. Mortar samples.

In this study, the binder was defined as the combined mass of cement, limestone filler,
and MP-BFS. Accordingly, the w/b ratio increased from 0.42 for FO to 0.49 for F50. Since the
hydraulic contribution of MP-BFS was not independently quantified, these ratios should not
be interpreted as equivalent effective reactive water-to-binder ratios. The increasing water
demand is therefore considered together with cement dilution and MP-BFS characteristics
when interpreting the results.

6.3. Experimental Program

Unless otherwise stated, all experimental results reported in this study correspond
to mean values calculated from replicate specimens. The number of replicates used for
each experimental test is specified in the corresponding sections. Standard deviations are
reported in tables where available, while figures present the mean values for clarity.

6.3.1. Physical Properties: Water-Accessible Open Porosity and Bulk Density

Water-accessible open porosity and bulk density of the mortars were determined using
a water-displacement method based on hydrostatic weighing, in accordance with NF P
18-459 [67] (Figure 13). All experimental operations, except for drying, were carried out at
a controlled temperature of (20 £ 2) °C. The test specimens were soaked under vacuum
to ensure optimal pore saturation. The samples were placed in a container connected to a
vacuum device and then subjected to a pressure of 25 mbar or less for at least (4 &= 0.5) h.
Water was then gradually introduced into the container while maintaining the reduced
pressure for (44 & 1) h. Mass characteristics were determined successively in the immersed
state, in the soaked state with a dry surface, and in the dry state. After saturation, the test
specimens were weighed fully immersed in water using a hydrostatic balance. The samples
were then removed, carefully wiped to remove surface water without extracting the water
contained in the pores, and immediately weighed in air. Finally, the test specimens were
dried at (105 & 5) °C until a constant mass was reached. The combination of dry mass,
saturated mass, and immersed mass measurements enabled the determination of both
water-accessible open porosity, corresponding to the volume of interconnected open pores,
and bulk density of the mortar specimens, using the standardized relationships specified
in NF P 18-459 [67]. Three specimens per formulation were tested for water-accessible
open porosity and bulk density, and the reported values correspond to the average of
these replicates.
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Figure 13. Water-accessible open porosity test.

6.3.2. Physical Properties: Water Absorption
Total Water Absorption

The determination of the total water absorption capacity of the mortars was carried
out according to NF P18-459 [67]. After oven-drying at 28 d, the specimens were cooled
down to room temperature and immersed in water. Specimens were removed from the
water after 48 h, dried on the surface with a cloth, and then weighed. Total water absorption
was determined based on the relative mass variation between the oven-dried and saturated
states, expressed as a percentage of the dry mass. Three specimens of each mix were tested,
and the value reported was the average of the replicates.

Capillary Water Uptake

Capillary water uptake was determined at 28 d according to ASTM C1585 [68]. Three
specimens for each mortar mix were oven-dried at 80 °C until constant mass and cooled
to room temperature. The lateral sides were sealed with a non-absorbent coating, leaving
only the exposed face in contact with water. The samples were then placed in a container
filled with water up to 5 mm from the bottom of the samples. Mass variations due to water
absorption were measured at time intervals of 3, 5, 10, 20, 30, 60, 120, and 240 min and at
24,48, and 72 h.

6.3.3. Mechanical Properties: Flexural and Compressive Strengths

Flexural strength was determined in accordance with NF EN 196-1 [66] using a three-
point bending configuration. Mortar prisms measuring 40 x 40 x 160 mm were examined
atagesof 8h,1d,7d,28d, and 90 d. Until testing, the specimens were maintained under
the controlled conditioning regime described previously. The bending tests were carried
out using a 250 kN electromechanical testing machine (IGM) fitted with a 50 kN load cell,
with the load applied continuously at a rate of 50 N/s, as specified in NF EN 196-1 [66]
(Figure 14a). At each testing age, three prisms were examined for every formulation, and
the average flexural strength was reported.

Following the flexural test, the two fractured halves obtained from each prism were
used for the determination of compressive strength at the same testing ages. Compression
tests were carried out using the same testing machine, fitted with a 250 kN load cell,
with the load applied at a constant rate of 2.4 kN/s in accordance with NF EN 196-1 [66]
(Figure 14b). The compressive strength was calculated by dividing the maximum load
sustained at failure by the loaded cross-sectional area of the specimen. Since three prisms
were initially tested in flexure for each formulation and age, six half-prism specimens
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were available for compression testing. Accordingly, the reported compressive strength
represents the average value obtained from six test results.
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Figure 14. (a) Flexural strength equipment; (b) compressive strength equipment.

6.4. Industrial Early-Age Acceptance Criteria

The selection of the 8 h and 24 h testing ages was based on the organization of
the industrial production line, which operates in three consecutive 8 h shifts. The 8 h
age represents the intended demolding stage at the end of one shift, while the 24 h age
represents the subsequent lifting and handling stage.

For the investigated production process, a mixture was considered suitable for de-
molding when its mean compressive strength at 8 h was at least 8 MPa. It was considered
suitable for handling at 24 h when its mean compressive strength was at least 12 MPa.
The 24 h criterion is not sufficient by itself to authorize lifting because the final handling
requirement also depends on the structural verification of the precast element and on the
design, location, embedment, and capacity of the lifting anchors or inserts.

These thresholds are plant-specific operational criteria applied to the compressive
strengths measured on mortar half-prisms according to NF EN 196-1. They are not presented
as direct equivalents of the cube or cylinder strengths used in structural lifting standards.

7. Conclusions

The objective of this study was to assess the potential for replacing cement with
minimally processed blast furnace slag obtained by sieving an industrial 0-8 mm material
below 64 um, without grinding, additional granulation, thermal treatment, or chemical
activation, as part of an industrial mortar production process. Unlike most studies based
on ground, mechanically activated, or chemically activated blast furnace slag, the principal
novelty of this work lies in the direct incorporation of a minimally processed industrial
slag fraction, thereby limiting additional energy-intensive processing. The formulations
were based on an imposed workability target (23—24 cm) and were discussed from an
industrial production viewpoint, considering the plant-specific requirements of 8 MPa at
8 h for demolding and 12 MPa at 24 h before handling. The findings detailed below are the
result of experimental work supported by empirical modelling efforts and environmental
assessment of different slag-incorporating formulations.
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e  Mechanical performance

Flexural and compressive strengths were shown to be particularly sensitive to slag
addition at early ages. While the compressive strength of the control mortar (0% slag)
was only slightly surpassed by the mortar containing 10% slag (reaching 8.32 MPa at 8 h
and 14.56 MPa after 1 day), increasing slag content led to a pronounced drop in early-age
strength. After 8 h of hydration, compressive strengths of 6.95 MPa, 4.33 MPa, 2.99 MPa,
and 1.64 MPa were recorded for slag contents of 20%, 30%, 40%, and 50%, respectively.
After 28 days of hydration, replacement with slag between 30% and 50% led to mortar
strengths that were only 63% to 39% of the reference strength, highlighting a dilution effect
at both early and standard curing ages.

e Later-age strength evolution

Strength gain between 28 and 90 days showed that all MP-BFS mortars continued
to develop strength, which is consistent with a possible delayed contribution of MP-BFS
together with continued cement hydration. Unfortunately, this delayed strength gain was
not able to compensate for the early strength drop observed when replacing cement with
more than 20% slag. After 90 days of hydration, compressive strengths were 15% to 57%
lower than that of the control for slag contents between 20% and 50%, respectively. However,
these mechanisms remain hypotheses based on the observed macroscopic behavior and
require confirmation through direct microstructural and hydration characterization.

e  Porosity and water-related properties

Water-accessible open porosity decreased from 8.95% for FO to 8.01% for F10 and
subsequently increased with the replacement level, reaching 24.45% for F50. This water-
accessible porosity was also accompanied by lower bulk densities and higher total and
capillary water absorption values. F10 exhibited lower water-accessible open porosity and
water uptake than the control, whereas higher MP-BFS contents exhibited increased water-
accessible open porosity and water transport, suggesting a potentially more connected
water-accessible pore network. Pore size distribution and pore connectivity were not
measured directly.

e Link between porosity, transport, and strength

The empirical polynomial fit showed a strong association between MP-BFS content
and water-accessible open porosity within the six investigated formulations (R? = 0.96).
This evolution of porosity with slag content was directly related to increased water trans-
port properties and decreased mechanical performance, suggesting that water-accessible
open porosity is an important parameter influencing water transport and mechanical per-
formance within the investigated mortar systems. However, the observed behavior was
also influenced by cement dilution, increasing water demand, MP-BFS reactivity, and other
unmeasured microstructural characteristics. The empirical regression equations developed
in this study are therefore intended only to describe trends within the investigated exper-
imental domain (0-50% MP-BFS replacement) and should not be extrapolated to other
replacement levels, materials, or curing conditions without further validation.

e  Environmental impact

Embodied carbon values of the studied mortars decreased quasi-linearly with slag
content. A replacement level of 50% led to a reduction of ~44% compared to the reference
mortar. Under the adopted system boundary and ICE emission factors, the reduction in
embodied carbon was associated with the decrease in Portland cement content but also with
the very low inherent carbon impact of MP-BES. The reported carbon reductions should
therefore be interpreted as comparative estimates rather than complete life-cycle results, as
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curing energy, carbonation, alternative slag-allocation approaches, and end-of-life scenarios
were excluded.

e  Practical implications

Under the plant-specific screening criteria, F10 was the only MP-BFS-containing for-
mulation that satisfied both the 8 h demolding requirement of 8 MPa and the 24 h handling
requirement of 12 MPa. F20-F50 did not satisfy the 8 h demolding criterion and are there-
fore not suitable for the investigated rapid-demolding production cycle without further
reformulation or process optimization. Accordingly, 10% MP-BFS represents the most
suitable replacement level for the intended application under the investigated conditions.
Higher replacement levels provide larger nominal embodied carbon reductions but are not
functionally equivalent for this rapid industrial production scenario.

The study did not directly evaluate pore size distribution, hydration products, particle
packing, or hardened mortar microstructure. In addition, water transport measurements
should not be interpreted as direct evidence of long-term durability, since carbonation,
chloride ingress, sulfate attack, freeze—thaw resistance, and alkali-silica reaction were
not investigated. Future work should therefore combine microstructural and hydration
analyses with long-term durability testing and plant-specific environmental data. In
particular, characterization of hydration products, amorphous phase content, pore size
distribution, and particle morphology of the recovered MP-BFS fraction would be required
to validate the mechanisms proposed in this study, including delayed hydration, particle
packing effects, and pore network evolution.
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