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Abstract

To reduce carbon emissions in the construction industry, this study attempted to manufacture alkali-activated slag
fiber composites (ASFC) without using cement. Synthetic fibers were incorporated into the alkali-activated slag (AAS)
binder, and the mechanical properties of ASFC were evaluated through tests on fresh mixture, compressive strength,
and direct tensile behavior. The fresh ASFC showed excellent workability with sufficient slump flow, and its 28-day
compressive strength averaged 33.7 MPa. In tensile behavior, ASFC exhibited a strain-hardening response with mul-
tiple microcracks, similar to cement-based SHCC, with an ultimate tensile strain of approximately 3-5%. Compared
with SHCC, ASFC showed slightly lower first cracking stress and tensile strength, but higher ductility. To assess struc-
tural performance, reinforced ASFC wall specimens were tested under in-plane lateral loads and compared with con-
ventional RC and SHCC walls. Reinforcing bars were arranged according to both standard design and minimum
reinforcement ratios. ASFC walls showed up to 81.9% and 80.6% higher load capacities than RC walls under stand-
ard and minimum reinforcement, respectively. Although RC walls failed due to localized cracks, ASFC walls formed
widely distributed microcracks controlled by fiber bridging, improving ductility and delaying failure. These results
demonstrate that ASFC, without cement, exhibits compressive strength comparable to concrete and superior tensile
ductility. Its application in structural walls can enhance resistance to bending and shear cracks while improving overall
load-bearing capacity, making it a promising sustainable material.

Keywords Reinforced concrete, Structural wall, Fiber cementitious composites, Multiple microcrack, Alkali-activate
slag fiber composite (ASFC)

1 Introduction is known to be one of the most dangerous compounds
In the twenty-first century, a new challenge in the con- in the greenhouse gases (Kumar et al., 2024; Solomon
struction field is to reduce carbon emissions and ensure et al., 2009). In the concrete industry, global strategies
safety from natural disasters such as earthquake and to reduce carbon dioxide emissions also include reduc-
heavy storm. Cement used to manufacture concrete ing cement usage and carbon capture technology (Shaw
emits a large amount of carbon dioxide during the firing et al, 2022). However, it would be most effective if do
process. Carbon dioxide which affects global warming not use cement. Alkali-activated slag (AAS) binder was

effective in reducing carbon dioxide as it could produce

concrete using only blast furnace slag as well as indus-
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Table 1 Mixing compositions of ASFC and SHCC
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Mix ID Binder Water Sand PVA (Vol. %)
OPC GGBS FA Alkali activator
Ca(OH), Na,SO,
SHCC200 0.6 0.2 0.2 0 0 0450 0.83 2.00
ASFC150 0 0.895 0 0.075 0.03 0338 0.40 1.50

Antifoaming agent

GGBS Ground granulate blast-furnace slag, PVA Polyvinyl alcohol, Admixtures: HRWRA High-range water-reducing admixture, VMA Viscosity modifying admixture

Table 2 Chemical composition of GGBS

Material Chemical composition (%)
GGBS sio, ALO, Ca0 Fe,0, 50, MgO K,0 Na,O Tio, Blaine (cm%/g)
3157 1357 43.26 0.38 4.53 4.86 041 0.18 0.55 4300
Table 3 Properties of PVA (polyvinyl alcohol) fiber a binder and alkali-activated slag fiber composites which
- - - - - did not use cement introduced from researchers to verify
Diameter Length  Tensile  Elongation Young’s — Oil the characteristics at the level of mechanical tests (Choi
(mm) (mm) strength (%) modulus content .
(MPa) (GPa) (%) et al., 2020; Choi et al., 2020; Lee et al., 2017). The recent
studies have reported that alkali-activated slag-based
0.04 12 1600 6 37 0.8

2017). Strain-hardening fiber cementitious composite
(SHCC) was manufactured by mixing synthetic fibers,
and was designed to be based on the micromechanics
and steady-state cracking theory to exhibit strain—hard-
ening behavior with high ductility through crack control
(Li, 2012; Li et al., 1991; Marshall & Cox, 1988). Ordinary
concrete has a low tensile strain and cannot resist bend-
ing and shear forces after cracks occur. However, high-
ductility fiber composites can resist bending and shear
forces even after cracking, due to the bridging action of
the fibers. Several researches had proven that applying
high-ductility fiber composites to structural members
was effective in improving strength and ductility (Cho
et al., 2012, 2015, 2018, 2019; Ji et al., 2023). However, the
most high-ductility fiber composites used the cement as

composites exhibit superior interfacial bonding with
fibers, tensile performance, and crack control behavior
as compared to cement-based composites (Luong et al.,
2023, 2025; Nguyén et al., 2023). Accordingly, the use of
alkali-activated slag binders in fiber-reinforced compos-
ites is expected to increase.

Recently, earthquakes and natural disasters are on the
rise and the design load levels for wind and seismic forces
in buildings and infrastructures are gradually increasing

Table 4 Measurements of slump flow and compressive strength

Mix ID Slump flow (mm) Compressive
strength at 28 days
(MPa)

SHCC200 655 38.40+2.35

ASFC150 730 33.70+2.14

(a) ASFC150

Fig. 1 Slump-flow test

(b) SHCC200
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(a) Test setup

Fig. 2 Uniaxial tensile test
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Fig. 3 Uniaxial tensile stress—strain curves of ASFC150

Table 5 Results of uniaxial tensile tests

Mixture ID First cracking Tensile strength Ultimate
stress (MPa) (MPa) tensile strain
(%)
SHCC200 2.86+0.82 4.14+040 3.22+0.80
ASFC150 2.76+0.26 3.80+0.46 493+1.32

to ensure structural safety. Reinforced concrete (RC)
shear walls are effective in increasing the lateral stiffness
and load carrying capacity of the wall against earthquake
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(b) Specimen geometry

and wind loads. On the other hand, in the design of seis-
mically special RC shear walls, the spacing of reinforcing
steel bars is very narrow and complicated, which makes
pouring concrete difficult. It is expected that applying
high-ductility fiber-reinforced cement composites to
shear walls can suppress local cracks in RC walls, reduce
damages to be failure, and finally minimize the amount of
required reinforcements (Kim et al., 2021).

In this study, to improve the brittle tensile charac-
teristic of AAS, Alkali-activated slag fiber composites
(ASFC) was newly manufactured by mixing fibers within
AAS binder, and a series of specimens of reinforced
ASFC walls was examined under in-plane loadings. In
the loading test of walls, the amount of transverse and
longitudinal reinforcing steel bars was considered as
design variables and the performances and failure pat-
terns of reinforced ASFC walls were compared with that
of conventional reinforced concrete (RC) walls as well
as reinforced SHCC walls. Reinforcing steel bars in wall
specimens were arranged with two types, a requirement
of design shear strength and a requirement of minimum
reinforcement ratios. All of six specimens were manufac-
tured using three materials; normal concrete, SHCC, and
ASEC.
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(a) SHCC200 (PVA 2.00 vol.%)
Fig. 4 Multiple microcracks from direct tensile tests

2 Materials and Mechanical Characteristics

of ASFC
2.1 Mixing and Slump Flow
The mixing composition of ASFC with a water-to-binder
ratio, a sand-to-binder ratio, and a fiber content was opti-
mized and presented with the composition of SHCC as
shown in Table 1 (Kim et al., 2021; Lim et al., 2022). The
binder composition of ASFC was consisted 89.5% ground
granulated blast-furnace slag (GGBS), 7.5% calcium
hydroxide as the alkali activator, and 3% sodium sulfate,
with a water-to-binder ratio of 33.8%. On the other hand,
the binder composition of SHCC was consisted of 60%
ordinary Portland cement (OPC), 20% GGBS, and 20%
fly ash (FA), with a water-to-binder ratio of 45%. Super-
plasticizers and viscosity-modifying agents were used to
achieve the proper fiber dispersion, the flowability as well
as the viscosity of the fiber composites.

As a combination of alkali activators for ASFC, a cal-
cium hydroxide and a caustic alkali which had advantages
in strength development was adopted as main activators,
and sodium sulfate which was a nonsilicate weak acid salt
was adopted as an auxiliary activator. The chemical com-
position of the GGBS which has a specific gravity of 2.93
and a Blaine fineness of 4300 g/cm? is shown in Table 2.
To reduce the shrinkage effect of high-ductile fiber com-
posites, ensure the sufficient rigidity, and decrease the
fracture toughness increased from the occurrence of
steady-state cracks, silica sand with an average diameter
of 100 um and a specific gravity of 2.65 was used as fine
aggregates (Choi et al., 2019; Li et al.,, 1995; Fischer &
Li, 2003). Reinforcing fibers in the binder was applied as
PVA fibers with a length of 12 mm and a tensile strength
of 1600 MPa. PVA fibers with 0.8% oil content is suita-
ble to control the interfacial bond strength between the
fibers and the matrix, which contributes to improve the
bridging action of fibers in the matrix in order to lead
multiple microcracks as well as increase the tensile strain
capacity. (Li et al, 2002). The physical properties are
shown in Table 3. A high-range water-reducing admix-
ture (HRWRA) was also applied to ensure the flowability
of fiber composites, and a viscosity-modifying admixture
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(b) ASFC150 (PVA 1.50 vol.%)

(VMA) was used to achieve the appropriate viscosity. In
addition, a small amount of defoamer was added dur-
ing the mixing process in order to minimize air content
and favor strength development. For mixing in a vertical
mixer, ASFC were measured by the weight ratio and dry
mixed for 1-2 min after adding slag, alkali activator, silica
sand, and defoamer. After adding water, the mixture was
stirred for 1-2 min until the viscosity was appropriate.
Then, PVA fibers were added, followed by HRWRA and
VMA.

2.2 Mechanical Characteristics of ASFC

After finishing of mixing, the slump flows of fresh ASFC
and SHCC were measured as shown in Fig. 1 and the
results were summarized in Table 4. Despite the low
water-to-binder ratio, to compare with SHCC, the high
slump flow in ASFC was obtained and it was mainly
attributed to the 0.5% lower fiber contents in mixing of
ASEC. The fresh ASFC was shown to have sufficient flow
characteristics, as measured by an average slump flow of
730 mm. In order to evaluate the mechanical character-
istics of the hardened ASFC, specimens of uniaxial com-
pressive and direct tensile tests were planned respectively
to each mold and demolded after 3 days. All specimens of
ASFC were cured in water at 23 “C+3 °C for 28 days. The
specimens of uniaxial compressive tests were fabricated
as 50x50%x50 mm cubes according to ASTM C109-07
(ASTM, 2007), and the direct tensile tests were examined
after preparing a dog-bone specimen as shown in Fig. 2,
as defined by Kim et al (2007).

The measured compressive strength of ASFC at 28 days
are shown in Table 4. The average compressive strength
of ASFC was measured at 33.7 MPa, while SHCC was
measured at 38.4 MPa (Kim et al., 2021; Lim et al., 2022).
The measured direct tensile stress and strain curves are
presented in Fig. 3. The average and standard deviation
values of the first cracking stress, the tensile strength,
and the tensile strain are summarized in Table 5. ASFC
and SHCC specimens exhibited tendencies of strain—
hardening behaviors with multiple microcracks which
were caused by the bridging action by fibers, and the
ultimate tensile strains were reached up to about 3 ~5%.
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(a) Type A, details of standard reinforcements

(b) Type B, details of minimum reinforcements

Fig. 5 Dimensions and reinforcement details in wall specimens
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Table 6 Experimental variables of wall specimens

Type Specimen name Main materials, compressive Reinforcing bars with spacings (vertical, PVA fiber

strength (MPa) horizontal, mm) vol.(%)

A RCN Concrete (27) D10 (150, 150) -
SHCC200N SHCC (384) 20
ASFC150N ASFC (33.7) 1.5

B RCM Concrete (27) D10 (350, 350) -
SHCC200M SHCC (384) 20
ASFC150M ASFC (33.7) 1.5

(e) Finishing and curing
Fig. 6 Manufacture process of wall specimens

To compare with the SHCC, the ASFC showed a slightly
decrease in the first cracking stress as well as in the maxi-
mum tensile strength, but was a slightly increase in the
ultimate tensile strain. The distributions of cracks in
ASFC and SHCC are shown in Fig. 4. As manifested in

(d) Pouring of mixture

g

(f) Removal of formworks

the case of SHCC, it was also revealing from experiments
that the fiber bridging action of ASFC could control crack
widths and lead formations of multiple microcracks with
steady-state cracks.
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Fig. 7 Setup for wall loading test

3 Manufactures and Experiments of Structural
Wall Specimens

3.1 Manufactures of Structural Wall Specimens

As an attempt to apply the ASFC in structural walls, a
series of transverse loading tests of walls were planned
on wall type specimens as shown in Fig. 5 (Bergmann,
1988). Each wall specimen has a width of 1900 mm, a
thickness of 80 mm and a height of 800 mm. In order
to consider as a framed shear wall subjected to in-plane
behaviors, each wall specimen had three ribs with a
dimension of 100X 250 mm intersecting vertically at a
loading point in the mid-span and two support points
in both ends, ensuring that the shear force and the
bending moment were applied in the wall cross-section
within a square area of 800 mm X 800 mm. Specimens

of reinforced ASFC walls were designed and manu-
factured with experimental variables as the amount
of vertical and horizontal reinforcements, and com-
parative studies were conducted with experiments on
reinforced concrete walls as well as reinforced SHCC
walls. Steel strain gauges were attached to vertical and
horizontal reinforcements in the middle of the left wall
as shown in Fig. 5. A total of six wall specimens were
manufactured as shown in Table 6, and two types of
reinforcement ratios were applied in wall specimens.
In the table, type A had standard reinforcement ratios
with the requirement of shear wall design strength as a
spacing of 150 mm in vertical and horizontal reinforce-
ments, while type B had minimum reinforcement ratios
with a spacing of 350 mm in vertical and horizontal
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(b) Type B with minimum reinforcements

Fig. 8 Load-displacement curves of wall specimens

reinforcements. Deformed D10 reinforcing steel bars
with a yield strength of 400 MPa were used as reinforc-
ing steel bars. The concrete used in specimens of rein-
forced concrete walls, RCN and RCM, was made by
normal concrete with a uniaxial compressive strength
of 27 MPa at 28 days.

The manufacture process of wall specimens was
shown in Fig. 6. After fabricating formworks, steel
reinforcements in horizontal and vertical directions
were assembled with spacings of reinforcing steel bars.
For mixing of mixture, each material was weighed and
mixed in a pan mixer, and fresh mixtures were poured

into formworks and the surface was finished. Each wall
specimen was cured with a wet condition at 23 °C+3 °C
until the age of 28 days.

3.2 Transverse Loading Test

Each wall specimen was setup at a universal testing
machine (UTM) with a capacity of 1000 kN under the
simple supported condition subjected to a concentrated
transverse load which leaded to in-plane behaviors in
a wall, as shown in Fig. 7. The clear span between the
two supports was 1800 mm, and the load was applied
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Table 7 Summary of experimental results in wall specimens
Type Specimen Initial cracks Yielding of bars Maximum loads Secant stiffness at

Name yielding (kN/mm)
Load (kN) Deflection Load (kN) Deflection Load (kN) Deflection (mm)
(mm) (mm)

A RCN 47.94 044 122.36 133 160.91 19.75 92.00
SHCC 92.08 0.65 238.70 2.37 305.96 417 100.72
200N
ASFC 69.36 0.34 22033 218 292.70 442 101.06
150N

B RCM 3997 0.22 108.30 1.51 149.18 7.72 7172
SHCC 84.70 048 22142 2.00 268.03 3.1 110.71
200 M
ASFC 64.48 0.46 213.71 1.58 269.56 3.29 135.25
150 M

downward at the center until a specimen reached to
failure. The deflection of the specimen was measured
by installing linear variable differential transducers
(LVDTs) vertically at the center on the bottom surface
of the specimen.

4 Experimental Results
The transverse load and deflection relationships of wall
specimens are presented as shown in Fig. 8, and the loads
and the corresponding deflections at the point of initial
yielding of reinforcing steel bars and the maximum load
are summarized as shown in Table 7. For an RC wall
specimen, RCN, initial cracks were observed at a load of
47.94 kN near the mid-span with a maximum width of
13 mm. As the load increased the number of new cracks
were gradually increased, and the yielding of reinforc-
ing steel bar was observed at a load of 122.36 kN with a
corresponding deflection of 1.33 mm. After rebar yield-
ing, the load was increased gradually accompanying with
expansions of crack widths and reached to a maximum
load of 160.09 kN with a corresponding deflection of
19.75 mm. For specimens of SHCC200N and ASFC150N,
multiple microcracks were observed after initial cracks
were taken place, and the loads of yielding of steel bars
were reached at 238.70 kN and 220.33 kN, with the cor-
responding deflections at 2.37 mm and 2.18 mm, respec-
tively. For a specimen of SHCC200N, the maximum load
was reached to 305.96 kN with a corresponding deflec-
tion of 4.17 mm, and for a specimen of ASFC150N, it was
reached to 292.70 kN with a corresponding deflection of
4.42 mm. To compare with a specimen of RCN, the maxi-
mum loads for specimens of SHCC200N and ASFC150N
were increased up to 90.14 and 81.90%, respectively.

For the case of the specimen with minimum rein-
forcement ratios, a specimen of reinforced concrete
wall, RCM, initial cracks were taken place almost at the

same load level with a specimen of RCN and the initial
yielding of rebars was observed at a load of 108.30 kN
with a corresponding deflection of 1.51 mm. The load
then was increased gradually and reached a maxi-
mum load of 149.18 kN with a corresponding deflec-
tion of 7.72 mm. For specimens of SHCC200M and
ASFC150M, the number of cracks were increased after
initial cracks were taken place, but local expansions of
crack widths barely visible by forming multiple micro-
cracks. The yielding of steel bars was observed at the
loads of 221.42 kN and 213.71 kN with the correspond-
ing deflections 2.00 mm and 1.58 mm, respectively. The
maximum load for a specimen of SHCC200M was to
268.03 kN with a corresponding deflection of 3.11 mm,
and for a specimen of ASFC150M,, it was to 269.56 kN
with a corresponding deflection of 3.29 mm. To com-
pare with a wall specimen of normal concrete, RCM,
the maximum loads of SHCC200M and ASFC150M
were increased up to 79.67 and 80.69%, respectively.
Cracks and failure patterns of specimens with stand-
ard and minimum reinforcement ratios are shown in
Figs. 9 and 10, respectively, and the numbers within
each figure represent the load level when cracks are
newly taken place. Two specimens of walls cast by nor-
mal concrete, RCN and RCM, as shown in Figs. 9a and
10a, exhibited failure caused by crack localizations that
the crack widths were intensively expanded in a few
cracks after cracks were initiated. However, for cases of
specimens, ASFC150N and ASFC150M, cast by ASFC,
numerous multiple microcracks occurred consequently
with increasing the load, as could be observed in speci-
mens of SHCC200N and SHCC200M, cast by SHCC. The
crack control by fibers was sufficiently effective even in
specimens with minimum reinforcement ratios, so that
the maximum load in a specimen of ASFC150M was
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(c) ASFC150N

Fig. 9 Crack patterns of wall specimens (Type A)

significantly enhanced accompanying with occurring of
multiple microcracks.

The relationships of loads and steel strains in horizon-
tal and vertical reinforcements at measured locations, the
middle of the left wall as shown in Fig. 5, are plotted as

shown in Figs. 11 and 12, and the measured steel strains
at the corresponding maximum loads are summarized
in Table 8. For a wall specimen of RCN, cast by normal
concrete, steel strains in transverse and longitudinal
reinforcements were reached to 0.00003 and 0.00005,
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(c) ASFC150M

Fig. 10 Crack patterns of wall specimens (Type B)

respectively, and the strains did not progress significantly
because the measured points did not match the locations
of local cracks, and this tendency was also observed in a
specimen of RCM.

For cases of SHCC200N and ASFC150N, cast by SHCC
and ASFC, respectively, steel strains in transverse and
longitudinal reinforcements were ranged from 0.00087 to

0.00108, and it was believed that steel strains at measured
points increased due to the control of multiple microc-
racks caused by a fiber bridging effect, but did not reach
yielding of rebars because the failure was occurred at the
different locations where local cracks were expanded
after the maximum loads. This tendency was also
observed in specimens of SHCC200M and ASFC150M,
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(b) Vertical reinforcement
Fig. 11 Load and steel strain curves of wall specimens (Type A)

manufactured by minimum reinforcement ratios and cast

by SHCC and ASFC, respectively.

5 Conclusions

In the current study, alkali-activated slag fiber composites
(ASFC) was manufactured without use of cements and its
fresh and hardened mechanical characteristics were eval-
uated. In order to apply ASFC in reinforced ASFC struc-
tural walls, a series of loading tests on wall specimens
was carried out and the performances were compared
with specimens of conventional reinforced concrete (RC)
walls as well as reinforced SHCC walls, and the following
conclusions were summarized.

It was shown from experiments that the current
mixing of the fresh ASFC had a sufficiently flowable
condition in slump flow tests and the uniaxial compres-
sive strength of ASFC at 28 days was measured at an
average of 33.7 MPa. It was manifest from a series of
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(b) Vertical reinforcement
Fig. 12 Load and steel strain curves of wall specimens (Type B)

Table 8 Measured steel strains and corresponding maximum

loads
Type Specimen name Maximum Strains in reinforcing
loads (kN) steel bars
Transverse Vertical
A RCN 160.91 0.00003 0.00005
SHCC200N 305.96 0.00087 0.00105
ASFC150N 292.70 0.00103 0.00108
B RCM 149.18 0.00003 0.00003
SHCC200M 268.03 0.00026 0.00060
ASFC150M 269.56 0.00033 0.00068

direct tensile tests that ASFC exhibited tendencies of
strain-hardening behaviors with multiple microcracks
as SHCC which were caused by the bridging action of
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fibers, and the ultimate tensile strains were reached up
to about 3 ~5%. To compare with the SHCC, the ASFC
showed a slightly decrease in the first cracking stress
as well as in the maximum tensile strength, but was a
slightly increase in the ultimate tensile strain.

To compare with specimens of RC walls, the maxi-
mum loads of specimens of reinforced ASFC walls
were increased up to 81.9% and 80.6%, respectively,
with standard and minimum reinforcement ratios.
Specimens of RC walls exhibited failure caused by
crack localizations that crack widths were intensively
expanded in a few cracks after initial cracks were taken
place. However, specimens of reinforced ASFC walls
exhibited numerous multiple-cracks consequently with
increasing the load and the cracks were controlled
effectively by a fiber bridging action even with mini-
mum reinforcement ratios in specimens of ASFC walls,
so that the yielding and maximum loads in specimens
of ASFC walls were significantly improved accompany-
ing with widely spreading of multiple microcracks over
the wall surfaces.

The ASFC manufactured without use of cements
in the current study exhibited fresh and compressive
strength properties comparable to those of concrete.
On the other hand, the high ductile tensile character-
istic of ASFC appeared to be advantageous as one of
structural materials to compare with the brittle char-
acteristic of concrete which was a weakness in con-
crete. In applications of ASFC in structural walls, it was
demonstrated from wall loading tests that specimens
of reinforced ASFC walls showed remarkable perfor-
mances in controls of local bending and shear cracks as
well as enhancements in overall load-carrying capaci-
ties of the walls. Therefore, it was expected that the
ASFC would exhibit excellent behaviors as one of struc-
tural materials through an application of structural
walls.
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