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Abstract  This report presents a meticulous syn-
thesis of collaborative interlaboratory research con-
ducted within the purview of the RILEM Technical 
Committee 294-MPA, with two expert groups named 
RRT1 and RRT2, and encompassing ten participants 
from Belgium, China, Finland, India, Italy, Japan, the 
Netherlands, and the United Kingdom. The RRT1 
expert group mainly focused on the ground granu-
lated blast furnace slag-based alkali-activated con-
crete (GGBFS-based AAC) mix design and mechani-
cal properties. In turn, the RRT2 expert group 
focused on the fresh properties of GGBFS-based 
AAC. The investigation, conducted between 2020 and 
2024, aimed to establish globally reproducible mix 
design and mixing protocols for GGBFS-based AAC. 
Developed by the RRT1 and RRT2 expert groups, 
these protocols have emerged through iterative exper-
iments followed by a comprehensive interlaboratory 

study. The outcomes highlight the reliable produc-
tion of GGBFS-based AAC across participants, with 
minor deviations in fresh and mechanical properties 
that are largely consistent with those observed in 
Portland cement concrete (PCC). The primary objec-
tive of the developed GGBFS-based AAC mix design 
was to achieve a defined consistence class S4, while 
targeting a compressive strength threshold of approxi-
mately 50 MPa at 28 days. This objective was effec-
tively realized, with the average compressive strength 
values reaching 56  MPa at 28  days and 64  MPa at 
720 days. While the average splitting tensile strength 
stabilized at 3.2 MPa over the 720 day period. These 
findings underscore the growing importance of AAC 
within the construction sector, particularly due to its 
reproducible and reliable experimental results, as the 
industry increasingly shifts toward more sustainable 
alternatives to traditional cement-based materials.
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1  Introduction

Alkali-activated concrete (AAC) represents a signifi-
cant advancement in construction material research, 
potentially offering an alternative to Portland cement 
concrete (PCC) [1, 2]. This manuscript presents a 
comprehensive synthesis derived from a collaborative 
interlaboratory research conducted by ten participants 
from eight countries. The objective of this interlabo-
ratory research was to analyse the characteristics of 
ground granulated blast furnace slag (GGBFS)-based 
AAC and its potential as a viable construction mate-
rial. This collaborative endeavour strategically inte-
grated the expertise of participants to scrutinize the 
intricate mechanical and fresh properties of GGBFS-
based AAC.
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The mechanical efficacy of AAC largely pivots 
on intricate mix proportions, encompassing criti-
cal elements such as the type of alkali activator 
[3], alkali content [4], water-to-solid (w/s) ratio 
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[5], composition and type of precursors [6], curing 
duration [7], temperature [8], etc.

The mix design and control of the setting time 
are vital for GGBFS-based AAC, which can rapidly 
lose workability (often setting in less than 30 min), 
limiting its use in ready-mix and pumped concretes 
[9, 10]. The uncontrolled rapid setting is attributed 
to heat from the solid dissolution or the high cal-
cium content [7]. Adjusting the AAC mix propor-
tions, such as optimizing the calcium content or 
adding water, delays setting but can compromise the 
mechanical properties of AAC. Common admix-
tures for PCC may not be compatible with AAC 
[11], suggesting a need to explore methods for sepa-
rately adding admixtures and alkali activators [12].

The multifaceted development of the mechani-
cal properties of AAC is notably influenced by the 
precursor selection, activator combinations, mixing 
procedures and curing conditions. The intricacies 
in understanding the mechanical traits of GGBFS-
based AAC demand extensive comparisons with 
PCC. Variations in activator types, proportions, 
and curing methods distinctly impact the hardened 
properties, making it challenging to derive general-
ized trends due to inherent variability among differ-
ent AAC compositions [11, 13–15].

The curing conditions significantly dictate the 
strength development of AAC. While heat curing 
initially boosts strength of GGBFS-based AAC, it 
may later decrease due to microstructural inconsist-
encies, resulting in a less dense structure [16, 17]. 
The conflicting effects of humidity and lime water 
curing manifest differential impacts on reaction and 
strength development, emphasizing the importance 
of moisture retention and effective reaction mecha-
nisms in fostering superior strength development 
[18, 19].

The strength of AAC is significantly dependent on 
the effective density, space-filling capacity, and bind-
ing capabilities of the main phases, C-A-S-H gel, and 
Mg–Al layered double hydroxides. Despite frequently 
attaining similar 28-day strengths and stress–strain 
relations in compression as PCC [15, 20], differences 
in long-term performance arise from differential 
reaction kinetics, curing temperatures, and alkalinity 
levels. The reactivity of raw materials significantly 
influences the mechanical behaviour of AAC, neces-
sitating tailored mix designs to optimize the strength 
outcomes. AAC formulated with GGBFS exhibits 

rapid early-age strength owing to the swift dissolution 
of GGBFS particles, fostering a compact transition 
zone within the structure. Sodium silicate solutions 
lead to superior early strength development in AAC 
[19, 21]. The Na2Oeq/binder (N/B) ratio is a cru-
cial determinant, highlighting the potential of AAC 
to achieve strengths up to 60  MPa [22]. Meticulous 
regulation of parameters such as the water-to-binder 
(w/b) ratio is imperative to attain the desired com-
pressive strengths in AAC, underscoring the intricate 
control required in its formulation.

Unlike compressive strength analysis, tensile 
strength assessments in AAC involve various tests, 
such as direct tensile, splitting tensile, and flexural 
tensile evaluations [23–26]. However, inconsistencies 
in the findings arise from factors such as precursor 
type, activator dosage, and curing methods, leading 
to conflicting conclusions [27, 28]. Although some 
studies suggest that GGBFS-based AAC shares simi-
larities with PCC in terms of tensile strength, others 
highlight potential of GGBFS-based AAC for a bet-
ter performance under certain conditions [29, 30] or 
indicate that GGBFS-based AAC is subjected to fail-
ure under tension [31]. Research focusing on predict-
ing the splitting tensile strength in AAC, especially 
involving nanomaterials, shows promise in enhanc-
ing the mechanical properties [32, 33]. However, the 
inadequacy of the current design codes in fully cap-
turing the splitting tensile strength of AAC, particu-
larly in compositions using GGBFS, remains evident. 
Rossi et  al. [34] underscored the complexity within 
alkali-activated systems, revealing the limitations 
of relying solely on binder types to characterize the 
mechanical behaviour of AAC. The diverse findings 
across studies emphasize the need for more com-
prehensive investigations considering various mix 
designs to accurately assess the tensile response of 
AAC.

Assessments of the elastic modulus in AAC indi-
cate that its variability is influenced by several fac-
tors, including precursor material variations, types of 
activators, mix designs, and long-term performance 
under exposure conditions. Research has shown that 
AAC generally has a slightly lower elastic modulus 
compared to the strength classes of PCC when differ-
ent alkali activators are used [35, 36]. Additionally, 
AAC containing GGBFS exhibits minimal variation 
in the elastic modulus relative to its compressive 
strength. However, the experimental results do not 
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align closely with the ACI Building Code 318 [37], 
possibly due to the presence of initial microcracks in 
the matrix after setting, which may reduce the elastic 
modulus of AAC [38]. This complexity in the AAC 
mix parameters and activator variations emphasizes 
the need for more refined models to accurately predict 
the elastic modulus of AAC.

In many cases, despite sporadic successful applica-
tion of AAC in Australia, China, Europe, and India, 
achieving reliable performance is typically rare and 
requires extensive trial-and-error interlaboratory 
experimentation [39]. This reality imposes constraints 
on advancing the structural exploration of AAC in 
practical applications, thereby hindering widespread 
industrial applications [22]. Nonetheless, AAC is 
making inroads into the construction industry.

As mentioned above, there is often significant 
variation in the results reported in the scientific lit-
erature regarding AAC [39, 40]. Both industry and 
academia would benefit from an interlaboratory 
study, as they could increase confidence in the find-
ings. This interlaboratory study aimed to develop 
globally reproducible mix designs and mixing proto-
cols for GGBFS-based AAC with testing conducted 
across ten participants in eight different countries. 
Two TC 294-MPA expert groups, named RRT1 and 
RRT2, contributed to the evaluation of the fresh and 
mechanical properties of GGBFS-based AAC in 
this interlaboratory study. The RRT1 expert group 
focused on the mix design and mechanical properties 
(density, compressive and splitting tensile strengths, 
and elastic modulus), whereas the RRT2 expert group 
concentrated on fresh properties (slump, flow, and 

rheology). The variations in results both within and 
between laboratories were compared and analyzed.

2 � Materials and methods

2.1 � Materials

2.1.1 � Raw materials

To ensure the repeatability and reproducibility of 
slump, flowability, and mechanical tests on AAC, and 
to enable valid comparisons across participants, most 
were required to use the same raw material. GGBFS 
from the same batch supplied by EcoCem Ireland was 
delivered to participants in Belgium, the Netherlands, 
Italy, Finland, and the UK. Due to high delivery costs, 
participants in China, India, and Japan used locally 
sourced GGBFS, allowing for internal comparisons 
of AAC properties based on different slag sources. 
Therefore, four sources of GGFBS were used in this 
study. Seven out of ten participants performed char-
acterization of GGBFS provided samples, and their 
chemical composition along with other properties 
are summarized in Tables 1 and 2. The morphology 
from the SEM analysis performed by participant 7 is 
shown in Fig. 1. The GGFBS is comprised of angular 
particles without any specific shape, with a median 
size of 10–14 µm (see Table 2).

Table 1   Chemical composition of GGBFS used in RRT1 and 
RRT2, as determined by X-ray fluorescence (XRF; shown in 
plain text) or inductively coupled plasma—optical emission 

spectroscopy (ICP-OES) after total digestion (shown in ital-
ics); LOI is the loss of ignition, measured in air at either 950 or 
1000 or 1050 °C

Participants 8, 9 and 10 did not perform chemical characterization of GGBFS

Participant GGBFS chemical compositions (wt. % as oxide) LOI [%]

CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 K2O Na2O

1 39.51 36.61 12.30 7.39 0.68 0.63 0.00 0.48 0.36 1.48
2 41.86 34.55 10.77 9.11 1.22 0.50 0.63 0.35 0.64 –
3 41.92 34.32 9.28 7.71 0.91 0.64 0.71 0.39 0.26 −0.80
4 34.81 37.63 17.92 7.80 0.20 0.66 – – – 0.26
5 41.00 34.46 14.40 8.46 2.43 0.22 0.74 0.36 0.54 0.62
6 37.90 43.60 10.70 5.30 1.30 0.20 0.50 0.20 0.00 –
7 54.00 37.50 3.30 1.02 1.95 0.35 0.66 0.39 0.01 0.37
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2.1.2 � Activator

The compositions of the alkali activators (a combina-
tion of sodium silicate and sodium hydroxide) used 
by each participant are listed in Table 3. The activa-
tor solution was obtained by combining NaOH pellets 
(chemically pure) or NaOH solution, deionized water, 
and sodium silicate solution. The brands or suppliers 
of the chemicals were not specified, allowing partici-
pants to source them based on their local availabil-
ity (see Table  3) with a target silicate modulus (Ms 
modulus, SiO2/Na2Oeq) of 1.03. However, the final 
compositions of the activators prepared by all par-
ticipants remained consistent (as described in § 2.2). 
The detailed activator solution preparation protocol is 
described in § 2.3.

Table 2   Physical 
properties of GGBFS used 
in RRT1 and RRT2

Participant GGBFS source d50 (µm) BET surface 
area [cm2/g]

Blaine fine-
ness [m2/
kg]

Relative 
density [kg/
m3]

1, 8, 9, 10 EcoCem Benelux B.V. (Ireland) – – 395 2910
2 10.21 – – –
3 10.47 – – 3010
7 13.58 2054 – –
4 ASTRAA chemicals (India) 13.93 – 390 2850
5 Shaoguan steel factory (Guang-

dong Province, China)
12.84 5948 – 2947

6 NSBFSCem (Japan) – – 406 2910

Fig. 1   Morphology of the raw GGBFS powder (SEM image at 
10 000 × magnification), obtained by participant 7

Table 3   Composition, type, and source of activator solution

Participant Sodium silicate (Na2SiO3) solution [%] NaOH

Source H2O SiO2 Na2O Source Type

1 PQ Corporation 55.5 29.7 14.8 – (> 99%) pellets
2 55.0 30.0 15.0 Brenntag N.V
3 55.0 30.0 15.0 Brenntag N.V
4 55.9 29.4 14.7 –
5 Jingcheng Chemical Technology CO 59.6 28.2 12.2 –
6 Nippon Chemical Industria SS-J1 45.2 37.2 17.6 FUJIFILM Wako Chemicals
7 Ingessil S.r.l (Italy) 55.7 29.8 14.4 Sigma-Aldrich
8 Silmaco 18.0 54.5 27.5 –
9 PQ Corporation 55.0 30.0 15.0 Brenntag N.V
10 Fisher Scientific 61.7 25.5 12.8 William Clements (Chemicals) Ltd solution (30%)
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2.1.3 � Aggregates

Participants 1, 2, 8, and 9 used coarse and fine aggre-
gates from the same suppliers, while the other partici-
pants used locally available aggregates. The aggre-
gate properties which comply with EN 12620 [41] 
and ASTM C33/C33M-18 [42] are summarized in 
Table 4.

2.2 � RRT1 mix design

The objective of the RILEM TC 294-MPA RRT1 
expert group was to obtain GGBFS-based AAC with 
a target consistence class S4 [43] and a target com-
pressive strength class ~ C40/50 [43] at the age of 
28  days. The RRT1 trial-and-error interlaboratory 
investigation comprised of three phases and was per-
formed by participants 1, 2 and 4.

In Phase I, based on previous research conducted 
by RILEM TC 247-DTA and the latest published 
findings, the initial mix design of the S3a mix [6] was 
proposed as the starting point for the exploration of 
GGBFS-based AAC mix design in the current trial-
and-error investigation. Materials available locally at 
each participant’s location were used for AAC pro-
duction. The initial mix design included 375  kg/m3 
of GGBFS, with a w/s ratio of 0.382, Ms modulus of 
0.65 and a target density of 2375 kg/m3. The obtained 
results revealed a relatively high compressive strength 
in the range of 60 to 70  MPa at 28  days with the 
curing procedure described in §2.3. However, the 
degree of workability of the mixes did not meet the 

requirements, since only the consistence class S1 was 
obtained.

In Phase II, various combinations were explored, 
with precursor amounts ranging from 420 to 475 kg/
m3, to achieve a desired high workability of the 
AAC mix. Two mixes, namely S0.45–1 (compris-
ing GGBFS from EcoCem and alluvial gravel) and 
S0.45–2 (comprising GGBFS from CRH and crushed 
porphyry from Holcim, Belgium), were evaluated. 
Both mixes, with a GGBFS amount of 450 kg/m3, Ms 
modulus of 0.45, w/s ratio of 0.397, and design den-
sity of 2360 kg/m3, were considered satisfactory. Mix 
S0.45–1 exhibited a target consistence class S4 with 
a slightly lower compressive strength (49.6  MPa), 
whereas mix S0.45–2 demonstrated a slightly higher 
compressive strength (51.1  MPa) with a medium 
workability (consistence class S3). For the interlabo-
ratory study, European participants utilized the same 
batch of GGBFS (EcoCem, Ireland) and aggregates 
as shown in Table 4, while participants from China, 
India, and Japan used their own available materials.

In Phase III, mix S.045–2 was replicated using 
freshly delivered GGBFS (EcoCem, Ireland) and por-
phyry aggregates by participants 1 and 2. Although 
the consistence classes ranged from S3 to S5, the 
compressive strength reached only 37  MPa. To 
address the issue of low compressive strength, the 
activator and water content were increased in the mix 
design, because the activator dose served as a param-
eter to manipulate the concrete strength. Finally, AAC 
mix M2 from participant 2, consisting of 450 kg/m3 
of GGBFS, Ms modulus of 1.03, and w/b ratio of 

Table 4   Type and source of fine and coarse aggregates

Participant Fine aggregates Coarse aggregates

Type Size [mm] Supplier Type (crushed) Size [mm] Supplier

1, 2, 8, 9 river sand 0–4 Coeck (Belgium) porphyry 4–20 Holcim (Belgium)
3 local sand Rudus (Finland) granite Rudus (Finland)
4 local sand S.S.B. Enterprises Pvt 

Ltd, Hyderabad, TS, 
India

granite S.S.B. Enter-
prises Pvt Ltd, 
Hyderabad, TS, 
India

5 local sand 0–4.75 - granite 4.75–20 –
6 crushed sandstone 0–5 Yayoisekizai (Japan) sandstone 5–20 Yayoisekizai (Japan)
7 river sand 0–4 Concave (Italy) granite 4–20 Concave (Italy)
10 – basalt James Boyd & Sons 

(Northern Ireland)
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0.46 was verified by participants 1 and 4, and it was 
selected for the interlaboratory study as the RILEM 
TC 294-MPA RRT1 GGBFS-based AAC (M2) mix 
(mentioned further in the text as ‘RRT1 GGBFS-
based AAC (M2)’). The RRT1 M2 AAC mix com-
position requirements are presented in Table  5. The 
mix compositions were slightly modified by each par-
ticipant based on the properties of locally available 
materials. It is important to highlight that the fine and 
coarse aggregates used in preparing GGBFS-based 
AAC mixes were oven-dried at 105℃ to constant 
weight for 24 h prior mixing.

The selected RRT1 GGBFS-based AAC (M2) mix 
exhibited a high 28-day-old compressive strength 
ranging from 54 to 66  MPa and consistence class 
S4. By this, the RRT1 trial-and-error interlaboratory 
investigation was concluded in September 2021. The 
AAC mixing guidelines were developed during the 
trial-and-error interlaboratory investigation to ensure 
that all participants strictly adhered to the steps for 
AAC mixing and curing until the test day, facilitat-
ing standardized reporting of their results. The RRT1 
GGBFS-based AAC (M2) mix volume was recom-
mended to be followed as 1.0 m3 by participant 6.

Two additional mixes were involved in the RRT2 
tests considering the practical scenario wherein AAC 
exhibited a reduced workability upon delivery to the 
site prior to casting. These mixes involved the addi-
tion of 5 L and 10 L of extra water per cubic meter of 
AAC to improve their fresh properties. Specifically, 
the RRT1 mix and the mixes with additional 5 L and 
10  L of water tested in RRT2 were labelled as M2, 
M2(+ 5), and M2(+ 10), respectively.

The RRT1 tests were conducted from September 
2021 to March 2024. The RRT2 tests were conducted 
from October 2021 to July 2023.

2.3 � GGBFS‑based AAC mixing and curing 
guidelines

The mixing and curing guidelines underwent a trial-
and-error process of interlaboratory investigation 
aimed at ensuring uniform and high-quality mixing 
and curing practices across all participants. These 
guidelines consist of seven sequential steps, as 
follows:

Step 1. The preparation of the alkali activator initi-
ates 24 h prior to the concrete mixing process to facil-
itate the complete dissolution of sodium hydroxide 
pellets. This procedure involves blending solid NaOH 
with half of the water required for the mix, allow-
ing it to cool to ambient temperature over several 
hours. The NaOH solution typically achieves ambi-
ent temperature within this timeframe. To optimize 
efficiency, it is advisable to commence preparing a 
two-part activator at the outset of the day (Part I) and 
subsequently adding sodium silicate once the solution 
has adequately cooled by the end of the day (Part II).

•	 Part I: The process commences by dissolving a 
specified quantity of NaOH pellets in water (“to 
add”) for the mix (if a commercial NaOH solu-
tion is available, proceed to Part II). In an avail-
able empty plastic bucket or laboratory container, 
pellets are added first, followed by water. The con-
tainer is promptly sealed tightly to prevent mass 
loss. Thorough agitation is applied, and the solu-
tion is allowed to cool. Typically, the temperature 
stabilizes around 60 °C. If prepared the day before, 
the solution is typically ready for use the follow-
ing day. To ensure precision, the empty container 
is weighed, and then re-weighed with NaOH and 
water solution, followed by another measurement 
the next day to confirm the accurate total mass of 
water and NaOH. Immediate sealing after water 
addition ensures no mass is lost.

•	 Part II: The subsequent day, the prescribed 
amount of sodium silicate solution is weighed and 
added to the same container containing the pre-
prepared solution of dissolved and cooled NaOH 
and water. The mixture is then thoroughly com-
bined. A slight temperature increase may occur, 
and the mixture is allowed to cool to the desired 
mixing temperature. Typically, the cooling dura-
tion for both Part I and Part II in one container 
ranges between 60 and 90 min at the temperature 

Table 5   Selected RRT1 GGBFS-based AAC (M2) mix design 
composition requirements

Precursor (GGBFS) [kg/m3] 450

Na2O wt. % of GGBFS 4.3
SiO2 wt.% of GGBFS 4.3
Water wt. % of GGBFS 46
Dry sand (0/4) [kg/m3] 626 ≤ x ≤ 714
Dry aggregates (4/20) [kg/m3] 956 ≤ y ≤ 1072
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of 20 ± 2 °C. However, the actual cooling time is 
subject to variations based on the laboratory con-
ditions, regional climate, and seasonal factors. It 
is essential to record relative humidity (RH) and 
temperature during the mixing process.

Step 2. The AAC mixing process involves com-
bining coarse crushed aggregates (such as porphyry, 
granite, or basalt), fine aggregates (sand), and precur-
sor materials (GGBFS) in a mixer for approximately 
1 min. Concurrently, while the mixer is operational, 
the activator solution with the rest of the water is 
gradually introduced into the mixer. The overall 
mixing duration spans from 3 to 5 min until a work-
able and homogeneous mass is achieved. Maintain-
ing aggregates under dry conditions is imperative for 
maintaining reliability in workability and mechanical 
properties. Empirical observations have demonstrated 
that the disparity between wet and dry aggregates 
can yield in a discrepancy in the slump values of up 
to 10 cm. Moreover, sieving aggregates to eliminate 
fines or dust is essential.

Step 3. Once the mix is prepared, a slump test is 
immediately conducted.

Step 4. Following the slump test, the prepared 
AAC batch is promptly transferred into moulds. To 
ensure proper compaction, a vibrating or jolting table 
is employed. The mould is half-filled and vibrated for 
approximately 10 s, or alternatively, subjected to jolt-
ing with one hit per second. The mould is then filled 
completely and vibrated or jolted for another approxi-
mately 10  s. Notably, a significant setting occurs 

during the casting process, emphasizing the impor-
tance of casting of the entire batch within 30  min 
without a further delay.

Step 5. The freshly produced AAC specimens, 
once placed in moulds, must be covered on top with a 
plastic film and wrapped entirely in plastic film from 
all sides while still in the moulds. These wrapped 
specimens are stored at a temperature of 20 ± 2  °C 
and a RH of 55% until the subsequent day. To main-
tain the RH steady over time, a humidity-controlled 
chamber can be used, if available.

Step 6. After 24 h, the specimens are demoulded, 
weighed and immediately tightly sealed in plastic 
bags to prevent air exposure. It must be noted that 
if hardening problems are observed after 24  h, it is 
advisable to demould specimens after 48 h. If a vac-
uum sealer machine is accessible, it presents an opti-
mal solution for airtight sealing. The sealed samples 
should be then stored at the temperature 20 ± 2  °C 
until the testing day. Alternatively, applying Vaseline 
on the AAC specimens’ surface and subsequently 
sealing them airtight with plastic film is an alternative 
approach, as depicted in Fig. 2.

Step 7. On the testing day, the specimens are 
weighted and measured to record their densities and 
any mass loss over the specified period.

2.4 � Testing methodology

All participants were directed to leverage estab-
lished expertise, facilities, and the detailed guide-
lines to produce AAC in accordance with the 

Fig. 2   Sealing of the specimens after demoulding until any test (photo taken by participant 2)
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developed mix design of the RILEM TC 294-MPA 
RRT1. In the absence of testing procedures for 
AAC within the existing EN and ASTM standards, 
the participants independently adapted standard 
test methods to align with their respective facili-
ties. Each participant, equipped with substantial 
expertise in both the production and testing of 
AAC, deployed personnel, including technical staff, 
(post-)doctoral researchers, or seasoned gradu-
ate students—to execute the agreed-upon RRT1 
GGBFS-based AAC mixing and casting procedures. 
Given the limited availability of the testing equip-
ment, the participants conducted tests based on the 
resources available at their respective facilities.

2.4.1 � Slump, flow and rheology tests

The concrete slump test was performed according to 
EN 12350-2 [44] or ASTM C 143 [45]. RRT2 tests 
were performed periodically, extending up to 2  h 
after the first measurement, to assess the workabil-
ity retention of AAC. Specifically, slump tests were 
performed immediately after the GGBFS-based 
AAC mix was produced (approximately 5 min after 
wetting the precursor), and then repeated at inter-
vals of 30, 60, and 120 min.

The concrete flow test was performed accord-
ing to EN 12350-5 [46] or ASTM C1621 [47]. 
The AAC mix underwent a 60  s remixing process 
using a mixer after conducting slump and flow table 
tests at 30-, 60-, and 120-min intervals. Each mix 
composition underwent three test replications, and 
the resultant average values were recorded for the 
slump and flow diameter assessments. It is crucial 
to acknowledge that the participants used different 
types and sizes of mixers, which could have influ-
enced the measured results. Additionally, variations 

in laboratory conditions, such as temperature and 
RH may have affected the fresh properties of the 
GGBFS-based AAC mix. The details of the test 
conditions are listed in Table 6.

The rheological behaviour was evaluated using 
an ICAR Plus rheometer to characterize the static 
yield stress, the dynamic yield stress, and plas-
tic viscosity of GGBFS-based AAC [48]. A 
detailed description of the procedure is provided in 
Appendix 1.

2.4.2 � Density

The density of AAC can be determined according to 
EN 12390-7 [49] or ASTM C138/C138M [50] stand-
ards. Three replicate cube or cylinder specimens were 
tested to determine the average density for each age. 
Upon demoulding, the cast specimens were immedi-
ately covered with a plastic wrap until testing to miti-
gate excessive moisture loss.

2.4.3 � Compressive strength

The compressive strength tests were 
conducted on cubes with dimen-
sions of 100  mm × 100  mm × 100  mm or 
150  mm × 150  mm × 150  mm and cylin-
ders with dimensions of 100  mm × 200  mm or 
150  mm × 300  mm at ages of 1, 3, 7, 28, 90, 180, 
360, and 720  days in accordance with EN 12390-3 
[51] or ASTM C39/C39M-21 [52]. In cases, where 
cylindrical specimens were used under either pro-
tocol, the results were multiplied by a factor of 1.25 
to convert to equivalent cube strengths, allowing an 
equivalency in strength classes in EN 206 [6, 43]. 
A reduction factor of 0.95 for compressive strength 

Table 6   Testing conditions 
reported by different 
participants in RRT2

Participant Mixer Testing 
temperature 
(°C)

2 Drum mixer by gravity 20 ± 1.0
3 Planetary mixer 22.9
4 Industry grade drum rotary mixer 31 ± 2.0
9 Gustav Eirich SKG1 planetary mixer 16 ± 1.0
10 Croker Cumflow RP50XD rotating pan mixer 20 ± 1.5
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was applied to cube specimens with dimensions of 
100  mm × 100  mm × 100  mm [53]. Three replicate 
cube or cylindrical specimens were tested to deter-
mine the average compressive strength values for 
each age. Upon demoulding, the specimens were 
immediately covered with plastic wrap until testing to 
prevent excessive moisture loss.

2.4.4 � Splitting tensile strength

The standardized splitting tensile strength 
tests were performed on 100  mm × 200  mm or 
150 mm × 300 mm cylinders at the ages of 1, 3, 7, 28, 
90, 180, 360, and 720  days in accordance with EN 
12390-6 [23] or ASTM C496/C496-M-17 [24]. Three 
replicate cylindrical specimens were tested to deter-
mine the average splitting tensile strength values for 
each age. Upon demoulding, the cast specimens were 
immediately covered with plastic wrap until testing to 
mitigate excessive moisture loss.

3 � Results and discussion

The RRT1 expert group’s work included experimen-
tal results from eight participants (1 to 8), primarily 
focused on the mechanical properties of hardened 

GGBFS-based AAC, such as density, compres-
sive strength, splitting tensile strength, and elastic 
modulus. The RRT2 expert group’s work, based on 
obtained data from five participants (2, 3, 4, 9 and 
10), focused mainly on fresh properties of GGBFS-
based AAC, including slump, flow, and rheology. 
Participants 2 and 4 performed slump tests twice, as 
they took part in both RRT1 and RRT2 experimen-
tal campaigns. All ten participants perform a slump 
test of RRT1 GGBFS-based AAC (M2) mix within 
5  min after casting GGBFS-based AAC. Due to 
limited availability of testing equipment, rheology 
and elastic modulus experiments were conducted on 
a smaller scale, and the obtained experimental data 
is summarized in Appendices 1 and 2 of this report.

3.1 � Slump

3.1.1 � RRT1

The slump test results obtained by participants 1 to 
8 for RRT1 to verify a target consistence class S4 of 
GGBFS-based AAC are shown in Figs. 3 and 4.

Participants 1, 2, 3, 4, 5, and 8 successfully 
attained the target consistence  class S4, whereas 
participants 6 and 7 did not achieve the required 

Fig. 3   Slump test results
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level and obtained a medium workability. This dis-
parity can be attributed to the timing of the slump 
test, as delayed testing impacted the results. Another 
reason for the lower slump test values observed by 
participant 6 could be the different type of aggre-
gates used (see Table 4).

3.1.2 � RRT2

The results of the slump tests conducted by partici-
pants 2, 3, 4, 9 and 10 in RRT2 are summarized in 
Fig.  5. As shown in Fig.  5a, almost all participants 
successfully achieved the target consistence class S4 
(i.e., slump > 160  mm) within 5  min as outlined in 
RRT1. The most significant increase in the slump loss 
occurred between 5 and 30  min for all participants 
(Fig.  5b), indicating a high level of early reactivity 
in the alkali-activated slag system. Subsequently, the 
slump values declined slightly over time in the subse-
quent tests. Participant 4 reported a higher slump loss 
rate over time compared to other participants, possibly 
due to the use of a drum mixer. Unlike other mechani-
cal mixers, the drum mixer primarily relies on gravity 
and may not effectively break down an early struc-
turation during remixing, leading to increased slump 
loss. It is noteworthy that the consistency of GGBFS-
based AAC reported by participant 9 reached class 

S5 within 5  min, with a comparatively lower slump 
loss than other participants. This might be ascribed 
to the lower testing temperatures as indicated in 
Table 6, which could decelerate the early-stage reac-
tions in AAC. Participants 2 and 9 observed consid-
erable increases in slump values accompanied by a 
lower slump loss over time in M2(+ 5) and M2(+ 10), 
which had a higher water content (Fig.  5c–f). This 
can be attributed to the dilution of the pore solution, 
resulting in reduced alkalinity and decreased contri-
bution to the early reaction. However, participant 4 
noted that these effects were less significant due to an 
elevated testing temperature of approximately 31  °C 
compared to other participants’ testing tempera-
tures. Participant 3 observed that waiting for 10 min 
after casting to perform the slump test resulted in a 
decrease of up to 97  mm. However, performing the 
test after only 4 min yielded a significantly different 
value of 225 mm for the same mix design.

3.1.3 � Flowability

The results of the flow table tests are shown in Fig. 6. 
The largest flow diameter at 5  min was reported by 
participant 9, exceeding 600  mm, as indicated in 
Fig. 6a. In general, the flow diameter of the GGBFS-
based AAC followed a similar trend to the slump 

Fig. 4   Slump test performed by participants 1 to 8
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values, deteriorating over time. However, the loss in 
flow diameters (Fig.  6b) was much less pronounced 
compared to slump values, likely due to the structural 
breakdown caused by the shear energy induced by the 
oscillation of the flow table. Participant 3 observed 
smaller flow diameters and higher losses, possibly 
due to a slight increase in temperature. Moreover, 
the flow diameter gradually increased with the addi-
tion of extra water content (Figs.  6c, e), approach-
ing its maximum with 10 L of additional water in 

the GGBFS-based AAC. Furthermore, as shown in 
Fig. 6f, the loss in flow diameter was hardly detected, 
as reported by participant 2, suggesting good work-
ability retention within the first 2 h.

In addition, along with the slump and flow table 
test results presented in this report, rheological 
assessments of the RRT1 GGBFS-based AAC (M2) 
mix in terms of stress growth and flow curve tests 
were also suggested in RRT2. However, the execu-
tion of rheological tests was exclusively undertaken 

Fig. 5   Slump test results obtained by RRT2
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by participant 9, due to limited availability of testing 
equipment. Hence, no interlaboratory comparison of 
the experimental data is possible. The outcome on 
the rheology of the GGBFS-based AAC mixes – M2, 
M2(+ 5) and M2(+ 10) – is provided for readers in the 
Appendix 1.

3.2 � Densities of hardened GGBFS‑based AAC 
specimens

The density results of the RRT1 GGBFS-based 
AAC (M2) are shown in Fig.  7. It is apparent that 
the variation in density from minimum to maxi-
mum among all participants fell within the range 
of 2337–2398  kg/m3 for 1  day-old specimens, 
2333–2385  kg/m3 for 28  day-old specimens, and 
2327–2380  kg/m3 for 720  day-old specimens. 

Fig. 6   Flow table test results in RRT2
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Fig. 7   Densities of hardened RRT1 GGBFS-based AAC (M2)

Fig. 8   Mean densities of hardened RRT1 GGBFS-based AAC (M2) specimens at 1-day
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This corresponds to a density reduction of 0.1% at 
28 days and 0.2% at 720 days. Figure 8 presents the 
initial average densities of the specimens produced 
for RRT1 by each participant, with three speci-
mens tested per age group category (e.g., 1d, 3d, 
…, 720d). All RRT1 specimens were measured for 
the 1-day density among the participants. Overall, 
Fig. 8 highlights the variation in density across all 
specimens from the RRT1 testing campaign.

A noticeable variance in the standard devia-
tions of density was observed across all specimens’ 
groups at different ages. This variance can largely 
be attributed to delayed casting or improper vibra-
tion, resulting in difficulty in placing still-fluid 
GGBFS-based AAC. As mentioned by Mavrou-
lidou et al. [54], the casting performed by users who 
were assigned to replicate the authors’ tests but did 
not follow a proper mixing during the experiment, 
resulted in AAC mixes with notably poor outcomes. 
To mitigate issues related to delayed manual cast-
ing, the production of large batches (> 50  L per 
batch) was avoided. It is known that this activation 
can lead to setting times as short as 15  min [55], 
resulting in challenges during GGBFS-based AAC 
casting. The specimens were typically demoulded 
after one day without a damage, emphasizing the 

importance of maintaining a GGBFS-based AAC 
mix design volume of 1.0 m3. No consistent pat-
tern was observed in the density changes among 
the specimens with age. However, proper sealing 
and curing can mitigate these potential issues. In 
addition, depending on the strength development of 
each specimen over time and various other factors, 
the density standard deviations either decreased or 
increased for the same group of three specimens per 
age category.

3.3 � Compressive strength

The compressive strength test results are shown in 
Fig. 9. All participants reached the target bottom line 
of 50  MPa for the compressive strength at 28  days. 
Participant 1 consistently exhibited steady increase 
in compressive strengths, ranging from 18.5  MPa 
at 1  day to 55.3  MPa at 28  days and 64.7  MPa at 
720  days. Participant 2 showcased higher initial 
strengths, reaching 31.0 MPa at 1 day, 64.6 at 28 days 
and concluding with 69.9  MPa at 90  days. Partici-
pant 3 reported strengths comparable to participant 
1, with values ranging from 17.4  MPa at 1  day to 
51.3 MPa at 28 days and 48.3 MPa at 720 days. How-
ever, a considerable decrease in compressive strength 

Fig. 9   Compressive strength results for RRT1 GGBFS-based AAC (M2) (note: the values are converted according to §2.4.3)



	 Materials and Structures          (2025) 58:235   235   Page 16 of 24

Vol:. (1234567890)

was identified after 360  days, possibly related to 
some technical issues during the measurement. Par-
ticipant 4 showed competitive performance at later 
ages, spanning from 7.6  MPa at 1  day to 63.2  MPa 
at 180 days and stabilized there until 720 days. Par-
ticipant 5 observed competitive strengths ranging 
from 16.4 MPa at 1 day to 55.7 MPa at 28 days and 
71.9  MPa at 720  days. Participant 6 consistently 
reported higher strengths across all durations, rang-
ing from 20.3 MPa at 1 day to 60.2 MPa at 28 days 
and 72.1 MPa at 720 days. Meanwhile, participant 7 
demonstrated varying strengths, with initial strengths 
of 43.3 MPa at 3 days increased to 52 MPa at 28 days 
and remained steady at 53.6  MPa at 360  days. Par-
ticipant 8 also exhibited variations, with compressive 
strength reaching 21.5  MPa at 1  day, 56.3  MPa at 
28 days, and 50.2 MPa at 360 days. Noting the error 
bars in Fig. 9, the apparent decrease in the compres-
sive strength was not statistically significant. Partici-
pant 7 recorded lower results compared to the other 
participants, most likely encountering challenges with 
the mixing procedure or during curing.

The Na2O and SiO2 contents in the GGBFS were 
consistent across all participants, ensuring a standard-
ized composition of the alkali activator (see Table 5). 

However, variations in alkali activator concentra-
tions, aggregate properties, aggregate moisture condi-
tions, mixing by different operators, and the type of 
mixer were key factors contributing to differences in 
compressive strength among participants. Although 
the participants maintained a consistent w/b of 0.46 
across their mix designs, ensuring similar water avail-
ability for hydration reactions, applying dried aggre-
gates, variations in sodium silicate solution, and 
NaOH dosage affected the rate and extent of alkaline 
activation, and subsequently impacted compressive 
strength, particularly, for participant 8. Differences 
in the coarse aggregate types (porphyry, granite, and 
basalt) also influenced the mechanical properties.

Overall, the variation in results among the eight 
participants was not significantly greater than the 
ones reported for PCC [56] and was notably smaller 
than that observed in the previous AAC studies in the 
RILEM TC 247-DTA [6]. These findings demonstrate 
good repeatability and highlight the reliability of the 
interlaboratory study for the GGBFS-based AAC.

Fig. 10   Splitting tensile strength test results for RRT1 GGBFS-based AAC (M2)
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3.4 � Splitting tensile strength

The splitting tensile strength test results are presented 
in Fig. 10.

Participant 1 showcases a gradual increase in 
splitting tensile strength from 1 to 90  days, with 
values ranging from 2.3 to 4.7  MPa. The splitting 
tensile strength obtained by participant 2 reached 
a similar value of 4.4 MPa at 90 days. Conversely, 
participant 4 demonstrated splitting tensile strengths 
ranging from 1.5 to 2.5  MPa across various dura-
tions. Participant 5 demonstrated splitting tensile 
strengths ranging from 1.1 to 3.0  MPa, with miss-
ing data for certain durations. Participant 6 reported 
consistent splitting tensile strengths ranging from 
1.8 to 3.7 MPa over the same period, showing sta-
bility across different curing periods. Meanwhile, 
participant 7 exhibited splitting tensile strengths 
ranging from 3.3 to 3.7 MPa, with a steady increase 
observed over time.

Variations in splitting tensile strength were evi-
dent across participants, with participants 1, 2, 4, 6, 
and 7 showing consistent performance trends. Par-
ticipant 1 exhibited a similar strength development 
tendency as participant 4, although with higher val-
ues. Participant 1 observed a decrease in splitting 
tensile strength from 90 to 720 days. This could be 
attributed to changes in the curing conditions at the 
temperatures between 10 and 20 °C. The results for 
participant 4 may be related to GGBFS-based AAC 
having a less dense gel matrix with more microc-
racks or variation in curing practices, or the switch 
to newer testing equipment during the ongoing 
interlaboratory study. Participant 2 demonstrated 
the highest 1-day initial splitting tensile strength, 
which is in line with their compressive strength 
results (see Fig. 9). Participant 5 exhibited the low-
est initial strengths, while participant 6 consistently 
reported higher splitting tensile strengths across all 
durations. Participants 6 and 7 exhibited similar 
splitting tensile strength development tendencies. 
Participant 7 displayed a moderate splitting tensile 
strength over all testing periods. Participant 8 did 
not perform splitting tensile strength tests.

The analysis of the splitting tensile strength 
data revealed varying performance trends among 
the participants. While participants 1, 2, 4, 5, 6, 
and 7 exhibited a gradual increase in splitting ten-
sile strength with curing duration until 28  days, a 

coherent evaluation of the decrease or increase 
after 90  days could not be performed due to lim-
ited experimental data from all participants. Varia-
tions in the curing temperatures and environmental 
conditions across different regions where the par-
ticipants were situated could have impacted on the 
hydration kinetics and mechanical properties of the 
GGBFS-based AAC specimens. Nevertheless, the 
bottom line of the splitting tensile strength is 3 MPa 
in RRT1.

3.5 � Non‑linear relationship between the compressive 
and splitting tensile strengths

Based on the provided data, there is a correla-
tion between the compressive and splitting tensile 
strengths of the GGBFS-based AAC specimens 
tested across different participants and curing dura-
tions. The correlation suggests that as the compres-
sive strength increases, the splitting tensile strength 
tends to increase, and vice versa, with similar strength 
development tendencies. This suggests that factors 
influencing the compressive strength, such as the 
GGBFS-based AAC mix design, curing conditions, 
and aggregate properties, also have an impact on the 
splitting tensile strength.

The power model was fitted to the experimental 
data to establish a predictive relationship between 
28-day compressive strength (f’c) and splitting tensile 
strength (fct,sp). Using R software, a non-linear regres-
sion analysis was conducted with the model (Eq.  1) 
defined as:

The regression analysis yielded the optimized 
parameter values a = 0.0241 and b = 1.2056. The pro-
posed model (Eq. 2) is as follows:

(1)fct,sp = a ⋅ (f �
c
)b

(2)fct,sp = 0.0241 ⋅ (f �
c
)1.2056

Table 7   Non-linear regression metrics

Parameter Value

MAE 0.12
RMSE 0.15
R2 0.94
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The results from the non-linear regression analysis 
are presented in Table 7.

The R2 value for this model was calculated as 
0.94, indicating a strong fit between the predicted 
splitting tensile strengths and the observed data. 
This high R2 value suggests that the power model 
effectively captures the underlying trend in the data, 
highlighting its suitability for representing the rela-
tionship between compressive and splitting tensile 
strengths in cementitious materials. The model’s 
performance was further examined by plotting the 
fitted curve against the observed values. Figure  11 
shows the compressive strength versus splitting 
tensile strength data points alongside the model’s 
predicted curve, demonstrating close alignment 
between the observed data and model predictions, 
particularly at mid-to-high compressive strengths.

The power model was chosen for its ability to 
capture non-linear relationships, which are com-
monly observed between compressive and splitting 
tensile strengths in cement composites. The expo-
nent b, estimated at 1.2056, suggests a super-linear 
increase in splitting tensile strength relative to com-
pressive strength.

The high R2 value (0.94) confirms the model’s 
effectiveness in predicting splitting tensile strength 
across a range of compressive strength values. 
This is particularly beneficial in practical applica-
tions where splitting tensile strength measurements 
are needed but challenging to obtain directly. The 

power model thus provides a reliable empirical 
method for estimating splitting tensile strength from 
more accessible compressive strength data.

However, the model’s accuracy diminishes 
slightly at lower compressive strength values, as 
indicated by minor deviations from the observed 
data in this range. This limitation suggests that the 
power model performs best when applied to AAC 
with moderate to high compressive strengths. For 
lower-strength AAC, alternative models or addi-
tional data points may be required to enhance pre-
dictive accuracy.

In conclusion, the power model, implemented 
using R software, offers a robust and practical 
approach for estimating splitting tensile strength from 
compressive strength. Future research could explore 
modifications to this model to improve predictions for 
low-compressive-strength AAC.

4 � Summary and conclusions

This report introduced globally reproducible GGBFS-
based AAC mix design and mixing guidelines based 
on a trial-and-error interlaboratory investigation fol-
lowed by the interlaboratory study among the partici-
pants of the RILEM Technical Committee 294-MPA. 
Ten participants from Belgium, China, Finland, India, 
Italy, Japan, the Netherlands, and the United King-
dom took part in the testing campaign.

Fig. 11   Experimental vs 
predicted relation between 
compressive and splitting 
tensile strengths for RRT1 
GGBFS-based AAC (M2)
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Although alkali-activated materials have been rec-
ognized for nearly a century, there is limited knowl-
edge and experience in their use to produce AAC 
in the construction sector. It is mostly related to the 
absence of standards and a straightforward produc-
tion flowsheet due to the variability in material com-
position, mixing techniques, and casting procedure 
of AAC. The mechanical and fresh properties of 
GGBFS-based AAC are primarily influenced by the 
mix proportions. The complexity of AAC mix design 
arises from the manifold variables that impact the 
alkali-activation process, including alkali content, 
curing parameters (time, relative humidity and tem-
perature), water-to-solid ratio, pH, activator molarity, 
raw material composition and type, activator, and sil-
icate-to-hydroxide ratio. The recent four-year experi-
mental campaign conducted by RRT1 and RRT2 
expert groups generated valuable first-hand data on 
the properties of fresh and hardened AAC. These data 
enhance the understanding of AAC characteristics 
and repeatability of related experiments. The insights 
presented in this report could support efforts towards 
the standardization of AAC.

The main findings can be summarized as follows:

•	 A structured mix design experimental campaign 
and GGBFS-based AAC mixing and curing guide-
lines were developed, enabling participants to 
replicate the mix with good reproducibility across 
different settings and local material availability.

•	 Nearly all participants met the initial target con-
sistence class S4 and achieved the required com-
pressive strength threshold of approximately 
50 MPa at 28 days.

•	 The RRT1 results indicated that across all par-
ticipants, the average compressive strength val-
ues reached 56  MPa at 28  days and 64  MPa at 
720  days. The average splitting tensile strength, 
observed over the 720-day period, stabilized at 
3.2  MPa. Notably, the observed interlaboratory 
deviations were largely aligned with the expecta-
tions for the PCC.

•	 The RRT2 results indicated that all participants 
achieved consistence class S4 within 5  min after 
casting GGBFS-based AAC, followed by a rapid 
slump loss, confirming the well-known reaction rate 
in the alkali-activated slag system. The flow diam-
eter of AAC followed a similar trend to the slump 
test values, although with a less noticeable loss over 

time. The largest flow diameter, measured at 5 min, 
surpassed 600  mm. Some smaller flow diameters 
and higher reductions were observed, potentially 
due to a slight increase in temperature. It was noted 
that both the types of mixing equipment and lab 
temperature can affect the slump loss. Remarkably, 
the addition of extra water to the GGBFS-based 
AAC mix resulted in higher initial slump test val-
ues, reduced slump loss over time, and a progres-
sive increase in flow diameter, reaching its peak 
with 10  L of added water. This suggests an effec-
tive practical approach for adjusting the workability 
of GGBFS-based AAC. However, it is important to 
note that strength and durability may decrease with 
an increase in water amount, so this should be con-
sidered during the adjustment of workability.
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Appendix 1

Rheology assessment on GGBFS‑based AAC​

The rheology assessments on GGBFS-based AAC 
testing were exclusively carried out by participant 9. 
It comprised of stress growth and flow curve steps, 
were performed on three GGBFS-based AAC mixes 
(M2, M2(+ 5), and M2(+ 10)), as outlined in RRT2, 
using an ICAR Plus rheometer featuring a coaxial 
cylinder geometry. Initially, approximately 20  L of 
fresh batch of GGBFS-based AAC were loaded into 
a cylindrical rheometer container with a depth of 
390 mm and an inner diameter of 286 mm. Prior to 
each set of tests, the GGBFS-based AAC within the 
rheometer container underwent a preliminary remix-
ing process using a handheld mixer for 60  s. This 
step was implemented to eliminate any thixotropic 
build-up and ensure uniformity of the reference state 

across different specimens. Subsequently, a rheom-
eter vane, characterized by four blades with dimen-
sions of 130 mm in diameter and 130 mm in height, 
was inserted. Following this, the fresh GGBFS-based 
AAC was allowed to rest for approximately 1 min to 
dissipate any residual energy accumulated from the 
conclusion of the remixing process until the com-
mencement of the rheological test.

The stress growth test was initiated 10  min after 
the precursors were wetted. A constant rotational 
speed of 0.025 revolutions per second (rev/s) was 
applied for 60 s, during which the maximum observed 
torque was converted into a static yield stress using 
the methodology of Koehler and Fowler [57]. Subse-
quently, flow curve tests were conducted on the same 
batch of GGBFS-based AAC following the protocol 
shown in Fig. 12. Initially, the fresh batch underwent 
a 20-s pre-shear at 0.5 rev/s, followed by sequential 
ascending and descending shear steps. The rotational 
speed ranged from 0.05 to 0.5 rev/s with increments 
of 0.05 rev/s, with each step lasting 5 s to determine 
the average torque value. Bingham linear fitting was 
applied to the descending segments of the torque-
rotational speed relationship to derive the flow curves. 
The dynamic rheological parameters of the GGBFS-
based AAC were determined using the Reiner-Riwlin 
equations [58]. For each GGBFS-based AAC mix 
composition, the rheological parameters were deter-
mined as the average of tests conducted on three rep-
licate specimens.

The rheological characteristics of GGBFS-based 
AAC, as assessed by participant 9, are presented in 
Fig.  13. Notably, the highest static yield stress was 
detected in the reference mix RRT1 GGBFS-based 
AAC (M2), as shown in Fig. 13a. It was found that the 
static yield stress of GGBFS-based AAC decreased 
by 12% and 27% with addition of 5 and 10 L of 
extra water, respectively. These findings suggest that 
increasing the water content has a mitigating effect on 
the early structuration, necessitating less shear energy 
to initiate the flow of GGBFS-based AAC from a 
static state. Moreover, the ramp-down flow curves, as 
presented in Fig. 13b, along with the dynamic yield 
stress and plastic viscosity derived from the Bingham 
linear fitting, are shown in Figs. 13 c and d, respec-
tively. In line with the results obtained from the stress 
growth tests, a gradual decline in dynamic rheological 
parameters was observed with increasing water con-
tent. This underscores the dispersing effect of water Fig. 12   Shear protocol used for the flow curve tests
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in the GGBFS-based AAC, resulting in reduced shear 
energy requirements to sustain steady dynamic flow. 
In comparison to the reference mix RRT1 GGBFS-
based AAC (M2), the plastic viscosity of GGBFS-
based AAC M2(+ 5) and M2(+ 10) decreased by 10% 
and 58%, respectively, with an increase in water con-
tent. In general, the rheological performance exhib-
ited a significant enhancement with the addition of 
extra water, suggesting an effective practical approach 
to adjust the workability of GGBFS-based AAC.

Appendix 2

Elastic modulus of GGBFS‑based AAC​

The standardized elastic modulus tests were per-
formed on 100 mm × 200 mm or 150 mm × 300 mm 
cylinders at the ages of 1, 3, 7, 28, 90, 180, 360, and 

720  days in accordance with EN 12390-13 [59] or 
ASTM C469 / C469M [60]. Three replicate cylindri-
cal specimens were tested to determine the average 
elastic modulus values for each age. Upon demould-
ing, the cast specimens were immediately covered 
with plastic wrap until testing to mitigate excessive 
moisture loss.

Elastic modulus testing was exclusively carried out 
by participants 6 and 7, and the findings are shown 
in Fig.  14. The results indicated a time-dependent 
increase in elastic modulus for GGBFS-based AAC 
(M2) across all curing ages, with most stiffness devel-
opment occurring within the first 28 days (see Fig. 9). 
A substantial increase was observed by 3 days, with 
both participants reaching the elastic modulus of 
approximately 27 GPa. By 7 days, the elastic modulus 
approached values close to the 28 days, highlighting a 
rapid early-age hardening of the GGBFS-based AAC 
mix. Comparatively, participant 6 generally exhibited 

Fig. 13   Results of rheological tests
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slightly higher elastic modulus values at early ages (3 
to 28 days) than participant 7. However, both partici-
pants showed closely aligned values beyond 90 days, 
signifying reliability in the long-term mechanical 
properties.

The error bars, which reflect measurement vari-
ability, were more pronounced at early ages, par-
ticularly at 1 day, and gradually narrowed over time. 
This trend suggests that early-age measurements may 
be more sensitive to minor environmental or proce-
dural variations, while the later stages reflect stable, 
reproducible properties as the GGBFS-based AAC 
fully cures. Participant 7 demonstrated slightly lower 
values compared to participant 6, correlating with the 
lower compressive strength values. However, the dif-
ference is not significant compared to the error bars 
of the data.
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