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Abstract
Two synthesis pathways (one- and two-part) in alkali-activated binders were compared using ground granulated blast fur-
nace slag (GGBFS), mineral wool (MW) activated using dry and liquid alkali activators with similar Na2O/SiO2 modulus. 
The effect of activator type on reaction kinetics, strength development, setting times, and durability shows that one-part 
synthesis does not only improve early strength, but also provide better durability properties. While the highest compressive 
strength (56 MPa, 90 days) was achieved for the one-part mix (DM), the reaction products (presence of Mg–Al layered double 
hydroxide and C–S–H-like phases) observed for both mortar mixes were similar. The DM mortars showed better resistance to 
sulfate attack than two-part mix (WM) mortars and sets faster. The results highlight the significance of the one-part pathways 
in the synthesis of alkali-activated materials.
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Introduction

Alkali-activated materials (AAMs), including geopolymers, 
have emerged as prominent Portland-cement-free alternative 
binders for concrete to curb the CO2 emissions of construc-
tion [1]. The main reaction products of AAMs consist of 
hydrous alkali and/or alkaline earth metal aluminosilicates 
forming either 3D network or interlinked chains as nano-
structures when using low and high-calcium raw materials, 
respectively [2]. Interestingly, similar mineral phases have 
been identified in the binders of ~ 2000-year-old Roman 
concretes [3, 4], which gives a promising indication about 
the long-term durability of AAMs. Some critical factors to 

achieve the full environmental benefits of AAMs include 
the selection of the alkali activator (especially avoiding syn-
thetic alkali silicates) [5], considerations of transportation 
distances and locality of the raw materials [6], and, if aim-
ing for a large-scale replacement of Portland cement, use 
of abundantly available natural minerals as raw materials 
instead of industrial side streams with frequently limited and 
fluctuating supply [7].

Alkali-activated materials can be prepared with two dif-
ferent approaches, which involve the use of alkali-activator 
solution or solid activator, and are referred in the literature 
commonly as two-part and one-part (or dry-mix) alkali acti-
vation, respectively [8]. Even though most of the current 
research and commercial applications focus on the two-
part alkali activation, the early works published on AAMs 
employed solid activators [9, 10]. Nevertheless, the interest 
in the one-part AAMs has increased significantly in the last 
decade as indicated by the publication activity [8, 11] and 
recent patents on the topic [12, 13]. Using dry-form alkali 
activator, some practical issues related to the alkali-activator 
solutions are avoided, such as occupational hazards related 
to the handling of chemicals, high viscosity, tendency of 
sodium silicate to precipitate, and transportation of water in 
the solution [14]. On the other hand, the dry-form alkali acti-
vators (especially sodium hydroxide) may introduce some 

 *	 Elijah Adesanya 
	 elijah.adesanya@oulu.fi

1	 Faculty of Technology, Fiber and Particle Engineering 
Research Unit, University of Oulu, Oulu, Finland

2	 F.A. Finger‑Institute for Building Material Science, 
Bauhaus-Universität Weimar, Weimar, Thüringen, Germany

3	 Slovenian National Building and Civil Engineering Institute, 
Ljubljana, Slovenia

4	 Department of Materials, Mechanics, Management & 
Design, Faculty of Civil Engineering and Geoscience, Delft 
University of Technology, Delft, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s10163-023-01878-3&domain=pdf


1002	 Journal of Material Cycles and Waste Management (2024) 26:1001–1011

other challenges such as hygroscopicity or carbonation lead-
ing to decreased shelf-life [15]. The dry-form activator can 
be ground with precursor, or both can be ground individually 
and then mixed.

Given the volume of publications on AAMs, it is aston-
ishing that only few papers examine systematically the 
differences between one-part and two-part AAMs using 
identical mix designs in both systems and their durability 
properties. Wang et al. [16] obtained higher compressive 
strength for alkali-activated blast furnace slag (GGBFS) 
mortar when using sodium silicate solution (120 MPa) in 
comparison to powder-form sodium silicate (10–80 MPa). 
They also noted that strength development with solid activa-
tor is more sensitive to the physical and chemical changes 
(such as water absorption by the solid sodium silicate) [16]. 
Another example is the work of Collins and Sanjayan [17] in 
which they compared the use of solid and dissolved sodium 
silicate to prepare alkali-activated GGBFS concrete: the dry-
form activator resulted in better workability and the authors 
explained this by the slower release of alkali ions in contrast 
to the solution-form activator.

The present work aims to compare AAMs, containing 
mineral wools and GGBFS as precursors, prepared via one-
part and two-part pathways. Mineral wools have been much 
less studied as AAM precursors compared to GGBFS, but 
results show that they have promising reactivity as cementi-
tious material [18–24]. Mineral wool was selected as a co-
precursor to supplement the use of blast furnace slag and 
as a pathway to recycle the waste produced during indus-
trial production, and construction and demolition process 
in cementitious application. Currently, the mineral waste is 
underutilized and with an annual production of 2.5 million 
tons in Europe alone [25], finding pathways to utilized them 
in high-value products is attractive. The amount of this waste 
produced annually is projected to increase globally due to 
emerging energy efficiency which will increase the demand 
for mineral wool [22]. There are two main types of mineral 
wools: stone wool and glass wool. Stone wool depicts com-
position similar to GGBFS, but with variable CaO, MgO, 
and Al2O3 contents, while glass wool composition is nearly 
identical to ordinary soda-lime glass [26]. Varying CaO, 
MgO, and Al2O3 contents have been shown to influence the 
precursor reactivity and formation of cementitious phases 
[27–30]. Thus, a binder consisting of GGBFS, stone wool, 
and glass wool provides information not just for this mix, 

but for mixes using GGBFS´s that have unusual chemical 
composition and soda-lime glasses also.

One-part and two-part systems were prepared so that 
their composition in terms of molar oxide ratios is the same. 
This study aims to fill the above-mentioned knowledge gap 
related to the systematic comparison of one- and two-part 
AAMs and their durability. The gained information has 
both fundamental and applied implications for the develop-
ment of new dry-mix formulations as well understanding 
the behavior of reported mix designs in the literature. The 
prepared AAMs were analyzed for reaction kinetics by iso-
thermal calorimetry, fresh and hardened properties (spread 
value, setting time, compressive strength, abrasion resist-
ance, length change), composition and microstructure, as 
well as comprehensive durability characterization (sulfate 
resistance, chloride penetration, carbonation depth, abrasion, 
and freeze–thaw resistance).

Materials and methods

Materials

The GGBFS (d50 = 10.8 µm) used in this investigation was 
obtained from Finnsementti (Finland), resin-free glass wool 
(GW) and stone wool (SW) further referred to as mineral 
wool were used as co-binder with the slag. The mineral 
wools were ground in a ball mill in a similar procedure 
described in [19]. The chemical compositions as analyzed 
through X-ray fluorescence (PANalytical Omnian Axios-
max) are represented in Table 1. Glass wool contains also ~ 4 
w.% of B2O3 [26], which is not detectable with the XRF 
method used here. Anhydrous sodium metasilicate (modulus 
of SiO2/Na2O = 0.9; Alfa Aesar), sodium silicate solution 
(55.1 wt.% of H2O, SiO2/Na2O modulus of 2.12) and sodium 
hydroxide pellets (> 99% pure; Sigma-Aldrich) were used as 
alkali activators. Sodium metasilicate was further ground 
using mortar grinder (RM 200, Retsch) for 10 min. For the 
two-part analysis, sodium hydroxide and sodium silicate 
solution were mixed a day before the experiment to ensure 
mixture equilibration.

Standard sand conforming with EN 196-1 was used as 
aggregates in the mortars and deionized water was used as 
added water. The particle size distribution of the materi-
als was analyzed through the laser diffraction technique 

Table 1   Chemical composition 
of the precursors

a Loss on ignition

Oxides (%) CaO Al2O3 SiO2 MgO Fe2O3 Na2O K2O SO3 LOIa 950 °C

BFS 38.5 9.5 32.3 10.2 1.23 0.5 0.5 4.0  − 1.3
SW 17.9 16.3 40.4 11.2 8.8 1.4 0.6 0.1 2.5
GW 8.2 1.5 63.3 3.1 0.5 16.5 0.5 0.2 0.0
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(Beckman Coulter 13320) using the Fraunhofer model. Iso-
propanol was used as the dispersion medium to avert the 
reaction of particles during the measurement.

Sample preparation

For one-part mortars, the dry materials (GGBFS, anhydrous 
activator, and mineral wools) were homogenized by mixing 
them in Kenwood mixer for 1 min before they were mixed 
in deionized water. To achieve good workability, the dry 
materials were added to water and not water to dry materi-
als. The slurry was then mixed for 2 min, and standard sand 
was added and mixed further for another 1 min for a total 
of 4 min mixing time. Similarly, for the two-part mortars, 
the GGBFS and mineral wools were homogenized before 
activating solution was added and mixed using the same 
parameters (see Table 2). The water-to-binder (w/b) and 
sand-to-binder (s/b) ratio were both kept constant at 0.40 
and 3, respectively.

The mortars were cast in a sealed rectangular 
40 × 40 × 160 mm3 mold and jolted on a vibrating table, 
then cured at room temperature and demolded after 24 h. 
The demolded samples were kept in sealed bags at room 
temperature until testing time. For drying shrinkage, the 
samples were cured at a controlled condition (50% ± 5 rela-
tive humidity and 22 ± 2 °C) after demolding.

For paste samples used in analytical tests, the mixing 
was done using high shear mixer (RZR 2020, Heidolph) at 
1250 rpm for approximately 5-min mixing time.

Fresh and hardened properties of specimens

To determine the mechanical properties of the mortars, com-
pressive strength was measured after 1-, 7-, 28- and 90-day 
age of the mortars, using testing instrument (Z100, Zwick/
Roell) with a maximum loading force of 100 kN and force 
speed used was 2.4 kN/s. Setting time of the paste mix was 
determined using an automatic Vicat apparatus (Vicatronic 
Matest) according to standard EN 196-3 [31]. The flowabil-
ity of both mixtures was ascertained using the flow table 
method specified in SFS-EN 1015-3 [32]. In the flow table 
method, the mortar slurry is compacted into a conical mold 
using a tamper. The mold is then removed gently, and the 
flow table is jolted 15 times to spread the mortar. Finally, the 
diameter of the spread is measured.

Paste sample characterization

The paste samples used for characterization analyses were 
stopped at 7, 28, and 90 days through the solvent exchange 
technique, using isopropanol as described in previous litera-
ture [33, 34]. The reaction kinetics was measured using an 
isothermal microcalorimeter (TAM air, TA Instruments) at 
23 °C. The heat flow of reaction was normalized using the 
weight of solid materials in each paste samples. Thermo-
gravimetric analysis (TGA) was done using Precisa Gravi-
metrics AG. The samples weighted between 0.5 and 1.5 g, 
were heated from 24 to 1100 °C at 10 °C/min in an inert 
nitrogen atmosphere.

The microstructure of the paste samples was analyzed 
using scanning electron microscopy (SEM). The 90-day-
old paste samples were impregnated with epoxy resin under 
vacuum, and then polished using diamond pastes. To achieve 
electric conductivity, the polished section was then coated 
with 8–10 nm carbon. The backscattered electron (BSE) 
imaging and an energy-dispersive X-ray spectroscopy (EDX) 
analysis were carried out at a 12 kV acceleration voltage and 
1.6nA electron current using a high-resolution field emission 
SEM (Helios G4UX, ThermoScientific, equipped with an 
XMax80 EDX detector, Oxford Instruments).

Durability properties of hardened mortars

Sulfate attack

To examine the mortars resistance to chemical attack, sul-
fate attack test was undertaken on the mortars after 90 days. 
Duplicate mortar samples (40 × 40 × 160 mm3) of each mix 
were fully immersed in a solution made of 5% sodium sulfate 
and 3% sodium chloride. Visual observation and mechanical 
test were used to examine the mortars after 90-day immer-
sion in the solution.

Chloride migration

The chloride migration property was evaluated according 
to the rapid chloride migration (RCM) test described in NT 
Build 492 [35]. The samples were cylinder slices with a 
thickness of 50 mm and a diameter of 100 mm. After curing 
for 28 days, the samples were saturated in a vacuum cham-
ber. The air pressure was reduced till 3 kPa in a few minutes 

Table 2   Mix composition (as 
weight-%) for the dry-mix (DM) 
and wet-mix (WM) mortar 
samples

a Activator’s solid content in wt-%
b Modulus of activating sodium silicate (anhydrous & solution)

Mix BFS (%) SW (%) GW (%) Activator (%)a Na/Si (mol)b w/b s/b

DM (one-part) 22 17 49 12 1.06 0.40 3
WM (two-part) 22 17 49 12 1.06 0.40 3
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and the vacuum was maintained for 3 h, followed by filling 
the container with saturated Ca(OH)2 solution until the sam-
ples were immerged. The vacuum was kept for 1 h before the 
container was taken out and the specimens were kept in the 
solution for another 18 h in ambient condition before sub-
jected to RCM test. 10 wt.% NaCl solution and 0.3 M NaOH 
solution were used as the catholyte and anolyte, respectively, 
in the RCM test. The initial voltage applied on the samples 
was 30 V and then adjusted to 10 V due to the high initial 
current, 324 mA and 369 mA for DM and WM, respectively. 
The new current after the adjustment was 91 mA for dry mix 
and 119 mA for wet mix. The slightly higher initial current 
for the wet mix indicates that it has lower resistance than the 
dry mix, while lower resistance is normally associated with 
a more porous structure of cementitious materials [36]. The 
test duration of RCM was 24 h and temperature of the whole 
room was kept at 22 °C.

After the test, the specimens were axially split, and 
surfaces exposed were sprayed with silver nitrate solution 
(0.1 M). The penetration depth of chloride was then meas-
ured according to the color change due to precipitation of 
silver chloride. Based on the depth results, the non-steady-
state migration coefficient of the mixture can be calculated 
from Eq. (1):

with:

where Dnssm is the non-steady-state migration coefficient, 
m2/s; F is the Faraday constant, 9.648 × 104 J/(V·mol); U 
is the absolute value of the applied voltage, V; R is the gas 
constant, 8.314 J/(K·mol); T is the average value of the ini-
tial and final temperatures in the anolyte solution, K; L is the 
thickness of the specimen, m; Xd is the average value of the 
penetration depths, m; t is the test duration, seconds; erf−1 
is the inverse of error function; cd is the chloride concentra-
tion at which the color changes, 0.07 M for OPC and alkali-
activated materials [37]; c0 is the chloride concentration in 
the catholyte solution, 2 M.

Carbonation tests

The carbonation resistance of the two mixtures was also 
measured, partially following NEN-EN 12390-12 [38]. The 
accelerated carbonation was performed in a CO2 chamber 
where CO2 concentration, temperature and relative humidity 
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were controlled. The CO2 concentration was kept at 1% v/v, 
chosen according to [39] which reported that conducting 
accelerated carbonation using CO2 concentrations beyond 
1% v/v will not accurately replicate the carbonation mecha-
nisms observed in practice. The inlet flow of CO2 was kept 
constant at the rate of 100 cm3/min. The temperature in the 
chamber has been regulated at 20 °C and a relative humid-
ity at 60%. The carbonation test started after 28 days of 
curing plus 14 days of preconditioning (drying at relative 
humidity of 55%). The exposure periods in CO2 were 7, 28 
and 70 days in the test chamber. The carbonation depth was 
measured with phenolphthalein, according to the standard 
EN 13295 [40]. The prisms (40 × 40 × 160 mm3) were split 
and the fresh surface was sprayed with a 1 wt.% phenol-
phthalein solution (comprising 1 g of phenolphthalein in a 
solution of 70 mL ethanol and 30 ml deionized water). The 
recorded carbonation depths are the average of measure-
ments at 10 locations on the sample and 2 replicated samples 
were tested for each mixture.

According to the carbonation depths in various curing 
ages, the carbonation rate can be calculated according to 
Eq. 4.

where dk is the mean carbonation depth at time t, mm; a is 
the intercept, mm; KAC is the carbonation rate, mm/days1/2; 
t is exposure time, days.

Abrasion test

The abrasion test was performed following EN 1338– annex 
G [41] by abrading the upper face of testing block of 
100 × 100 × 15 mm3 size with an abrasive material under 
standard condition. For abrasion resistance the wearing 
machine Gabbrielli and vernier caliper were used. The flow 
of the abrasive material was 2.5 l / 75 revolutions.

Length change

The length change due to drying and/or autogenous shrink-
age measurements were carried out on triplicate prism sam-
ples with dimensions of 40 × 40 × 160 mm3 stored and cured 
after demolding at room temperature and relative humidity 
of 60%, according to ASTM C596 [42]. The length measure-
ment was carried out using a Matest E077 kit length com-
parator at the age of 1, 3, 7, 14, 28, and 60 days after casting. 
The length change (LC) over time was then calculated using 
Eq. (5).

(4)dk = a + KAC

√

t,

(5)ΔL(%) =
Li − Lx

G
× 100,
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where Li is the difference between the comparator reading 
and the reference bar at 1 day, Lx is the length at each meas-
urement day and G is the nominal effective length.

Freeze–thaw test methods

To verify the durability of alkali-activated mortars under 
cold weather conditions, the freeze–thaw test was performed. 
Samples with dimension of 100 × 100 × 15 mm were immersed 
in water at room temperatures for 24 h after sample age of 
28 days. Then they were exposed to 150 freeze–thaw cycles, 
with temperature operating range from (− 15 ± 2)  °C to 
(+ 15 ± 2) °C and a humidity range from 10% to 95% in accord-
ance with standard procedure [43]. Each cycle involves lower-
ing of the temperature of the samples from + 15 °C to − 15 °C 
in 2 h and another 2 h to maintain the temperature at − 15 °C, 
then the temperature is increased from − 15 °C to + 15 °C for 
2 h and allowed to thaw for another 2 h at 15 °C. After 150 
cycles, samples were evaluated by visual observations relating 
to a change in characteristics of the surface and any distortion 
at the edges of the samples shall also be reported. The results 
for the drying shrinkage and freeze–thaw are documented in 
the supplementary files (Figs. S1 and S2).

Results and discussion

Reaction kinetics and setting time

The one-part synthesis usually results in rapid-setting of the 
paste, similar trend was observed here (Table 3). The DM 
achieved initial setting time after 98 min; while for WM, the 
initial setting time was twice longer. Though initial setting 
time specification is arbitrary depending on the application 
and strength value, the value achieved here for DM can be 
considered suitable. Conferring to BS EN 197-1 standard 
specifications [44], the minimum initial setting time required 
for a cement with compressive strength value of 32.5 MPa (at 
28 days) is 75 min. The flowability of the mortar slurry showed 
WM with a higher spread at 256 mm than DM. This is partly 
attributed to the water absorption by the anhydrous sodium 
silicate during mixing affecting the rheology of the DM mix.

The heat evolved (normalized to solid mass of the paste) 
during 250 h of reaction shows the similarity in the reaction 
kinetics of the two samples (Fig. 1). It should be noted that 
heat flow data for 45 min after inserting into the isothermal 
calorimetry was not used due to the waiting period for the 

equilibration of the microcalorimetry after mixing ex situ. 
Hence, the heat released due to wetting and partial dissolu-
tion of the precursors during this period is not fully repre-
sented in Fig. 2. There was a very short induction period, as 
the polymerization and condensation of the dissolved ionic 
species formed an exothermic peak between 5 and 25 h. This 
peak is similar to most alkali-activated binders calorimetric 
peaks and is known as the acceleration and deceleration period 
[45]. During this period, WM exhibited higher heat released 
than DM, which is not consistent with the strength develop-
ment during the first 24 h. Normally, higher heat released can 
be assumed to be proportional to increased formation of reac-
tion products and consequently strength gain. Nevertheless, 

Table 3   Setting time and flowability measurements for both samples

Sample Initial (min) Final (min) Spread (mm)

DM 98 166 243
WM 185 280 256

Fig. 1   Heat evolution curves for DM and AM pastes during 250 h of 
reaction (inset: shows the initial peak in the first 10 h)
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the cumulative heat flow curves showed DM to have a slightly 
higher total heat released than WM after 250 h.

Effect on strength development

The compressive strength of the mortars (Fig. 2) increases 
by time, with DM exhibiting the highest strength of 56 MPa 
recorded at 90 days. After 1 day, DM had 10 MPa compared 
to 7 MPa for WM which shows the significance of the one-
part (sodium metasilicate) mechanism for early-age strength 
mortars specifications. The higher early-age strength of DM 
can be attributed to the higher reaction degree as seen in 
the calorimetry analysis when sodium metasilicate powder 
comes in contact with water: the heat released increases the 
dissolution rate of the precursors and hardening of cementi-
tious phases. This extensive heat release was not, however, 
detrimental on the flowability of the mix. This is consistent 
with previous observations on rapid hardening of one-part 
geopolymers [46, 47].

Characterization of reaction products using SEM 
and TGA.

The SEM-BSE images and EDX phase maps constructed 
from elemental distribution maps of the binders after 
90 days of curing are shown in Fig. 3. The EDX phase maps 
enable the identification of reacted and unreacted phases and 
their spatial distribution. Reacted (cyan) and unreacted areas 
(black) of the binder microstructure are exemplary shown in 
the Fig. 3. Both mixes show similar phase distributions and 
microstructure, the quantification of reacted matrix compo-
sition is shown in Table 4. Results clearly show that only 
minor deviation in composition is observed. In addition, the 
phase maps (see Fig. S3) show reaction rims around unre-
acted GGBFS grains consistent with Mg–Al layered double 
hydroxide (LDH) formation, these rims are a little more sig-
nificant in DM than for WM. But a larger area giving statisti-
cal evidence needs to be analyzed to verify this observation. 
The Mg–Al LDH formation is in line with expectations of 
reaction products formed in alkali-activated GGBFS-based 
binders with high MgO content [27, 48]. The elemental dis-
tributions of this matrix are further shown in Fig. S3.

Figure 4 illustrates the differential thermogravimetry 
(DTG) curve for the paste samples of both DM and WM 

Fig. 3   SEM-BSE images and 
phase maps of (a) DM and 
(b) WM at 90 days of reaction 
(cyan—reaction products and 
black—unreacted particles)

Table 4   Elemental composition 
of the reaction products (given 
in oxide wt.-%)

Spectrum Label Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 MnO Fe2O3 Total

DM 9.3 5.4 5.0 52.9 0.95 0.6 24.3 0.5 0.3 0.7 100.00
WM 10.0 5.6 5.4 54.6 0.5 0.8 21.4 0.6 0.2 1.0 100.00
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at early and later ages. Both binders displayed similar DTG 
curves true to form, as the difference between the samples is 
only the synthesis pathway used. Regardless of the pathway, 
the reaction products observed according to decomposition 
temperature peaks were; (i) the peak between 90 °C and 
210 °C are due to dehydration of free water and degradation 
of C-(A-)S–H type phases in the binder [49, 50]. Although 
not calculated, the intensity of the peak may suggest higher 
amount of reaction product available and degraded; (ii) the 
presence of Mg–Al LDH phase (i.e., hydrotalcite) is seen in 
the 300–350 °C region consistent with the observations in 
SEM; and (iii) decarbonation peaks at 650–700 °C [50]. The 
dehydration of the C–(A)–S–H and hydrotalcite phases were 
more intense at 28 days than at 7 days.

Durability

Carbonation

According to the carbonation depths at various ages calcu-
lated using Eq. 4, the carbonation rates of the two mixtures 
were calculated to be 1.59 and 2.15 mm/days1/2, respec-
tively, as shown in Fig. 5. The larger carbonation rate of 
wet mix indicates that it is less resistant to carbonation and 
more porous when compared to the dry mix mortar, and 
thus less durable under ingress of external chemicals. This 
information is consistent with the RCM results discussed 
in the following section. 
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Rapid chloride migration

The penetration depth and migration coefficient of the mix-
tures are shown in Table 5. The reported results are aver-
ages of 3 specimens. The migration coefficients of the two 
mixtures fall in a similar range of that reported for AAM-
based system [37]. The higher migration coefficient of WM 
compared to DM indicates that the former is less resistant 
to chloride penetration.

Binder porosity and pore solution chemistry have been 
previously reported to impact on the rate of chloride perme-
ability [37, 51], which may suggest higher porosity in WM 
than in DM.

Abrasion

Mortars or concretes used in flooring or as pavement are 
subjected to wear caused by abrasion. The abrasion resist-
ance is the ability of these material surfaces to withstand the 
wear, rubbing and scrapping. Figure 6 shows the abrased 
mortars after several revolutions. According to the results 
in Table 6, both DM and WM exhibited high and similar 
abrasion resistance when compared to OPC.

Sulfate attack

Under the investigated experimental conditions, both mor-
tars exhibited high resistance to aggressive conditions. The 

compressive strength of both mortars analyzed after 90 days 
in sulfate and chloride solution increased significantly 
(Fig. 7). The WM strength after exposure doubled when 
compared with the 90-day reference of non-exposed mor-
tars, while DM increased by approximately 75%. This shows 
continuous formation of reaction products during the test 
and no deterioration on the reaction products while under 
aggressive conditions. Similar strength improvement after 
sulfate attack (SA) have been reported for AAM binders [52, 
53]. AAM binders are known to have low permeability prop-
erties compared to OPC, this property helps in mitigating 
the penetration of aggressive ions into the mortar [53, 54]. 
Overall, the durability of these mortars showed considerable 
resistivity to severe environmental attacks (also see Fig. S2).

Conclusion

The pathway in which alkali activator is introduced during 
alkali activation of GGBFS and mineral wool influences the 
synthesis of the reaction products and their physical proper-
ties. One-part (DM) and two-part (WM) alkali activation 
pathways were explored and compared. Here, this study 
aimed to utilize mineral wools residues in alkali-activated 

Table 5   Chloride penetration depth and migration coefficient

Mixture Xd (mm) Migration 
coefficient 
(m2/s)

DM 5.6 ± 1.1 5.8 × 10−12

WM 7.6 ± 1.3 8.7 × 10−12

Fig. 6   Images of the abrasion paths for (a) DM and (b) WM

Table 6   Measurements and classification of the mortars

Sample Testing location Average length of 
the groove [mm]

EN 1338 
classifica-
tion

DM Middle of the sample 19.0 Class I
WM 18.9
OPC 22.1 Class H
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Fig. 7   Residual strength after 90 days of sulfate attack on the mortars
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materials in one-part and two-part synthesis for compari-
sons. The experimental investigation shows that one-part 
synthesis in the alkali activation of GGBFS and mineral 
wool exhibited good mechanical properties presented by 
the one-part synthesis, while the durability tests show that 
the DM exhibits good resistance to the sulfate attack, and a 
lower carbonation depth in comparison to the WM synthesis.

The activator state has a significant effect on the fresh 
and hardened properties. The DM exhibited short setting 
time at 98 min and flowability spread of 243 mm compared 
to 185 min and 256 mm, respectively, for WM. Reaction 
products detected using DTG were phases consistent to 
C–A–S–H consistent with alkali-activated slags and the 
presence of Mg–Al LDH phase likely hydrotalcite. Com-
pressive strength achieved for DM after 28 days was 38 MPa 
and 34 MPa for WM. However, DM experienced a signifi-
cant increment in strength of 56 MPa at 90 days compared 
to 34 MPa for WM.

Both mortars showed considerable resistivity to sulfate 
attack and freeze–thaw as their physical and mechanical 
properties improved during exposure to these severe condi-
tions. In fact, the residual compressive strength for WM after 
sulfate attack doubled compared to its strength at 28 days. 
Under abrasive conditions important for industrial flooring, 
both mortars exhibited good resistance to abrasive wear with 
an EN 1338 I classification better than conventional cement 
mortars. In conclusion, the study shows the potential of the 
one-part synthesis in the utilization of industrial residues 
(i.e., mineral wools) in cementitious application.
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