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To systematically evaluate the sulfate resistance of alkali-activated slag-based concrete (ASFC), this study investigates its
mass variation, surface characteristics, compressive strength development, and evolution of sulfate erosion depth under dry-
wet cyclic sulfate exposure. Furthermore, by analyzing the hydration products and microstructural morphology of ASFC, the
failure mechanism under sulfate attack is elucidated. The results show that Sulfate wet-dry cycling saw all ASFC specimens’
mass rise, then drop, yet stay above the initial value. BSF specimens showed slightly surface damage (only fine cracks)
than PSF ones (severe cracking and aggregate spalling); at fiber dosage < 0.85 %, BSF specimens had shallower damage
depth than single SF/PSF ones, showing better sulfate resistance. PSF specimens had lower strength than SF , which caused
agglomeration and a sharp decline in strength in late cycles. BSF specimens had marginally higher early strength than SF
ones and far better strength retention, with superior mechanical performance. Sulfate attack produces expansive ettringite
and gypsum in ASFC, inducing cracking and spalling via internal pressure. Hybrid fibers inhibit crack propagation to
alleviate deterioration, and this effect is optimal when basalt fiber content is < 0.55 %, realizing the best crack and damage
control under sulfate exposure. This study demonstrates that incorporating hybrid steel-basalt fibers into alkali-activated

slag concrete at a basalt fiber dosage of 0.55 % significantly enhances resistance to sulfate-induced degradation.

INTRODUCTION

As global attention to environmental issues
increases, reducing carbon emissions has become a
key issue in the construction industry. The traditional
Portland cement production process not only consumes
a large amount of energy but also releases significant
amounts of carbon dioxide, contributing to global climate
change. To address this issue, Alkali-activated slag
concrete (ASC), as a low-carbon alternative material,
has gradually attracted widespread attention. The main
component of ASC cement is blast furnace slag, which
is a by-product of the steelmaking process. After high-
temperature treatment, it reacts with an alkaline activator
to form a cement-based material [1].ASC not only has
a low carbon footprint, but also possesses excellent
durability and corrosion resistance, making it a potential
green alternative to traditional cement [2].

Although ASC has good durability and
environmental friendliness, it is relatively brittle and
prone to cracking, which affects its long-term service
performance [3]. During the construction process of

ASC, due to the relatively slow hydration reaction,
cracks are prone to occurring. Especially when affected
by external environmental factors (such as humidity,
temperature, and sulfate erosion), this problem of cracks
becomes particularly prominent [4]. Therefore, to address
the problem of ASC cracking, researchers have begun
exploring ways to enhance its performance by adding
fibers. One of the main advantages of fiber-reinforced
concrete is its improved crack resistance, toughness, and
impact resistance [5, 6].

Steel fiber (SF) and polypropylene fiber (PF) are the
most common reinforcing materials and have been widely
used in traditional concrete [3, 7]. However, research
on applications in ASC is still in its infancy, especially
regarding crack resistance and durability. In recent years,
BF has emerged as a promising reinforcing material
for slag concrete due to its high strength, excellent
chemical resistance, and environmental friendliness [5].
BF not only significantly enhances the crack resistance
of concrete, but also improves its durability in extreme
environments, especially in harsh conditions such as
sulfate erosion and freeze-thaw cycles [8, 9].
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Studies show that the addition of fibers to ASC not
only improves its crack resistance but also enhances
the concrete's toughness, making it more durable
under environmental erosion [10, 11]. For instance, SF
reinforced slag concrete can effectively resist expansion
and crack propagation caused by sulfate erosion [9, 12].
In addition, the introduction of fibers can also improve the
microstructure of concrete, enhance its impact resistance
and fatigue performance, and thus make it suitable for
more construction applications [13, 14]. ASC not only
offers advantages in environmental sustainability, but its
combination with fibers also opens broader application
prospects for enhancing building durability and reducing
carbon footprints. With the increasing demand for
green building materials, alkali-activated slag concrete
reinforced with fibers (ASFC) is expected to become an
important choice in future construction [4].

However, ASFC is a promising green construction
material whose durability under diverse severe exposure
conditions—particularly its resistance to sulfate attack—
requires systematic evaluation. The effects of fiber
type and dosage on ASFC’s durability performance
remain insufficiently understood and warrant rigorous
investigation. To systematically evaluate the sulfate
resistance of ASFC, this study investigates its mass
variation, surface characteristics, compressive strength
development, and the evolution of sulfate erosion depth
under dry-wet cyclic sulfate exposure. Furthermore, by
analyzing the hydration products and microstructural
morphology of ASFC, the failure mechanism under
sulfate attack is elucidated. The findings provide
significant theoretical guidance for the practical
application and wider promotion of ASFC.

sieved using a shaker to obtain a continuous graded
pebble fraction with a particle size of 5-20mm.

Fine Aggregate: The fine aggregate used in the
experiment was machine-made sand collected from
Datong Runding Cement Products Business in Xining,
Qinghai Province.

GGBS: The slag used in the experiment was

sourced from Xining Special Steel Co., Ltd. and served
as the binding material. Its density is 3.08 g-cm™, and the
surface area is 402 m>-kg'. The chemical composition
analysis of the slag is shown in Table 1 below.
Alkali Activator: The NaOH used in the experiment
was analytical grade and supplied by Tianjin Kemio
Chemical Reagents Co., Ltd. The water glass (Na2SiOs)
was purchased from Jiaxing Yourui Refractory Materials
Co., Ltd., with a mass fraction of 35.84 % and an initial
modulus of 3.3.

This paper uses steel fibers, basalt fibers (BF), and
polyvinyl alcohol fibers (PF). The specific physical
properties are as Table 2 and Figure 1.

Sample preparation

The components were accurately weighed
according to the mix ratio; the detailed proportions are
shown in Table 3. The GGBS and aggregates were first
dry-mixed for 90 seconds, then the alkali activator was
added and wet-mixed for 2 minutes. The fibers were then
dispersed and mixed for 3 minutes (The volume contents
of basalt fiber and polyvinyl alcohol fiber in each
group were 0.25 %, 0.55 %, and 0.85 %, respectively,
while the volume content of steel fiber was 1 %. The

EXPERIMENTAL
Raw materials ¢
The materials used are as follows: R
Coarse Aggregate: The coarse aggregate used in the P
experiment was sourced from Datong Runding Cement
Products Business in Xining, Qinghai Province. It was (a) SF (b) BF (c) PF
Figure 1. Fiber morphology.
Table 1. Chemical Composition of GGBS (Microscopic Analysis) (%).
Chemical constituents Al O, SiO, Na,O MgO K,O0 CaO Fe,O,
7.451 29.377 0.516 9.873 0.262 32.259 0.233
Table 2. Physical Properties of Fibers.
Fiber Monofilament Aspect Tensile . Elastic
Diameter Ratio Izi?rit)h Strength ?621:?; Modulus
(mm) (mm) (MPa) & (GPa)
SF 0.75 60 35 1150
BF 0.75 91-110 3000-48000 2.63-2.65 91-110
(Tensile Strength)
PF 13 (um) 1600 800 1.18 1600
Ceramics — Silikaty 70 (2) 250-262 (2026) 251
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Table 3. Mix Proportions of Alkali-Activated Slag Fiber-Reinforced Concrete (Kg-m™).

Specimen GGSC Sand Gravel NaOH Water Glass Water SF BF PF
SF 475 690 1035 22.8 126.8 132 22

0.25BSF 475 690 1035 22.8 126.8 132 22 6.6

0.55BSF 475 690 1035 22.8 126.8 132 22 14.52

0.85BSF 475 690 1035 22.8 126.8 132 22 22.4

0.25PSF 475 690 1035 22.8 126.8 132 22 2.95
0.55PSF 475 690 1035 22.8 126.8 132 22 6.49
0.85PSF 475 690 1035 22.8 126.8 132 22 10.03

test specimens with mixed fibers were named 0.25BSF,
0.55BSF, 0.85BS, and 0.25PSF, 0.55PSF, 0.85PSF,
respectively. Afterward, the mixture was placed into
100 x 100 x 100 mm molds, and vibration was applied
for 20-30 seconds until no air bubbles remained. The
surface was smoothed and labeled. After molding, the
specimens were left to stand at 20°C + 5°C and humidity
> 90 % for 24 h. The specimens were demolded and
inspected for appearance (no chipping, corner breakage,
or cracks for qualification), then placed in a standard
curing chamber at 20°C + 2°C with a relative humidity
> 95 % for curing for 28 days. The preparation process is
shown in Figure 2.

Methods

Preparation of Sulfate Erosion Solution: Based
on the severity of sulfate attack observed in practical
engineering, a 10 % (by mass) Na.SO. solution was
selected as the erosion medium, which effectively
simulates a moderate-to-severe sulfate-rich environment
[15].

Specimen Samples: Concrete cubic specimens with
dimensions of 100 mm x 100 mm % 100 mm were cured
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Add the alkali
activator and mix
wet for 60s.

Figure 2. Preparation Process.
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in a standard curing room for 28 days. After curing,
the specimens were removed, weighed, and labeled in
preparation for subsequent performance tests.

Dry-Wet Cycling Regimen: Based on the "Standard
for Test Methods of Long-Term Performance and
Durability of Ordinary Concrete" (GB/T 50082-2009)
and considering the characteristics of sulfate erosion,
the following dry-wet cycling regimen was established.
(i)Soaking Stage: The concrete specimens, cured for 28
days, were fully immersed in a 10 % Na>SOa solution.
The soaking temperature was maintained at (20 + 2)°C,
and the soaking time was 16 hours, allowing sulfate ions
to fully penetrate the concrete. (ii)Drying Stage: After
soaking, the specimens were removed and placed in an
oven at a constant temperature of (60 + 2)°C for drying,
with a drying time of 6 hours. The specimens were
then removed and allowed to cool for 2 h to simulate
the drying process of concrete in a natural environment,
accelerating the evaporation of internal moisture and the
crystallization of sulfate salts [16, 17].

Number of Cycles: The specimens underwent 0
(baseline), 15, 30, 45, 60, 75, and 90 dry-wet cycles,
with each cycle lasting 24 h. The specific experimental
cycle periods are shown in Figure 3.

Curing in a standard
curing chamber for 28d.
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Mix evenly with
fibers for 180s.
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Figure 3. Dry-wet cycle process.

The rate of sulfate erosion was monitored using
changes in appearance, mass loss, ultrasonic testing, and
compressive strength, while changes in microstructure
were detected via SEM and EDS analysis.

Dry-Wet Cycling Test Procedure for Alkali-
Activated Slag Fiber-Reinforced Concrete. During the
90-cycle process, photographs of the specimens' surface
changes were taken every 15 cycles to record the pattern
of appearance deterioration.

Standard specimens, cured for 28 days and with no
obvious surface defects, were selected. After wiping off
surface dust and moisture, the specimens were left to
stand in a ventilated area for 24 hours until the surface
was dry. The initial mass, m,, was recorded using an
electronic scale with a precision of nat least 0.1 g.
Subsequently, the specimens were removed every fifteen
cycles, and the surface liquid was absorbed with filter
paper. After placing them for 10-15 minutes, the mass
m_nwas recorded. Finally, the mass loss rate (%) was
calculated using the formula:

_ Mo —My

r=—— x100% (1)

The specimens were tested on a universal testing
machine (SANS Universal Testing Machine) to determine
the maximum failure load. Based on the maximum
failure load and the specimen's compressed area, the
compressive strength was calculated. The compressive
strength is the ratio of the maximum destructive load
to the compressive area, to determine the compressive
strength of the specimen [18-20].

A coupling agent (Vaseline) was applied to the test
surface to ensure good contact between the probe and the
specimen. The transmitting and receiving probes of the
ultrasonic testing device were then placed in contact at

Dry for 6 h

| |
in a forced air : | were allowed to
|

Cool for2 h

) 1
The specimens |
I
I

]

) L cool naturally.

the central positions on the opposite testing surfaces of
the specimen, ensuring that the axes of the two probes
were aligned along the same line and perpendicular
to the testing surfaces. The testing device was then
activated, and parameters such as the sound time and
amplitude of the ultrasonic waves propagating through
the specimen were recorded. To ensure data accuracy, the
test was repeated five times at different locations on the
specimen[21, 22]. After testing, the recorded sound time
data and the actual dimensions of the specimen were
used to calculate the sound velocity using the formula

(1):
Ve =— (2)

~
%

v, — sound velocity,
| — specimen edge length,
t,— sound time, to calculate the sound velocity at each
test point.
Then, the formula (3) was used:

dfzé(1—Z—Z) A3)

In the formula:

d,— damage layer thickness of the concrete, mm;

| — testing length of the concrete, mm;

v,— ultrasonic wave velocity after sulfate erosion, km-s™;
v, — ultrasonic wave velocity before erosion, km-s™,
used to calculate the damage layer thickness of the
specimen.

The sample was ground into a powder using a
mortar and pestle. The sample powder was then placed
in an X-ray diffractometer for automatic scanning. After
the test was completed, the diffraction patterns were
analyzed using the professional XRD software, Jade.
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By comparing with standard phase diffraction cards, the
main phases in the concrete were identified [23, 24].

Representative small-sized samples of appro-
ximately 5 mm X 5 mm x 5 mm were cut, and their
observation surfaces were gradually polished using
sandpaper to achieve a smooth and flat surface. The
samples were then placed in a vacuum drying oven at
60 °C for drying. Once the samples were completely
dried, their microstructural features were analyzed using
an ESM device [25, 26].

RESULTS AND ANALYSIS

Macroscopic properties
Mass Change

During sulfate corrosion, concrete undergoes
significant mass changes due to the crystallization and
precipitation of reaction products, as well as cracking
and surface spalling. Consequently, mass variation is
widely used as an indicator to evaluate the progression of
sulfate attack. As illustrated in Figure 4, with increasing
dry-wet cycles, all specimens exhibited a two-stage
mass evolution: an initial gradual increase followed
by a sharp decline. The peak mass was consistently
reached after approximately 75 cycles. Among the BSF-
blended specimens, 0.85BSF showed the highest mass
gain (1.7 %), but after 90 cycles, its mass decreased
significantly, falling about 1.1 % below the initial
value. In comparison, 0.55BSF and 0.25BSF exhibited
smaller mass increases - approximately 1.25 % after 75
cycles - with 0.55BSF experiencing a slightly greater
subsequent reduction. Specimens incorporating PSF
exhibited a narrower range of mass variation than those
with BSF, and their overall trend was similar. However,
unlike BSF, variations in PSF dosage had a negligible

3.0 SF

251 > 0.25BSF

- —o— 0.55BSF
0.85BSF

1.5 1

Mass addition Mass detrement

Mass-change rate/%

—0.5 -
-1.0 4
-1 .5 T T T T
0 20 40 60 80 100
Number of dry-wet cycles/time
(a) BSF

Figure 4. Mass-change rate (%).

influence on the mass change of the samples. During the
mass reduction phase following 75 wet-dry cycles, the
PSF samples exhibited lower mass loss than the BSF
samples, with the 0.55 % PSF sample showing the least
mass loss among all tested specimens.

Appearance Deterioration Pattern

Based on the mass change results of each sample,
BSF and PSF specimens with a 0.55 % dosage were
selected and photographed after 0, 30, 75, and 90 cycles
of dry-wet sulfate exposure to examine the evolution of
their surface morphology. Figures 5(a) and 5 (b) show
the surface characteristics of the three ASFC groups after
0 and 30 cycles of dry-wet sulfate exposure. Compared
to the sample subjected to 0 cycles, after 30 cycles, a few
small surface pores were observed; however, the overall
structure remained intact with no other significant
changes. Figure 5 (c) shows the surface characteristics
of the three groups of ASFC after 75 cycles of dry-
wet sulfate exposure. As the duration of sulfate attack
increased, the surface conditions of the specimens with
SF alone and those with SF combined with BF exhibited
increasingly severe signs of erosion: the cement paste
layer on the specimen surfaces spalled off, and sand
particles accumulated on the exposed aggregates. The
specimens with SF combined with PF showed fine
cracks and enlarged surface pores. After 90 cycles, as
shown in Figure 5(d), the specimens with SF alone and
those incorporating SF and BF exhibited progressively
more severe edge spalling, accompanied by extensive
aggregate exposure and significant damage, whereas
the specimens with SF combined with PF developed
numerous cracks along the edges and gradual corner
spalling.

3.0

SF
2.5 +— 0.25PSF
2.0 4 —o— (.55PSF
§ —o— (.85PSF
2 1.5
g
o 1.0 1
g
= 0.5 N P =
z : ‘ '
g 0.01 Mass addition Mass decremen
= —0.5+
—1.0 1
_1.5 T T T T
0 20 40 60 80 100
Number of dry-wet cycles/time
(b) PSF
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Figure 5. Appearance Deterioration.
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During the initial stage of sulfate attack, the
increase in sample mass is clearly attributable to the
crystallization and precipitation of Na.SOs that infiltrated
the interior of the ASFC specimens during drying. When
the cycle reached 75, obvious peeling was observed on
the sample surface, especially on 0.55SF and 0.55SBF.
This obviously led to a decrease in quality, but the total
mass of the sample had basically reached its peak at this
point, indicating that a large amount of Na.SOa crystals
had formed, and the increase in their mass was much
greater than the quality loss caused by the peeling of
the concrete paste. At the 90-cycle mark, the quality of
all sample types decreased, indicating that the quality
loss due to peeling of the concrete paste and aggregates
exceeded the quality gain from the formation of Na2SOa
crystals. At this point, the concrete had suffered severe
damage from sulfate attack.

Compressive Strength

Figure 6 presents the evolution of the compressive
strength of alkali-activated slag fiber-reinforced concrete
incorporating various fiber types and dosages under
cycles of dry-wet sulfate exposure conditions. Overall,
with increasing dry-wet cycles of sulfate attack, the
compressive strength of all ASFC specimens initially
increases slightly, then decreases gradually, with peak
strength values predominantly occurring between 45 and
60 cycles. This trend parallels the variation in sample
mass (as shown in Figure 4); however, the maximum mass
gain occurs at approximately 75 cycles, lagging behind
the strength peak. This temporal discrepancy suggests
that sulfate-induced deterioration manifests before the
75" cycle. The initial mass gain can be attributed to
the crystallization of sulfate or other reaction products

105 | o s 0.25BSHE W 0.55BSHI T 0.85BSF

4 =
90 T T

5 gl

75 1
60 T

454

compressive strength/MPa

0- T T - T T T T
0 15 30 45 60 75 90

Number of dry-wet cycles / times

(a) BSF
Figure 6. Compressive Strength (MPa).

within the concrete pores, which partially fills the pore
structure and may contribute to short-term densification.
At this stage, the crystals are relatively small and do not
generate sufficient expansive pressure to damage the pore
walls. However, as crystallization progresses and crystal
size increases beyond a critical threshold, significant
internal stresses develop, leading to microcracking and
volumetric expansion of the concrete matrix—ultimately
resulting in strength degradation.

When the number of dry-wet cycles exceeded
75, the overall compressive strength of ASFC began
to deteriorate. Upon reaching 90 cycles, the sample
containing only SF exhibited a strength reduction of
approximately 20.52 %. The specimens incorporating
both SF and PF exhibited a more pronounced reduction
in compressive strength; the three incorporation levels
decreased by 30.77 %,29.81 %, and 30.31 %, respectively.
Whereas those containing SF in combination with BF
demonstrated superior retention of strength. Notably, the
strength of the sample with 0.55 % BF decreased by only
14.87 %, indicating an enhancement in durability under
sulfate exposure. Therefore, the incorporation of BF at
dosages not exceeding 0.55 % significantly improves the
sulfate resistance of ASFC.

Damage Layer Thickness

Ultrasonic testing is a reliable non-destructive
evaluation method that assesses the internal condition
of concrete by measuring the propagation velocity and
transit time of ultrasonic waves through the material.
Figure 7 shows the ultrasonic wave propagation rate
in ASFC specimens (100 mm x 100 mm % 100 mm)
incorporating different fiber types and dosages. The
results show that as the number of dry-wet sulfate

[
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Figure 7. Ultrasonic Testing.

exposure cycles increases, the ultrasonic propagation
velocity in ASFC gradually decreases. Notably, when the
cycle count exceeds 60, the rate of decline accelerates
significantly, indicating the onset of rapid internal
deterioration. Comparative analysis of the degradation
patterns reveals that in specimens containing only SF
and those with combined SF and BF, the ultrasonic
propagation speed progressively diminishes with
increasing BF content. After 90 cycles, compared to the
initial state (0 cycles), the ultrasonic propagation speed
in the SF-only specimen decreased by 23.5 %. In BSF-
reinforced concrete, the reductions were 33.9 %, 37.4 %,
and 48.1 % for specimens with 0.30 %, 0.60 %, and
0.90 % BF, respectively. In contrast, for PSF reinforced
concrete, the corresponding decreases were 43.7 %,
42.4 %, and 31.2 %. These results suggest that fiber
incorporation can exacerbate internal cracking under
sulfate attack, particularly in BSF-reinforced specimens,
where crack propagation intensifies with higher fiber
content. However, in PSF reinforced concrete, the rate
of decrease in ultrasonic velocity slows as PF dosage
increases, indicating improved crack control and
enhanced structural integrity at higher PF contents.
Under sulfate dry-wet cycling, sulfates migrate
from the concrete surface into the interior via diffusion,
leading to progressive material deterioration. The
thickness of the corrosion layer is directly correlated
with the depth of ion penetration. As sulfate attack
compromises the concrete's compactness and internal
microstructure, the ultrasonic wave propagation velocity
in the affected regions correspondingly decreases
[29]. Based on this principle, the depth of damage can
be quantitatively evaluated by measuring changes in
ultrasonic velocity using Equation (2). By integrating
established theoretical models with experimental data, a
quantitative relationship between sulfate erosion depth
and the number of exposure cycles can be established.
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As shown in Figure 8, the damage layer thickness
curves reveal that, for both ASFC specimens containing
only SF and those incorporating hybrid fibers, the
damage layer thickness increases monotonically with
the number of dry-wet sulfate cycles. Notably, When the
dosage is below 0.85 %, specimens reinforced with BSF
consistently exhibited a shallower damage depth than
those with SF alone or PSF under identical exposure
conditions. During the early stage of sulfate attack (less
than 75 cycles), the 0.55BSF specimen developed damage
at a faster initial rate compared to the 0.55PSF specimen.
However, beyond 75 cycles, the damage progression
in the 0.55PSF specimen accelerated markedly: its
damage layer thickness increased from 12 mm to 22
mm, whereas the 0.55BSF specimen increased only from
10 mm to 17 mm. This demonstrates that the long-term
damage accumulation rate of the 0.55BSF specimen is
significantly lower than that of the 0.55PSF specimen.

Based on the above macroscopic performance
test results, it can be concluded that after 60 cycles of
sulfate dry-wet cycling, ASFC begins to deteriorate,
as evidenced by strength reduction, surface spalling
caused by the detachment of paste and aggregate, a rapid
increase in sulfate erosion depth, and an accelerated
deterioration process. At 75 cycles, the mass of ASFC
reaches a maximum and then gradually decreases. In SF-
containing ASFC, the combined addition of BF and PF
has a limited effect on enhancing compressive strength;
however, the incorporation of BF improves resistance to
sulfate attack. Notably, at 90 dry-wet cycles, specimens
with BF exhibit no visible paste-aggregate spalling
and maintain relatively high compressive strength. The
optimal dosage of BF should not exceed 0.55 %.
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Figure 8. Damage Layer Thickness.

Microscopic analysis

Composition of hydration products

During the hydration process of alkali-activated
slag, the glassy slag structure progressively dissolves,
releasing reactive components such as calcium, silicon,
and aluminum, which subsequently participate in
geopolymerization or precipitation reactions to form
a three-dimensional binder network. The types and
amounts of these hydration products directly influence
the macroscopic mechanical and durability properties of
the resulting concrete.
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Figure 9. XRD Patterns.
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Figure 9 shows the XRD patterns of ASFC with
SF alone, BSF, and ASF after 0 and 90 dry-wet cycles
under sulfate environments. It can be observed that
after the dry-wet cycles, substances such as Ettringite,
gypsum, calcium hydroxide, quartz, calcium carbonate,
and unhydrated cement phases, including tricalcium
silicate and dicalcium silicate, appeared within the
concrete. Quartz mainly comes from sand, while calcium
carbonate is primarily produced by the reaction between
concrete hydration products and carbon dioxide in the
air. Ettringite and gypsum are mainly corrosion products
generated by sulfate attack on the concrete. Compared
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with the 0-day cycle, after 90 cycles, the diffraction peak
intensities of calcium sulfate and calcium carbonate are
higher, while that of calcium hydroxide is relatively
weaker, indicating that the degree of sulfate corrosion
increases with cycle time.

Microscopic morphology
and elemental composition

Figure 10 SEM/EDS of Sulfate Erosion Products
SEM observations were conducted on ASFC specimens
after 75 dry-wet cycles in a 10 % Na>SOa solution (Figure
10). The micrographs reveal that the SF surface remains

Steel fibre /‘?f

! L\‘ Polyviny!
& e »\walcollol’ﬁber

(b) EDS Spectral Analysis
Figure 10 SEM/EDS of Sulfate Erosion Products

Figure 10. SEM/EDS of Sulfate Erosion Products.
SEM observations were conducted on ASFC specimens after
75 dry-wet cycles ina 10 %.

smooth and largely free of reaction products, whereas
BF and PF are densely coated with hydration products
and unreacted slag particles. This morphological
contrast suggests that BF and PF provide superior crack-
bridging capability and interfacial anchorage, thereby
delaying crack initiation and propagation. Consistent
with this, hybrid-fiber-reinforced specimens exhibited
slower strength degradation than SF-only specimens
after 75 cycles. Within the alkali-activated slag matrix,
abundant white, porous, and widely dispersed deposits
were observed. EDS analysis of these regions confirmed
dominant elemental signals of Ca, S, Al, and Na—
characteristic of ettringite and gypsum; notably, the
absence of significant oxygen deficiency and the Ca/S
molar ratio support the identification of the primary phase
as ettringite (CasAl2(SO4)3(OH)12:26H20), rather than
anhydrous mirabilite (Na2SO.), which is inconsistent
with both composition and formation conditions in
alkaline slag systems.

Degradation mechanism

Sulfate attack represents a predominant degradation
mechanismin concrete, driven fundamentally by chemical
reactions between cementitious hydration products
and externally introduced sulfate ions. These reactions
yield expansive crystalline phases-predominantly
ettringite  (CasAl2(SO4)3(OH)12:26H20) and gypsum
(CaS04-2H-0)—whose volumetric expansion during
nucleation, growth, and accumulation generates sustained
internal pressure within the confined pore structure and
cementitious matrix. Specifically, sulfate ions react
with calcium aluminate hydrates (e.g., CsA-6H.0 or
CsAHi3) to form ettringite, while magnesium sulfate
reacts with portlandite (Ca(OH).) and C-S—-H gel to
precipitate secondary gypsum and brucite (Mg(OH):),
all of which contribute synergistically to expansive stress
development. As these crystals precipitate, grow, and
accumulate in confined spaces, they generate progressive
microstructural stress; once this stress surpasses the local
tensile capacity of the matrix, microcracks nucleate and
propagate, compromising pore connectivity control and
reducing bulk density and homogeneity. This cascade
ultimately manifests as surface spalling, loss of stiffness
and strength, and systemic structural deterioration.

Different fibers exert distinct inhibitory and
protective effects against sulfate attack, governed
by fiber-specific material properties that enable
complementary damage-mitigation mechanisms. These
mechanisms operate across three interrelated functional
dimensions: (i) physical constraint of matrix expansion,
(i) structural bridging and crack arrest, and (iii)
microstructural stabilization through pore refinement and
interface reinforcement. Steel fibers—characterized by
high tensile strength and elastic modulus—act as internal
stress-relief elements: they directly resist and partially
absorb the expansive pressure induced by ettringite and
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-

The addition of PVA fibers enhances the stability of
the concrete's microstructure and slows down the
formation rate of cracks. However, its inhibitory
effect on cracks is not as significant as that of basalt

=) Crystalline extrusion force

Failure of the specimen

Figure 11. Failure Mechanism.

gypsum crystallization, thereby suppressing volumetric
dilation of the cementitious matrix and delaying the
nucleation and propagation of tensile microcracks
at their origin. In contrast, basalt fibers—possessing
high stiffness, excellent alkali resistance, and a coarse,
entangled morphology—function primarily as crack-
bridging reinforcements. Upon microcrack formation,
they anchor across fracture surfaces, restricting crack
opening displacement and limiting crack width evolution.
Concurrently, their presence refines the pore structure
and enhances interfacial transition zone (ITZ) integrity,
thereby reducing available space for expansive crystal
nucleation and growth within pores and capillaries.
Under severe sulfate exposure, this dual action—
mechanical bridging and microstructural confinement—
significantly impedes sulfate crystal growth, mitigates
crystallization-induced pore wall stress, and delays the
onset of macroscopic spalling and strength loss.

CONCLUSIONS

The work conducted a 90-day dry-wet cyclic
immersion test in a sodium sulfate solution on ASFC
incorporating varying dosages of basalt and polyvinyl
alcohol fibers, with a steel fiber-reinforced specimen
serving as the control group. By monitoring changes
in specimen appearance at different corrosion stages,
measuring mass loss, compressive strength, porosity,
ultrasonic pulse velocity, and damage layer thickness,
and combining these macroscopic measurements with
microstructural analyses—including X-ray diffraction
(XRD) and scanning electron microscopy (SEM)—
the degradation behavior and evolution patterns
under repeated sulfate exposure were systematically

investigated. The underlying deterioration mechanism
of alkali-activated slag under sulfate attack was
thereby elucidated. The main findings of this study are
summarized as follows:

1. After exposure to sulfate-induced wet-dry cycling,
all ASFC specimens exhibited an initial increase in mass
followed by a gradual decrease, with the final mass
remaining above the initial value. In terms of surface
deterioration, PSF specimens developed extensive
cracking accompanied by partial aggregate spalling,
whereas BSF specimens maintained a relatively intact
surface morphology, with only fine cracks observed
and no visible material loss. When the fiber dosage was
below 0.85 %, the damage depth of BSF specimens was
consistently shallower than that of specimens containing
either SF or PSF alone under identical experimental
conditions. These results indicate that BSF demonstrates
superior resistance to sulfate attack compared to single-
fiber systems.

2. From the evolution of compressive strength,
specimens incorporating PSF consistently exhibited
lower strength than those with SF alone. This reduction
is attributed to the relatively low aspect ratio of PF,
which promotes fiber agglomeration within the matrix
and consequently impairs load transfer efficiency and
microstructural homogeneity. Under prolonged sulfate
exposure, the strength of PSF-modified specimens
declined markedly in the later cycles; in contrast, BSF-
modified specimens not only achieved marginally higher
early-age strength compared to SF-only counterparts
but also retained significantly greater strength retention
after extended cycling—indicating superior mechanical
robustness and degradation resistance.
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3.  Under sulfate attack conditions, ASFC generates
expansive reaction products internally—ettringite and
gypsum (calcium sulfate). As these products accumulate
and grow within the binder matrix, they induce internal
expansion pressure that exceeds the tensile strength of the
paste, leading to microcracking, progressive cracking,
and eventual surface spalling. The incorporation of hybrid
fibers effectively mitigates this deterioration mechanism
by restricting crack propagation and enhancing post-
cracking integrity. This restraining effect is particularly
pronounced when the basalt fiber (BF) content does not
exceed 0.55 %, demonstrating optimal crack control and
damage resistance under sulfate exposure.

The results of this study demonstrate that
incorporating hybrid fibers—specifically a combination
of steel and basalt fibers—into alkali-activated slag
fiber concrete (ASFC) at a basalt fiber dosage of
0.55 % significantly enhances the concrete’s resistance
to sulfate-induced degradation. This material system
is particularly suited for infrastructure applications
exposed to aggressive sulfate environments, such as
marine structures, underground foundations in sulfate-
rich soils, and wastewater treatment facilities.
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