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Abstract: The poor flexural and damping properties of building materials damages concrete structures
and affects their service life when concrete structures are subjected to dynamic loads. Three different
dosages (i.e., 0%, 0.3%, and 0.6%) of organic phosphonates (HEDP.4Na) and different pouring
methods (i.e., conventional pouring method, 90◦-induced pouring method, and 150◦-induced pouring
method) were designed to improve the flexural and damping performance of fiber-reinforced alkali-
activated slag composites (FR-AASC). The enhanced mechanism of HEDP.4Na was revealed by
phase analysis (X-ray diffraction, XRD), pore structure analysis (Mercury Intrusion Porosimetry,
MIP), the heat of hydration, and scanning electron microscopy (SEM) analysis. The results showed
that 0.3% HEDP.4Na combined with the 150◦-induced pouring angle can significantly improve the
mechanical properties of the FR-AASC sample compared with the reference group. The sample with
0.3% HEDP.4Na cast by the 150◦-induced pouring angle increased compressive and flexural strength,
damping energy consumption and storage modulus by 20%, 60%, 78%, and 30%, respectively,
compared with the reference sample cast by the conventional pouring methodology. HEDP.4Na
reduced the early hydration heat and total porosity of the FR-AASC matrix, modified the fiber–
matrix interface transition zone, and increased the frictional energy consumption of steel fibers.
Overall, the synergistic effect of HEDP.4Na and the induced pouring methodology significantly
improved the flexural and damping properties of FR-AASC. This study can provide a guidance for
improving the flexural and damping capacity of FR-AASC and promote the application of FR-AASC
in construction engineering.

Keywords: fiber-reinforced alkali-activated slag composites; compressive strength; flexural strength;
damping performance; microstructure

1. Introduction

Ordinary Portland cement concrete is the most widely used building material, and
its annual yield in the world has exceeded 6 billion tons (about 1 ton/year/person) [1].
Ordinary Portland cement (OPC) is one of the main components of concrete, accounting
for 10–12% of the total volume of concrete [2]. Currently, more than 4 billion tons of cement
are produced per year, accounting for around 8% of global CO2 emissions [3]. According to
the report of the global cement and concrete association in 2021, the cement industry needs
to decrease CO2 emissions by 25% by 2030 and become net zero until 2050 to meet the
requirements of the Paris Agreement regarding climate change [4]. However, the demand
for concrete still increases yearly with the rapid development of infrastructure construction.
For example, it is estimated that 1.53 m3 (2 yd3) of concrete per person is placed each year
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to support the U.S. infrastructure [5]. The consumption of cement in the United States
(U.S.) has steadily increased since 2008, reaching approximately 102 million metric tons in
2019 [6]. Therefore, a new type of concrete material should be developed to decrease the
environmental impact of concrete, while taking performance into consideration.

Alkali-activated slag composites (AASC) are a class of green and low-carbon building
materials synthesized by the chemical reaction between alkaline solution and aluminosili-
cate. Compared with OPC, AASC can reduce CO2 emissions by 50–80%, decrease energy
consumption by 60%, and show better compressive performance and high durability [7–9].
However, AASC has several main shortcomings, such as low fluidity and short setting
time [10,11]. For example, Fang et al. [12] reported that the average initial and final setting
time was 0.9 and 1.5 h when the dosage of Na2O was 6% in the AASC mixture, while
the initial and final setting time of the OPC mixture was over 6 and 12 h. According to
previous studies [13,14], the AASC cannot be applied to concrete structures that require
high flexural strength and strong damping capacity. For example, Long et al. [13] compared
the damping capacity of mortar phase made with different binder systems, showing the
damping capacity of AASC mortar was lower than those made with other binder systems.
Similar results were also reported by the investigation of Zhu et al. [15], showing that
the damping capacity of fly ash-based geopolymer was 30% lower than OPC specimens.
However, concrete structures are usually subjected to dynamic loads (earthquake, wind,
vehicle loads, etc.) during their service life [16,17]. It is well known that an improvement
in the damping performance from the material level, combined with effective structural
seismic design, not only reduces the damage of dynamic loads to the structure but also
improves the safety and comfort of the structure during its service life. The enhancement of
the damping performance of building materials can make the concrete structure consume
more energy at the material level, thereby reducing the amplitude and stress and improving
the damping of the overall concrete structures [18,19].

Chi et al. [20] reviewed the damping capacity of cement matrix composites at the
material level and summarized various additives to enhance the damping capacity of
cement matrix composites. Among these additives, steel fibers can be used to improve
the mechanical properties, including flexural and damping properties, of cementitious
composites because steel fibers can transfer tensile stress from the matrix, resist crack
propagation, and improve the toughness of the matrix [21–24]. However, Swamy et al.
found that the utilization of steel fibers in improving the flexural properties of composites is
severely limited [25]. Based on the principle of tensile stress in fiber-reinforced composites,
the efficiency of steel fibers in improving the performance of cement-based composites
in uniaxial mechanical tests is only 30% due to the random orientation of fibers in the
cement-based composites [26,27]. The orientation and uniform distribution of steel fibers
are of great significance in enhancing the flexural properties of cement-based composites.
For example, Ferrara et al. [28] and Teng et al. [29] cast beams in which the orientation of
the fibers dominates in the principal tensile direction, thereby significantly increasing the
bearing capacity of the beams. Huang et al. [22] used an L-shaped device to increase the
fiber orientation of beams, which increased the flexural strength by 65% compared to the
samples cast by the traditional method. Zhang et al. [30] reported that the ultimate tensile
strength of the samples cast using channels with vibrations increased by 66% compared
to the reference sample cast by the conventional pouring method. However, these studies
mainly aimed improve the mechanical properties of ordinary cement composites, while
the research on improvement in damping and flexural performance in AASC is relatively
limited. The fresh properties (i.e., mini-slump flow and setting time) of AASC showed a
significant difference from the ordinary cement composites, which influenced the efficiency
of steel fibers in improving the mechanical performance of AASC. Gou et al. [31] developed
a novel device to orientally distribute fine and short steel fibers in the cement mortar,
producing excellent stress-dispersing (flexural strength) and absorbing effects (toughening).
Teng et al. [32] compared different casting methods to investigate the flexural performance
of cement-based composites, indicating that the casting method significantly influenced
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the flexural performance of specimens. It indicates that the casting method could influence
the hardened performance of samples. However, the current research method does not
consider the effect of different pouring angles on the flexural and damping properties of
fiber-reinforced AASC (FR-AASC).

Tetrasodium salt of 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP.4Na) is an
excellent metal corrosion inhibitor widely used in chemical, metallurgical, and other
industrial water treatments [19,33]. It can dissolve various metal oxides and form stable
complexes. Currently, HEDP.4Na has been applied in cement-based composites, including
OPC, magnesium oxysulfate cement (MOC), and oil well cement. Liang et al. [34] reported
that HEDP.4Na can promote the formation of the needle-shaped crystals phase in the
MOS cement system and improve the compressive strength and softening coefficient of
MOS cement. Hurnaus et al. [35] studied the use of organic phosphonic acid compounds
as retarders to maintain the fluidity of concrete, reporting that organic phosphonic acid
compounds improve the fluidity properties. The speed of polymerization in AASC mainly
depends on the combined rate of Ca2+ dissolved in slag and silicate ions. If HEDP.4Na is
introduced into the AASC system, it may form a stable complex with Ca2+ ions to cover the
surface of the slag and inhibit the polymerization reaction in AASC. Therefore, the fresh
performance, including slump flow and setting time, may be modified through the addition
of HEDP.4Na. According to the existing research, the variation in the fresh performance of
the paste greatly affects the hardening performance of FR-AASC [36,37]. However, there
are limited studies on FR-AASC concerning the effect of HEDP.4Na on the flexural and
damping properties.

Based on the aforementioned literature review, a new type of concrete material should
be developed to decrease the environmental impact of concrete while taking flexural and
damping performance into consideration. The current research method does not consider
the effect of different pouring angles and HEDP.4Na on the flexural and damping properties
of fiber-reinforced AASC (FR-AASC). In this study, to improve the mechanical properties
of FR-AASC, the effect of different dosages (mass ratio to cement: 0%, 0.3%, 0.6%) of
HEDP.4Na and different pouring methods (conventional pouring method, 90◦-induced
pouring method, 150◦-induced pouring method) on compressive strength, flexural strength,
and damping properties of AASC were studied. An acme penetrometer and slump flow
cone were used to investigate the effect of HEDP.4Na on the setting time and slump
flow of FR-AASC. Additionally, phase analysis (XRD), the heat of hydration, mercury
intrusion porosimetry (MIP), and scanning electron microscopy (SEM) were measured to
reveal the influenced mechanism of HEDP.4Na on the flexural and damping properties
of FR-AASC. This research can provide certain guidance for improving the flexural and
damping performance of FR-AASC and lay an important theoretical foundation for future
architectural applications.

2. Experimental Materials and Methods
2.1. Raw Materials

In this study, the alkali activator consisted of a sodium hydroxide (NaOH) and sodium
silicate (Na2SiO3) solution. Sodium hydroxide (analytical purity 96%) was produced by
Shanghai Api Chemical Reagent Co., Ltd. (Shanghai, China), and the appearance was
white crystalline flakes. The sodium silicate solution (SS, SiO2/Na2O molar ratio = 3.34,
water content = 62.3%) was supplied by Wuhan Xinchuyang Chemical Co., Ltd. (Wuhan,
China), and the appearance was a transparent and viscous liquid. The S95 blast furnace
slag (GGBFS), provided by Shanghai Weishen New Building Materials Co., Ltd. (Shanghai,
China), was used as the activated cementitious material. The river-bed siliceous sand
with a maximum particle size of 4.25 mm, fineness modulus of 2.62, a specific gravity of
2.59, and surface saturated dry water absorption of 0.38% was used as fine aggregate. The
main chemical composition of CaO, SiO2, and Al2O3 content were 40%, 33%, and 17%,
respectively, and the specific surface area was 430 kg.m−2. HEDP.4Na, a white powder
soluble in water produced by Guangzhou Deli Chemical Co., Ltd. (Guangzhou, China),
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was used to modify the fresh properties of FR-AASC. The physical properties of HEDP.4Na
are shown in Table 1. The dosage of HEDP.4Na in FR-AASC was 0.0%, 0.3%, and 0.6% of
the mass of the cementitious material. The diameter, length, and tensile strength of the
selected steel fiber were 0.2 mm, 13 mm, and 2790 MPa, respectively.

Table 1. Physical characteristics of HEDP.4Na.

Property Morphology HEDP Content/wt% Purity/wt% Density/g.m2 pH

HEDP.4Na White powder ≥65.0 ≥90.0 1.26–1.36 11.0–12.0

2.2. Mixture Design and Specimen Preparation

The mixture proportions of FR-AASC are shown in Table 2. To ensure the workability
of the FR-AASC, the water–binder ratio (W/B) and volume of steel fibers in this study were
fixed at 0.45 and 1 vol.%. Different contents of HEDP.4Na (0%, 0.3%, and 0.6% by mass
of cementitious materials) were added to control the fresh performance of the FR-AASC
mixtures. The mixing procedure was as follows: (1) NaOH was dissolved into water, stirred
with Na2SiO3 solution for 3 min, then covered with plastic wrap for 30 min; (2) HEDP.4Na
powder was added to the mixed solution of NaOH and Na2SiO3, and then stirred for 3 min;
(3) the slag and fine aggregate were mixed in a mixer at low speed for 30 s, and then the
mixed solution was added to the FR-AASC mixture, followed by 2 min of low-speed and
2 min of high-speed mixing; (4) the steel fibers were incorporated into the mixture and
mixed for 2 min at a low-speed rate. The mini-slump flow of the FR-AASC was evaluated
using a mini-slump cone with a height of 60 mm, a top inner diameter of 70 mm, and a
bottom inner diameter of 100 mm. Different pouring methods, including the conventional
pouring method and 90◦- and 150◦-induced pouring angle methods, were used to cast
FR-AASC samples into the mold with a dimension of 100 mm × 100 mm × 405 mm for the
flexural test, as shown in Figure 1. The FR-AASC samples with a dimension of 100 mm3

were cut from flexural samples with the dimension of 100 mm × 100 mm × 405 mm for
compressive strength tests. All FR-AASC specimens were cured in a standard curing room
with a temperature of 20 ± 2 ◦C and humidity of >95% for 28 days after 24 h of de-molding.

Table 2. Mixture proportions of FR-AASC.

Specimen GGBFS
kg·m−3

Sand
kg·m−3

NaOH
kg·m−3

Na2CO3
kg·m−3

Water
kg·m−3

Steel Fiber
vol.%

HEDP.4Na
Mass%

Induced Pouring
Angle

(◦)

HEDP-0-Ref. 1000 1500 19.27 77.05 400 1 0 Ref.
HEDP-0-90◦ 1000 1500 19.27 77.05 400 1 0 90◦

HEDP-0-150◦ 1000 1500 19.27 77.05 400 1 0 150◦

HEDP-0.3%-Ref. 1000 1500 19.27 77.05 400 1 0.3 Ref.
HEDP-0.3%-90◦ 1000 1500 19.27 77.05 400 1 0.3 90◦

HEDP-0.3%-150◦ 1000 1500 19.27 77.05 400 1 0.3 150◦

HEDP-0.6%-Ref. 1000 1500 19.27 77.05 400 1 0.6 Ref.
HEDP-0.6%-90◦ 1000 1500 19.27 77.05 400 1 0.6 90◦

HEDP-0.6%-150◦ 1000 1500 19.27 77.05 400 1 0.6 150◦
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2.3. Test Method
2.3.1. Mini-Slump Flow and Setting Time

The workability and consistency of the FR-AASC mixtures play a critical role in
ensuring concrete quality in a construction project. The mini-slump test was conducted
according to the standard of ASTM C230/230M [38]. The FR-SWC mixtures were filled
into a mini-slump cone with a height of 60 mm, an upper inner diameter of 70 mm, and a
bottom inner diameter of 100 mm. The mini-slump cone was lifted vertically to allow the
FR-AASC mixtures to flow. The mini-slump flow of the FR-AASC mixtures was determined
by the average value of two directions perpendicular to each other. Additionally, the setting
time of the mortar phase from the FR-AASC mixtures was measured according to the
standard of ASTM C403 [39]. A mortar phase of FR-AASC was placed in a container with a
dimension of 40 mm × 80 mm and then stored at a specified laboratory condition with a
temperature of 23 ± 3 ◦C and a relative humidity of 50 ± 5%, respectively. The resistance
of the mortar to penetration by standard needles was measured at constant time intervals.

2.3.2. Compressive and Flexural Strength Test

Compressive and flexural strength tests are widely accepted methods to evaluate
the performance of a given FR-AASC mixture. To evaluate different HEDP.4Na contents
and different pouring methods on the mechanical behavior, including compressive and
flexural strength, of FR-AASC samples, a 200-ton electro-hydraulic servo pressure tester
was used to determine the 28-day compressive strength of the sample. The parameter
setting during the experiment was accordance in with ASTM C109 [40]. The loading rate
was set at 2.4 kN/s. According to AASTM C1609 [41], a loading rate of 2 mm/min was
used to evaluate the 28-day flexural strength of all FR-AASC beams with a span of 300 mm.

2.3.3. Dynamic Mechanical Properties Test

According to the investigation by Long et al. [42,43], the dynamic performance of FR-
AASC was tested using a dynamic thermomechanical analyzer (DMA+1000) produced by
Metravib (Paris, France). The DMA samples with a dimension of 30 mm × 30 mm × 100 mm
were obtained by cutting the center of the prism. According to previous experimental
studies [44,45], low-frequency waves of earthquakes or vibrations of 0.5~2.5 Hz are likely to
cause dynamic damage to concrete structures. Therefore, the damping characteristics and
storage modulus of FR-AASC were tested for 28 days at room temperature (25.3~25.5 ◦C)
and an excitation frequency of 0.5~2.5 Hz.

2.3.4. Phase Analysis

Phase analysis of the FR-AASC samples was tested using an X-ray diffractometer
(XRD), manufactured by Bruker Optics, Germany. The sample powder was obtained from
the crushed sample after filtering fine aggregates and steel fibers and further grinding
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through a 200-mesh sieve for XRD measurement. The XRD analysis was performed by
XRD equipped with monochromatic Cu-Ka radiation at 40 kV and 40 mA. The scan was
initialized at 0.02◦ with a scan rate of 2/min.

2.3.5. Heat of Hydration Analysis

The heat of hydration, heat flow, and cumulative heat of hydration of FR-AASC
were monitored using a physical property calorimeter provided by TA Instruments. The
temperature in the measurement channel was kept constant at 20 ± 0.1 ◦C. The time interval
of hydration heat data collection was 24 s, and the total measurement time was 72 h.

2.3.6. Pore Structure Analysis

The pore size distribution and porosity of the mortar phase of FR-AASC were evalu-
ated using a mercury porosimeter (MIP, Auto Pore IV 9500) produced by Micromeritics
Instruments Corporation (Norcross, GA, USA). The FR-AASC specimens were crushed
into small particles with a dimension of 3~6 mm, and then dried in an oven at 65 ◦C for
24 h before MIP tests. The full-scan auto mode was selected with a contact angle of 130◦

and surface tension of 485 mN/m, respectively. The MIP tests were sequentially conducted
under low pressure (345 kPa) and high pressures (420 MPa), respectively.

2.3.7. Scanning Electron Microscopy (SEM) Analysis

The 28-day FR-AASC samples were impregnated with epoxy resin, and then slowly cut
with a high-precision cutting machine. The obtained FR-AASC samples were oven-dried and
then characterized by a Quanta-200FEG electron microscope (FEI Company, Hillsboro, OR,
USA). The working voltage was 20 Kv, and the image pixels were 1280 × 960.

3. Results and Discussion
3.1. Setting Time and Mini-Slump Flow of FR-AASC

The setting time and mini-slump flow of FR-AASC incorporated with various HEDP.4Na
contents are shown in Figure 2. The initial and final setting times of FR-AASC without
HEDP.4Na were 30 and 65 min, respectively, while the initial and final setting times of AASC
containing 0.3% and 0.6% HEDP.4Na were 40 and 48 min, 100 and 85 min, respectively. It
can be observed that the FR-AASC mixtures containing HEDP.4Na significantly delayed
the initial and final setting times compared to the FR-AASC mixture without HEDP.4Na4.
As the HEDP.4Na content increased from 0% to 0.3%, the initial and final setting times
of the FR-AASC mixture were delayed by 43.8% and 42.0%, respectively. The FR-AASC
mixture containing 0.6% HEDP.4Na delayed the initial and final setting times by 25% and
17%, respectively, compared to the FR-AASC without HEDP.4Na. Similar results were
reported by Liang et al. [34], showing that MOC with 0.75% HEDP delayed the setting time
by 150% compared to the control sample.

It Is well known that prolonging the initial setting time can increase the slump flows of
the FR-AASC mixture [46]. In this study, the variation in mini-slump flow for the FR-AASC
mixtures showed a similar tendency to the initial setting time. HEDP.4Na significantly
improved the mini-slump flow of the FR-AASC mixtures. As shown in Figure 2, the
mini-slump flow of the FR-AASC mixtures containing 0.0%, 0.3%, and 0.6% HEDP.4Na
was 180 mm, 230 mm, and 215 mm, respectively. The use of 0.3% and 0.6% HEDP.4Na
in the FR-AASC mixtures increased the min-slump flow by 18% and 27% compared with
the control group without HEDP.4Na. Similar results were reported in the literature [34],
displaying that MOS cement with 0.5%HEDP increased the slump flow by 30% compared to
the control mixture. This was also consistent with the previous study [47]. The reason was
that HEDP.4Na decomposed into HEDP4− and 4Na− after being dissolved in an aqueous
solution and then combined with 2Ca2+ ions from the slag to form HEDP.2Ca [48]. The
product of HEDP.2Ca can inhibit the polymerization reaction of Ca2+ ions dissolved in
the slag and silicate, reducing the rate of the alkali-activated polymerization reaction and
indirectly improving the mini-slump flow of FR-AASC.
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Figure 2. Effect of HEDP.4Na on setting time and mini-slump flow.

3.2. Compressive Strength of FR-AASC

Figure 3 shows the effect of different HEDP.4Na contents and different induced pour-
ing methods on the 28-day compressive strength of FR-AASC samples. The FR-AASC
samples incorporated with 0.3%HEDP.4Na (HEDP-0.3%) cast by different pouring methods
increased the 28-day compressive strength by 14–20% compared to the control sample
(HEDP-0%). Similar results were reported by Kiiashkio et al. [48], showing that HEDP-0.4%
increased the 28-day compressive strength of Na2CO3-activated slag composites by 20–25%.
This was attributed to the mini-slump flow of HEDP-0.3% being significantly higher than
that of the reference group. The increase in the mini-slump flow of FR-AASC increased
the internal compactness of the hardened FR-AASC matrix. The high compactness of the
matrix finally improved the 28-day compressive strength of FR-AASC samples, which was
also consistent with the tested results of MIP in Section 3.7. The HEDP-0.6% sample slightly
decreased the 28-day compressive strength by 4% compared to the HEDP-0.3% sample, al-
though the 28-day compressive strength increased by 17% compared to the control sample.
This result indicated that there is an optimal dosage of HEDP.4Na, and the excessive dosage
of HEDP-4Na slightly decreased the compressive strength of FR-AASC compared with the
HEDP-0.3% sample. Another reason may be that the precipitation of HEDP.2Ca covering
the surface of the hydration product inhibits the formation of C-A-S-H-gelling materials,
thereby reducing the compressive strength of the matrix [49]. Furthermore, Figure 3 shows
that the FR-AASC samples prepared by the induced pouring method slightly increased
the 28-day compressive strength by 5% compared with the FR-AASC sample cast by the
conventional pouring method. The induced pouring method improved the steel fibers’
distribution in the matrix and enhanced the 28-day compressive strength of FR-AASC,
which is consistent with the findings of Huang et al. [22].
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Figure 3. Compressive strength of 28d FR-AASC.

3.3. Flexural Strength of FR-AASC

The effect of different HEDP.4Na contents and different induced pouring methods on
the 28-day flexural strength of the FR-AASC are shown in Figure 4. Using three different
pouring methods to prepare samples, it can be observed that the HEDP-0.3% and HEDP-
0.6% samples increased the 28-day flexural strength by 14–45% and 23–33%%, respectively,
compared with the control sample. This indicated that HEDP.4Na can significantly en-
hance the flexural performance of FR-AASC. It was attributed to the fact that HEDP.4Na
can modify the interface transition zone between steel and AASC matrix, verified by
the SEM analysis in Section 3.9. Additionally, the induced pouring method can signifi-
cantly improve the flexural strength of FR-AASC compared with the conventional pouring
method. Compared with the FR-AASC beam cast by the conventional method, a maximum
value of 14.9 Mpa in flexural strength for the FR-AASC samples cast by the 150◦-induced
pouring method was obtained. The HEDP-0.3% sample cast by the 150◦-induced pour-
ing method increased the 28-day flexural strength by 60% compared with the reference
sample cast by the conventional pouring method. The increase in flexural strength of
FR-AASC was with respect to the angle between the steel fibers and the main tensile stress.
Therefore, the 150◦ pouring method significantly enhanced the alignment of steel fibers
in the AASC matrix compared to other pouring methods. Similar results were reported
by Teng et al. [50], showing that the enhancement efficiency of steel fibers in the flexural
resistance of ultra-high-performance concrete beams can be significantly improved by 45%
when the alignment of the steel fiber is the same as the tensile stress.
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3.4. Loss Factor of FR-AASC

The damping performance of a material can be characterized by the parameter loss
factor, according to previous studies [44,51,52]. Figure 5 shows the 28-day loss factor of
the FR-AASC samples incorporated into different HEDP.4Na contents and cast by various
pouring methods. It can be observed that the loss factor of FR-AASC at 0.5~2.5 Hz was
steady and did not change with time. It indicated that the loss factor of FR-AASC is not
sensitive to the variation in frequency and time. However, HEDP.4Na can significantly
improve the loss factor of FR-AASC. For a given excitation frequency of 0.5 Hz, the HEDP-
0.3% and HEDP-0.6% samples increased the loss factor by 52% and 30%, respectively,
compared with the control sample. This was mainly attributed to the fact that HEDP.4Na
can improve the fluidity of the FR-AASC mixture, enhancing the inner compactness of the
FR-AASC specimens. Additionally, an appropriate dosage of HEDP.4Na can promote the
hydration of C-A-S-H gel in FR-AASC at the late stage, modifying the interface transition
zone of the steel fiber–AASC matrix and contributing to the energy dissipation of FR-AASC.
Similar results were reported by Giner et al. [53], showing that the addition of silica fume
modified the interface between carbon fiber and concrete matrix and improved the damping
ratio of concrete by 6% compared to the control specimen.

The loss factor of FR-AASC was significantly affected by various pouring methods. For
a given excitation frequency of 0.5 Hz and HEDP.4Na content, the FR-AASC samples cast
by 90◦ and 150◦ pouring methods increased the loss factor by 12% and 17%, respectively,
compared with the traditional pouring method. Furthermore, the HEDP-0.3% sample cast
by the 150◦-induced pouring method increased the loss factor by 78% compared with the
reference sample prepared with the conventional pouring methodology. Furthermore, the
improved efficiency of the induced pouring method in the energy dissipation capacity
was lower than that of HEDP.4Na. The improvement in the loss factor in FR-AASC using
the induced pouring method was mainly due to the optimization of the fiber distribution
and alignment in the matrix. Steel fibers generated great tensile stress under the external
dynamic load to inhibit crack propagation when steel fibers were aligned with the direction
of tensile stress. The increase in friction slips between the steel fibers and the AASC matrix
ultimately enhanced the energy dissipation of FR-AASC. The increase in the compactness
of the FR-AASC matrix weakened the deformation ability under the external dynamic load.
However, the uniform fiber distribution and the enhancement of the interface transition
zone between steel fibers and matrix can offset the negative effect [13].
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3.5. Storage Modulus of FR-AASC

The variation in storage modulus for FR-AASC samples with frequency from 0.5 to
2.5 Hz and time from 0 to 1200 s is shown in Figure 6. The storage modulus of all FR-
AASC samples reached its peak value at 0.5 Hz, as shown in Figure 6a. According to the
investigation by Long et al. [14], it was also reported that the coupling effect of dynamic
load and temperature resulted in the maximum storage modulus of alkali-activated slag
mortar at 0.5 Hz. In addition, the incorporation of HEDP.4Na also showed a significant
effect on the storage modulus of the FR-AASC matrix. For a given frequency of 0.5 Hz
and the same pouring method, it can be observed that the HEDP-0.3% and HEDP-0.6%
increased the storage modulus by 30% and 16%, respectively, compared with the control
sample. This was attributed to the fact that an appropriate content of HEDP.4Na led to
form more hydration products in the later stage, thereby densifying the internal structure
of the matrix and refining the pore size. Lv et al. [54] also reported that 0.04% graphene
oxide nanosheets enhanced the storage modulus by 150% of cement paste by regulating
the morphology of the cement hydration products and improving the compactness of the
microstructure in the cement matrix. However, the enhanced efficiency was weakened in
the FR-AASC matrix when the content of HEDP.4Na was over 0.3%.

The pouring method also showed a certain influence on the storage modulus of FR-
AASC. For a given excitation frequency of 0.5 Hz and a fixed HEDP.4Na content, the
FR-AASC samples cast by 90◦ and 150◦ pouring methods increased the storage modulus by
3% and 5%, respectively, compared with the conventional pouring method. Furthermore,
the enhanced efficiency of HEDP-0.3% cast by the 150◦-induced pouring method increased
by 28.8% compared with the reference sample prepared with the conventional pouring
method. This was attributed to the fact that the induced pouring method resulted in
uniform distribution of steel fibers, reducing the possibility of defects in the matrix [13]. The
variation in the storage modulus of FR-AASC was consistent with the 28-day compressive
strength tested results.
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3.6. Phase Analysis

The XRD patterns of FR-AASC mixtures at the age of 3 days are shown in Figure 7. It
can be observed that the diffraction peak of C-A-S-H was mainly distributed at 29◦. It can
be attributed to the fact that the Ca2+ chelates with HEDP4− and then precipitates on the
surface of the hydration products. The diffraction peaks of hydrotalcite were distributed
at 22◦, 39◦, and 47◦, respectively, and the diffraction peaks of calcite in the FR-AASC
mixture were distributed at 29◦, 39◦, 47◦, and 49◦, respectively. It can be observed that
there was no significant difference among the types of crystalline constitutes in FR-AASC
specimens incorporated into 0.0%, 0.3%, and 0.6% HEDP.4Na. Therefore, the addition of
HEDP.4Na did not change the crystal type of the main hydration products in the FR-AASC
sample. In addition, the incorporation content of HEDP.4Na over 0.3% in the FR-AASC
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samples inhibited an early polymerization reaction, resulting in a weaker crystallinity of
the polymerization products, such as hydrotalcite and C-A-S-H [47]. This can be verified
by the difference in intensity of the main diffusion peaks around 22◦ and 29◦. The calcium
chelation effect of HEDP.4Na on the dissolved Ca2+ ions on the surface of slag particles can
inhibit the formation of calcium carbonate, which also verifies that the carbonization of the
FR-AASC matrix can slowly form calcite precipitation [49].
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3.7. Heat of Hydration Analysis

The effect of different HEDP.4Na contents on the characteristics of hydration kinetics
at 72 h in the FR-AASC mixture is shown in Figure 8. The hydration process of FR-AASC
can be divided into five phases: “the rapid exothermic phase; the dormant stage with
low exothermic phase; the hydration acceleration phase; the hydration deceleration stage;
and the steady stage” [55]. As shown in Figure 8, the maximum peak of heat flow in
the FR-AASC mixture can be significantly reduced and prolonged by the addition of
HEDP.4Na. For example, in the hydration acceleration stage, FR-AASC incorporated
into 0.3% or 0.6% HEDP.4Na reached the peak value at point D or point F, respectively,
compared with the control group at point B. The maximum peak value of the heat flow in
the FR-AASC mixture incorporated into 0.3% HEDP.4Na decreased by 51.6%, compared
with the reference mixture. This was attributed to the fact that HEDP.4Na inhibited the
early polymerization reaction, thus manifesting as a delayed exothermic peak of the early
hydration reaction [49]. On the other hand, as shown in Figure 8, it can be observed that
the addition of HEDP.4Na can decrease the cumulative heat of hydration compared with
the control sample. For example, compared with the FR-AASC mixture without HEDP.4Na
(200 J·g−1), the peak values of cumulative heat in the FR-AASC mixtures with 0.3% and
0.6% HEDP.4Na were significantly decreased to 90 J·g−1 and 80 J·g−1, respectively. It
was verified that the mini-slump flow of FR-AASC incorporation into HEDP.4Na was
higher than that of the reference mixture. HEDP.4Na can prolong the hydration induction
period of FR-AASC, which improves the flowability of the mixture and the formation of
dense structures in the FR-AASC matrix. This was also verified by the result of the 28-day
compressive strength of the FR-AASC samples incorporated with HEDP.4Na.
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3.8. Pore Structure Analysis

The mechanical properties (i.e., compressive strength, flexural strength, and damping
capacity) of the FR-AASC mixture are influenced by the internal pore microstructure [51].
Figure 9 shows the 28-day total porosity and pore size distribution volume fraction in
the FR-AASC sample with or without HEDP.4Na. It can be seen from Figure 9a that
the cumulative porosity of the FR-AASC matrix with HEDP.4Na significantly decreased
compared with the control sample. The total porosity of FR-AASC incorporated into 0.3%
HEDP.4Na was 8%, which is 28% lower than that of the control sample. This was attributed
to the fact that the incorporation of HEDP.4Na changed the morphological characteristics
of the hydration products, and more macropores or capillary pores in the matrix were
partially filled [48,56,57]. The low total porosity in the FR-AASC mixture incorporated
into HEDP.4Na improved the 28-day mechanical properties of the matrix compared with
the control sample. As shown in Figure 9b, it can be observed that the incorporation of
HEDP.4Na led to a significant reduction in the pore size of the FR-AASC matrix. Compared
with the control sample, the volume fractions of macropores, macro-capillary pores, and
meso-capillary pores in the matrix containing HEDP.4Na slightly decreased, while the
volume fraction of mesopores increased. Furthermore, the proportion of gel micropores in
the FR-AASC almost kept the same value. The incorporation of 0.3% and 0.6% HEDP.4Na
into the FR-AASC matrix resulted in an increase of 18% and 11% in the mesopore volume
fraction, respectively. It illustrated that the incorporation of HEDP.4Na modified the shape
and size of the hydration products of the FR-AASC matrix, eventually leading to a reduction
in larger pores in the AASC matrix.



Fibers 2023, 11, 23 14 of 19

Fibers 2023, 11, x FOR PEER REVIEW 14 of 19 
 

3.8. Pore Structure Analysis 
The mechanical properties (i.e., compressive strength, flexural strength, and damp-

ing capacity) of the FR-AASC mixture are influenced by the internal pore microstructure 
[51]. Figure 9 shows the 28-day total porosity and pore size distribution volume fraction 
in the FR-AASC sample with or without HEDP.4Na. It can be seen from Figure 9a that the 
cumulative porosity of the FR-AASC matrix with HEDP.4Na significantly decreased com-
pared with the control sample. The total porosity of FR-AASC incorporated into 0.3% 
HEDP.4Na was 8%, which is 28% lower than that of the control sample. This was at-
tributed to the fact that the incorporation of HEDP.4Na changed the morphological char-
acteristics of the hydration products, and more macropores or capillary pores in the ma-
trix were partially filled [48,56,57]. The low total porosity in the FR-AASC mixture incor-
porated into HEDP.4Na improved the 28-day mechanical properties of the matrix com-
pared with the control sample. As shown in Figure 9b, it can be observed that the incor-
poration of HEDP.4Na led to a significant reduction in the pore size of the FR-AASC ma-
trix. Compared with the control sample, the volume fractions of macropores, macro-ca-
pillary pores, and meso-capillary pores in the matrix containing HEDP.4Na slightly de-
creased, while the volume fraction of mesopores increased. Furthermore, the proportion 
of gel micropores in the FR-AASC almost kept the same value. The incorporation of 0.3% 
and 0.6% HEDP.4Na into the FR-AASC matrix resulted in an increase of 18% and 11% in 
the mesopore volume fraction, respectively. It illustrated that the incorporation of 
HEDP.4Na modified the shape and size of the hydration products of the FR-AASC matrix, 
eventually leading to a reduction in larger pores in the AASC matrix. 

 
 

(a) 

Fibers 2023, 11, x FOR PEER REVIEW 15 of 19 
 

 
(b)  

Figure 9. Pore structure of 28d FR-AASC. (a) Pore porosity, (b) Pore volume fraction. 

3.9. Scanning Electron Microscopy (SEM) Analysis 
The 28-day microscopic morphology of the FR-AASC samples was observed using 

SEM to explore the enhanced mechanism of HEDP.4Na on the flexural and damping 
properties in the FR-AASC mixture. As shown in Figure 10, it can be observed that the 
FR-AASC matrix incorporated into 0.3% HEDP.4Na showed fewer microcracks and pores 
than the control group, which may be attributed to the incorporation of HEDP.4Na-de-
creased porosity of the FR-AASC matrix. On the other hand, it is well known that im-
provement in the fluidity of the slurry increases the compactness of the FR-AASC matrix. 
Kiiashko et al. [48] also reported that HEDP could modify the morphology of hydration 
products through early hydration inhibition, resulting in small-size hydration products 
and, ultimately, improving the compactness of the FR-AASC matrix. Therefore, 
HEDP.4Na can effectively improve the compactness of the FR-AASC matrix and enhance 
the mechanical properties, which was consistent with the 28-day compressive strength in 
Section 3.2, flexural strength in Section 3.3, and MIP results in Section 3.8. 

 

Figure 9. Pore structure of 28d FR-AASC. (a) Pore porosity, (b) Pore volume fraction.

3.9. Scanning Electron Microscopy (SEM) Analysis

The 28-day microscopic morphology of the FR-AASC samples was observed using
SEM to explore the enhanced mechanism of HEDP.4Na on the flexural and damping
properties in the FR-AASC mixture. As shown in Figure 10, it can be observed that
the FR-AASC matrix incorporated into 0.3% HEDP.4Na showed fewer microcracks and
pores than the control group, which may be attributed to the incorporation of HEDP.4Na-
decreased porosity of the FR-AASC matrix. On the other hand, it is well known that
improvement in the fluidity of the slurry increases the compactness of the FR-AASC matrix.
Kiiashko et al. [48] also reported that HEDP could modify the morphology of hydration
products through early hydration inhibition, resulting in small-size hydration products and,
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ultimately, improving the compactness of the FR-AASC matrix. Therefore, HEDP.4Na can
effectively improve the compactness of the FR-AASC matrix and enhance the mechanical
properties, which was consistent with the 28-day compressive strength in Section 3.2,
flexural strength in Section 3.3, and MIP results in Section 3.8.
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As shown in Figure 10b, the reference sample showed obvious micropores in the fiber–
matrix interface transition zone and the weak bonding between the steel fibers and the
AASC matrix, compared to FR-AASC with 0.3% HEDP.4Na. The critical shear stress was
low as the fiber showed a slip relative to the matrix or was pulled out from the AASC matrix
under the external dynamic load. On the contrary, the compactness at the fiber–matrix
interfacial transition zone of FR-AASC incorporated into 0.3% HEDP.4Na significantly
increased compared with the control sample. The adhesion between the fiber and AASC
matrix was improved, and the increase in critical shear stress in the FR-AASC resulted
in a high frictional energy dissipation as the fiber–matrix interface was relatively moved.
At the same time, the high-density area of hydration products around the fiber–matrix
interfacial transition zone can further improve the internal frictional energy dissipation
under dynamic load. It was consistent with the results of damping capacity in Section 3.4.

4. Conclusions

This study aimed to investigate the effect of HEDP-4Na content, different pouring
methods on compressive and flexural strength, and damping properties of the FR-AASC
samples. According to the tested results, the major findings of this study can be summa-
rized as follows:
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(1) The FR-AASC sample with HEDP.4Na increased the 28-day compressive and flex-
ural strength by 19% and 17% compared with the control sample. The FR-AASC
sample cast by the induced pouring method increased 28-day flexural strength by
42% compared to the sample cast by the conventional method. The synergistic effect
of HEDP.4Na and the induced pouring method significantly improved the 28-day
flexural strength by 60%.

(2) For a given frequency, the FR-AASC sample with 0.3% and 0.6% HEDP.4Na increased
the loss factor by 53% and 30%, respectively, compared to the control group. It was
attributed to that HEDP.4Na can modify the fiber–matrix interface transition zone and
improve the sliding friction energy dissipation capacity of steel fibers. Compared to
the control sample cast by the conventional method, the loss factor of the sample cast
by 150◦-induced pouring methods increased by 17%. The FR-AASC sample with 0.3%
HEDP.4Na cast by the 150◦-induced pouring method increased the loss factor by 78%
compared with the reference sample prepared with the conventional methodology.

(3) The incorporation of HEDP.4Na and the induced pouring method increased the
storage modulus of the FR-AASC matrix. The incorporation of 0.3% HEDP.4Na into
samples increased the storage modulus by up to 29% compared with the control
sample. Compared to the control sample cast by the conventional method, the storage
modulus of FR-AASC samples with HEDP.4Na cast by the 150◦-induced pouring
method increased by 5.0%.

(4) The use of HEDP.4Na delayed the leaching time of Ca2+ and the growth of C-A-S-H,
thereby inhibiting the exothermic reaction of hydration in the first 72 h. The total
porosity of the sample with HEDP.4Na slightly decreased, which was attributed to
the reduction in the size of the hydration products modified by HEDP.4Na. The
high-density region of hydration products near ITZ resulted in an improvement in
internal frictional energy dissipation under the external dynamic load.
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