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Abstract In this work, the optimal design of a
mortar based on alkali-activated material technology
is presented. Ferronickel slag, a byproduct of the
ferronickel alloy industry, was used both as a binder
component (in a finely ground form) and as fine
aggregate in alignment with a circular economy
approach. The proportions of binder, fine aggregate,
and water were optimized using Design of Experiment
Design of Mixtures. The performance indicators
evaluated were flow, flexural and compressive
strength both before and after high-temperature expo-
sure, mass loss, and thermal shrinkage. Life cycle
assessment was used to calculate the relative environ-
mental cost of the studied mixes in comparison to a
counterpart traditional Ordinary Portland Cement
mortar. The optimal mix design exhibited high flexural
strength (8.5 and 10.5 MPa, before and after high-
temperature exposure, respectively), an unheated
compressive strength equal to 69.5 MPa, and a post-
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heating residual one of 33.9 MPa, 7.7% mass loss and
3.4% thermal shrinkage. Mercury Intrusion Porosime-
try along with Scanning Electron Microscopy with
Energy Dispersive X-Ray Analysis were also per-
formed on optimal mortar samples in order to link
micro-structural heat-induced changes to residual
(post-heating)  macro-mechanical  performances.
Finally, when compared to OPC-based products, the
optimized mortar mix resulted in 70% lower CO,
emissions indicating great potential for the construc-
tion sector where concern about environmental impact
keeps growing.

Keywords Alkali-activated cement - Mortar -
Refractory cement - Waste management - Modeling

1 Introduction

The globe is currently facing a climate change crisis,
which needs to be addressed in all sectors including
the construction industry. This sector produces
approximately 1.28 billion of CO, every year [1], as
a direct result of the production of 1.6 billion tons of
Ordinary Portland Cement (OPC). While a lot of
attention has been given to the reduction in CO,
emissions produced by the transportation sector, the
cement industry alone is responsible for 5-8% of total
global emissions [2]. An alkali-activated material
(AAM) is produced by activating an aluminosilicate
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source (precursor) with an alkaline solution (activa-
tor). AAM technology has been reported to reduce
CO, emissions by as much as 80% [3] when compared
to OPC; therefore, it represents a potential tool to
reduce CO, emissions in the construction industry.
Additionally, AAM prepared with low calcium alu-
minosilicate sources is known for its great durability
against high temperatures and chemical attacks [4].
The main goal of the work presented herein is the
exploitation of this favorable AAM feature, to produce
a high temperature-resistant mortar with a strong
emphasis on simultaneously reducing greenhouse
emissions. An additional benefit is the replacement
of natural resources with existing and unexploited
industrial byproducts which simultaneously addresses
the problem of natural resources depletion and the
logistics of byproducts storage.

OPC-based mortars conserve little to none of their
strength after exposure to a high thermal load. Zhang
et al. reported only 10% residual compressive strength
after exposing an OPC-based mortar to a thermal load
of 800 °C for 1 h [5]. The strength degradation comes
from the increased chemical instability of the OPC
matrix as the temperature increases. Chemical bonds’
and compounds’ deterioration occur at temperatures
ranging between 330 and 400 °C. As the temperature
increases the matrix progressively degrades. Calcium
carbonate—a fundamental component of Portland
cement-decomposes at 700 °C and melts at 800 °C
[6]. Low-calcium AAM mortars, on the other hand,
can maintain their initial strength or even show an
increase [7] in residual strength after high-temperature
exposure. A similar phenomenon was observed in this
study where ferronickel slag (FNS)-based AAM
showed higher residual flexural strength after expo-
sure to a thermal load of 900 °C for 2 h.

Ferronickel slag is a byproduct of the ferronickel
industry. In Greece alone, around 2 million tons of
ferronickel slag are produced every year [8]. Only up
to 30% of this amount is being reused in the cement
industry and as a sandblasting material in the
construction sector; the rest ends up being disposed
of in landfills or under the sea [9]. Disposal cost for the
unutilized slag reached 650,000 €/year in 2007 [9]. An
increase in the reuse of this slag for mortar develop-
ment not only would cut CO, emissions in the
construction sector but would aid the metal industry
to become more sustainable by reducing the problems
associated with the allocation. Worldwide, millions of

tons of metallic slags (not only ferronickel) are
disposed of on/underground resulting in enormous
environmental impacts [9, 10]. In this paper, the
authors aim to maximize the utilization of ferronickel
slag not only in the binder composition as ground
ferronickel slag (GFNS) but also as a fine aggregate.
Previous works had shared the same objective and
aimed to introduce back into the economy stainless
steel slags in cement and mortars [11], steel slags in
road pavements [12], and ferronickel slag in fire
protection systems [13].

This study has focused its attention on ferronickel
slag due to its large availability in Greece, and its
proven application in the development of fire-endur-
ing materials (see Sakkas et al. [13]). Sakkas’ work
proved it possible to develop a variety of construction
products with GFNS ranging from high-strength
cementitious binders (as high as 120 MPa) to low-
strength fire-retardant coatings with a thermal con-
ductivity as low as 0.27 W/mK. A previous study led
by the first author of the present work resulted in the
formulation of a binder specifically suited for high-
temperature applications [14]. In the present work, this
binder made of GFNS, silica fume (SF), potassium
hydroxide (KOH), and potassium silicate (KS) was
mixed with water and coarse FNS (sieved below 2 mm
for use as fine aggregate) to develop a mortar durable
under high temperate exposure. In order to optimize
constituent materials’ proportions with respect to a set
of predetermined properties, the authors (as in the case
of the binder) implemented a statistical tool, namely
Design of Experiment (DOE) and—specifically—
Design of Mixtures. The performance of each mix
was measured using flow along with mass loss,
thermal shrinkage, and residual strength after high-
temperature exposure as indicators. DOE has been
widely accepted in the chemical, food, and pharma-
ceutical industries; only recently did material scien-
tists take advantage of this technique in the concrete
industry [15]. A study by Komnitsas et al. [9] relied on
another type of DOE (factorial design) for the
optimization of a ferronickel slag binder with an
emphasis on the factors that affect strength such as the
age of testing, curing temperature, and curing time.

The result of the mix design study presented herein
is an optimal mortar formulation with relatively high
(compared to values from literature) flexural and
compressive strength both before and after high-
temperature exposure, and low mass loss, yet with a
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higher-than-expected thermal shrinkage. The mortar
may be used as a heat-resistant matrix for both
inorganic-based composites and structural concretes.
As for the first application, the optimized mortar can
be combined with textiles (non-metallic fibrous grids)
to be used in strengthening works as an externally
bonded textile reinforced mortar (TRM) overlay.
Based on the author’s experience, such mortar would
be required to have a minimum of 6 MPa of flexural
strength and adequate consistency to allow blocking-
free flow through textile openings. Through visual
observations, this capacity calls for a minimum of
180 mm of flow (albeit more fresh-state evaluation
tests are needed to efficiently characterize the flowa-
bility/penetrability of the mortar). All samples were
prepared at ambient temperature (without heat curing)
to consider the need for easy and low-energy on-site
application.

2 Materials and methods
2.1 Materials

The primary aluminosilicate source material used in
preparing the mortar was FNS. The slag was kindly
provided by The General Mining and Metallurgical
Company SA in Greece, better known as LARCO,
Larissa, Greece. Micro-silica with at least 85% SiO,
content was used. The particle size distribution of both
ingredients was obtained through laser diffraction
using a Malvern Mastersizer 2000. The d50 and d90
values of GFNS were 8.36 and 29.1 um, respectively.
The same indicators were, respectively, found to be
12.87 and 29.98 um for SF.

KS and KOH were used as chemical activators. KS
in the form of an aqueous solution of modulus 1.6
called Geosil® 14,517 (45% dry content) was
selected. Pellets of KOH of 90% purity were used.
Potassium instead of the more popularly studied
sodium activators were preferred as they have been
reported to yield higher residual strength after high-
temperature exposure [16]. A simple example was
provided by Kovalchuk and Krivenko [17] by com-
paring two mineral phases: orthoclase (K,O-Al,Os.
6Si0O,) and albite (Na,O-Al,05-6Si05); the fusion
temperature of the former is by 52 °C higher than the
one of the latter due to the replacement of a sodium
atom with a potassium one. During the screening

phase for constituent materials, the effect of super-
plasticizers (SP) on the performance indices was also
accounted for. Polycarboxylate-based SPs
(MasterGlenium 347, SKY 645, and ACE345) were
considered along with two naphthalene-based (Reotol-
SPL and Master Rheobuild 1000) and a ligno-
sulphonate-based one (MasterPozzolith 390N).

Table 1 shows the chemical composition of GFNS
and SF. The data was obtained via X-Ray Fluores-
cence (XRF) measurements of the major (SiO,, Al,O3,
Ca0O, MgO, MnO, Fe,03, K,0, Na,0, P,Os, TiO,) and
minor elements. Wax (0.2 g as a binder) was com-
bined with 1.8 g of ground and dried samples and was
pressed on a base of boric acid to a circular pellet of
32 mm diameter. A RIGAKU ZSX PRIMUS 1I
spectrometer was used to perform the analysis. Major
and trace elements were analyzed with an Rh-anode
running at 4 kW. Diffracting crystals equipped were:
LIF (200), LIF (220), PET, Ge, RX-25, RX-61, RX-
40, and RX-75.

The amount of dry ingredients for 1 ton of
optimized GFNS-based dry binder corresponds to
846.1 kg GFNS, 624 kg SF, 27.2 kg KOH and
64.4 kg KS based on [14]. These proportions were
kept constant in all mortar formulations. In the
following, efforts were focused on finding the ratio
between the optimized GFNS binder, FNS fine
aggregates, and water that produces the best-perform-
ing mortar in terms of consistency, volume stability,
and strength (both unheated and heated). Information
regarding these three components is reported in
Table 2 including data on carbon emissions, energy
consumption, and component limit proportions, by
weight. The CO,..q emissions were estimated using
the SimaPro v8.5 software linked to the Ecoinvent
v3.4 database.

Ferronickel slag has previously been tested for use
as fine aggregate in OPC-based mortars in which
higher compressive strengths were achieved by
replacing natural sand with FNS [18]. The main
reported concern for using FNS as aggregate is the
potential alkali-silica reaction due to the high reactive
silicate content in this material. This concern was
debunked in a study by Thompson et al. [19] which
reported that the aluminosilicate in the slag absorbed
free alkali from the AAM matrix. The absorption
resulted in a significant reduction of the alkali-silica
reaction potential and even resulted in high-strength
mortars. Another reason to use FNS as fine aggregate
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Table 1 Ferronickel slag and silica fume chemical analysis through XRF, by weight*

Precursor SiO, Al,O3 CaO Fe,03 MgO Na,O P,0s5 K,0O TiO, MnO LOI-

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) Flux

Ferronickel 36.9 3.61 4.18 32.8 7.41 0.15 0.02 0.48 0.19 0.00 0.00
slag

Silica fume 88.9 0.73 0.34 1.01 0.63 0.71 0.03 1.50 0.00 0.12 6.82

*Only detectable chemical compounds are listed

Table 2 CO;-eq., energy consumption, and DOE boundaries for GFNS mortar ingredients

Material Component code ~ COj-eq. (kg/t)  Energy consumption (MWh/t) ~ Mixture boundaries, by weight (%)
Lower bound (%) Upper bound (%)

GENS binder A 127.0 0.1760 31.2 45.1

FNS sand B 12.1 0.0447 43.9 60.4

Water C - - 8.2 11.0

is the increased thermal insulation effect. Saha et al.
[20] reported that the thermal conductivity of OPC
mortars decreased from 2.34 to 1.65 W/mK and 1.16
W/mK as silica sand was replaced by FNS fine
aggregate by 50 and 100%, respectively.

2.2 Experimental methods

Apart from the mixes designed, produced, and eval-
uated during the screening phase (see further below),
15 combinations of GFNS binder, FNS sand, and
water were prepared. For each combination, 6 prisms
were cast. Mortar was prepared by mixing premade
alkaline solution with SF, GFNS, and FNS sand. The
alkaline solution was prepared one day in advance of
mortar preparation, by adding water in a plastic
container followed by Geosil® 14517; KOH pellets
were added last. Immediately after the addition of
KOH, the container was closed and agitated for no
more than 5 s; then, the cap was removed to allow for
built-in pressure to be released. The procedure was
repeated for around 2 min. Mortar was prepared in
5 kg batches. For each batch, the dry ingredients
(GFNS, SF, and FNS sand) were weighted and dry-
mixed until a homogeneous blend was achieved. The
corresponding amount of chemical activator solution
was then added and hand-mixed until all liquid was
absorbed. The hand-mixing step was followed by

mixing in a bench-mounted electric mortar mixer for
2 min at low speed followed by 3 min at high speed.
Mortar consistency was evaluated with the flow
table test and expressed in terms of the mean diameter
of the mortar after jolting the table 15 times (EN
1015-3). The mortar was cast in two molds to produce
6 prisms each measuring 40 x 40 x 160 mm. Molds
were vibrated for 30 s on an electric shaking table.
Samples were demolded after 24 h and left to cure in
two airtight plastic bags (double layer of protection) to
prevent moisture loss (3 prisms per double bag). The
samples were left in the bags at approximately
20 £ 5 °C for 28 days; no heat curing was used to
ensure future cost-effectiveness and ease of produc-
tion for practical applications.

A vernier caliper was used to measure the dimen-
sions of the prisms both before and after high-
temperature exposure to determine thermal shrinkage.
Likewise, the mass was recorded using an electronic
scale to calculate the mass loss. From the six prisms
produced for each combination of binder, fine aggre-
gate, and water, three prisms were exposed to a
thermal load of 5 °C/min up to 900 °C; the temper-
ature was then kept constant for two hours. The
samples were left to cool down in the oven with the
door closed until the following day. This heating
regime has previously been used in similar studies
done by Carabba et al. [21], Li et al. [22], Vickers et al.
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[23], An et al. [24], and Kohout et al. [25] (in the last
three with slight variations). A 500 mm?> electrical
oven with a maximum operating temperature of
1100 °C was employed. The remaining three prisms
were kept as the control samples for unheated
performance evaluation.

Flexural and compressive strengths were measured
according to EN 1015-11 (yet, in a displacement-
controlled mode) with a loading rate set to 0.003 mm/
s. The properties were measured in both the pre- and
post-heated state. It is well-known that the residual
compressive strength of concrete following high-
temperature exposure (concrete heated under ‘un-
stressed’ conditions and tested under a cooled-down
state) is lower than its ‘hot’ compressive strength (both
under ‘unstressed’ and ‘stressed’ conditions) [26, 27].
Thus (and extrapolating from data on concrete), the
residual compressive strength values reported in this
study are deemed to be a conservative estimation of
the compressive capacity of heated GFNS mortars.

2.3 Design of experiment (DOE)

Design Expert® Software v11.1.2.0 (Stat-Ease Inc.,
Minneapolis, MN) was selected to define numerous
mortar mix designs whose responses (measurable
performances) would permit the derivation of regres-
sion equations (‘models’) in an effort to express these
performances (namely, flow, mass loss, thermal
shrinkage, unheated and heated compressive and
flexural strengths) as a function of ingredients’
proportions. The design of an experimental matrix in
this software requires the definitions of mixture
components (constituent materials) and probable
restrictions on their proportions. The three compo-
nents for mortar design, namely GFNS binder (a
previously optimized combination of GFNS, SF,
KOH, and KS), fine aggregate (ferronickel slag), and
water were varied in 15 combinations to produce
5000 g of mortar per batch. Before deciding on the use
of these components, other additional possible con-
stituent materials (superplasticizers) were tested in a
screening study. A small amount (15 ml) of water was
replaced by SP (6 products tested, 1% dose by weight).
The SPs did not show any evidence of an improvement
in the rheology of the mortars and were removed from
consideration in the DOE test matrix. Each of the three
components selected was bound to range between
certain proportion boundaries (see Table 2) so that

realistic mix designs could be produced delivering
flowable but also cohesive mixes. Along these lines,
the water-to-binder (w/b) ratio was set between 0.243
and 0.350, the sand-to-binder ratio was kept between
0.5 and 2.0 and the solid-to-liquid ratio was set
between 8.0 and 11.3 (with solid standing for the sum
of GFNS, SF, KOH, KS and FNS sand and liquid for
water). These boundaries were chosen after many
trials (not described here) which showed that mixtures
beyond these limits would result in either zero, little,
or even excessive flow.

The design comprised: 10 model points, four lack-
of-fit points, and one replicate point summing to 15
combinations of components which are designated in
Table 2 as A (GFNS binder), B (FNS sand), and C
(water). Mix designs were generated using a D-opti-
mality criterion. Each recipe was scaled to produce six
mortar prisms for both flexural and compressive
strength assessment: three unheated and three heated.
In this way and for each mix design, Design Expert®
software experimental matrix was fed with three
results for each type of strength (flexural and com-
pressive strength before and after high-temperature
exposure), one flow test measurement, three mass loss,
and three thermal shrinkage results. The DOE-pro-
duced mixes were used for the derivation of regression
equations through the fitting of a quadratic Scheffe
model. All mix designs (including the screening phase
ones) are shown in Table 3 (compositions shown per
m’).

2.4 Life cycle assessment (LCA) method

The goal of the life cycle assessment performed within
this study is to evaluate the environmental impacts
associated with the examined mortar mixes (those of
the screening study included) and to compare the
optimal mortar mix design to a representative OPC-
based one. The functional unit applied in this analysis
is 1 m® of mortar. Since all mortars were produced and
cured at ambient temperatures, they did not require
any extra energy to reach their hardened state.
Therefore, only emissions associated with mix con-
stituents’ production and pretreatment (where appli-
cable) were included in the system boundaries. The
analysis was performed using the SimaPro 8.5
software, where life cycle inventories (LCIs) for raw
material production processes were obtained from the

Ecoinvent v3.4 database.
nilem
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Table 3 Ferronickel slag-based alkali-activated mortar composition per m>

Phase Name GENS SF KOH KS FNS Sand Water Water-to-binder**
(kg) kg) (kg kg)  (kg) (kg)* ratio
Screening CONTROL 1018.5 74.1 24.1 57.1 1170.7 215.4 0.18
C_RH1000  1053.5 76.7 242 57.6 1210.9 217.2 0.18
C_P0OZ390 10438.4 76.3 241 57.3 1205.0 216.1 0.18
C_ACE347 1063.1 774 244 58.1 1221.9 219.1 0.18
C_SKY645 1031.4 75.1 23.7 56.3 1185.5 212.6 0.18
C_ACE345 1047.8 76.3  24.1 57.2 1204.4 216.0 0.18
C_REOTOL 1048.0 76.3  24.1 57.3 1204.6 216.0 0.18
Characterization (DOE test 1 695.4 513 223 53.0 1458.3 205.1 0.25
matrix) 2 667.4 492 214 50.8 1522.3 207.6 0.26
3 796.6 58.7 25.6 60.7 1433.3 229.1 0.24
4 766.5 56.5 24.6 58.4 1472.5 233.1 0.26
5 676.4 499 217 51.5 1520.1 238.2 0.30
6 870.2 64.1 27.9 66.3 1388.3 250.1 0.24
7 923.8 68.1 29.7 70.4 1376.5 265.6 0.24
8 696.5 513 224 53.0 1551.9 262.1 0.32
9 815.1 60.1 26.2 62.1 1379.8 263.0 0.27
10 812.6 59.9  26.1 61.9 1375.5 262.1 0.27
11 924.0 68.1 29.7 70.4 1205.2 282.6 0.26
12 866.4 63.9 27.8 66.0 1298.9 285.1 0.28
13 786.5 58.0 252 59.9 1440.6 289.9 0.31
14 731.8 539 235 55.7 1461.1 284.1 0.33
15 992.2 73.1 31.8 75.6 1141.0 285.3 0.24

*Water stands for the sum of the water from silicate solutions and additional water used
**Binder stands for the sum of GFNS, SF, KOH, and the dry part of KS

As ferronickel slag can be regarded both as waste
material and as a byproduct of the ferronickel industry,
two scenarios of emission allocation processes were
examined: no allocation and by economic value. The
FNS for use as a precursor undergoes some type of
pretreatment, which is fine grinding. Energy con-
sumption for grinding is approximately 60 kWh per
ton of slag [28]. The environmental impacts associated
with SF and KOH production were estimated using
Ecoinvent data. An LCI for KS is not available in the
database. Environmental impacts of KS were esti-
mated using LCI data for sodium silicate production
through a hydrothermal process, as both silicates have
similar production processes. The IPCC2013 life cycle
impact assessment method was selected to estimate
the global warming potential (GWP) of both GFNS
and OPC mortars.

2.5 Mercury intrusion porosimetry

Porosity was characterized before and after thermal
loading by Mercury Intrusion Porosimetry (MIP)
using a Micromeritics Autopore V porosimeter. Each
sample (taken from the prism core) underwent solvent
exchange before being tested. According to Zhang
et al. [29], the most effective technique to preserve the
microstructure while removing the free water is to
exchange it with isopropanol. Consequently, each
sample was immersed in isopropanol for one week
after being crushed into 10 mm pieces. The iso-
propanol solution was changed regularly throughout
this week. Thereafter, the samples were dried in an
ambient environment and then stored under a vacuum
at ambient temperature before performing the MIP
measurements. Each sample weighed 1.8 + 0.2 g.
The contact angle used during these tests was 130°
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[30]. The measurements were performed with a
pressure reduced gradually to 50 pum Hg and the
mercury was filled with a surface tension of 0.485
Nm™'. Afterward, at 60,000 psia the intrusion was
measured.

2.6 Scanning electron microscopy

Environmental scanning electron microscopy and
energy-dispersive X-ray spectroscopy (SEM-EDX)
were performed to obtain scanning electron micro-
graphs and elemental maps in an attempt to observe
chemical elements and structural changes. Before
sample preparation and analysis, the free water in the
pore solution was replaced by isopropanol according
to the solvent exchange method presented in
Sects. 2.5. Each sample was embedded in epoxy resin
before being polished and carbon-coated. A Hitachi
benchtop ESEM TM3030 coupled with a Bruker
Quantax 70 X-ray microanalysis detector was used to
perform this test. One millimeter of working distance
and 15 kV of acceleration voltage were applied.

3 Results and discussion
3.1 DOE models and optimal mortar mix

The first part of Table 4 contains the results of the tests
run to explore the effect of superplasticizers (screen-
ing phase). As stated before, no substantial benefit was
observed from any type of SP tested. All performance
indicators are reported; their values correspond to the
average of three measurements, except compressive
strength, which is reported as the average of six values,
and flow (one measurement per mix design).

Values for each performance indicator were input
in Design Expert® software and diagnosed using
several statistical tools such as normal plot, Cook’s
distance, and plots of Residual vs. Predicted values.
Outliers identified as per the previous tools were
removed from the calculation of the average perfor-
mance indicator for each mixture. A regression
equation was derived for each performance indicator.
Corresponding coefficients are reported in Table 5.
Actual model-coded coefficients of responses. Pre-
dicted values can be obtained by replacing variables A,
B, and C with the amount in grams corresponding to
each component (A: GFNS, B: FNS, C: water) and

adding the terms. Akaike and Bayesian information
criteria (AIC and BIC), as well as adjusted R? criteria,
were considered in the formulation of each model. The
selected criteria corresponded to the highest predicted
R* for each response.

Fit statistics of the generated models are reported in
Table 6. For each model (that is for each predicted
response), these include mean values, standard devi-
ation values, coefficients of variation (C.V.), R? values
(different types thereof), and adequate precision.
Predicted and adjusted R* values were found reason-
ably close, with a difference smaller than 0.2, for all
models. The adequate precision (a metric used to
measure the signal-to-noise ratio) was found to be
higher than 4 in all cases, this indicates a probability to
detect the effect of a specific component in the
measured responses of at least 80% (refers to the
probability of differentiating the effect of a component
when compared to the natural variation of a measured
parameter, also known as noise) [15]. The R? values
for heated compressive and flexural strength corre-
sponded to 0.54 and 0.68 respectively. These values
are comparable to the R* values of 0.71 and 0.69
computed by Kaya and Koksal [31] in a study of fly
ash geopolymer mortar with cement replacement
exposed to high temperature. As in the present study,
the authors utilized response surface methodology to
produce the regression models.

A multi-response algorithm was used to determine
the optimal combination of ingredients to maximize
flow and strength and minimize mass loss and thermal
shrinkage. The algorithm calculates a holistic indica-
tor known as “desirability coefficient” which ranges
between O and 1. Each of the response models
determined in Table 5 influenced this algorithm based
on an importance factor (from 1 to 5) which was
selected as 4 except for heated mechanical properties
whose importance factor was set at 5. The higher
importance given to heated strength properties is
meant to reflect the relevance of these performance
indicators in the design of a mortar fit for high-
temperature applications. Finally, Design
Expert® software relied on a hill-climbing numerical
optimization algorithm to find local maxima on the
surfaces associated with each model described in
Table 5. A set of solutions that correspond to mix
designs with the highest desirability values were
provided (full list not provided). The solution with the
highest desirability coefficient was selected and is
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Table 4 Experimentally evaluated responses of ferronickel slag-based alkali-activated mortars

Phase Code Flow Mass  Thermal Flexural Heated flexural Compressive  Heated
(mm) loss shrinkage  strength strength (MPa) strength compressive
(%) (%) (MPa) (MPa) strength (MPa)

Screening CONTROL 170 5.5 35 8.8 13.9 86.3 47.1
C_RHI1000 170 5.6 3.1 8.7 132 91.6 44.5
C_POZ390 175 7.1 3.1 8.0 9.9 87.7 41.8
C_ACE347 165 6.4 3.1 8.7 11.3 90.3 43.6
C_SKY645 160 5.7 3.1 9.8 12.1 82.9 42.8
C_ACE345 160 55 33 9.5 133 90.7 44.7
C_REOTOL 165 5.4 35 7.9 12.0 79.7 44.5
Characterization 1 185 7.7 34 8.8 8.9 66.9 28.3
(DOE test 2 160 73 26 59 9.5 414 255
matzix) 3 120 67 27 6.8 10.8 46.5 323
4 160 7.4 2.8 8.4 11.0 52.4 39.1
5 160 7.3 3.0 4.8 10.0 55.7 333
6 200 7.3 3.0 9.5 10.2 62.5 38.1
7 160 8.2 29 7.2 7.2 53.6 24.6
8 215 8.0 3.0 6.1 8.2 47.8 29.5
9 195 8.0 33 8.1 8.9 62.7 28.7
10 145 6.9 32 8.0 10.8 63.2 31.7
11 235 10.2 33 8.9 8.6 54.2 329
12 190 7.3 29 5.7 8.5 48.3 34.3
13 195 8.1 3.1 7.0 9.8 55.5 34.8
14 230 8.7 35 8.3 8.6 56.7 383
15 235 8.3 3.1 8.6 9.3 58.3 37.7

reported in Table 7. For this combination of ingredi-
ents, the desirability coefficient found was 0.648. The
proportion of ingredients for 1 m® for this mix design
corresponded to 1027 kg of GFNS binder, 1269.5 kg
of FNS sand, and 252.9 kg of water. The mix was
reproduced in the laboratory and experimentally
evaluated. The predicted and measured performances
of this recipe are compared in Table 7. All predicted
responses were found to be in good agreement with the
measured ones (the maximum difference was 11.2%
observed in heated flexural strength).

3.2 Micro-scale properties
3.2.1 Mercury intrusion porosimetry
Figure 1a shows the cumulative open/interconnected

pore volume evolution per pore size for the optimal
mix before and after heat exposure. Based on

incremental pore volume data, the volume contained
in pores of a given range of sizes was also calculated
for each sample as a percentage of the total pore
volume. As in the case of [32], the following pore size
ranges were considered: < 10 nm; 10-100 nm;
100-1000 nm; and > 1000 nm. A graphical represen-
tation of these results is given in Fig. 1b.

As may be deducted from Fig. 1a, the total porosity
of the optimal mortar increased with heating. The total
porosity of the heated sample was higher than the one
of the unheated, by 24%. Figure 1b suggests that a
large part of the pores in the unheated sample
comprised gel pores (with a size below 10 nm, as
per the classification proposed by Kumar et al. [34]).
For this type of geopolymer matrix, this is also verified
by [35]. Gel pores (but, also, pores smaller than
100 nm) were found to be practically non-existent in
the heated sample; this is mainly manifested by the
plateau in the cumulative pore volume vs. pore size
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Table 5 Actual model-coded coefficients of responses

AC BC ABC AB(A-B)  AC(A-C) BC(B=C)

AB

Response

235 x 107°

— 550 x 107°
6.83 x 107°

426 x 1074

55 x 107

— 0.946
— 0.281
— 0.0525
— 1.18
— 0439
— 1796

0.0163
— 120 x 1073

—0.292

Flow (mm)

7.59 x 107°

—5.02x 1073

Mass loss (%)

1.11 x 107

577 x 107

1.58 x 107>

6.39 x 107°
— 0.0544

— 342 x 1073

— 0.725
— 0.047

5.24

Thermal expansion (%)

375 x 1078

— 459 x 1077
1.96 x 1078

1.10 x 1073

320 x 107

Flexural strength unheated (MPa)

4.8 x 107°
0.581

1.46 x 1074

0.603

6.95 x 107°

0.0133
1.05

Flexural strength heated (MPa)

—537 x 107> —4.60 x 107°

2.79 x 1078

—991 x 107°

—297 x 107

Compressive strength unheated

(MPa)

241 x 107°

3.69 x 107°

9.71 x 1078

— 0329 5.67 x 107°

— 363 x 1073

2.45

1050

— 0.305

— 10.1

Compressive strength heated (MPa)

curve of the heated sample in Fig. 1a and is quantified
in Fig. 1b. More specifically, heating resulted in the
drastic decrease of pores with a diameter less than
100 nm (from approximately 45% down to 2% of the
total pore volume). Inversely, the large pores’ share
(> 1000 nm) doubled with heating (from 42 to 84%).
Pores with diameters in the range of 100-1000 nm
remained unchanged in volume. The elimination of
gel pores may be explained as a consequence of water
migration from these areas and their subsequent
collapse, resulting in the formation of microcracks
and macropores [33-35].

Previous studies on AAM have confirmed an
increase in porosity after heat exposure. Nevertheless,
results mined from the literature should be carefully
evaluated; both total porosity and pore size distribu-
tion are strongly dependent upon mix design specifics
(constituent materials and proportions thereof, with a
special reference to sand inclusion), production prac-
tices (e.g., pressure moulding, heat curing), age at heat
exposure and heating regimes (heating rate and
maximum temperature). Results from [32] indicate a
heating-induced (2 h at 800 °C) increase in total
porosity of approximately 50 and 100% for ambient-
cured FA and FA/GGBFS mortar specimens, respec-
tively. Similar to the present work [32], note that as
temperature increases (especially in the range of
800-1000 °C), the proportion of pores with larger
diameters increases, corresponding to changes in the
microstructure of the material.

Microcracks resulting from gel collapse can be
partially sealed by densification of the matrix. Never-
theless, this phenomenon is less likely to occur in
AAM activated with potassium due to higher Al-O
strength, as reported by Lahoti et al. [35]. As
densification becomes harder to achieve in K-acti-
vated AAM, it is possible that for the exposure
duration employed herein (2 h) the entirety of the
samples’ cross-section did not undergo crack sealing
but only their outer regions which were exposed to
higher temperatures for a longer period of time (there
is a time delay between increase of temperature at the
surface and the core).

3.2.2 Scanning electron microscopy
The backscattering electron images (BSE) show the

presence of FNS as unreacted ground slag particles
and as sand grains (Fig. 2). The FNS particles are flat
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Table 6 Fit statistics for models

Response Mean SD CV.% R? Adjusted R?  Predicted R*>  Adequate precision
Flow (mm) 185.57 5.59 3.01 097 097 0.97 47.7
Mass loss (%) 7.71 036 4.62 0.66 0.62 0.55 11.45
Thermal shrinkage (%) —-3.04 0.28 9.38 036 030 0.21 7.21
Flexural strength unheated (MPa) 774  0.83 10.78 0.67 0.60 0.50 8.35
Flexural strength heated (MPa) 936 0.74 7.85 0.68  0.63 0.56 13.28
Compressive strength unheated (MPa) 55.52  3.76 6.81 0.78 0.72 0.66 12.59
Compressive strength heated (MPa) 32.60 3.70 11.30 0.54 041 0.25 8.16
Table 7 Optimized formulation and errors in predictions
Flow  Mass Thermal Flexural strength  Flexural strength Compressive Compressive
(mm) loss shrinkage unheated (MPa) heated (MPa) strength unheated strength heated
(%) (%) (MPa) (MPa)

Predicted 201 7.9 3.24 8.9 9.4 64.1 34.5
Measured 185 7.7 3.35 8.5 10.5 69.5 33.9
Difference —8.0 —1.9 34 52 11.2 7.6 —-1.7
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Fig. 1 Pore size distribution before and after heat exposure: a Cumulative, b fractional share of pore size categories

with an irregular shape [36]. The darker area between
the FNS particles corresponds to gel [37]. Figure 2a
shows an unheated mortar section with a x 40 zoom.
Micro cracks are visible, probably as a result of drying
shrinkage. Figure 2b shows a heated mortar section
with a x 50 zoom. Here, cracks (thermally-induced)
are wider and more abundant. The cracks can be

observed not only in the matrix, but some also extend
in the FNS aggregates. The widest crack in the matrix
is probably a result of the tensile stress generated by
the contraction of the matrix; this crack seems to have
propagated into the sand particle located in the center
of the image showing a strong stress transfer mech-
anism between matrix and aggregate. This is likely
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Fig. 2 Backscattering electron images of the optimal mix: a unheated zoom x 40; b heated zoom x 50; ¢ unheated zoom x 1500;

d heated zoom x 1500

due to the chemical compatibility between the GFNS-
based matrix and the FNS aggregate (see also the
elemental map in Fig. 3 and relevant discussion
further on). Figure 2c shows an unheated mortar
section at a larger zoom (x 1500). The areas in black
represent pores and cracks. At this resolution level,
micro-cracks, unreacted GFNS particles, and gel pores
are visible; the last two are marked in the Fig. A weak
aggregate to binder bond was observed in the upper
part of Fig. 2c. Analysis of other SEM images (not
shown here) indicated that this is an exception and
overall, there is a good bond between aggregate and
binder. Figure 2d (heated mortar section at the same
resolution) shows the collapse of individual gel pores
and their interconnection into irregular macropores,

especially in the vicinity of the binder/aggregate
transition zone with a quasi-normal orientation to the
aggregate. The formation of larger pores after heat
exposure is a visual confirmation of the increase in the
coarseness of the pore system reported in Fig. 1. On
the other hand, the observed increase of total porosity
is an indication of new pores’ formation (probably
larger than 1000 nm) when formerly inaccessible
pores (in the unheated mortar) interconnect via
thermal cracking.

The elemental map of the optimal mix (Fig. 3)
shows the distribution of Mg, Ca, Al, Si, K, and Cr in
the mortar. These elements are present both in the FNS
sand and in the GFNS except for K which was added in
the form of a chemical activator and can only be
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Optimal Unheated

(a)

Optimal Heated

Fig. 3 Elemental maps of the optimal mortar mix: a unheated; b heated

observed in the mortar matrix binding the sand
particles together. Therefore, the K elemental map
shows the frontier between FNS particles and the
matrix and confirms the observations in Fig. 2.
Additionally, the lack of a clear division between fine
aggregate and matrix is evidence of the chemical
compatibility between them as intended with the
utilization of coarse (non-milled) FNS as sand. An
undissolved SF particle can be observed in the silicon
elemental map as a circular area in the lower right
corner. Undissolved SF particles can increase the
performance of AAM before and after heat exposure
by acting as a micro filler.

The elemental map of this sample shows that the
lighter particles in the FNS sand and the sample
correspond to chromium (see also Fig. 3c, d). Cr(IIl) is
non-toxic but the other form of Chromium such as
Cr(V) and Cr(IV) present a health risk [38]. While the
chromium content is of concern, previous leaching
studies from Komnitsas et al. [39] have already
demonstrated that once activated by an alkali metal
the chromium in FNS is neutralized and exhibits zero
toxicity.

3.3 Macro-scale properties

This section presents: (i) the flow scores of the fresh
mortar samples, (ii) the visual evaluation, and (iii) the
mechanical properties of the GFNS alkali-activated
mortars before and after exposure to a high thermal
load of 900 °C for 2 h. For the sake of comparison, the
properties of other AAM and OPC mortars reported in
the literature are also included. Literature-based data
correspond to ambient-cured mortars subjected to a
similar heating regime (800-1000 °C for a duration of
1 hto?2h).

3.3.1 Flow

Fresh mortar flow measured by the flow table test was
used as an indicator of consistency. As previously
mentioned, all superplasticizers studied failed to
enhance the flowability of a control (reference) mortar
during the screening phase. Recipes for which a small
amount of water was replaced with SP resulted in less,
identical, or negligibly higher flow values. The
unsuitability of SPs developed for OPC-based
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Fig. 4 Ferronickel mortar sample (dimensions 160 mm x 40 mm x 40 mm) prior to and after high temperature exposure (left

unheated, right: heated)

products for AAM ones has also been documented by
other researchers (e.g. [40]). All formulations com-
bined with a superplasticizer resulted in a decrease in
flexural strength. In mix C_POZ390 (Tables 3 and 4),
a slight increase of flow was observed, accompanied
by the largest drop in flexural strength (3 MPa
reduction) when compared to the other SP. The lack
of effect on the flow of the mortars resulted in the
exclusion of SPs for the rest of the experimental
campaign.

Nine out of the 15 mixes of the characterization
phase passed the 180 mm flow threshold. These mixes
showed a stronger dependency on the total amount of
water rather than on the water-to-binder ratio. For
example, mix 3 showed a much lower flow (120 mm)
compared to mix 6 (200 mm) despite having the same
w/b ratio (0.24). This may be a result of the loss of
water due to absorption by the ferronickel aggregate
(approximately 0.4% water absorption) which was
20% by weight more in mix 2. The flow of the optimal
mortar mix was almost 10% lower than that predicted.
Considering the poor performance of off-the-shelf
SPs, they cannot be used to improve this characteristic.
It might be needed to increase the w/b ratio for flow
improvement depending on the application. The
optimal mix was workable up to 3 h after mixing.
While the workability decreased over time, it was

possible to regain some by remixing the mortar. The
authors observed a strong (unquantified) dependency
of workability to temperature. Trial applications on
concrete surfaces (not reported here) showed a great
difference in ease of application over ambient tem-
perature variations (25 & 10 °C) corresponding to
seasonal changes in the locations where the trials were
prepared (western Greece). On hot days the mix had to
be modified with an extra amount of activator solution
to recover the lost workability.

3.3.2 Appearance

Figure 4 shows typical mortar samples (the color
change was almost identical for all mortars) before and
after heating. The change of color from green to red is
a consequence of the oxidation of iron phases present
in the matrix. A similar reddish corrosion-induced
coloration has been observed by Fernandez-Jimenez
et al. [41], Rickard et al. [42] and Vazquez-Acosta
et al. [43]. Although fine cracking is common in AAM
mortars exposed to high temperatures [44], virtually
no visible cracks were noticed on the prisms produced
in the present study. Previous tests on GFNS alkali-
activated paste run by the first author [14] showed
extensive cracking. The absence of thermal cracking
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Fig. 5 Mass loss of low-
calcium, ambient-cured
AAM, and OPC mortars
after exposure to a thermal
load between 800 and
1000 °C

Kovatik et al., 2017, MK, 4 pm d50 [7]

Carabba et al., 2017, FA F, N/A [45]

in mortar prisms was attributed to the crack arresting
effect of fine aggregates.

3.3.3 Mass loss

Mass loss for all mixes generally fell within a range of
7-8%. Larger mass loss values were recorded for
mixes with high water contents. There is an evident
dependency between mass loss and original water
content. Mix 2 had the lowest water content of all
recipes and the lowest mass loss (6.7%) while mix 11
was in the upper limit of water content and evidenced a
high decrease in mass (10%). Mass loss of mix 11
could also be explained by a higher percentage of large
pores [45].

The water loss process was previously studied by
Duxson et al. [34]. The loss of free water starts
between 20 and 100 °C. Chemically bound water is
then expelled between 100 and 300 °C. Finally,
between 200 and 650 °C hydroxyl groups, Ca—OH,
Al-OH, and Si—OH evaporate [34]. Dehydroxylation
represents the second major loss of mass after free
water removal [46]. The third source of mass loss is
produced by the decomposition of carbonate groups
[47, 48].

Mass loss of the optimal mix was either comparable
or considerably lower compared to other low-calcium
ambient-cured AAM mortars reported in the literature
(Fig. 5). The nomenclature of each horizontal bar
corresponds to the author, year of publication, precur-
sor, and particle size indicator. ‘N/A’ stands for ‘Not
Available’. The observed mass loss of the optimal mix
was found to be lower than FA- [45, 49], GBFS-
[44, 50], and MK- [7] based geopolymers and only
slightly higher than OPC mortar [51].

M. F. Ghazy, 2015, OPC Grade 42.5N, 300 m¥kg [51]
Author, 2021, GFNS, 8.4 pm d50 [
Hager et al., 2021, FA F, N/A [49]

Tran et al., 2019, GBFS, 435 m? kg [44]

0 5 10 15 20
Mass Loss [%]

3.3.4 Thermal shrinkage

All mortar prisms shrank by approximately 3% after
heat exposure. Thermal shrinkage of AAM binders (in
the range of 1-7%) has been extensively reported
[5, 52, 53] and was also observed in GFNS paste
prismatic specimens (7% shrinkage, as measured in a
previous study led by the first author [14]). In the case
of low-calcium AAM mortars assessed in the present
work, thermal shrinkage was found to be much lower
due to the addition of fine aggregates. A similar effect
was observed by Zhang et al. [5] whose geopolymer
paste thermal shrinkage was reduced from 1.1 to 0.6%
as a result of river sand addition.

The thermal shrinkage of FNS-based mortars is
likely a result of the geopolymer matrix contraction at
high temperatures as previously reported by Rickard
et al. [42] and Provis et al. [54]. These researchers
found low-calcium AAM to incur a volume reduction
at temperatures as low as 100 °C due to the loss of free
water, followed by a secondary decrease in size due to
dehydroxylation between 250 and 600 °C, with a final
reduction in the range of 550-900 °C attributable to
sintering of the matrix. This size reduction comes
accompanied by a loss in strength which Bernal et al.
[33] explained is a consequence of microcracks
generated due to the partial collapse of the gel
network. The collapse of the gel network as a
consequence of volumetric contractions was proposed
by Duxson et al. in 2007 [34]. The thermal shrinkage
of the optimal mix was marginally higher than the
average of all runs (3.25% compared to 3.0%). It was
also higher than the thermal shrinkage of other low-
calcium ambient-cured AAM mortars reported in the
literature (e.g. 1.5% Kovarik et al. [7], 2% Carabba
et al. [45]) and much higher than that of an OPC mortar
(0.8% Cruz and Gillen [55]). It is likely that the low
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thermal shrinkage values reported in the aforemen-
tioned studies are a consequence of the incorporation
of fine aggregates with a high level of stability at high
temperatures, such as porcelain particles used by
Kovarik et al. [7] and ceramic particles used by
Carabba et al. [21]. The high shrinkage of the matrix
(3%) resulted in high differential thermal stresses
between the fine aggregates and matrix. These stresses
translated into internal damage and deterioration of
mechanical properties further discussed in the follow-
ing two Sects. 3.3.5 and 3.3.6.

A: BINDER (g)

B: SAND (g) C: WATER (g)

Fig. 6 2D response surface contour for thermal shrinkage

A: BINDER (g)

B: SAND (g)

C: WATER (g)

In Fig. 6, an increase in binders content in the
mixture translated to higher thermal shrinkage. This
behavior was previously observed by Bakharev [56] in
AAM paste samples prepared with Na and K activa-
tors and exposed to temperatures between 800 and
1200 °C. While the observation refers to pure AAM
paste, it is relevant to compare it to these mortar
results, as even in mortar the shrinkage develops
mainly as a result of the matrix shrinkage. The
constraints applied to the experimental space observed
in the figure resulted in a very narrow range of water
variation in the mix proportions. Thus, it is difficult to
come up with conclusions on the effect of water on the
thermal shrinkage of GFNS mortar. The expected
behavior would be an increase in shrinkage as water
content increases as reported by Rickard et al. [57].

3.3.5 Flexural strength

Flexural strength values of all 15 combinations ranged
between 4.8 and 9.5 MPa. Post-heating specimens
exhibited either practically equal or higher flexural
strengths compared to their unheated counterparts.
The highest value of post-heat exposure strength
corresponded to mix 4 (11 MPa), likely as a conse-
quence of a low w/b ratio.

The 2D contour of the response surface for flexural
strength (Fig. 7) allows for a visual interpretation of
the effects of binder, sand, and water proportions on
the mix before and after heat exposure. At ambient
temperature, the highest mechanical properties can be

A: BINDER (g)

/

Prediction 9.3765
|4

B: SAND (g)

C: WATER (g)

Fig. 7 2D response surface contour for flexural strength: unheated samples (left) and heated samples (right)
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Fig. 8 Flexural strength of
low-calcium ambient-cured
AAM and OPC mortars
before and after exposure to
a thermal load between 800
and 1000 °C

Hager et al., 2021, FA F + GGBFS 1:1, N/A [49]

Zhang et al., 2014, OPC, Grade P.0.32.5, N/A [5]

Tran et al., 2019, GBEFS, 435 m?/ kg [44]

obtained by increasing the binder content and reducing
both water and sand contents. For the high-tempera-
ture scenario, an increase of ferronickel sand would
result in a higher residual flexural capacity. Regardless
of temperature, the contours indicate that a lower
water content promotes strength development. The
optimal value marked in the Fig. 7 shows the location
of the optimal point where both prior and after exposed
samples have high values.

The flexural strength of the optimal mortar mix
increased after exposure to a high thermal load of
900 °C and outperformed almost all other ambient-
cured AAM mortars both before and after high-
temperature exposure. Post-heating residual flexural
strength increase has not been observed in previous
relevant works where the trend is to either maintain or
lose flexural strength after heat exposure. The optimal
mortar mix also considerably outperformed the OPC-
based mortar as reported by Zhang et al. [5]; the latter
showed a decrease in residual flexural strength by
almost 90%. The mix with the closest performance to
the optimal one was that formulated by Kovarik et al.
[7] using MK as a precursor and ceramic particles as
fine aggregates. The residual flexural strength of the
optimal ferronickel slag-based mortar and mortars
comprising FA, GGBFS, MK, FA + GGBFS, and
OPC was respectively equal to 123.5%, 60% [49],
9.4% [44], 100% [7], 40% [49] and 12% [5] of the
unheated flexural strength of each mix (Fig. 8).

The increase of flexural strength with heating at
900 °C is likely a consequence of the mineral phases
becoming more fluid at high temperatures and starting
to densify the matrix by sealing of micro cracks [41]
produced due to differential thermal stresses, and
filling voids present in the material. It was expected to

Author, 2021, GFNS, 8.4 pum d50

Kovatik et al., 2017, MK, 4 um d50 [7]

Hager et al., 2021, FA F, N/A [49]

Pre High Temperature SO
Exposure
Post High Temperature
Exposure
0 2.5 5 7.5 10 12.5

Flexural Strength [MPa]

observe a higher decay of flexural strength due to the
high thermal shrinkage (as described in Sect. 3.3.4). It
is likely that the damage was produced and the
microcracks were sealed due to the sintering of the
matrix, thus negating the negative effects of the micro
cracks.

Normally, the coarsening of pores (see Sect. 3.2.1)
would bear an adverse effect on the mechanical
characteristics of the mortar including its tensile
(flexural) strength. Strength increase leads to the
assumption that a through-thickness differential
matrix densification phenomenon took place, meaning
that sintering occurred only in the outer regions of the
specimen. This increased the tensile strength of the
outermost tensioned fiber delaying crack formation
and, hence, flexural failure of the mortar prism. It is
very likely that the differential matrix densification
process is associated with the duration of high
temperature exposure as the outer regions reach a
high temperature faster than the inner section. The
delay in heating is accentuated by the decrease in
thermal conductivity due to the replacement of natural
sand with ferronickel slag which has been reported to
be up to 50% [20].

3.3.6 Compressive strength

In the case of residual compressive strength gain, the
trend differed from what was observed in the flexural
strength test results. Residual (fractional) compressive
strength values varied between 40 and 75% of the
compressive strength of the unheated samples. Similar
to the case of unheated flexural strength, the highest
values of unheated compressive strength are found in
the upper section of the ternary plot of compressive
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A: BINDER (g)

B: SAND (g) C: WATER (g)

A: BINDER (g)

B: SAND (g) C: WATER (g)

Fig. 9 2D response surface contour for compressive strength unheated samples (left) and heated samples (right)

Fig. 10 Compressive
strength of low-calcium
ambient-cured AAM and
OPC mortars before and
after exposure to a thermal
load between 800 and
1000 °C

Zhang et al., 2014, OPC, Grade P.0.32.5, N/A [5]

strength (Fig. 9). Heated compressive strength though,
showed a more complex behavior with local maxima
predicted in both low and high binder content areas.
This can be observed in Fig. 9b as two red color
regions, one close to the maximum binder content and
another one in the opposite direction and close to the
peak FNS sand content.

Compared to other ambient-cured alkali-activated
mortars comprising precursors from waste materials
(GGFBS + FA, FA—see Fig. 10) [58], the optimum
mix produced in this work exhibits superior (frac-
tional) residual compressive strength after exposure to
high temperature (amounting to approximately 50% of
the unheated compressive strength). The latter is also
higher than the one of the OPC-based mortar refer-
enced in Fig. 10. The metakaolin-based mortar out-
performed all others. Nevertheless, metakaolin is a

Kovafik et al., 2017, MK, 4 um d50 [7]

Hager et al., 2021, FA F + GGBFS 1:1, N/A [49]

Author, 2021, GFNS, 8.4 um d50 R —

Saxena et al., 2017, FA, N/A [58]

Pre High Temperature
Exposure

Post High Temperature
Exposure

0 50 100 150
Compressive Strength [MPa]

mined primary raw material that cannot be included in
construction practices based on the principles of
circular economy.

Strength loss has previously been explained also as
a consequence of the thermal incompatibility between
aggregates and binder [59-61]. FNS was chosen as
fine aggregate to reduce this incompatibility since
coarse slag comprises thermally stable aggregates
commonly used in refractory applications, and it is
also the main component (in ground form) of the
binder used in this work (GFNS amounts to 84% of
binder weight). Apart from the alleviation of the
binder/aggregate thermal incompatibility, it is
believed that binder/aggregate chemical compatibility
also promotes the physicochemical interaction
between the AAM gel and slag aggregates, as also
suggested by [61]. Based on the above, the post-
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heating compressive strength loss observed is mainly
attributed to the total porosity increase detected by
MIP. Despite the densified perimeter of the prismatic
pieces on which compression was exerted, the heated
core was characterized by a much coarser pore
structure with respect to the unheated one. This, in
turn, entailed a penalty on the crushing strength of the
matrix of the heated mortar.

Despite the authors efforts to reduce the thermal
incompatibility of the mortar, the high thermal
shrinkage (3%) resulted in differential thermal stress
and damage to the matrix, thus reducing the compres-
sive strength. In the previous section the retention of
flexural strength was attributed to the sealing of micro
cracks due to sintering which did not occur throughout
the whole section of the samples. A localized sintering
effect in the outer regions of the samples would
explain why the flexural strength increased after heat

exposure and the compression strength was reduced.
The flexural strength is highly influenced by the
material located in the outer section, while the material
in the core which is close to the neutral axis has a much
lower impact on the flexural strength of the sample.
The failure in compression is determined by a 45 °
plane which crossed the core of the sample. The
strength is then strongly dependent of the condition of
the sample core which due to a lack of sintering effect
remains damaged thus reducing the measured com-
pressive strength.

3.4 Life cycle analysis

All mortar recipes studied (including those in the
screening study) resulted in CO,q. emissions ranging
from 119 to 163 kg depending on the mix design
(Fig. 11). KS and KOH together contribute between
68 and 75% of the CO,.q. emissions to the examined
impact. Here, FNS is considered a waste material.
Therefore, no emissions associated with its production
during the electric arc furnace smelting process were
allocated; the only emissions accounted for were those
associated with its grinding. Based on the above, the
contribution of GFNS to the GWP was found to range
between 15 and 21%. The GWP of the optimal mix
design is 146 kg of COyq. emissions.

In Fig. 12, the optimal FNS mortar is compared to
the OPC-based one of similar compressive strength
examined by Zhang et al. [5]. Furthermore, another
scenario, economic allocation, has been examined in
which FNS was perceived as an industrial byproduct,
instead of waste material. In the no allocation scenario,
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the GWP was calculated considering the COpeq
associated with SF, KOH, KSIO, sand, and the
COyeq. associated to the grounding process of FNS.
In the economic allocation scenario, an additional
COyeq. referring to the production of ferronickel alloy
was attributed. The percentage was calculated based
on the price ratio (thus the name economic allocation)
of FNS to ferronickel alloy. Hence, emissions were
allocated based on economic value, namely 11.0 €/t
[62] and 31 €/t (estimated to be similar to the cost of
GGBEFS, as reported by Hendrik G [63]) for FNS and
GENS, respectively. The ferronickel alloy value was
considered as 16,000 €/t [64]. The economic alloca-
tion resulted in 434 kg COpq per 1 m> of GFNS
mortar. Following the economic allocation, the GWP
of the optimal mix is 12% lower than that of the OPC-
based mortar. By defining FNS as a waste material
though, the respective reduction in GWP equals 70%.

4 Conclusions

This study demonstrated the utility of mixture design
of experiment to fine tune an alkali activated mortar
recipe for high temperature conditions. The study not
only found the combination of binder, fine aggregate
and water to optimize the mechanical properties of the
mortar, but also considered the carbon emissions and
demonstrated that AAM can show similar mechanical
properties to traditional mortars while resulting in
much lower environmental impact. Detailed conclu-
sions are listed below:

e DOE was proven to be a powerful tool to: (i) create
a correlation between mortar performance indica-
tors and components’ proportions in the mix; (ii)
help select the optimum mortar formulation that
fulfills a pre-set level of combined performance
desirability.

e The optimum mix design (per m®) comprised
1027 kg of GFNS binder (already optimized in
[13]), 1270 kg of FNS sand, and 253 kg of water.
This material may be used as a matrix for the
production of heat-resistant Textile Reinforced
Alkali-Activated Mortars for use mainly in the
strengthening/rehabilitation of existing structures
but also for prefabrication purposes.

e FNS is a suitable source for fine aggregate to
develop an alkali-activated mortar suited for high-

temperature applications, especially when com-
bined with a K-activated GFNS binder. Off-the-
shelf superplasticizers (designed and marketed for
OPC-based products) fail to enhance the worka-
bility of such mortars.

e The post-heating (900 °C for 2 h) residual com-
pressive and flexural strength of the optimal mix
was found to be approximately 50% lower and
25% higher than the respective unheated strength
values. Compared to other ambient-cured alkali-
activated mortars comprising precursors from
waste materials and to OPC-based mortars of
similar strength class, the optimum mix produced
in this work exhibits superior (fractional) residual
compressive and flexural strength after exposure to
high temperature.

e High mechanical properties before and after heat
exposure can be obtained using this ferronickel
slag fine aggregate which implies a reduction in the
consumption of raw materials.

e Mass loss of the optimal mix was either compa-
rable or considerably lower compared to other low-
calcium ambient-cured AAM mortars reported in
the literature and only slightly higher than that of a
counterpart -strength-wise—OPC mortar. In con-
trast, thermal shrinkage (although manifested in a
crack-free manner) was substantially higher than
the aforementioned products.

e (O, savings of the optimal mortar can go as high
as 70% compared to OPC-based products of
similar compressive strength.
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