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Abstract Under the directives of the RILEM Tech-
nical Committee 294-MPA, this publication reports
on the findings of an interlaboratory study that tested
fiber-reinforced GGBFS-based alkali-activated con-
crete (FRAAC), with participants from Belgium,
India and Slovenia. The research also elaborates pre-
diction models for the tensile splitting strength of
GGBFS-based FRAAC. This research endeavoured
between 2020 and 2024 to find a globally repro-
ducible FRAAC mix that could attain the required
mechanical strength and workability criteria. The pri-
mary goal of the interlaboratory study was to generate
FRAAC without the use of superplasticizers in order
to maintain an S4 class consistency slump and achieve
the desired 28-days cube compressive strength of 40
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MPa. Steel and PVA fibers were determined to be
incorporated to the GGBFS-based AAC mix at 0.3
and 0.1% volume fractions, respectively, through
iterative interlaboratory investigations. Experimental
program was conducted to examine the compressive
and tensile splitting strength of these FRAAC com-
binations at different curing ages, ranging from 1 to
720 days. The findings indicate that while there were
a few interlaboratory variations in the mechanical
properties, the FRAAC produced was uniform across
all participants. The desired compressive strength
of 40 MPa was attained by GGBFS-based FRAAC
with both steel and PVA fibers at 28 days. Although
FRAAC containing steel fibers exhibited the higher
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early compressive strength, FRAAC prepared with
steel and FRAAC prepared with PVA both demon-
strated a 720-days compressive strength of about 61
MPa. The FRAAC mixes with steel fiber additions
exhibited a tensile splitting strength that was approxi-
mately 30% higher than the mix with PVA fibers.
Nonetheless, at all ages, the tensile splitting strength
of both FRAAC mixes was clearly higher than 2
MPa. These results support reliable and consistent
experimental findings, which allude towards FRAAC
as a sustainable substitute for conventional Portland
cement concrete.

Keywords Fiber reinforced alkali-activated
concrete (FRAAC) - Ground granulated blast furnace
slag (GGBFS) - Mechanical properties - Prediction
models

1 Introduction

Current estimates indicate the annual production of
Portland cement (PC) as 4.1 billion metric tonnes [1],
contributing to 12-15% of industrial energy consump-
tion and around 8% of global CO, emissions [2]. The
World Green Building Council [3] outlines a goal to
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achieve at least 40% less embodied carbon in all new
construction, infrastructure, and renovations by 2030.
It is therefore necessary to explore PC alternatives to
improve the sustainability of concrete. The mechani-
cal [4-6] and microstructural [7, 8] characteristics of
alkali-activated concrete (AAC), along with environ-
mental benefits, suggest that it could be an alternative
to Portland cement concrete (PCC). However, further
investigation is required on the long-term mechani-
cal performance of AAC [9]. Life cycle assessments
(LCAs) show that AAC can mitigate greenhouse gas
emissions by around 70%, water demand by 25%,
energy consumption by about 40%, and other envi-
ronmental toxicity indicators by 22-94% depending
on the mixture proportions [10, 11]. Industrial waste
or by-products like ground granulated blast furnace
slag (GGFBS) is frequently used as precursor for
AAC production, making it both environmentally and
economically viable [12]. The long-term mechani-
cal strength of GGBFS-based AAC degrades due to
microcracks that form as a result of drying and autog-
enous shrinkage [13, 14]. The brittle and inelastic
nature of the AAC matrix and the interfacial transi-
tion zone (ITZ) between this matrix and the aggregate
reduces the tensile strength of AAC and increases
its tendency to cracking [11, 15]. Hence, different
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types of fiber reinforcements have been widely used
in AACs to enhance their tensile and flexural charac-
teristics [14—16] and improve mechanical and crack-
bridging capabilities [15, 17-23]. Hence, to promote
its practical applications globally, extensive research
needs to be conducted on the long-term mechanical
properties of fiber-reinforced AAC (FRAAC).

Under ambient conditions, AAC produced with
GGBFS as the sole binder yielded a compressive
strength of 79.87 MPa, a tensile splitting strength of
5.52 MPa, and a flexural strength of 5.93 MPa [24].
The development and connectivity of microcracks as
a result of unreacted binder residues cause the flexural
strength of GGBFS-based AACs to decrease by about
13% over a period of 90 to 540 days [13]. Further-
more, alkali-activated binders (AABs) are susceptible
to crack development due to the significantly lower
amount of chemically bonded and interstitial water
[17, 25]. This phenomenon is more pronounced in
GGBFS-based AABs [26, 27]. To address the above
issues fiber reinforcements are widely acknowledged
as an effective method [28].

Addition of fibers such as steel, polypropylene,
polyvinyl alcohol (PVA), basalt and glass enhances
the ductility in AACs [29, 30]. The addition of poly-
propylene or PVA fibers, however, has the significant
disadvantage of increasing the viscosity of the freshly
mixed concrete [29-34]. In alkali-activated mor-
tars, PVA fibers (>0.5%) demonstrated the greatest
decrease in flow compared to basalt and steel fibers
due to their ability to adsorb water [35, 36]. Super-
plasticizers have frequently been added to the con-
crete mixes to solve this issue [37]. The impact of
superplasticizers, which were initially intended for
PCC, on the chemistry of AACs necessitates more
research and is beyond the purview of this work.
Hence, the current study focuses on formulating
workable FRAAC without the use of superplasticiz-
ers because of the related costs and uncertainty.

The mechanical properties of FRAAC are influ-
enced by various properties including the fiber mate-
rial and geometry. The intrinsic fiber properties,
fiber-matrix interface bonding, and fiber content
also show significant influence on FRAAC properties
[38]. Steel fibers are widely employed as reinforce-
ments in concrete structures because of their high
ductility, strength, and availability [39]. Regardless
of the fiber geometry, the incorporation of steel fib-
ers into GGBFS-based AAC resulted in a significant

increase in compressive, splitting tensile, and flexural
strength values [40—42]. This is mostly explained by
the tendency of steel fibers to prevent the expansion
of fractures, reduce stresses within fractures, and
delay the crack propagation by redistributing them
[42]. According to previous research [43], it was
found that FRAAC reinforced with up to 0.6% PVA
fibers exhibited enhancements in the 28-days flexural
and tensile splitting strength by up to 11% and 18%,
respectively. However, the corresponding workability
was reduced by up to 36% on addition of these fibers.

A recent study correlated the modulus of elasticity,
compressive, splitting tensile, flexural and residual
flexural strength of steel fiber reinforced AAC with
the compressive strength of plain AAC, the fiber vol-
ume fraction and the fiber reinforcing index [44]. In
another study on GGBFS-based FRAAC with steel
fiber reinforcement, the volume of fibers and the
28-day cylinder compressive strength were presented
as the two parameters in a multivariable linear regres-
sion model for predicting the strength under splitting
tension [45]. Limited reports are available on pro-
posed equations for compression, splitting tension
and elastic modulus of FRAACs using fibers other
than steel [46, 47]. One such study employing basalt,
steel, and polypropylene fibers in fly ash-GGBFS
blended AACs proposed models to predict the com-
pressive and tensile splitting strengths based on the
compressive strength of plain mix, fiber volume, and
fiber type [48]. Nonetheless, further investigation is
necessary to develop prediction models for mechani-
cal strength of various FRAACs at varying ages.

This paper presents the results of an interlabo-
ratory study involving participants from Belgium,
India, and Slovenia, testing GGBFS-based FRAAC.
The research findings indicate limited reports on
the long-term strength of plain AAC, and no reports
are published till date on the long-term strength of
FRAACs. No systematic reports or standard codes
of practice are presently available on fiber-reinforced
AACs. Additionally, the reduction in workability of
the concrete mixture due to the addition of fibers is
either compromised or overcome by the addition of
superplasticizers. However, the influence of this addi-
tion on the chemistry of AACs is yet unknown. As
previous studies exhibited promising outcomes with
the incorporation of steel and PVA fibers on the
mechanical properties of AAC, the present study
evaluates the long-term strength of FRAACs with
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different proportions of steel and PVA fibers, without
the addition of superplasticizers to produce a work-
able mixture with maximum strength benefits. The
specific objectives are, (i) to produce ambient-cured
FRAACS, (ii) to evaluate the mechanical strength
of the FRAAC mixes by conducting compressive
and tensile splitting strength tests ranging from 1 to
720 days, (iii) to develop statistical models for pre-
dicting the tensile splitting strength of FRAACs for
different testing ages.

2 Materials and methods

The experimental procedure was designed as an Inter-
laboratory Study and performed by three participants.
Each participant produced and tested their own speci-
mens using aggregate with a maximum grain size of
up to 20 mm, GGBEFS as a precursor and the aqueous
solution of sodium hydroxide and sodium silicate as
an activator.

2.1 Properties of constituents

Aggregates were composed of locally sourced aggre-
gate fractions available to the respective participants.
The principal aggregate characteristics, namely type
of aggregate, oven-dried particle density, saturated
surface-dried density and water absorption after 24 h
are summarized in Table 1. Aggregates grading is
shown in Fig. 1 as cumulative particle size distribu-
tion. The aggregates were conditioned in a laboratory
and were in an ambient-dry state before use.

The GGBFS from two sources was used, namely
from ASTRAA Chemicals (India) and EcoCem
Benelux B.V. (Ireland). Physical properties, such as
average particle diameter, surface area, fineness and

density, as well as chemical composition are summa-
rized in Tables 2 and 3, respectively.

The aqueous solution of sodium hydroxide and
sodium silicate was prepared before mixing the
FRAAC. First, a day before mixing, the NaOH pel-
lets were dissolved in water and since the dissociation
to Na* and OH™ ions is an exothermic reaction the
solution was left to cool to the ambient temperature.
Next, about half an hour before mixing, the aqueous
solution of sodium silicate was added to the dissolved
NaOH. The brand and properties of the sodium sili-
cate solution are shown in Table 4. Since the content
of SiO, and Na,O in sodium silicate differs depend-
ing on the brand, the amount of NaOH pellets was
calculated by fixing the ratio between SiO,, Na* and
GGBEFS and by fixing the volume ratio between paste
and aggregate.

Two types of fibres were used in the study, namely
steel and synthetic, polyvinyl alcohol (PVA) fibres.
The selection of fibres and their dosage was based
on the target 28-day cube compressive strength of
40 MPa and S4 slump class requirements as per BS
8500-1:2015 [51]. Fiber properties are summarized
in Table 5. Steel fibers are exposed to the possibil-
ity of corrosion in low alkaline systems. PVA fibers
are non-corrosive. Hence, this study employs both
type of fibers to identify their respective effects on
mechanical properties of FRAAC.

2.2 Mixture proportions and specimens preparation

The objective of the RILEM TC 294-MPA ILSILS6
expert group was to obtain GGBFS-based FRAAC
mixtures with the following characteristics: (a) to
avoid the use of superplasticizers (SP) as there are
no conclusive reports on the chemistry of reactions
between the fibers and the SP; (b) to achieve a slump

Table 1 Type of aggregate and their properties, where WA, stands for water absorption within 24 h. All properties were measured

according to EN 1097-6 [49]

Participant Fine aggregates properties Coarse aggregates properties
Type Density (kg =~ WA,, (Wt%) Type Specific gravity WA, (Wt%)
L™
River sand 2.65 0.5 Crushed granite 2.72 0.1
2 Limestone/dolomite 2.71 0.9 Limestone/dolomite 2.74 0.6
river sand river gravel
3 River sand 2.65 0.5 Crushed porphyry 2.72 0.1

niem



Materials and Structures (2025) 58:230 Page 5of 17 230
100
90
80
g% / »
% 60 part|C|palnt
é" 20 /:/ ==
g 40 ——3
39
20 /‘/
10 /
0 f—’m’*ﬁf/

0.01 0.1 1 10 100
Seive size (mm)

Fig. 1 Particle size distribution of aggregate

Table 2 Physical properties of GGBFS, where ds stands for average particle diameter corresponding to the cumulative frequency of
50 wt%

Participant GGBEFS source dsg (Mm) Blaine fineness [m*kg] Density [kg/m?]
ASTRAA chemicals (India) 13.93 390 2850
2,3 EcoCem Benelux B.V. (Ireland) 11 450 2910

Table 3 Chemical

. Participant GGBFS chemical compositions (wt. % as oxide)* LOI (%)
composition of GGBFS
CaO  Si0, ALO, MgO SO, Fe,0, TiO, K,0 Na0
38.31 3564 17.15 17.73 0.18 0.55 0.00 0.05 0.14 0.25
*Labs 2 and 3 used 2 2 41.86 3455 10.77 9.11 1.22  0.50 0.63 035 0.64 -
different batches of GGBFS 3 3951 3661 1230 7.39 068 063 000 048 036 148

from Ecocem

Table 4 Brand and

. . Properties of sodium silicate 1 2 3
properties of sodium
silicate (Na,Si03) solution Brand PQ Corporation Woellner Geosil PQ Corporation
34417 [50]
Density (kg L") 1.530 1.552 1.535
Si0O, content (wt%) 29.4 27.5 29.7
Na,O content (wt%) 14.7 16.9 14.8
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Table 5 Properties of steel and PVA fibers

Participant 1 2,3 3
Fiber type Steel (hooked-end) PVA Steel (hooked-end) PVA
Brand Vaishnav composites Bekaert Dramix ® Kuralon
REC15/8
Density (kg L) 7.85 1.29 8.03 1.3
Length (mm) 30 12 35 8
Diameter (um) 500 22 550 40
Aspect ratio 60 545 65 -
Elongation (%) 0.5-3.5 4.0-9.0 0.8 6.5
Initial modulus of elasticity (GPa) 210 252 200 -
Tensile strength (MPa) 1276 1600 1345 1600

Table 6 FRAAC mix design is based on ILS1 GGBFS-based
AAC (M2) [53] mix design with addition of steel or PVA fib-
ers

Precursor (GGBFS) [kg/m3] 450
Na,O wt% of GGBFS 4.3
Si0, wt% of GGBFS 4.3
H,0 wt% of GGBFS 46
Dry sand (0/4) [kg/m?] 645
Dry aggregates (4/20) [kg/m?] 967
Fibers steel/PVA [% vol of FRAAC] 0.3/0.1

of around 180-200 mm corresponding to the S4
slump class requirements of BS 8500-1:2015 [51]; (¢)
to achieve a 28-day cube compressive strength of 40
MPa; and (d) to focus on the flexural and tensile char-
acteristics. Based on four rounds of initial trials con-
ducted by Participant 1 and subsequent validation by
Participant 3, the proportions of fibers in the FRAAC
mixtures were decided as 0.3% steel and 0.1% PVA to
achieve the objectives of this RILEM TC 294-MPA
ILS6 expert group.

The composition of FRAAC is summarized in
Table 6.

Mixing of the components was performed in the
laboratory horizontal pan mixers with a capacity of
50 L, thus several batches were needed to prepare
all the specimens. It was ensured that the specimens
corresponding to each type of test (compression or
splitting tensile) for each fiber type (steel or PVA)
were cast in the same batch. The number of available
moulds was also a limiting factor which necessitated
spreading out the specimen preparation over several
days. The mixing procedure was as follows:

The alkaline activator is prepared 24 h before
the concrete mixing procedure to ensure the sodium
hydroxide pellets dissolve completely. This process
entails the combination of solid NaOH with half
of the necessary water for the mixture, which is
then allowed to settle to ambient temperature over
the course of several hours. Within this timeframe,
the NaOH solution typically attains ambient tem-
perature. In order to optimize efficacy, it is recom-
mended that a two-part activator be prepared at the
beginning of the day (Part I) and sodium silicate be
added after the solution has sufficiently cooled by
the end of the day (Part II).

e Part I: The procedure begins with the dissolu-
tion of a specific quantity of NaOH pellets in
water ("to add") for the mix. If a commercial
NaOH solution is available, it is recommended
that you proceed to Part II. Pellets are introduced
into an empty plastic laboratory container, which
is then followed by water. The container is sealed
securely to prevent mass loss. After vigorous
stirring, the solution is let to cool. The tempera-
ture typically stabilizes at approximately 60 °C.
The solution is typically available for use the fol-
lowing day if it is prepared the day before. The
empty container is weighed to ensure precision,
and it is subsequently re-weighed with a solution
of NaOH and water. A subsequent measurement
is taken the following day to corroborate the pre-
cise total mass of water and NaOH. Any loss of
mass is prevented by immediate wrapping fol-
lowing the addition of water.
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e Part II: The following day, specified quantity of
sodium silicate solution is weighed and added to
the same container that is already filled with the
previously prepared solution of dissolved and
cooled NaOH and water. It is then thoroughly
mixed and allowed to cool. At a temperature of
2042 °C, the cooling duration for both Part I and
Part II in a single container typically falls within
the range of 60 to 90 min. The actual cooling time,
however, is contingent upon the laboratory condi-
tions, regional climate, and seasonal factors. It is
imperative to document the temperature and rela-
tive humidity (RH) during the mixing procedure.

o The sieved aggregates are firstly introduced to the
mixer. Crushed coarse aggregates such as granite,
porphyry or basalt, and fine aggregates (sand),
together with the precursor (GGBFS) were mixed
for approximately 1 min;

e Fibers were added in three portions, each being
1/3 of the total fibre quantity. Each portion was
mixed at least for 30 s to achieve a uniform dis-
tribution and fibre coating before the next portion
was added.

e Activator (aqueous solution of NaOH and sodium
silicate) was then added and mixed for 30 s;

e The remaining water was added, and mixing con-
tinued for 3 to 5 min until a homogenous, work-
able mix was obtained.

Immediately after mixing was completed, the
slump test was performed to check the consistency
of FRAAC as a measure of workability. The speci-
mens for mechanical testing were prepared by cast-
ing the FRAAC mix into the plastic standard moulds
and compacting the material on the vibration table
for approximately 30 s. The moulds were covered
with plastic and stored at laboratory conditions until
demoulding. It was found that, approximately 24 h
after casting, the specimens were often too soft for
de-moulding; therefore, de-moulding took place after
2 days. This is possibly due to the presence of the fib-
ers hindering the reaction between the water in the
activator and the precursor. However, for specimens
subjected to testing at an early age of 1 day, demould-
ing was done after 24 h of casting. After de-mould-
ing, the specimens were tightly enclosed with cling
film and stored at laboratory conditions until testing.
An overview of specimens manufactured by three
participants is given in Tables 7 and 8.

2.3 Test methods

The slump test was performed according to EN
12350-2 [54] standard. The measurement was
rounded to the nearest 10 mm. At least two test rep-
etitions were made.

The mechanical performance of the FRAAC
was determined through compressive, flexural and

Table 7 Summary of

Test Participant ID 1 2 3
steel and PVA GGBFS-
based FRAAC specimen Steel PVA  Steel Steel PVA
dimensions
Compression Cu-Cube Cu-150 mm Cu-150 mm  Cu-100 mm
Tensile splitting ~ Cy-Cylinder Cy-@ 150mm, h 300 -
mm

Table 8 Summary of the number of GGBFS-based FRAAC specimens casted and tested at the various ages by each participant,
where N stands for the number of specimens, Cu/Cy indicates the specimen type, followed by the age of testing

Participant 1 2 3
Test Steel PVA Steel Steel PVA
Compression No.=24;Cu: 1, N=24;Cu:1,3, N=12;Cu:3,7,28,90d N=21;Cu: 1,7, 28, N=21;Cu: 1,7,
3,7,28,90, 7,28, 90, 180, 90, 180, 360, 570 d 28, 90, 180, 360,
180, 360, 720d 360, 720d 570d
Tensile splitting ~ N=24;Cy: 1,3, N=24;Cy: 1,3, N=12;Cu:3,7,28,90d - -
7,28, 90, 180, 7,28, 90, 180,
360, 720 d 360, 720 d

niem
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splitting strength tests. The density of the speci-
mens was measured just before the mechanical test
was conducted. Specimens were tested at the same
facility as they were fabricated. A set of at least
three specimens was tested for various ages rang-
ing from 1 to 720 days after casting. To check for
the inter-batch variations, a 28-day compression
test was performed on a set of specimens from each
batch by participant 2.

The density of the specimens was determined
according to standard EN 12390-1 [55] and EN
12390-7 [56]. Specimens were checked for any
shape irregularities and their mass was measured.
The volume was calculated using the specified
dimensions for cubic specimens, while for cylinders
and prisms, it was determined based on their meas-
ured dimensions.

The compressive strength test, performed
in compliance with the standard EN 12390-3
[57], using cubic specimens with dimen-
sions of 100 mmx100 mmx100 mm or
150 mmx 150 mmx150 mm at the ages of 1,
3, 7, 28, 90, 180, 360, and 720 days. A reduc-
tion factor of 0.95 for compressive strength was
applied to cube specimens with dimensions of
100 mmx100 mmx100 mm to convert it to

equivalent cube strengths [58]. The specimens were
loaded at the rate of 0.6 +0.2 MPa/s.

The tensile splitting test was conducted as per
standard EN 12390-6 [59] on either cubic with
dimensions 150 mm X 150 mm X 150 mm or cylindri-
cal specimens with dimensions of 150 mm X300 mm
at the ages of 1, 3, 7, 28, 90, 180, 360, and 720 days.
The load was applied at a rate between 0.04 to 0.06
MPa/s. The ILS6 tests were conducted from February
2022 to July 2024.

3 Results and discussions
3.1 Slump test

The slump test on the GGBFS-based FRAAC mixes
was performed by two participants and results are
shown in Figs. 2 and 3.

Both 0.3SF and 0.1PVA mixes met the S4 class
requirements of BS 8500-1:2015 [51]. However,
with respect to the plain AAC mixture, the work-
ability of 0.3SF was reduced by 16% and that of
0.1PVA was reduced by up to 32%. The slump for
0.3SF mix was 210 mm, while 0.1PVA mix had
slump of 180 mm and 170 mm, indicating 19%

Fig. 2 Slump test results of 280
the GGBFS-based FRAAC
mixes tested for ILS6
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Fig. 3 Slump test performed by participants 1, 2, and 3
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Fig. 4 Density of hardened GGBFS-based FRAAC with steel and PVA fibers

lower workability for 0.1PVA. Despite the higher
steel fiber content in 0.3SF, it had greater work-
ability than that of 0.1PVA, due to water-absorb-
ing nature of PVA fibers, which hinders the flow
of FRAAC. Thus, the addition of PVA fibers was
limited to 0.1% for the ILS6 tests to meet S4 slump

criteria. It is hypothesised that, the good workability
of the mixtures, even at higher dosages of steel fib-
ers, can be due to their tendency of lesser agglom-
eration, subject to further validation as future scope
of this study.
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3.2 Densities of hardened GGBFS-based specimens

The densities of the different GGBFS-based
FRAAC specimens are shown in Fig. 4, meas-
ured over 1 to 720 days for three replicates. Par-
ticipant 1 reported densities of plain AAC, 0.3SF
and 0.1PVA mixes from 2310 to 2380 kg/m® at
all ages, with less than 3% variation. Participant 2
reported 0.3SF densities between 2390 and 2420
kg/m? over 3 to 90 days, showing up to 1% varia-
tion. The marginal variations in density over differ-
ent ages of testing indicate consistent mixing and
controlled storage conditions. However, participant
3 observed greater density variations from 2310
to 2450 kg/m® for both 0.3SF and 0.1PVA, with
5% and 6% differences due to difficulty placing of
specimens in the moulds during casting, in particu-
lar for 0.1PVA mixes. Overall, despite some vari-
ations, all specimens had densities between 2300
and 2450 kg/m?, influenced by raw material prop-
erties, casting methods, temperature conditions.

3.3 Mechanical properties of hardened
GGBFS-based specimens

3.3.1 Compressive strength

The compressive strength results of the GGBFS-
based FRAAC tested by three participants as part
of ILS6, are shown in Fig. 5. These results were
recorded over 1 to 720 days for three replicate speci-
mens. All participants achieved the target strength of
40 MPa at 28 days for both 0.3SF and 0.1PVA mixes.
The compressive strength increased steadily up to 90
days, even after accounting for the different specimen
size adopted by Participant 2.

Participant 1 reported 1-day compressive strength
of 8 MPa for 0.3SF and 13 MPa for 0.1PVA, while
participant 3 observed lower values about 5 MPa and
6 MPa respectively, for 0.3SF and 0.1PVA speci-
mens. The low early compressive strength was due
to incomplete development of the FRAAC matrix
and the weak fiber—matrix bond creating a weak ITZ
around the fiber leading to crack initiation. By 3 days,
compressive strength exceeded 40 MPa for 0.3SF

80
Target strength
70 40MPa at 28 days
I mld

S 60 | L 3-d
\2./ I m7-d
<=
<, 50 I I m28-d
5 £ 90-d
% 40 +-=1R-RHR-- 11 8- ———I- | e ----=8-Bl-- -
.QZ) m 180-d
2 30 m360-d
—
g* m720-d
o 20
o

10 i

.l 10N
Plain 0.3SF 0.1PVA 0.3SF 0.3SF 0.1PVA
1 2 3
Participant

Fig. 5 Compressive strength of hardened GGBFS-based FRAAC with steel and PVA fibers
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mixes, reaching 41 MPa for participant 1 and 44 MPa
for participant 2. It is further noticed that the 7-days
and 28-days compressive strength of all FRAAC
specimens exceeds 40 MPa.

At 28 days, 0.3SF specimens showed compres-
sive strength of around 60 MPa for both participants
1 and 2. The corresponding strength of 0.1PVA was
53 MPa as reported by participant 1. The strength of
0.3SF was about 11% higher than the corresponding
plain AAC, while the strength of 0.1PVA was about
2% lower. This difference in strength is attributed to
the better fiber—matrix bond development as demon-
strated in a previous study [52], enhanced compac-
tion and greater rigidity offered by the steel fibers in
FRAAC. However, participant 3 reported a 28-days
compressive strength of about 48 MPa for both the
0.3SF and 0.1PVA specimens.

There is no significant variation in the compres-
sive strength results observed after 28 days for 0.3SF
specimens tested by participant 1. However, a signifi-
cant increase in strength of up to 29% was observed
between the 28-days and 360-days results by partici-
pant 3. Meanwhile, a corresponding strength increase
of up to 9% is reported by participant 2 for the 0.3SF
specimens, up to 90 days. The 0.1PVA specimens,
on the other hand, demonstrated up to 14% increase

in strength until 720 days, and a 13% increase in
strength up to 360 days, as reported by participants 1
and 3, respectively. By 720 days, both mixes reached
approximately 61 MPa (participant 1), showing that
steel fibers developed strong early bonding, but both
mixes ultimately achieved similar long-term strength
due to development of refined microstructure. Addi-
tionally, the compressive strength values of the
FRAAC mixes match closely with the plain AAC,
showing no overall influence of fibers on the com-
pressive strength of AAC.

3.3.2 Tensile splitting strength

The tensile splitting strength results of FRAAC
specimens tested by participants 1 and 2 are
shown in Fig. 6. At 1 day, both 0.3SF and 0.1PVA
had tensile splitting strength about 0.5 MPa (par-
ticipant 1), which is about 66% less than the cor-
responding strength of plain AAC. This indicates
increased number of weak zones in FRAAC speci-
mens at early age, resulting in a weak matrix. This
observation can also be attributed to the distribu-
tion of fibers and their orientation in the speci-
mens. For 0.3SF, tensile splitting strength at 3,
7 and 28 days were about 3 MPa, 3.5 MPa and 4

6
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Fig. 6 Tensile splitting strength of hardened GGBFS-based FRAAC with steel and PVA fibers as part of ILS6
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MPa, respectively, with consistent results between
participants up to 28 days. However, at 90 days,
participant 1 reported no significant change, while
participant 2 observed a 21% increase in tensile
splitting strength. This inconsistency in the results
between the two participants could be mainly
attributed to the variations in the development of
the FRAAC matrix and the fiber-matrix bonding,
due to different raw material properties and differ-
ent environmental conditions. The possible source
of this inconsistency can also be the fiber distribu-
tion in the samples and the matrix shrinkage.

The 28-day tensile splitting strength of 0.1PVA
was observed to be about 2.6 MPa, which is
approximately 16% lower than that of plain AAC
according to the results by participant 1. However,
the tensile splitting strength of 0.3SF is 20% higher
than the corresponding plain mix. The significant
difference in the tensile splitting strength results of
the two FRAAC mixes is attributed to the greater
tensile splitting strength, enhanced fiber—matrix
bond. This aligns with previous studies [29, 30,
60] showing that the addition of fibers can only
improve the tensile splitting strength when high
dosage of short, stiff fibers is used. These fibers
become activated by microcracks before the mate-
rial reaches the failure stress. Participant 1 also
observed an 11% reduction in tensile splitting
strength for both mixes by 720-days, likely due to
the increased formation of the calcium alumino-
silicate hydrate (C—A-S—H) matrix as well as the
occurrence of microcracks, which are mostly seen
in GGBFS-based AAC as the reaction process pro-
gresses [13].

3.4 Prediction modelling
3.4.1 Prediction model for tensile splitting strength

Stepwise linear regression models were used to pre-
dict the tensile splitting strength from compressive
strength of the FRAAC using experimental data. As
there is only one dosage for each fiber, the tensile
splitting strength is expressed only as function of the
corresponding variation in compressive strength in
this study. Hence, the equations proposed are valid
only for the specific matrix and fiber types used in
this study. As a follow up to this study, the models
can be refined further with more extensive data from
different labs or different raw materials when they
become available.

34.1.1 0.3% Steel fibres (0.3SF)
model for 0.3SF is as follows:

The proposed

)0.714

fop = 0.195(f! ()

The 0.3SF mix model accurately predicts tensile
splitting strength across various curing durations. The
correlation between predicted and actual values is
shown in Table 9 and Fig. 7.

The predicted values demonstrate good accuracy.
This indicates the model effectively captures the
relationship between compressive and tensile split-
ting strengths. The high coefficient of determination
(R?=0.94) indicates strong fit. An R? value close to
1 shows that 94% of the variability in tensile split-
ting strength can be explained by the model. The low
mean absolute error (MAE) and Root mean square
error (RMSE) values further validate the model’s
reliability. A small MAE (0.22) and RMSE (0.25)

Table 9 Experimental
versus predicted tensile
splitting strength for 0.3SF

Days Compressive
strength, MPa

Experimental tensile splitting strength,
MPa (with standard deviation)

Predicted splitting
tensile strength, MPa

7.89
3 40.52

50.01
28 60.19
90 60.77
180 61.18
360 61.35
720 61.29

0.51 (0.04) 0.85
2.93 (0.06) 2.74
3.5(0.14) 3.19
3.71 (0.28) 3.64
3.7(0.32) 3.66
3.51 (0.08) 3.68
3.4(0.12) 3.69
3.32(0.13) 3.68

niem
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Fig. 7 Variation of tensile splitting strength with compressive strength values for GGBFS-based FRAAC with steel and PVA fibers

indicate that the model’s predictions closely align
with actual split tensile strength values.

3.4.1.2 0.1% PVA fibers (0.1PVA) The model pro-
posed for 0.1PVA mix is:

) 0.634

fyp = 0.186(f/ 2

The predictive model reveals a strong correlation
between compressive and tensile splitting strengths
for the 0.1PVA mix. These results are presented in
Table 10 and Fig. 7.

The model demonstrates good predictive accu-
racy, as evidenced by an R? value of 0.93. The close

alignment between predicted and actual tensile split-
ting strengths further underscores the model’s effec-
tiveness. A small MAE (0.16) and RMSE (0.17) indi-
cate that the model’s predictions closely align with
actual tensile splitting strength values.

3.4.2 Performance of prediction model for tensile
splitting strength

The results show that the proposed models are capa-
ble of accurately predicting the tensile splitting
strength based on compressive strength for 0.3SF
and 0.1PVA mixtures. These prediction models
have satisfactory statistical performance, with R>

Table 10 Experimental vs

Experimental tensile splitting strength,
MPa (with standard deviation)

Predicted splitting
tensile strength, MPa

. . L Days Compressive
predicted tensile splitting strength, MPa
strength for 0.1PVA

7.89
3 40.52

50.01
28 60.19
90 60.77
180 61.18
360 61.35
720 61.29

0.51 (0.03) 0.69
2.24 (0.05) 1.94
2.37 (0.15) 2.22
2.58 (0.08) 2.50
2.46 (0.06) 251
2.42 (0.10) 2.52
228 (0.11) 2.53
2.39 (0.13) 2.53
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values surpassing 0.90, showing a significant con-
nection between predicted and experimental val-
ues. This shows that the models explain a signifi-
cant percentage of the variability in tensile splitting
strength. Nonlinear regression is used to reflect the
intricacy of the relation between compressive and
tensile strength. The addition of steel or PVA fib-
ers in the FRAAC matrix alters stress distribution
during loading, contributing to the observed nonlin-
ear behavior. The nonlinear exponents most likely
result from the interplay of fiber pull-out, bridging,
and matrix deformation. Initially, at lower levels of
compressive strength, the impact of fibers on tensile
strength may be minimal. However, as compressive
strength increases, the reinforcing effect becomes
more evident, emphasizing the importance of opti-
mizing fiber content in practical applications.

There is a positive correlation between tensile
splitting strength and curing duration (age) in both
models (0.3SF and 0.1PVA). Compressive and ten-
sile splitting strengths show improvement with age,
indicating continued hydration and strength growth.
Interestingly, both types of fibres show significant
increases in tensile splitting strength throughout the
first three days of curing when compared to their
starting values. The fiber types also exhibit varying
rates of growth in tensile splitting strength.

The 0.3SF model exhibits slightly better initial
strength and a faster strength enhancement than
the 0.1PVA model, implying that steel fibers play
a substantial role in early-age strength. On day 28,
systems with both fiber types attain their maximum
tensile splitting strength, with steel fibers outper-
forming PVA fibers. This suggests that steel fibers
are more successful at improving long-term tensile
splitting strength. The models remain accurate for
the specific mixture proportions used in this study
at all the test ages; however, their practical utility
can be enhanced through the generation and incor-
poration of relevant experimental data using var-
ied mixture proportions and fiber types in different
locations. The predicted strength growth rate stead-
ily declines over time, which corresponds to typical
cementitious material behaviour as hydration slows.

While the models are highly accurate for the
tested formulations, their applicability to other
types of binder composites requires additional val-
idation. Future studies should seek to broaden the

dataset to include a more diverse range of mix pro-
portions and additives.

4 Conclusions

This paper presents the results of an interlaboratory
study involving participants from Belgium, India,
and Slovenia, testing fiber-reinforced GGBFS-based
FRAAC. While fiber addition (>0.3% for steel
and > 0.1% for PVA) reduces workability, this is often
mitigated by using superplasticizers, though their
impact on FRAAC chemistry remains unclear. As
a result, the fiber dosages adopted in this study are
restricted to 0.3% for steel and 0.1% for PVA fibers.
The purpose of adding PVA fibers was not to enhance
the mechanical strength but to enhance the cracking
resistance. Additionally, the PVA fibers can be used
in combination with steel fibers and compensate for
the disadvantages of steel fibers in a low alkaline
environment. This paper evaluates the mechanical
properties of FRAACs with steel and PVA fibers,
without superplasticizers, to maximise strength while
maintaining workability. The main research output
can be summarized as follows:

e The slump test results showed that both 0.3SF and
0.1PVA mixes met the S4 class requirements. The
0.3SF had a higher slump of 210 mm compared to
the 0.1PVA mix of 180 mm, reflecting 19% lower
workability for the 0.1PVA mix.

o The GGBFS-based FRAAC mixes achieved the
target compressive strength of 40 MPa at 28 days
for both 0.3SF and 0.1PVA mixes, with continued
compressive strength growth over time. While
0.3SF mix showed higher early compressive
strength due to better fiber—matrix bonding and
steel fiber rigidity, both mixes ultimately reached
similar long-term average strengths of around
61 MPa by 720 days (though limited to one par-
ticipant’s results). The lower early compressive
strength in 0.1PVA mixes was compensated by
improved performance over time, attributed to
reduced shrinkage and enhanced compaction from
PVA fibers.

e The tensile splitting strength of GGBFS-based
FRAAC mixes showed that 0.3SF mix had higher
tensile strength than 0.1PVA mix, with a 30% dif-
ference at 28 days. Steel fibers enhanced the ten-
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sile splitting strength due to better fiber—matrix
bonding. The results were consistent up to 28
days, though some variation occurred at 90 days
between participants, likely due to differences in
material properties and long-term curing condi-
tions. By 720 days, a slight reduction in tensile
splitting strength was observed, probably due to
the formation of microcracks and the C—A-S-H
matrix in GGBFS-based FRAAC.

e The proposed models accurately predict splitting
tensile strength based on compressive strength for
0.3SF and 0.1PVA mixes, with R2 values above
0.80, indicating strong correlation with experi-
mental data. Nonlinear regression captures the
complex relationship between compressive and
tensile splitting strengths, influenced by fiber pull-
out, bridging, and matrix deformation.
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