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Abstract

Iron-ore tailings (IOT) were evaluated as a fine solid constituent in semi-dry alkali-activated
paving mixtures containing electric arc furnace (EAF) steel slag. Seventeen unique mixture
formulations were evaluated through 19 experimental batches, including three independent
center-condition batches, with 50-80% IOT in a fixed 500 kg/m3 IOT/EAF-steel-slag
precursor, nominal NaOH molarity of 8-14 mol/L, and dry sodium-metasilicate-to-NaOH
(SMS/NaOH) ratios of 1.50-3.00. For each batch, the reported compressive and flexural
strengths were the arithmetic means of three specimens tested for each response. The units
were formed by vibration and pressure, sealed at 23 &+ 2 °C, and tested after three days.
Measured compressive and flexural strengths ranged from 15.17 to 25.66 MPa and 2.41 to
3.14 MPa, respectively. A quadratic response surface fitted to the 19 batch-level compressive-
strength responses gave R? = 0.9997 and RMSE = 0.054 MPa; because no independent
validation data were available, the stationary-point prediction of 26.36 MPa is treated
as model-based rather than experimentally confirmed. Discrete Pareto screening using
measured strength and provisional cost/ GWP indicators identified M11, M13, M15, and
M17 as non-dominated experimental cases. M11 is reported as a representative compromise
solution within the tested cases. The results apply to the tested materials and three-day
conditions and do not establish paving-product conformity.

Keywords: iron-ore tailings; electric arc furnace steel slag; alkali-activated material;
semi-dry paving unit; sodium metasilicate; compressive strength; flexural strength;
response surface methodology; Pareto screening; embodied carbon

1. Introduction
1.1. Problem Context

Alkali-activated materials are formed when an aluminosilicate or calcium-aluminosilicate
solid reacts with an alkaline source and produces hardened binding phases. Low-calcium
systems are usually related to cross-linked N-A-S-H-type networks, while calcium-rich
slag systems can produce C-(A)-S-H-type gels that help early strength. For this reason,
the broad term alkali-activated material is more suitable than geopolymer for the mixed
10T /steel-slag system used in this study [1].

A conventional two-part system uses an alkaline solution prepared separately, whereas
a strict one-part system dry-mixes the precursor and solid activator before adding water [2].
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In this work, NaOH flakes and sodium metasilicate pentahydrate were weighed as solid
alkaline materials, combined in dry conditions, and added to the dry-blended mineral solids
before water addition, as described in Section 4.2. The procedure is therefore described
consistently as solid-activated, semi-dry processing rather than solution activation.

Avoiding Portland cement and adding waste materials does not automatically prove
an environmental benefit. Commercial sodium silicate can drive several environmental
impacts, and thermal curing can add energy use that reduces some of the benefit from
precursor replacement [3]. Cost and carbon results also change with electricity, transport,
activator dosage, and the allocation method used for industrial by-products such as slag [4].
For this reason, measured mechanical results should be kept separate from modeled cost
and carbon indicators in a material-development study.

Iron-ore tailings are difficult to use as a precursor because their mineralogy, particle
size, residual reagents, and trace-element content depend on the deposit and beneficia-
tion process [5]. High SiO; content does not mean the silica is reactive when much of
it remains as crystalline quartz. Mechanical activation, calcination, hydrothermal treat-
ment, or blending with a more reactive calcium-bearing material may be needed for early
strength development [6].

Earlier studies on fly ash/IOT mixtures found that moderate IOT contents can densify
the matrix, whereas higher replacement levels can dilute the reactive precursor and reduce
workability or strength [7]. IOT has also been used in alkali-activated bricks, with perfor-
mance dependent on activator chemistry and curing conditions [8]. In the present work, the
IOT/EAF-steel-slag system is evaluated as a combined formulation because IOT reactivity
is limited and the response also depends on the alkaline constituents and particle packing.
Semi-dry vibro-pressure production further introduces low mobile water, particle packing,
immediate demolding, and controlled curing. Studies on concrete pavers with IOT [9],
recycled mineral powders [10], and recycled asphalt aggregate [11] show that mixture-level
strength should ultimately be considered together with product-scale absorption, abrasion,
dimensional behavior, and environmental screening.

The acceptance procedure depends on the intended market. ASTM C936/C936M
covers solid concrete interlocking paving units and refers the sampling and testing work
to related unit methods [12]. EN 1338 covers unreinforced cement-bound concrete paving
blocks and includes requirements for mechanical behavior, abrasion, weathering, and
dimensions [13]. These standards were prepared for cement-bound products. Their test
procedures can be used to examine an alkali-activated unit, but conformity can only be
claimed when the required unit geometry, conditioning, sample size, test method, and
acceptance statistics are used.

1.2. Knowledge Gap and Objectives

IOT has been studied as an aggregate, filler, activated precursor, and material for brick
production, while solid-activated slag binders and alkali-activated paving blocks have
often been studied separately. In the present semi-dry system, the IOT fraction, nominal
NaOH molarity, and dry SMS/NaOH ratio vary within the same design space, yet the cited
literature does not evaluate this combination with provisional cost and cradle-to-gate GWP
screening. This defines the specific research gap addressed here.

This study had three objectives. The first objective was to check whether useful
three-day compressive and flexural strengths could be retained when the IOT fraction
increased from 50% to 80% of the precursor. The second objective was to check whether
nominal NaOH molarity and the dry SMS/NaOH ratio produced bounded response
maxima instead of a continuous benefit. The third objective was to identify non-dominated
experimental formulations that increased three-day compressive strength while decreasing
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provisional cost and GWP. IOT use was kept as a design variable when selecting the trade-
off solution. This screening identified mixtures for confirmation and was not used to certify
a paving product.

2. Literature Review
2.1. Reaction Framework and Terminology

Geopolymer technology was developed from the reaction of suitable aluminosilicates
in alkaline media, which forms three-dimensional inorganic networks [14]. Later termi-
nology separated low-calcium geopolymer gels from the larger group of alkali-activated
binders, which also includes calcium-rich slag systems [15]. Spectroscopic and microscopic
studies show that several gel types can coexist and change with precursor chemistry, pore-
solution composition, and curing history [16]. Therefore, one idealized geopolymerization
equation cannot describe the present IOT/EAF-steel-slag blend. In this study, the observed
strength is discussed as a combined result of dissolution, precipitation, particle packing,
and space filling.

The role of IOT depends on how much silica and alumina can participate in the system.
Properly graded IOT has been used to replace fine aggregate in ultra-high-performance
concrete, and this replacement changed particle packing, water demand, and interfacial
behavior [17]. Studies on conventional concrete also show that too much fine replacement
can increase paste demand and reduce strength [18]. IOT masonry mortars show a similar
result because particle grading and particle surface affect the mixture together with the
nominal oxide composition [19]. These results support the use of the studied IOT as a
characterized mineral addition, rather than assuming that all of its SiO, and Al,O3 contents
act as reactive binder.

2.2. Iron-Ore Tailings in Alkali-Activated Binders

Direct alkali activation of untreated IOT is limited when its main phases remain crys-
talline. Studies using thermal cycles on fly ash/IOT blends reported benefits at moderate
IOT contents, but part of this effect came from filler densification and thermal stability
instead of complete reaction [7]. Mechanical or thermal treatment can increase surface
area or disturb Si-O bonds, but these treatments also require energy. For this reason, some
integrated recovery methods first separated residual iron and then used the silicate-rich
fraction as a concrete addition [20].

At the product scale, the main question is whether the composite can form a continuous
load-bearing matrix with acceptable transport behavior. Ultra-high-performance concrete
containing IOT has shown controlled permeability when fine particles improve packing,
while higher replacement reduces strength when the binder does not cover the added
surface [21]. Concrete made with dam tailings also shows that a local waste material must
be tested as a specific material and should not be treated as a general IOT source [22].

2.3. Solid Activators, Slag, and Sodium Metasilicate

Studies on solid-activated binders show that ambient-cured strength depends on the
dissolution rate of the activator and the reactive part of the precursor. Sodium-silicate grade,
modulus, and available water affect setting and early strength [23]. In slag mortar, synthetic
sodium metasilicate produced higher strength than alternative silica sources that dissolved
more slowly, although the alternative sources could reduce the environmental burden [24].

A one-part slag cement with pretreated paper sludge formed calcium aluminosil-
icate hydrate and hydrotalcite-like phases, while the unreacted solids also worked as
filler [25]. Particle-packing optimization has produced dense, high-strength one-part slag
mixtures [26], and tests under cold conditions show that slag-based one-part binders can
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continue gaining strength even when low temperatures slow the dissolution process [27].
These studies used blast-furnace slag or similar reactive systems, so their reaction behavior
cannot be directly applied to EAF steel slag because its crystalline phases and iron-oxide
content are different. The comparison is only used to explain the expected roles of alkalinity,
soluble silicate, water, and particle packing.

2.4. Alkali-Activated Paving Units

Research on alkali-activated paving units has changed from cast mortar samples to
vibro-compacted products. Pavers made with fly ash and rice-husk ash developed useful
strength, while higher contents of porous ash increased absorption and reduced abrasion
resistance [28]. Vibro-compacted pervious pavers also showed that controlled carbonation
can change strength and abrasion, although enough open porosity is still needed for water
infiltration [29]. Another environmental study used recycled aggregate, mine tailings, and
carbonation, but required equivalent functions and all process emissions to remain within
the comparison boundary [30].

The studies listed in Table 1 show how the research moved from using IOT as an
aggregate or brick material to paving products with controlled chemistry. Each study
provides some of the required information, but the cited literature has not studied the
exact semi-dry IOT/EAF-steel-slag/SMS/NaOH system and the factor range used in this
work together.

Table 1. Selected studies defining the research context.

Year Material System Finding Relevant to This Study Ref.
2014 IOT as fine aggregate in Fine IOT can improve packing, but replacement must be balanced [17]
UHPC against workability and paste demand.
Heat- and ambient-cured Solid sodium-silicate grade changes dissolution, setting,
2015 ; [23]
one-part binder and strength.
2016 IOT geopolymer bricks IOT can be incorporated in a'lkah-actlvated masonry when activator 8]
and curing are controlled.
2016 Fly ash geopolymer with IOT Moderate IOT densified t.he matrix; higher IOT diluted the 7]
reactive precursor.
. . An optimum replacement was reported because fine content
2016 IOT replacing fine aggregate changed water demand and strength. (18]
Interlocking pavers with dam Technical and environmental evaluation included unit testing
2017 . [°]
10T and leaching.
2018 One-part slag mortar with Synthetic SMS dissolved rapidly and developed high strength, with [24]
silica sources an activator burden.
Slag/paper-sludge one-part C-(A)-S-H and hydrotalcite-like products formed; unreacted
2018 . . [25]
cement material also filled space.
Recycled-powder paving Abrasion, dimensions, and absorption were examined in addition
2019 [10]
blocks to strength.
2020 [OT in UHPC Packing can lower perme.ablhty, bu’F h1gh replacement can reduce [21]
binder continuity.
2020 Pavers with recycled asphalt ~ Aggregate—paste compatibility and compaction affected strength [11]
aggregate and durability.
Particle-packed one-part slag Granular design and solid activation produced dense,
2021 . . [26]
blends high-strength matrices.
2021 [OT characterization review Mineralogy and morphology vary by source and do not support 5]

generic IOT assumptions.
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Table 1. Cont.

Year Material System Finding Relevant to This Study Ref.

2022 Alkali-activated IOT bricks The reported program reac'hed 18.45 cl)\/[Pa and a minimum [31]
absorption of 12.6%.

Life-cycle assessment of IOT  Allocation, energy, and avoided-burden assumptions changed the

2023 . . [32]
binder environmental result.

2004 Carbonated vibro-compacted ~ Controlled carbonation changed the strength—-abrasion balance of [29]

AAM pavers

pervious units.

2.5. Consolidated Knowledge Gap

The reviewed studies establish three points relevant to the present program. First,
untreated crystalline IOT cannot be assumed to replace a reactive precursor on a one-to-one
basis under ambient curing. Second, alkalinity, soluble silicate, calcium-bearing solids, and
particle packing can support early matrix formation, but results from blast-furnace slag
cannot be transferred directly to EAF steel slag. Third, paving-unit suitability requires
more than compressive strength. These points leave a specific gap: the combined effect of
IOT fraction, nominal NaOH molarity, and dry SMS/NaOH ratio has not been evaluated
together for the semi-dry IOT/EAF-steel-slag system used here while keeping measured
mechanical response distinct from provisional cost and GWP screening. The experimental
program therefore focused on these bounded factors and explicitly states the product-level
tests that remain required.

3. Materials and Methods
3.1. Iron-Ore Tailings

Iron-ore tailings were collected from the Andimeshk iron-concentrate operation of
Paniya Parto Kahraba Co., Andimeshk, Iran. The producer describes the site as an iron-
concentrate facility with a nominal yearly capacity of about 300,000 t [33]. Figure 1 shows
the collection area and the production facility. The received material was visually fine
and reddish-brown, and it was dried, deagglomerated, and stored in sealed containers
before batching. No calcination, mechanochemical activation, or additional beneficiation
was used.

Figure 1. Cont.
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Figure 1. Provenance of the iron-ore tailings: (a) tailings collection area and (b) iron-concentrate
production facility in Andimeshk, Iran.

3.1.1. Particle-Size Distribution

The supplied particle-size data classified the IOT as a mainly fine and non-plastic ML
material under the Unified Soil Classification System [34]. Figure 2 shows that 55.7% of the
particles were smaller than 0.075 mm, including 49.2% silt and 6.5% clay. Fine sand was
44.0%, medium sand was 0.3%, and no coarse sand was reported. The effective particle
size was D10 = 0.004 mm. Therefore, the grading shows a silt-dominated tailing with a
considerable fine-sand fraction and almost no medium- or coarse-sand content.

100

—0

Clay Silt Fine sand Medium sand Coarse sand

90
80
70

60

50
55.7% passing 0.075 mm

40 4

Percentage passing (%)

30

201 5% clay

10 F===mm N mmm e

O Reported values

0 . R .
1073 1072 107t 10° 10!

Particle size (mm)

Figure 2. Particle-size distribution of the iron-ore tailings.

3.1.2. XRF Composition

Table 2 reproduces the supplied XRF reporting basis for five particle-size fractions.
P, S, and Fe were reported as elemental values, whereas SiO,, TiO,, Al,O3, CaO, MgO,
K0, MnO, and V,05 were reported as oxides. Fe was the largest reported component
and changed from 30.22% to 39.45%, with the highest value in the —38 + 5 um fraction.
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5iO, changed from 15.11% to 23.24%. The —5 um fraction had the highest SiO, content
and included 3.99% Al,O3 and 6.76% MgO, while its Fe content was 31.65%. CaO was
between 5.43% and 7.88%, MgO was between 4.96% and 6.76%, and Al,O3; was between
2.63% and 4.09%. The differences between fractions show that the supplied composition

was not uniformly distributed across particle sizes.

Table 2. XRF composition of the iron-ore tailings by particle-size fraction (%).

Component —100+75um  —75+ 53 um —53 + 38 um —38+5um —5 um Range
P 0.30 0.34 0.33 0.27 0.26 0.26-0.34
S 1.34 2.09 2.47 1.85 1.00 1.00-2.47
Fe 30.22 34.40 36.11 39.45 31.65 30.22-39.45
SiO, 20.35 17.08 15.55 15.11 23.24 15.11-23.24
TiO, 0.37 0.40 0.40 0.30 0.26 0.26-0.40
Al,Os3 4.09 3.27 2.88 2.63 3.99 2.63-4.09
CaO 7.88 7.48 7.27 6.00 5.43 5.43-7.88
MgO 6.64 5.52 4.96 5.09 6.76 4.96-6.76
K>,O 0.32 0.22 0.17 0.14 0.22 0.14-0.32
MnO 0.06 0.07 0.07 0.06 0.07 0.06-0.07
V505 0.03 0.03 0.03 0.03 0.03 0.03
3.1.3. X-Ray Diffraction
Figure 3 is a supplied qualitative phase-reference map labeled for iron-ore tailings. It
lists quartz, albite, talc, hematite, and calcite as reference phases.
IR
®
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5 | ] .
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Figure 3. Qualitative phase-reference map labeled for iron-ore tailings.

Figure 4 is an XRD reference trace for iron-ore tailings; the sample had 43.09% total

Fe and 12.1% FeO, while the calculated magnetite and hematite contents were 39% and
21.26%, respectively, and d80 was 66 pm [35].
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Figure 4. Redrawn and normalized XRD reference trace for iron-ore tailings, adapted from Ref. [35].

3.1.4. Leaching Record

The supplied leachate record for raw IOT reported the concentrations of nine elements.
EPA SW-846 Method 1311 requires representative sampling, controlled extraction, filtration,
chemical analysis, and related quality-control records [36]. Leaching behavior depends on
the mineralogy, particle size, chemical composition, solution pH, and test conditions. These
properties can also vary between IOT sources because the ore and beneficiation process
differ [5]. The studied IOT mainly contained fine particles, but Figures 3 and 4 do not
provide batch-specific mineralogical measurements. However, the present data do not
show how these properties affected the release of the nine reported elements. The raw-1OT
record also does not represent the behavior of the cured paving unit. Mixing the IOT with
EAF steel slag and alkaline materials, followed by vibration, pressure, and curing, changes
the material’s physical and chemical conditions. Previous research on IOT pavers included
leaching and dissolution tests on the produced units [9].

3.2. EAF Steel Slag

Electric arc furnace steel slag was collected from Mobarakeh Steel Company in Mo-
barakeh, Iran, and Figure 5 shows its supplied appearance. A published study on slag
aggregate from the same steel complex reported rough and porous particles, bulk specific
gravities of 3.05 and 2.95 for coarse and fine fractions, water absorptions of 1.8% and 2.1%,
and a Los Angeles coefficient of 13.4% [37]. The published XRF composition included
38.86% CaO, 25.75% Fey O3, 17.47% SiO,, 5.01% MgO, and 4.03% Al,O3, and the calculated
Ca0O/SiO; ratio was 2.22 [37].

Figure 5. EAF steel slag used in the mixture program.
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Table 3 gives physical and chemical values for EAF steel slag from the same producer.
The reported calcium-rich, iron-bearing composition also differs from conventional ground
granulated blast-furnace slag, so reaction behavior from GGBEFS systems is not transferred
directly to the present material.

Table 3. Characteristics of EAF steel slag from Mobarakeh Steel Company. Data from [37].

Category Characteristic Published Value or Observation

Material Production route Electric arc furnace steel slag
Morphology Particle surface Rough, porous, and coarse-textured

Physical Specific gravity 3.05 coarse; 2.95 fine

Physical Water absorption 1.8% coarse; 2.1% fine

Physical Los Angeles coefficient 13.4%

Chemical Major XRF oxides CaO 38.86%; Fe, O3 25.75%; SiO, 17.47%

Chemical Other reported oxides MgO 5.01%; Al,O3 4.03%

Chemical Calculated CaO/SiO; ratio 2.22

3.3. Alkaline Source

The alkaline source included sodium hydroxide flakes and solid sodium metasilicate
pentahydrate (NaySiO3-5H;0), as given in the supplier certificates [38,39], Table 4. The
NaOH purity was 98.98%, and this value was used when a purity correction was needed.
The reported Nap,COs, chloride, sulfate, and silicate contents were 1.00%, 150 ppm, 0.002%,
and 0.001%, respectively. Sodium metasilicate was a white powder with 27.5 £ 1% Nay,O
and 25.5 £ 1% SiO,, and its 1% solution had a pH of 12.00 & 0.5 at 25 °C. The pentahy-
drate formula was used in the bound-water calculation, and Figure 6 shows the physical
appearance of the two solid alkaline materials.

Table 4. Supplier-reported properties of the alkaline constituents [38,39].

Property Sodium Hydroxide Flakes Sodium Metasilicate Pentahydrate
Chemical formula NaOH Na,SiO3-5H,0
Appearance Flakes White powder
Main chemical content NaOH: 98.98% NayO: 27.5 + 1%; SiOy: 25.5 + 1%
pH of 1% solution at 25 °C Not reported 12.00 £ 0.5
. o Na,COsz: 1.00%; chloride: 150 ppm;

Reported impurities sulfate: 0.002%; silicate as SiO,: 0.001% Not reported
Water-insoluble matter None reported Not reported

[ —

>
R = ps A
r

"‘\ A-\
e o

Figure 6. Solid alkaline constituents used in mixture preparation: (a) sodium metasilicate pentahy-
drate and (b) sodium hydroxide flakes.

s
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3.4. Aggregates

Natural crushed aggregates were collected from an aggregate-processing plant in
Andimeshk County, Khuzestan Province, Iran. Figure 7 shows the production plant and
the separate aggregate fractions used for batching. The received particles were angular and

were supplied in several size ranges.

Figure 7. Aggregate source and separated fractions: (a) production plant and (b) aggregate fractions
used for mixture preparation.

3.5. Activator Accounting

Activator accounting was based on the actual dry-batched masses of sodium hy-
droxide flakes and sodium metasilicate pentahydrate. The dry SMS/NaOH mass ratio
was defined as Ry = %, and the total dry-batched activator mass was defined as
ma = mNaoH + Msms. Equations (1) and (2) express the equivalent component relationships
in terms of m4 and R4. Accordingly, the total dry-batched activator was not fixed; it varied

across batches.

Ra

p— l

MSMS = MAT R, 1)
1

MNaOH = MAT - R ()

In Equations (1) and (2), mgps is the mass of sodium metasilicate pentahydrate, myaon
is the mass of sodium hydroxide flakes, 14 is the total dry-batched activator mass, and R4
is the dry SMS/NaOH mass ratio.

Nominal NaOH level was an experimental factor and was defined on the externally
added-water basis. In Equation (3), the NaOH flake mass is obtained from the nominal
NaOH level, the added-water volume basis, the NaOH molar mass, and the supplier-
reported NaOH mass fraction. Equation (4) gives the stoichiometric water bound in
NazsiO::, -5H20.

MnNaon VwMr NaoH 3)
PNaOH

m —m 5Mr,H20
w,bound SMS —Mr,NaZSiO3 5H,0

MNaOH =

(4)

In Equation (3), MNaom is the nominal NaOH level, V, is the volume corresponding
to the externally added water, M;N,0n is the NaOH molar mass, and pnaop is the NaOH
mass fraction. Bound water in NaySiO3-5H,O was accounted separately from the externally
added water.
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3.6. Curing Logic for Semi-Dry Units

The production method used vibro-pressure compaction followed by immediate
demolding. Because the mobile-water content was low, early evaporation had to be
controlled, so the units were sealed and cured at 23 & 2 °C until the three-day test. A
separate curing series at 40 £ 2 °C was not tested. Slag-containing alkali-activated mixtures
can develop early strength during ambient curing [40], while precursor proportions and
pore-solution chemistry affect the phase assemblage [41]. The activator type also affects
reaction rate and gel development [42].

Figure 8 shows the proposed material and processing sequence. The diagram separates
the supplied material properties, processing steps, and the proposed reaction stage.

Solid-activated processing and vibro-pressure forming —> processing step
Step 1 Step 2 Step 3 Step 4 Step 5

MINERAL FEEDSTOCK

iron-ore tailings steel-slag powder

laboratory dry mixing
10T + EAF slag + aggregates

SOLID ACTIVATORS

WATER ADDITION + WET MIXING HYPOTHESIZED BINDING MATRIX VIBRO-PRESSURE FORMING

particle bonding within a continuous matrix

one part alkali-activated GGBFS (literature)

Tap water is added to

Not measured in the present study
aggregates + binder (10T + EAF slag)
+ solid alkaline source
NaOH + sodium metasilicate

dry blending

vibro-formed paving units

solid activators: no water at this step

Step 6

SEALED CURING
paving units covered with plastic sheeting

moisture retained after demoulding

Figure 8. Proposed processing and reaction sequence for the IOT/EAF-steel-slag/SMS/NaOH
semi-dry paving system.

3.7. Product Performance, Cost, and Environmental Accounting

ASTM C936/C936M has historically required an average compressive strength of at
least 55 MPa for concrete interlocking paving units, while ASTM C140/C140M gives the
related specimen preparation and testing procedure [12,43,44]. EN 1338 uses tensile split-
ting and breaking-load requirements instead of one general beam-flexural requirement [13].
Beam flexural strength from ASTM C78/C78M can be used for material comparison, but
it cannot replace the finished-unit test required by the selected paver standard [45]. A
separate lower compressive-strength limit is not given only because a paving unit uses an
alkali-activated binder or contains IOT, since acceptance depends on the selected product
standard and the intended use [12,13].

The provisional cost and GWP were calculated for 1 m?3 of mixture, which gave the
same comparison basis for all formulations. The cost calculation included the material
quantities, unit prices, and manufacturing energy. The cradle-to-gate GWP calculation in-
cluded material production, manufacturing energy, and material transport. For formulation
j» Equations (5) and (6) give these two calculations.

Cf =Y mpi+ ;EkjpE,k ®)
1

GWP; = Y miyEF;+Y EgEFg)+ Y midEF,, 6)
i k i
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In Equations (5) and (6), m;; is the mass of constituent i in formulation j, p; is its
unit price, Ey; is manufacturing energy of type k, pgx is the energy price, EF; and EFg
are the constituent and energy emission factors, di is transport distance, and EF;,; is the
transport emission factor. This study calculated the reported cost and GWP values using
the available project-level inventory. However, these values are provisional comparative
screening indicators and should not be interpreted as reproducible cost estimates or a
complete ISO 14040/14044 life-cycle assessment [46,47].

3.8. Mechanical Tests

Three-day compressive and flexural strengths were measured during the experimen-
tal program. Table 5 gives these two mechanical responses. The experimental design
comprised 17 unique mixture formulations evaluated through 19 experimental batches.
M17-M19 were independent center-condition batches prepared with the same nominal
formulation. For each batch, three specimens were tested for compressive strength and
three specimens were tested for flexural strength, and the arithmetic mean of the three
measurements was used as the batch-level response. Compressive strength was used to
examine the axial response of the formulations, while flexural strength was used to examine
their bending response.

Table 5. Three-day mechanical responses used in the experimental program.

Property Test Age  Current Status Method Use in the Study
Compressive 34 Measured ASTM C140,/C140M [44] Batch-level Comprgsswe—strength
strength comparison
Flexural strength 3d Measured ASTM C78/C78M [45] Batch-level ﬂexu.ral—resp onse
comparison

Figure 9 presents the laboratory photographs, which show the mixing work, controlled-

temperature equipment, and mechanical loading arrangement.

Figure 9. Laboratory processing and testing arrangements: (a) mixing/controlled-temperature
equipment and (b) mechanical loading arrangement.

4. Experimental Program
4.1. Mixture Design and Factor Domain

Each experimental batch contained 500 kg/m> combined IOT and EAF steel slag,
1100 kg/m? fine aggregate, 550 kg/m?> aggregate in the 2-8 mm fraction, and 30 kg/m?
externally added water. The NaOH flake and SMS pentahydrate masses varied with
the nominal NaOH level and dry SMS/NaOH ratio; consequently, the total dry-batched
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activator varied from 24.25 to 67.89 kg/m3. Equation (7) gives the fixed added-water-to-
precursor ratio, while Equation (8) gives the observed range of the dry-batched-activator-
to-precursor ratio. IOT replaced steel slag by mass inside the fixed 500 kg/m3 precursor,
so a change in IOT content did not change the total precursor mass. Aggregate grading
should be reported using ASTM C136/C136M [48].
Wadd 30
5 — 50— 0.060 (7)
Agry  24.25—67.89
P 500
In the experimental program, IOT content changed from 50% to 80% of the pre-
cursor, nominal NaOH molarity changed from 8 to 14 mol/L, and the dry SMS/NaOH
ratio changed from 1.50 to 3.00. The center condition had 65% IOT, 11 mol/L NaOH,
and RA =2.25.
Table 6 gives all precursor and activator mass divisions used in the experimental design.

= 0.0485 — 0.1358 (8)

Table 6. Experimental batches and calculated precursor/activator splits (kg/m?3).

Nominal NaOH NaOH SMS Total

Mix I(S}- (kl(/)r;l:3) E(ﬁF/ISnlf )g Level (mol/L of (R_A) Flakes Pentahydrate Dry-batched Ad(ril(ec}n‘:\s’z)iter
° & & Added Water) (kg/m®) (kg/m®) Activator (kg/m?) &
MO01 50 250 250 8 1.50 9.70 14.55 24.25 30.00
MO02 50 250 250 10 2.50 12.12 30.31 42.43 30.00
MO03 50 250 250 12 2.00 14.55 29.10 43.65 30.00
Mo04 50 250 250 14 3.00 16.97 50.92 67.89 30.00
MO05 60 300 200 8 2.00 9.70 19.40 29.10 30.00
MO6 60 300 200 10 3.00 12.12 36.37 48.49 30.00
MO07 60 300 200 12 1.50 14.55 21.82 36.37 30.00
M08 60 300 200 14 2.50 16.97 42.43 59.41 30.00
M09 70 350 150 8 2.50 9.70 24.25 33.95 30.00
M10 70 350 150 10 1.50 12.12 18.19 30.31 30.00
Mi1 70 350 150 12 3.00 14.55 43.65 58.19 30.00
M12 70 350 150 14 2.00 16.97 33.95 50.92 30.00
M13 80 400 100 8 3.00 9.70 29.10 38.80 30.00
M14 80 400 100 10 2.00 12.12 24.25 36.37 30.00
M15 80 400 100 12 2.50 14.55 36.37 50.92 30.00
Mi16 80 400 100 14 1.50 16.97 25.46 42.43 30.00
M17 65 325 175 11 225 13.34 30.01 43.34 30.00
M18 65 325 175 11 225 13.34 30.01 43.34 30.00
M19 65 325 175 11 2.25 13.34 30.01 43.34 30.00

Every batch contained 30 kg/m3 externally added water, 1100 kg/m?3 fine aggregate,
and 550 kg/m3 2-8 mm aggregate. SMS is commercial Na,SiO3-5H,0O; therefore, its
stoichiometric bound water was treated separately from the externally added water and
can be calculated from Equation (4). Across Table 6, the bound-water contribution ranges
from 6.18 to 21.62 kg/m>. NaOH is reported as commercial flake mass. M17-M19 are
independent center-condition batches prepared using the same nominal formulation. The
16 non-center formulations were arranged using a balanced 4 x 4 Latin-square-type design,
in which each SMS/NaOH level occurred once at each IOT level and once at each NaOH
level. Three additional independent batches were prepared at the center condition to assess
repeatability and provide center-point information for the response-surface analysis.

4.2. Mixing, Forming, and Curing

The IOT and aggregates were dried to a controlled moisture condition before batching.
The externally added water was maintained at 30 kg/m? for all batches. Water bound in
NaySiO3-5H,0 was not included in this added-water value.

10T, EAF steel slag, aggregates, SMS, and NaOH were weighed.
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A Interlocking units and modular fit

NaOH was added to SMS in dry condition.

IOT, EAF steel slag, and aggregates were dry blended. The powder activator was
added gradually, followed by the remaining water, until a visually coherent semi-dry
mixture was obtained.

The mixture was placed in the paving-unit mold, compacted by vibration and pressure,
struck level, and demolded.

The units were sealed within 10 min of demolding and cured at 23 & 2 °C until the
three-day test.

5. Results and Discussion
5.1. Manufactured Units and Performance Context

Figure 10 shows representative manufactured and installed paving units. The intact
edges and laid surfaces show that immediate demolding and handling were possible for at
least some of the batches.

Figure 10. Representative paving units and installed surfaces.

The available three-day strength values are below the 55 MPa minimum average for
ASTM C936/C936M paving units [12,43]. The present measurements do not establish
conformity with ASTM C936/C936M or EN 1338 because the test age and specimen infor-
mation differ from the product procedures and several product-level acceptance tests were
not conducted. The standard comparison is therefore used only as performance context.

5.2. Three-Day Compressive and Flexural Strength

Table 7 gives the measured responses and calculated screening indicators. Three-day
compressive strength changed from 15.17 MPa for M13 and M16 to 25.66 MPa for M17,
and the average of the 19 batch responses was 21.95 MPa. Flexural strength increased
from 2.41 MPa for M13 and M16 to 3.14 MPa for M17, with an average of 2.90 MPa.
Provisional cost ranged from 77.13 to 84.33 USD/m3, while provisional GWP ranged from
82.59 to 93.84 kg CO,-e/m?>. The cost and environmental values are model inputs based on
an incomplete inventory, and they are not measured product properties.
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Table 7. Measured three-day strengths and calculated screening indicators.

Mix IOT (%) M(mol/L) RA  fc3(MPa) fr(MPa) Cost* (USD/m3) GWP* (kg CO;z-e/m3)
MoO1 50 8 1.50 17.34 2.58 84.33 93.84
MO02 50 10 2.50 23.99 3.04 83.99 92.12
Mo03 50 12 2.00 24.41 3.06 84.13 92.84
Mo04 50 14 3.00 24.00 3.04 83.88 91.59
MO05 60 8 2.00 21.40 2.87 81.88 89.84
Mo6 60 10 3.00 23.97 3.04 81.63 88.59
Mo07 60 12 1.50 22.81 2.96 82.08 90.84
Mo08 60 14 2.50 25.15 3.11 81.74 89.12
M09 70 8 2.50 20.67 2.82 79.49 86.12
M10 70 10 1.50 21.06 2.85 79.83 87.84
Mi11 70 12 3.00 23.42 3.00 79.38 85.59
M12 70 14 2.00 22.21 292 79.63 86.84
M13 80 8 3.00 15.17 241 77.13 82.59
Mi14 80 10 2.00 19.45 2.73 77.38 83.84
M15 80 12 2.50 20.22 2.79 77.24 83.12
Mi6 80 14 1.50 15.17 241 77.58 84.84
M17 65 11 2.25 25.66 3.14 80.68 87.95
Mi18 65 11 2.25 25.34 3.12 80.68 87.95
M19 65 11 2.25 25.54 3.13 80.68 87.95

fc,3 and fr were measured at the batch-response level. Cost* and GWP* are provisional screening
values; the unit-price and emission-factor inventory is incomplete.

Figure 11 shows that strength did not continuously decrease when the IOT content
increased. At 50% IOT, strength increased from 17.34 MPa in M01 to about 24 MPa in
M02-M04, while the values at 60% IOT were between 21.40 and 25.15 MPa. M11 gave
23.42 MPa at 70% 10T, 12 mol/L NaOH, and RA = 3.00, while M15 gave 20.22 MPa at
80% IOT, 12 mol/L, and RA = 2.50. Within the tested three-day range, these results answer
the first objective because a higher IOT level could keep a moderate early strength, although
the result also depended on the activator combination.

The flexural results followed the same general pattern as the compressive results in
Figure 11. At 50% 10T, flexural strength was between 2.58 and 3.06 MPa, while the ranges
were 2.87-3.11 MPa at 60% IOT, 2.82-3.00 MPa at 70% IOT, and 2.41-2.79 MPa at 80% IOT.
M17 had the highest measured flexural strength of 3.14 MPa, while M13 and M16 both
had 2.41 MPa. For the 19 batch-level paired responses in Table 7, flexural and compressive
strengths had a strong association (Pearson r = 0.999). Each batch-level response was the
arithmetic mean of three specimens for the corresponding mechanical test; therefore, the
correlation was calculated from 19 paired batch means rather than individual specimen
measurements. It describes the present dataset and does not provide a general conversion
or prove a reaction mechanism.

At 80% IOT, M14 and M15 gave 19.45-20.22 MPa, while M13 and M16 both gave
15.17 MPa with opposite molarity—ratio combinations. Therefore, the same IOT content
produced a strength range of 5.05 MPa. This difference suggests a possible interaction
between hydroxide concentration and the silicate-to-hydroxide balance, but the experiment
does not reveal the reaction mechanism. The lower EAF-slag fraction at 80% IOT may also
reduce the amount of calcium-bearing reactive material, but the phase reaction and pore
structure were not measured.

https:/ /doi.org/10.3390/ constrmater6050077


https://doi.org/10.3390/constrmater6050077

Constr. Mater. 2026, 6, 77 16 of 23
I I

? o1 17 | ©) | > 5¢
Mo2 I 2.0 T —
mo3 I, 241 I - 06
Mo N 200 I 0
vos I /! <0 I > ©7
voc I 23.57 I 3.0/
vo7 I 2 61 I  ©¢
Mos I 2515 I .11
voo I 20.67 I : ©2
M10 I 2106 e p.8s
M1l Y 232 I 300
v12 I 22 21 I o2
M13 [, 1517 i [ EXiu
m14 I 195! I
M15 I 20.32 I 279
Mic I 517 ! I 1 |
M17 N 25 65 Y 3.1
vie I 25 34 N G12
M1 I 255 e "

0 5 10 15 20 25 0.0 0.5 1.0 1:5 2.0 2:5 3.0 3.5
Compressive strength (MPa) Flexural strength (MPa)
N M01-M16 M Center batches M17-M19 === Overall batch mean

Figure 11. Measured three-day (a) compressive strength and (b) flexural strength for the 19 exper-
imental batches representing 17 unique formulations; M17-M19 are independent center-condition
batches, and dashed lines show the overall batch means.

The compressive strengths of the three center-condition batches were 25.66, 25.34, and
25.54 MPa. The average was 25.51 MPa, the sample standard deviation was 0.162 MPa, and
the coefficient of variation was 0.63%. The related flexural strengths were 3.14, 3.12, and
3.13 MPa, while the average, sample standard deviation, and coefficient of variation were
3.13 MPa, 0.010 MPa, and 0.32%, respectively. Each reported batch-level strength represents
the arithmetic mean of three specimens. The variation among M17-M19 therefore describes
batch-to-batch repeatability at the center condition.

5.3. Comparison with Conventional and Alkali-Activated Paving Systems

Compared with conventional cement-bound paving systems, the principal potential
advantage of the present formulation is the combined use of IOT and EAF steel slag as
major solid constituents together with semi-dry vibro-pressure processing and ambient-
temperature curing. This approach provides a route for incorporating industrial mineral
residues without relying on Portland cement in the studied formulation. However, the
measured three-day strengths remained below the cited paving-unit benchmark, and the
cost and GWP values are provisional screening indicators. Therefore, the present data
do not demonstrate superior mechanical, economic, or environmental performance over
conventional or other alkali-activated paving technologies.

6. Multi-Objective Optimization
6.1. Response-Surface Formulation

The response-surface calculation was used in the optimization analysis. Table 8 was
used to change the three experimental factors into the coded variables A, B, and C. A
full second-order model was then fitted by least squares to the 19 batch-level three-day
compressive-strength responses obtained from 17 unique formulations, including three
independent center-condition batches, based on the response-surface form in [49].
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Table 8. Factor bounds and coded-variable definitions used in the response-surface model.
Factor Symbol Low (—1) Center (0) High (+1) Coding
IOT in precursor A 50% 65% 80% A = (0T — 65)/15
Nominal NaOH molarity B 8 mol/L 11 mol/L 14 mol/L B=(M —11)/3
Dry SMS/NaOH ratio C 1.50 2.25 3.00 C=(RA —225)/0.75

Equation (9) gives the general second-order relation. In this equation, A is IOT content,
B is nominal NaOH molarity, and C is the dry SMS/NaOH ratio after coding.

fe3 = Bo + BLA + BB + B3C + B12AB + B13AC + B3 BC + B11A + BB? + B23C: (9)

The measured batch responses were used to estimate the coefficients, and Equation (10)
gives the fitted empirical relation.

fe3=25.494 — 2.239A + 1.280B + 0.960C — 0.704AB — 0.385AC + 0.512BC (10)
—2.955A% — 2.572B% — 2.057C2

The fitted relation represented the 19 batch-level calibration responses with R? = 0.9997
and RMSE = 0.054 MPa. These metrics describe calibration fit only. No independent
data outside these 19 experimental batch responses were used for validation, and the
stationary-point prediction was not experimentally confirmed. Accordingly, the equation
is treated as an empirical response surface within the studied factor domain rather than
an independently validated predictive model. Flexural strength was studied as a separate
measured response, and ACI 318 [50] was not used to calculate it from compressive strength.
The negative quadratic coefficients in Equation (10) show bounded curvature inside the
coded factor range.

6.2. Multi-Objective Formulation and Pareto Screening

The discrete screening used the objectives of maximizing measured three-day com-
pressive strength and minimizing provisional cost and provisional GWP. Equation (11)
writes these objectives as a minimization vector. A formulation was non-dominated when
no other tested formulation was equal or better for all three objectives and better for at least
one objective. A weighted desirability function [51] was not used because the objective
weights were not defined.

Fj = [~fos;, 1} IGWF (1)

The workflow in Figure 12 was used with the measured strength and provisional
indicators in Table 7. The non-dominated formulations were M11, M13, M15, and M17.
M17 had the highest measured compressive strength of 25.66 MPa, with a provisional cost
of 80.68 USD/m3 and GWP of 87.95 kg CO,-e/m3. M13 had the lowest cost and GWP of
77.13 USD/m? and 82.59 kg CO,-e/m?, but its measured strength was 15.17 MPa. M15
gave 20.22 MPa at 77.24 USD/m? and 83.12 kg CO,-e/m?, while M11 gave 23.42 MPa at
79.38 USD/m? and 85.59 kg CO,-e/m3.

Figure 13 shows the tested formulations in the three-objective space. None of the
non-dominated formulations had the best value for all objectives. M11 is identified as a
representative compromise solution because it retained 70% IOT and had greater measured
strength than M13 and M15, while its provisional cost and GWP were lower than those
of M17. This selection is an engineering trade-off within the tested data and provisional
inventory; it is not a universal optimum or an experimentally confirmed optimum.
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1 EXPERIMENTAL DESIGN

17 unique formulations - 19 experimental batches
0T content - nominal NaOH level - dry SMS/NaOH ratio

2 THREE-DAY MEASUREMENTS

Compressive and flexural strengths
Three specimens per response and batch

3 EMPIRICAL RESPONSE SURFACE 4 PROVISIONAL INDICATORS
Cost and cradle—to—gate GWP

Quadratic fit to 19 compressive-strength batch means
Calibration only; no confirmation test Incomplete project-level inventory

5 DISCRETE PARETO SCREENING

Measured compressive strength + provisional cost and GWP
Non-dominated: M11, M13, M15, M17

M11 REPRESENTATIVE COMPROMISE
85.59 kg COz-e/m?

70% 10T - 23.42 MPa - 79.38 USD/m? -

Figure 12. Calculation sequence used for response-surface fitting, Pareto screening, and selection of a

representative compromise solution.
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Figure 13. Three-dimensional distribution of measured three-day compressive strength, provisional
cost, and provisional GWP. (Diamonds mark M13, M15, and M17; the star marks M11, which is also

non-dominated and was selected as a representative compromise).
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6.3. Empirical Calculation Procedure and Application Limits

For a candidate mixture, the original inputs are IOT content, nominal NaOH molarity,
and the dry SMS/NaOH ratio. Equation (12) is first used to change these inputs to A, B,
and C, and Equation (10) is then used for the calculation.

_ Xjor — 65

A= 15

B— w, (12)
Ry —225

€= 0.75

In Equation (12), Xjor means IOT content in percent, Mn,on means nominal NaOH
molarity in mol/L, and Ry means the dry SMS/NaOH ratio. For M11, the input values
of 70%, 12 mol/L, and 3.00 give A = 0.333, B = 0.333, and C = 1.000. Using these values in
Equation (10), the fitted result is 23.43 MPa, while the measured result is 23.42 MPa. This
comparison is only an internal calibration check and is not an independent validation.

The stationary point of the fitted surface was found by setting the first three derivatives
of Equation (10) to zero, and Equation (13) shows the resulting linear system.

9es _ 5939 07048 — 0.385C — 5.9104 = 0,

0A

8553'3 =1.280 — 0.704A + 0.512C — 5.144B = 0, (13)
afc,3 _ _

35— 0.960 — 0.385A 4+ 0.512B — 4.114C =0

The solution of Equation (13) gave A = —0.440, B = 0.341, and C = 0.317. The inverse
changes in Equation (12) gave 58.4% IOT, 12.02 mol/L nominal NaOH, and RA = 2.49.
Using these values in Equation (10), the predicted three-day compressive strength was
26.36 MPa. This stationary point is inside the tested factor range but was not tested as an
additional formulation; it is therefore a model prediction rather than an experimentally
verified optimum.

For multi-objective use, Equations (5) and (6) are first used to calculate the cost and
GWP of each candidate, and Equation (11) is then used to form the three-objective vector.
Pairwise dominance is checked for all candidates. Because the complete price, energy,
transport, allocation, and emission-factor inventory was unavailable, this Pareto screening
is preliminary and uses only the provisional values reported in Table 7. It should not be
interpreted as a reproducible life-cycle or cost assessment.

Equation (10) can only be used for 50-80% IOT in the precursor, 8-14 mol/L nominal
NaOH, and a dry SMS/NaOH ratio of 1.50-3.00. It also represents only the studied
materials, the mixture quantities reported in Table 6, the reported aggregates, vibro-pressure
forming, sealed curing at 23 4= 2 °C, and a three-day test age. The available data do not
support use of the equation outside these conditions or independent predictive validation.

7. Conclusions and Recommendations
7.1. Concluding Remarks

This study examined the three-day mechanical response and multi-objective trade-
offs for 17 unique semi-dry IOT /EAF-steel-slag paving formulations evaluated through
19 experimental batches. The findings apply only to the tested materials, factor ranges,
forming method, curing condition, and batch-level measurements; no paving-product
conformity or independent model validation is claimed.
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1. The measured three-day compressive strength was between 15.17 and 25.66 MPa,
while the flexural strength was between 2.41 and 3.14 MPa. The three center-condition
batches had average compressive and flexural strengths of 25.51 and 3.13 MPa, with coeffi-
cients of variation of 0.63% and 0.32%, respectively. Each batch-level mechanical response
was the arithmetic mean of three specimens; the reported center-condition coefficients of
variation therefore describe variation among the three independent batch means.

2. Strength did not continuously decrease as IOT content increased across the tested
formulations. At 80% IOT, M15 gave 20.22 MPa compressive strength and 2.79 MPa flexural
strength. Because IOT content, nominal NaOH molarity, and dry SMS/NaOH ratio changed
together across the design, this result represents a combined formulation response and
does not isolate the causal effect of IOT content alone.

3. For the 19 batch-level calibration responses, the quadratic compressive-strength
model gave R? = 0.9997 and RMSE = 0.054 MPa. The stationary-point calculation predicted
26.36 MPa at 58.4% 10T, 12.02 mol/L nominal NaOH, and a dry SMS/NaOH ratio of 2.49.
Because no independent validation or confirmation test was available, these values reflect
calibration performance and model predictions within the tested factor domain.

4. The discrete Pareto set for measured compressive strength, provisional cost, and
provisional GWP included M11, M13, M15, and M17. M11 is reported as a representative
compromise solution because it combined 70% IOT and 23.42 MPa measured strength with
provisional cost and GWP values of 79.38 USD/ m?3 and 85.59 kg COz-e/ m3. The selection
depends on the tested experimental cases and incomplete cost/ GWP inventory and should
not be interpreted as a universally optimal mixture.

7.2. Recommendations for Later Research

Later work should prepare independent batches of M11 and the predicted stationary
formulation. Future reporting should include individual specimen values at three days
and at later ages so that variation between batches and within each batch can be separated.
Finished paving units should also be tested by using the geometry, conditioning, sampling,
and acceptance procedures of the selected product standard.

The phase assemblage and reaction products should be studied by quantitative
XRD, spectroscopy, and microscopy before C-(A)-S-H- or N-(C)-A-S-H-type products
are assigned to the studied binder [52]. Product-level testing should also include wa-
ter absorption and voids, abrasion, dimensional behavior, tensile splitting or break-
ing load, and freeze-thaw/de-icing-salt resistance using the applicable product and
test standards [13,53,54].

A complete cost inventory and cradle-to-gate life-cycle inventory are needed before
the provisional indicators are used for comparative claims. The inventory should include
material prices, transport distances, electricity use, emission factors, activator production,
and the allocation method for IOT and EAF slag, and it should follow the selected ISO
14040/14044 framework [46,47].
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Abbreviations

The following abbreviations are used in this manuscript:

AAM Alkali-activated material
ACI American Concrete Institute
ASTM ASTM International
C-(A)-S-H Calcium (alumino)silicate hydrate
COy-e Carbon dioxide equivalent
EAF Electric arc furnace
EN European Standard
EPA U.S. Environmental Protection Agency
GGBFS Ground granulated blast-furnace slag
GWP Global warming potential
10T Iron-ore tailings
ISO International Organization for Standardization
ML Inorganic silt of low plasticity (Unified Soil Classification System symbol)
N-A-S-H Sodium aluminosilicate hydrate
N-(C)-A-S-H  Sodium (calcium) aluminosilicate hydrate
NaOH Sodium hydroxide
SMS Sodium metasilicate
UHPC Ultra-high-performance concrete
UsD United States dollar
XRD X-ray diffraction
XRF X-ray fluorescence
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