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Geopolymer concrete . K R .
Slag-based binder as a low-energy, sustainable alternative to ordinary Portland cement. This study
Setting time investigates the initial and final setting behaviour of ground-granulated blast-furnace slag
Ultrasonic pulse velocity (UPV) method
Freshcon mold system

emissions and improve waste management, slag-based geopolymer concrete has emerged

(GGBEFES) geopolymer concrete using the ultrasonic pulse velocity (UPV) technique
“Article history: alongside a Freshcon mold system. Key variables examined include the molarity and type
Received 03 July 2025 of alkaline activator, the alkali-to-slag ratio, and the proportion of slag within the concrete

Accepted 23 July 2025 matrix. UPV traces delineate three distinct stages of induction (dormant), polymerization

Available online 01 August 2025 onset (activation), and network consolidation (hardening), each typified by its signature
“S-shaped” profile. In this study, increasing the concentration of the alkaline activator and
the proportion of ground granulated blast-furnace slag (GGBFS) was found to
dramatically shorten both initial and final setting times of slag-based geopolymer
mixtures; however, beyond an optimal activator concentration and solution-to-slag ratio,
these accelerating effects attenuate and polymerization kinetics become disrupted.
Notably, whereas ordinary Portland cement exhibits an induction period over
240 minutes, geopolymer samples activated at 6M complete their induction phase in under
30minutes, a 6-8 fold increase in initial setting rate. Such rapid setting, while
advantageous for expediting placement cycles, poses challenges in mass concrete pours by
heightening the risk of cold joints and imposing stringent formwork time constraints.
Conversely, this accelerated hardening can be leveraged as a significant asset in future
investigations into precast concrete elements and tunnel-lining shotcrete applications.

1. Introduction

Geopolymer concrete, as a pioneering innovation in sustainable construction materials, has been developed to reduce greenhouse
gas emissions and make optimal use of industrial by-products [1-3]. CO: emissions from Portland cement production amount to
approximately 0.8-1.0 tonnes per tonne of cement, representing over 7-8% of total global emissions [4, 5]. In contrast, life-cycle
assessments of blast-furnace slag—based geopolymer concrete show that its CO- emissions are 65—75% lower than those of Portland
cement concrete [6]. Moreover, the use of slag as a precursor converts steelmaking waste into a valuable source of silica and calcium,
thereby reducing industrial residues and conserving natural resources [1, 7]. In other words, geopolymer concrete not only exhibits
a reduced carbon footprint but also contributes effectively to CO: sequestration and energy savings during material production [3,
4]. Recent studies have demonstrated that, during the alkaline activation process, recovering waste heat energy and maximizing the
sodium silicate-to-hydroxide ratio can further reduce carbon emissions by up to 80%. This exceptional environmental potential
renders geopolymer concrete an attractive option for low-carbon structural projects and climate-sensitive regions [1, 2].

The chemical behavior of blast-furnace slag—based geopolymer concrete is governed by geopolymerization reactions [8-10].
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Iron-smelting slag comprises a mixture of glassy and crystalline phases, namely C.S, CsS, the Mg—Fe solid solution, and various
silicate phases [7]. In the presence of strong alkaline activators and alkali silicates, the amorphous silica—alumina network rapidly
dissolves, releasing SiO4* and AlO+*~ monomers [10-13]. These anions then coordinate with Na™ or K* cations in solution to form
densely cross-linked —Si—O-Al-O— polymer chains, which evolve into N-A-S—H gels within the macromolecular matrix [9, 11,
14]. Concurrently, the abundant Ca?* in the slag fosters the co-precipitation of C—-A-S—H alongside N-A-S-H, yielding a dual-gel
microstructure with enhanced mechanical performance [15, 16]. The Si/Al and Ca/Si ratios critically influence polymerization
kinetics, pore structure, and crystalline phase development [17]. Moreover, the silicate modulus (Na2SiOs/NaOH ratio) and the
activator concentration dictate the gel’s microstructural characteristics: a higher silicate modulus promotes increased silica chain
length and network connectivity, thereby reducing permeability [18, 19].

The rheological properties and setting time of fresh concrete are critical factors that influence its workability, durability, early-
age bond strength, and suitability for various construction applications, including mass concrete pouring, precast element
fabrication, and shotcrete use for tunnel support [20-22]. Traditional shotcrete formulations, for example, typically rely on Portland
cement with a high clinker content to achieve the rapid setting required for effective shotcrete tunnel lining [22]. However, the use
of Portland cement often necessitates the application of thicker layers, leading to increased consumption and a subsequent rise in
environmental impacts [5, 6]. Consequently, there is a pressing need for further research to identify and develop sustainable
alternative materials, such as geopolymers, which can deliver comparable performance while mitigating environmental effects [3].

Previous studies have demonstrated that the setting time of geopolymer concrete is influenced by a range of factors, including
the type of raw material, the type of alkaline activator, the molar concentration of the activator, the alkali-to-raw material ratio,
ambient temperature during mixing, and several other variables [23-25]. Both the type of alkali activator (NaOH vs. KOH) and its
concentration profoundly affect paste behavior [18, 24]. Specifically, increasing the molarity of hydroxide solutions elevates mixture
viscosity and thereby reduces workability, while simultaneously accelerating the polymerization rate in fly-ash—based geopolymers
[26]. Comparative analyses indicate that KOH, owing to the larger ionic radius of K*, enhances the dissolution of aluminosilicate
species and generates a more open gel network, which translates into comparatively better initial flowability than NaOH -activated
systems. In addition, raising the sodium silicate content markedly increases viscosity and diminishes the flowability of the fresh
geopolymer paste [15].

Determination of initial and final setting times in geopolymer concrete conventionally follows ASTM C403, which employs a
series of standardized penetrometer measurements [27]. However, needle-penetration methods are inherently operator-sensitive and
exhibit diminished reliability under elevated curing temperatures [28]. To overcome these limitations, ultrasonic pulse-velocity
(UPV) monitoring has been advanced as a non-destructive, high-precision alternative [29, 30]. In UPV testing, time-resolved records
of decreasing ultrasonic wave velocity and concomitant increases in material stiffness reflect the progression of geopolymerization
and delineate both the initial and final set points [23, 29]. This technique has demonstrated exceptional repeatability and sensitivity,
particularly at temperatures above ambient and when assessing the influence of varied alkali activator chemistries, thereby enabling
more accurate characterization of setting kinetics in geopolymer systems [24, 28].

Given that previous investigations have employed ultrasonic pulse-velocity (UPV) solely to evaluate the setting kinetics of
ordinary Portland cement and no systematic data exist on how varying alkali-activator concentrations affect the setting behavior of
slag-based geopolymers, this study applies UPV to accurately characterize the initial and final setting times of fresh geopolymer
concrete.

2. Experimental preparation
2.1. Material properties

Fine and coarse aggregates used for specimen preparation were sourced from a nearby fluvial deposit and rigorously
characterized per the applicable standards. Particle-size distribution curves, obtained via sieve analysis per ASTM C136 [31], are
shown in Fig. 1. The fine aggregate exhibited a saturated surface dry (SSD) bulk specific gravity of 2.65, a fineness modulus of 3.7,
and a maximum nominal particle size of 12 mm. The coarse aggregate displayed an SSD bulk specific gravity of 2.64 and was
thoroughly washed on-site to remove adhering fines and impurities prior to mix preparation [32].

Blast-furnace slag used in this study is the by-product of the basic oxygen furnace (BOF) steelmaking process. In the BOF route,
molten iron derived from iron ore or scrap is charged into the furnace together with fluxing agents such as lime or dolomite. High-
pressure oxygen is then blown in to oxidize impurities, which separate as gaseous species and metallic oxides. Upon tapping of the
purified steel, the residual slag, composed predominantly of silicates and metal oxides (CaO, SiO2, Al.0s), is recovered. Chemically
analogous to Portland cement, this solidified material finds widespread application in the production of slag cements, concrete
aggregates, railroad ballast, road subbases, and refractory products.

In this study, Type II Portland cement obtained from a domestic cement works and BOF slag procured from a regional steel
producer were employed. The precise chemical compositions of both materials are listed in Table 1, and Fig. 2 presents photographs
of the slag alongside the ceramic powder utilized.

In the formulation of geopolymer concretes, the selection of alkali activator, either NaOH or KOH, exerts a profound effect on
the microstructure and mechanical properties of the hardened matrix. Although both Na* and K* possess the same charge, the smaller
ionic radius of Na*" promotes tighter ion-pairing with silicate oligomers, leading to accelerated geopolymerization kinetics but a
comparatively less dense gel network.
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Fig. 1. Grading graph of the fine and coarse aggregates.
Table 1. Chemical analysis of cementing materials.
Chemical Compound (%6)
Type
Cao SIOZ A|203 F9203 SO3 MgO NazO Kzo T|02 MnO L.O.1
Slag 38.32 32.09 15.12 1.23 2.28 7.75 0.42 0.47 1.23 0.99 0.02
Portland cement 64.79 19.99 4.95 3.43 3.12 172 0.39 0.61 0.7 - 0.96

Conversely, the larger K* favors the formation of bulkier silicate oligomers and thus a denser gel phase, which enhances
compressive strength [33].

Fig. 2. Photographs of the (a) blast-furnace slag, and (b) ceramic powder used in the geopolymer concrete mixtures.

Nevertheless, balancing economic and processing considerations, a NaOH concentration of 4-8 M is generally identified as
optimal; concentrations above ~10 M not only plateau strength gain but can also induce efflorescence and embrittlement in the
geopolymer matrix. Furthermore, a SiO2/Al.Os molar ratio in the range of 3.3-6.5 is recommended to establish an ideal
three-dimensional aluminosilicate network [23]. Figs. 3 and 4 show the NaOH and KOH activator solutions employed in this study.

Fig. 3. Sodium hydroxide (NaOH) flakes used as the alkaline activator in the geopolymer concrete formulation.
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Fig. 4. Potassium hydroxide (KOH) flakes used as the alkaline activator in the geopolymer concrete formulation.

The most critical characteristic of sodium silicate solution (water glass) is its SiO./Na.O molar ratio, which in commercial
products typically ranges from 1.5 to 3.2. In general, higher-ratio silicates are more suitable for chemical bonding because the
siliceous fraction more readily reacts with cations. However, to maintain a high alkaline concentration while activating pozzolanic
materials, lower-ratio silicates are recommended [34]. In the present study, a sodium silicate solution with an SiO»/Na>O molar ratio
of 2.45 was employed for geopolymer synthesis.

2.2. Mix design

The mix design for the geopolymer concrete series was established by maintaining a fixed sodium silicate-to-caustic soda
(NaOH) mass ratio of 2.5. Three alkali-to-slag ratios, 0.4, 0.45, and 0.5, were selected to elucidate the effect of activator dosage on
fresh-state rheology and hardened-state strength. In parallel, NaOH solution molarities of 4 M, 6 M, and 8 M were employed to
investigate the influence of hydroxide concentration on geopolymerization kinetics and microstructural development. The
proportions for the control ordinary Portland cement concrete mix are tabulated in Table 2, while the corresponding geopolymer
formulations appear in Table 3.

To assess the impact of mixing sequence on geopolymer performance, two distinct protocols were implemented:

e Simultaneous-addition protocol (Protocol I): The NaOH and sodium silicate solutions were thoroughly blended before their
introduction to the slag binder.

o Staged-addition protocol (Protocol II): The NaOH solution was first combined with the slag and allowed to interact for a
predefined induction period; subsequently, the sodium silicate was incorporated, and finally, the resulting paste was mixed
with the aggregate fraction.

Compressive strength testing at 28 days revealed no statistically significant difference between Protocol I and Protocol II. This
finding corroborates the mechanistic understanding that initial alkali attack on the aluminosilicate framework cleaves Al-O-Si
bonds to release reactive oligomers, which then condense into a cohesive C—-A-S—H-type gel upon contact with silicic species from
the sodium silicate [17]. Nonetheless, the staged-addition approach is recommended in practical applications to avoid direct,
prolonged exposure of aggregates to high-pH activator solutions, thereby mitigating the risk of deleterious alkali—aggregate reactions
and ensuring an optimal interfacial transition zone between binder and aggregate.

Table 2. Mix proportions of OPC specimens.

Component
Mix ID
Coarse agg. (kg/m®) Fine agg. (kg/m®  Cement (kg/m®)  Water (kg/m°) wi/C Slump (mm)
OPC-Code-01 519 1209 400 180 0.4 95
OPC-Code-02 506 1182 400 200 0.5 108

3. Experimental procedure
3.1. Setting time characterization of fresh geopolymer concrete

The early-stage development of the geopolymer’s microstructure exerts a decisive influence on its mechanical performance,
physical integrity, and long-term durability. Geopolymerization commences when alkaline activators react with aluminosilicate
precursors, forming a cohesive inorganic polymer network that dictates the material’s behavior in the initial hours post-mixing. In
this fresh state, the geopolymer paste exhibits high plasticity and workability, facilitating critical operations such as mixing,
transportation, and placement.
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Table 3. Mix proportions of geopolymer concrete specimens.

Component

Mix 1D nggrse 25'&6 NaOH KoH Adtvator  .sio, S Agsiag B2 Molarity  shss  Ceramic

(kg/m?) (kg/m?) water (kg/m?) water (kg/m?)
AAS.1 519 1209 16.4 - 98 45.7 400 0.4 65 4 25 -
AAS.2 519 1209 234 - 90.9 45.7 400 0.4 65 6 25 -
AAS.3 519 1209 30 - 84 457 400 0.4 65 8 25 -
AAS.4 512 1196 18.4 - 110.2 51.4 400 0.45 65 4 25 -
AAS.5 512 1196 24.4 - 102.2 51.4 400 0.45 65 6 25 -
AAS.6 512 1196 33.7 - 94.9 51.4 400 0.45 65 8 25 -
AAS.7 506 1182 20.4 - 1225 57.2 400 0.5 65 4 25 -
AAS.8 506 1182 29.3 - 113.6 57.2 400 0.5 65 6 25 -
AAS.9 506 1182 375 - 105.4 57.2 400 0.5 65 8 25 -
AAS.11 506 1064 29.3 - 113.6 57.2 400 0.5 65 6 25 118.2
AAS.12 519 1209 - 22.3 92 45.7 400 0.4 65 4 25 -
AAS.13 512 1196 - 251 103.5 51.4 400 0.45 65 4 25 -
AAS.14 506 1182 - 27.9 115 57.2 400 0.5 65 4 25 -
AAS.15 529 1235 25.7 - 99.4 50 350 0.5 65 6 25 -
AAS.16 484 1128 33 - 127.8 64.3 450 0.5 65 6 25 -

As polymerization advances, the paste undergoes progressive stiffening—a phenomenon referred to as setting. The initial setting
time defines the duration during which the material retains adequate plasticity and deformation capacity, whereas the final setting
time marks the onset of rigidity and the development of measurable mechanical strength. Precise determination of these intervals is
essential for optimally scheduling formwork installation, compaction, surface finishing, and formwork removal, as well as for the
judicious selection of chemical admixtures (accelerators or retarders) tailored to project requirements. Standardized test methods
for quantifying setting behavior in fresh geopolymer and cementitious systems include the Vicat needle penetration test
(ASTM C191 [35]), the penetration resistance method (ASTM C403 [27]), and ultrasonic pulse velocity monitoring (BS 1881 [36]).

In the ultrasonic pulse-velocity method, the setting progression of fresh geopolymer concrete (or hydration in Portland cement)
can be delineated by the S-shaped velocity-time curve (Fig. 5) and corresponding schematic microstructural illustrations (Fig. 6)
across three distinct phases:

Dormant Phase (A — B): Immediately after mixing, pulse velocity remains low and nearly constant (below ~600 m/s), as cement
grains or aluminosilicate precursors are dispersed within the aqueous medium and entrapped gas bubbles (Fig. 6a). Up to point B,
gradual dissolution of fine particles and surface coating of larger grains commences, giving rise to nascent solid clusters (Fig. 6b),
yet no continuous propagation path exists for the ultrasonic waves.

A
STAGE1 STAGE2  STAGES3

C D

ULTRASONIC PULSE VEOCITY

—
-

TIME

Fig. 5. Schematic illustration of UPV monitoring during the setting stages of fresh geopolymer concrete [37].

Acceleration Phase (B — C): With the formation of aluminosilicate gel products (e.g., ettringite analogues) and the development
of an interconnected structural network (Fig. 6¢), pulse velocity rapidly increases from approximately 600 m/s to more than
3,500 m/s—corresponding to the onset of measurable mechanical strength.
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Fig. 6. Microstructural evolution from dispersed particles to a continuous solid network.

Deceleration Phase (C — D): Upon the completion of particle binding and the filling of capillary pores with hydrated reaction
products (Fig. 6d), the pulse velocity gradually approaches its asymptotic maximum, signifying the near-end of major structural
reactions.

3.2. Fabrication of the ultrasonic setting test mold

The apparatus used to determine concrete setting time by the ultrasonic method—allowing wave-velocity measurements at
arbitrary intervals immediately after casting was built by the system introduced by Reinhardt and Grosse [38], first realized at the
University of Stuttgart in 2000 (see schematic in Fig. 7). The so-called “Freshcon” mold consists of two PMMA (acrylic) plates,
each measuring 15 x 200 x 500 mm, mounted parallel to one another at a separation of 120 mm utilizing four steel shafts. To ensure
that ultrasonic pulses do not bypass the specimen at the edges, the plates are sufficiently long, and a U-shaped rubber sponge (30 x
120 x 500 mm) is inserted between them; this sponge minimizes wave scattering inside the mold. Each plate is drilled at its center
to accommodate the transmitting and receiving ultrasonic transducers, which are inserted through these holes and brought into
contact with the plate surfaces. Ultrasonic measurements were then carried out using a PUNDIT device (fundamental frequency
54 kHz) every 5 minutes during the first hour after casting, and subsequently at 15-minute intervals.

The transmitting transducer was placed in direct contact with the Plexiglas plate and aligned through the full thickness of the
concrete specimen, as shown in Fig. 7. After traversing the concrete, the ultrasonic vibrations were captured by the receiving
transducer, which was similarly coupled to the opposite Plexiglas surface. The receiver measured the transit time of the pulsed
waves through the specimen; by dividing the known path length (i.e., the straight-line distance between the transducers) by this
measured time, the ultrasonic pulse velocity was obtained. This technique is applicable not only for determining setting
characteristics, compressive strength, and elastic modulus of concrete, but also for assessing durability parameters—such as crack
detection and damage evaluation.

Ultrasonic pulse velocities were recorded using a PUNDIT system following BS 1881 [36]. Fig. 8 illustrates the laboratory
arrangement of the PUNDIT apparatus, equipped with 54 kHz transducers and a calibrated Plexiglas reference cylinder. The
geometrical and acoustic properties of this cylinder are precisely known, and it is employed before each test to zero the instrument

via the variable-delay control unit.
Top view
15
. l -me

| |
150 mm r!

Front view
1 0] O
200mm
9] | Side view
=170 mm —
k= 500 mm y

Fig. 7. Schematic diagram of the Freshcon mold with key dimensions (in mm) for fresh-state testing.
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The pulse velocity, V, was calculated using Eq. 1:
_ L
e

where L is the distance between transducer faces and At is the measured transit time.

4 @)

Fig. 8. Calibration of the PUNDIT device.

4, Results and discussions

As illustrated in Fig. 9, ultrasonic waves are transmitted from one probe into the fresh concrete mold and received by the opposing
probe. The wave transit time is recorded at predetermined intervals with microsecond precision. Using Eq. 1, the pulse velocity is
then calculated. Finally, the velocity—time profile is plotted for each concrete sample, enabling a non-destructive rheological
assessment of the concrete’s structural evolution over time.

According to the UPV curves in Figs. 10 to 12, raising the NaOH molarity from 4 M to 8 M markedly accelerates the early
hardening of geopolymer concrete. For example, at an alkali-to-slag ratio of 0.4 (Fig. 10), the 30-minute UPV values for AAS.1
(4 M), AAS.2 (6 M), and AAS.3 (8 M) were all approximately 600 m/s. After 120 minutes, these rose to roughly 970 m/s, 1,700 m/s,
and 2,500 m/s, respectively, and by 180 minutes reached 1,240 m/s, 2,800 m/s, and 3,550 m/s. By 360 minutes, AAS.2 and AAS.3
approached their plateau velocities of about 4,200—4,280 m/s, whereas AAS.1 attained only =2,000 m/s. The steeper velocity
increases with higher OH™ concentration reflect more rapid aluminosilicate dissolution and N-A-S—H gel formation, confirming

. £ °
Fig. 9. UPV testing of fresh concrete using the Freshcon mold and PUNDIT device.
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Fig. 10. Effect of NaOH solution molarity on the setting-time curve of concrete with an alkali-to-slag ratio of 0.4.

In Figs. 13 to 15, increasing the total dosage of the alkaline activator accelerates the heat evolution reaction and shortens the
induction period, indicating more rapid slag dissolution and earlier formation of C—(A)-S-H gels [40]. This behavior is
mechanistically attributed to the expedited removal of Ca?* ions from the pore solution, which amplifies the concentration gradient
between the slag surface and the aqueous phase, thereby promoting further slag dissolution and faster gel precipitation [41].
Meanwhile, by maintaining a constant silica-to-alkali modulus (SiO2/Na:0) across all tests, the study isolates the effect of total
alkali and silicate ion content on reaction Kinetics [40, 42].

Fig. 16 compares the setting-time profiles of geopolymer concretes activated with 4 M NaOH versus 4 M KOH. The markedly
accelerated setting observed in the KOH-activated system can be attributed to the distinct physicochemical properties of the K* ion:
its lower hydration enthalpy (=322 kJ/mol compared to —406 kJ/mol for Na*) results in a more labile hydration shell that releases
OH™ more readily for C—(A)-S—H gel formation. Furthermore, the larger ionic radius of K* (1.38 A vs. 1.02 A for Na*) reduces the
structuring of its solvation sphere and lowers the viscosity of the activator solution, thereby enhancing the diffusivity of alkali and
dissolved slag species [43]. This increased ionic mobility expedites the depolymerization of the aluminosilicate network and the
nucleation of gel phases, culminating in a pronounced reduction of both initial and final setting times.

Fig. 17 illustrates the effect of varying ground-granulated blast-furnace slag (GGBFS) dosages on the setting behavior of
geopolymer concrete mixtures. As anticipated, increasing the slag content from 350 kg/m® (AAS.15) to 450 kg/m* (AAS.16)
accelerates hydration reactions and reduces both initial and final setting times. This enhancement is driven by the additional calcium
provided by the slag, which markedly promotes C-S—H and C-A-S—H gel formation. Consequently, higher slag proportions yield
more rapid gel nucleation and growth, resulting in faster stiffening of the geopolymer matrix.

AAS 4 ——AASS5 ——AAS.6
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O A 'l A 'l A 'l A 'l A 'l A 'l A 'l A 'l A 'l A 'l A 'l A 'l A J
0 30 60 90 120 150 180 210 240 270 300 330 360 390
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Fig. 11. Effect of NaOH solution molarity on the setting-time curve of concrete with an alkali-to-slag ratio of 0.45.
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Fig. 12. Effect of NaOH solution molarity on the setting-time curve of concrete with an alkali-to-slag ratio of 0.5.

Fig. 18 examines the effect of substituting 10 wt.% of natural fine aggregate with ceramic tile waste powder in the geopolymer
blend. The results demonstrate that this level of replacement exerts no discernible influence on the setting kinetics of the geopolymer

concrete.

Fig. 19 presents a comparative analysis of the setting behavior of the investigated geopolymer mixtures versus ordinary Portland
cement (OPC) concretes. The ultrasonic pulse-velocity profiles reveal that all geopolymer samples (AAS.1 through AAS.16) enter
both initial and final setting phases markedly earlier than the OPC references (OPC-Code-01, OPC-Code-02, and CEM 142.5 [44]).
On average, the onset of the sharp velocity increase commonly taken as the initial set threshold of approximately 1,000 m/s occurs
between 20 and 50 minutes after casting for the geopolymer specimens, whereas none of the OPC samples reach this velocity even
after 240 minutes. For instance, OPC-Code-01 and OPC-Code-02 attain 1,000 m/s at roughly 300 minutes and 360 minutes,
respectively, while CEM 142.5 reaches this stage between 200 and 220 minutes. Final setting indicated by pulse velocities in the
3,000-3,500 m/s range, and the commencement of the tertiary slope occurs for geopolymer concretes between 90 and 180 minutes,
with most AAS mixtures stabilizing near 3,500-4,000 m/s in under 3 hours. In contrast, OPC-Code-01 requires approximately
12 hours (720 minutes) to reach 3,500 m/s, OPC-Code-02 about 13—14 hours (780-840 minutes), and CEM 142.5 around 10 hours
(600650 minutes). Thus, the geopolymer systems demonstrate polymerization and hardening rates that are on average 5—8 times
faster than those of ordinary Portland cement concretes.
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Fig. 13. Setting-time curves for geopolymer concrete with varying alkali-to-slag ratios activated by 4 M NaOH.
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Fig. 14. Setting-time curves for geopolymer concrete with varying alkali-to-slag ratios activated by 6 M NaOH.
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Fig. 15. Setting-time curves for geopolymer concrete with varying alkali-to-slag ratios activated by 8 M NaOH.
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Fig. 16. Comparison of setting-time curves for geopolymer concrete activated with different alkaline solutions.
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Fig. 17. Setting-time curves of geopolymer concrete mixtures with varying GGBFS contents.
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Fig. 18. Comparison of setting-time curves between the reference mix and the mix with 10% ceramic tile powder replacing fine

aggregate.
—————— AAS.1 AAS.2 AAS3
AAS.4 AAS5 AAS.6
AAS.7 AAS.8 AAS.9
AAS.11 AAS.12 AAS.13
AAS.14 AAS.15 AAS.16
e e «» » OPC-Code-01 e e «» » OPC-Code-02 == «» «» » Robeyst; CEM | 42.5

Velocity (m/sec)

Fig.

5000

4000

3000

2000

1000

120 240 360 480 600 720 840 960 1080 1200 1320 1440

Fresh concrete age (min)

19. Comparison of setting-time curves for OPC and slag-based geopolymer concrete.

58



Sabeti Civil Engineering and Applied Solutions, 2025; 1(3): 48-61
5. Conclusions

In this study, the ultrasonic method was applied to assess the setting stages of slag-based geopolymer concrete at early ages. The
experimental results indicate that this method can provide a comprehensive depiction of the polymerization process and the
development of the microstructure of this type of concrete with a chosen composition.

All the ultrasonic velocity curves obtained (except those for samples containing 4 M sodium hydroxide (NaOH), which required
more time to reach the final setting point) exhibited a similar three-phase pattern: an initial phase of very low, nearly constant
velocity; a second phase with an abrupt increase in velocity; and a third phase during which the rate of increase in velocity slows
after a few minutes. As in ordinary concrete, the initial setting time of the geopolymer mixtures was taken as the inflection point of
this curve, and the final setting time as the onset of the third phase.

The results also show that slag-based geopolymer concretes set much faster than OPC concrete, with their polymerization
reaction and final hardening occurring on average 68 times faster than those of OPC concrete. Furthermore, the initial and final
setting times decrease as the molarity of the alkaline activator is increased: the alkaline hydroxide initially cleaves the Al-Si bonds
and dissolves aluminum ions (which act as polymerization catalysts), and the addition of soluble sodium silicate results in the
formation of a hydrated alkali aluminosilicate gel.

Raising the activator concentration from 4 M to 6 M dramatically shortens both the initial and final setting times, whereas a
further increase to 8 M results in only a slight additional reduction. Similarly, in mixtures with a fixed NaOH molarity, increasing
the overall alkaline solution-to-slag ratio from 0.4 to 0.5 accelerates slag activation and increases the heat of reaction, leading to
shorter initial and final setting times for the fresh concrete. Increasing the slag content itself also accelerates the hydration reactions
and further reduces the setting time, because the extra calcium in the slag greatly accelerates the process and promotes the rapid
formation of C-S—H and C-A-S-H phases. In addition, using potassium hydroxide as the alkaline activator, compared with NaOH
at the same molarity, markedly reduces the initial and final setting times of the fresh concrete, likely due to the chemical properties
of the potassium ion.

Finally, the UPV method, used in conjunction with a Freshcon mold, is recommended as an appropriate test for assessing the
setting times of slag-based geopolymer concrete. Although the rapid setting of geopolymer mixtures in volumetric applications may
lead to the formation of cold joints and impose significant time constraints on molding processes, this property—~by accelerating
the rate of initial hardening—offers considerable advantages for the production of precast elements and the application of
geopolymer shotcrete, particularly in tunnel rock support systems. Consequently, the high performance of geopolymer shotcrete
justifies further in-depth evaluation in future research. Such studies should focus on critical aspects, including long-term durability
and fire resistance. These investigations, which may involve advanced laboratory techniques such as thermomechanical analysis
and numerical modeling using finite element methods, not only support global initiatives aimed at reducing greenhouse gas
emissions in the construction industry but also contribute to advancing specialized knowledge in the field of geopolymer materials
and their innovative applications in civil engineering.

Furthermore, the establishment of an independent standard specifically tailored to the setting behavior of geopolymers, coupled
with comprehensive field validation of the UPV methodology under realistic curing and confining conditions, is crucial for the
advancement of future research in this domain.
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