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Abstract: Slurry-infiltrated fiber concrete (SIFCON) has excellent potential for application as a new
material with good crack resistance, impact resistance, and seismic performance. In this paper,
SIFCON blocks were cast in a single pour using the custom-made two-dimensional directional steel
fiber placement device, followed by compressive testing. Based on the test results, the effects of fly ash
substitution rate, steel fiber aspect ratio, and steel fiber volume fraction on the compressive bearing
capacity and ductility of SIFCON blocks were investigated. The results indicate that the custom-made
device in this paper effectively achieves the directional placement of steel fibers, offering a cost-
effective solution that optimizes the construction process. Regarding the test results, it was observed
that the compressive bearing capacity of SIFCON blocks decreases linearly with increasing fly ash
substitution rate, while the addition of fly ash improves the ductility of the blocks. Notably, a 31%
decrease in bearing capacity was noted when the fly ash substitution rate increases from 0% to 40%,
whereas the ductility ratio increased by 99% for the same substitution rate range. Furthermore, the
results revealed a positive correlation between the bearing capacity and ductility of SIFCON blocks
with higher steel fiber aspect ratios and volume fractions. Specifically, the bearing capacity increased
by 19% and 33% with steel fiber aspect ratio increments from 33 to 70 and volume fraction increases
from 10% to 14%, respectively. Additionally, the ductility ratio of the test blocks increased by 104%
when the aspect ratio of the steel fibers increased from 33 to 70, and by 37% when the volume fraction
of steel fibers rose from 10% to 14%.

Keywords: SIFCON; directional steel fibers; ductility; compressive load capacity

1. Introduction

Fiber-reinforced cementitious composites have received increasing interest in recent
years due to their excellent properties. Among many composites, slurry-infiltrated fiber
concrete (SIFCON) is one of the most promising materials, particularly renowned for its
exceptional ductility. SIFCON was initially developed in the 1980s by Kar [1]. Conceptually,
SIFCON can be regarded as conventional concrete in its pouring process, but it distinguishes
itself by being prefilled with ultra-high-content steel fibers instead of coarse aggregates.
This is achieved by infiltrating the extremely fluid cement slurry into a densely packed
steel fiber matrix. One of the critical differences between SIFCON and regular steel-fiber-
reinforced concrete (SFRC) lies in their steel fiber content. While SFRC typically contains no
more than 2% steel fibers, SIFCON includes a significantly higher fiber content ranging from
4% to 20%. The ultra-high fiber content contributes to the high strength and ductility of
SIFCON [2—4]. Consequently, scholars have increasingly focused on studying the ductility
of SIFCON under compressive loading, aiming to enhance the performance of the material
and the safety of the structure.

Wau [5] and Liu et al. [6] proposed the concept of compressive yielding to enhance the
ductility of flexural structural members. This approach involves substituting conventional

Buildings 2024, 14, 2077. https:/ /doi.org/10.3390/buildings14072077

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14072077
https://doi.org/10.3390/buildings14072077
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14072077
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14072077?type=check_update&version=2

Buildings 2024, 14, 2077

20f19

concrete with ductile materials in the compression zone of flexural members, enabling
the compressive yielding of materials to replace the tensile yielding of steel reinforcement.
In other words, improving ductility is the result of the compressive yielding. SIFCON,
with its unique material composition and performance characteristics, is well suited for the
principles of compressive yielding, making it an optimal choice to meet these criteria. The
ductility of SIFCON is influenced by various factors, including the properties of the cement
mortar, the steel fiber content, the geometry and orientation of the steel fibers, and the aspect
ratio of the steel fibers. Aravind [7] utilized fly ash as a partial replacement for cement,
ranging from 30% to 60%, to prepare SIFCON. Experimental results indicated that higher
proportions of fly ash positively impacted the ductility and fluidity of SIFCON [8-11]. The
ductility of SIFCON increased with higher steel fiber content. Also, ductility was influenced
by the geometry of the steel fibers, such as their aspect ratio and the intensity of vibration
of the shaking table during fiber placement.

There are various types of steel fibers available, including straight steel fibers, end-
hooked steel fibers, and even steel fibers extracted from waste tires [12], among others.
Additionally, the inclusion of steel fibers can significantly enhance the shear capacity [13]
and the ductility [14] of the member. In SIFCON, end-hooked steel fibers bond better
with hardened cement mortar, contributing to increased ductility. Moreover, SIFCON
demonstrates increased ductility when the orientation of steel fibers is perpendicular to the
direction of the load under compressive conditions. However, in cases where the distribu-
tion of steel fibers is random, the effectiveness of SIFCON is decreased, potentially leading
to reduced strength and deformation capacity [15-17]. Wood [18] observed compressive
strains exceeding 10% in SIFCON without significant strength degradation, highlighting
the significant impact of steel fiber distribution on the ductility of SIFCON. Additionally,
the ultimate strain capacity of SIFCON could equal or surpass the yield strain of mild
steel reinforcement [19]. The studies above emphasized the importance of achieving a
directional distribution of steel fibers to enhance the ductility of SIFCON. Notably, the
preparation of SIFCON blocks typically relies on layered casting assisted by vibrating
tables [20]. For SIFCON with an aspect ratio of 60 or less, the steel fiber content ranges
from 8% to 12%, while for ratios of 60 or more, the steel fiber content does not exceed 10%.
Manual placement may lead to random positioning, increasing construction complexity
and resulting in uneven distribution of steel fibers within the concrete.

Currently, two methods are used to achieve the directional distribution of steel fibers
in conventional steel fiber concrete. The first is adjusting the transport length and outlet
of the concrete placer to induce the distribution of steel fibers based on flow length and
flow rate [21,22]. The second is utilizing electromagnetic methods where steel fibers
are aligned in a specific direction by passing through a magnetic field during concrete
delivery [23]. However, both approaches rely on the mixture as a carrier, requiring a much
larger amount of cement mortar than steel fibers. Additionally, the steel fibers in the molds
are not tightly spliced with each other. These methods only apply to steel-fiber-reinforced
concrete (SFRC) with a fiber content of less than 2%. Additionally, to prevent the strength
of SIFCON from sharply decreasing after reaching peak load, researchers [24-27] have
explored modifications to the structural design of SIFCON blocks within the compressive
yielding scheme. These modifications include perforating SIFCON blocks and adding hoop
reinforcement, rendering the previously mentioned methods inapplicable and introducing
complexities to the construction of SIFCON. Therefore, utilizing a rational device for the
directional placement of steel fibers to streamline the construction process and produce
SIFCON blocks with higher ductility is essential to enhance the material properties further.

Based on this, the main purpose of this paper is to manufacture SIFCON test blocks
with high ductility that meet construction requirements. Additionally, a device capable
of achieving the directional distribution of steel fibers is developed, and a single pouring
method, instead of the conventional layered casting approach, is adopted. The feasibility
of the device is confirmed through experimental results, providing valuable insights for
optimizing the construction method of SIFCON. Furthermore, the effects of three different
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factors, i.e., fly ash substitution rate, steel fiber aspect ratio, and volume fraction, on the
bearing capacity and ductility of SIFCON blocks are analyzed, which can offer valuable
data support for further enhancing the mechanical and operational performance.

2. Specimen Design and Basic Material Properties
2.1. Materials

This study adopted P-O 42.5 grade silicate cement [28] and class I fly ash [29]. The
physical properties of cement and fly ash are presented in Tables 1 and 2, which were
supplied by the manufacturer. River sand is local natural river sand from Hainan, which
is washed, dried, and then screened to fine sand using a 0.5 mm square-hole sieve. The
high-efficiency polycarboxylic acid water-reducing admixture with a water reduction rate
of more than 26.2% is utilized. A modified polyether defoamer is selected for defoaming
and designed to complement the water-reducing admixture synergistically. Tap water from
the laboratory is used for mixing. End-hooked steel fibers with L/D ratios of 33, 50, and 70,
where L represents fiber length and D represents fiber diameter, are employed, as depicted
in Figure 1, with their physical properties detailed in Table 3.

Table 1. Physical properties of cement.

Twenty- Twenty-
Specific Initial . . Three-Day Three-Da}y Eight-Day Eight-Day
. . . Final Setting Flexural Compressive .
Material Surface Area  Setting Time . . Flexural Compressive
2 ; Time (min) Strength Strength
(m“/kg) (min) (MPa) (MPa2) Strength Strength
(MPa) (MPa)
Cement 358 172 234 5.5 27.2 8.4 49
Table 2. Physical properties of fly ash.
. - Water Heat Loss Moisture
. Fineness Densities Demand
Material o 3 . Rate Content
(%) (g/cm?) Ratio . o
2 (%) (%)
(%)
Fly ash 10.8 2.3 91.5 4.6 0.5
TN L=35mm

D=0.5mm

L=25mm
D=0.5mm

—

L=25mm
D=0.75mm

Figure 1. End-hooked steel fibers with different aspect ratios.
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Table 3. Physical properties of steel fiber.
Aspect L D Tensile Strength . 3
Ratio (mm) (mm) (MPa) Density (g/cm”)
33 25 0.75
50 25 0.5 1150 7.8
70 35 0.5

2.2. SIFCON Blocks

To prepare SIFCON blocks, the necessary volume fraction of steel fibers was initially
calculated, and the appropriate weight of steel fibers was measured using an electronic
scale and then placed into molds treated with a release agent. Subsequently, infiltrated
cement mortars with the required fluidity, consistency, and filling properties were prepared.
Finally, the mixed infiltrated cement mortar was poured into the molds containing the
steel fibers. In this study, different amounts of fly ash were employed to investigate the
impact of fly ash addition on the bearing capacity and ductility of SIFCON, resulting in
corresponding fly ash substitution rates of 0%, 20%, and 40%, respectively. The sand-binder
ratio was 1, with a water-binder ratio of 0.32 and a water-reducing admixture concentration
of 1.3%. It is important to note that these percentages are based on the reference amounts
of cement.

To achieve the directional placement of steel fibers, a custom-made, cost-effective
device was developed in this study. The length of the device matches that of the mold,
featuring a steel fiber placement port (upper port) measuring 180mm in length and 70 mm
in width. The width gradually becomes narrower downward, reaching its narrowest point
(5 mm) at one-third of the length of the device, maintaining this aperture for the remaining
140 mm extension, as depicted in Figure 2a. During device utilization, the narrow port
aligns perpendicularly to the direction of the load, with the bottom of the mold aligned
with the touch tool, as illustrated in Figure 2b. Fibers slide through the wide opening at
an inclined angle into the narrow opening, eventually falling into the mold at free-fall
speed. As the steel fiber descends through the inclined surface of the device from a height
approximately five times the relative fiber length, it rotates freely in a two-dimensional
direction during the descent. Subsequently, it intermingles randomly with the effect of
gravity upon landing. The direction of steel fibers dropped by the device is essentially
perpendicular to the load direction. Furthermore, due to the bent ends of the end-hooked
fibers, this fiber placement method avoids fiber disconnection issues, promoting closer
fiber connections with increased fiber placement. The device and the placed steel fibers
are illustrated in Figure 3. It is noteworthy that while a small fraction of steel fibers may
assume arbitrary directions through the custom-made device, the majority of steel fibers
remain oriented perpendicular to the load direction.

‘ 180mm | Steel fiber placement position
‘ ‘i 70mm
T ]

/ f

i ________ |.— 5mm

\

\

\

| 140mm

[

\

I

(a) Geometric dimensions (b) Schematic diagram

Figure 2. Schematic diagram of custom-made directional steel fiber placement device.
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(a) Custom-made device | (b) Placed steel fibers '

Figure 3. Custom-made device and placed steel fibers.

In this study, blocks measuring 180 mm x 70 mm x 200 mm were employed, a size
commonly utilized in prior research [8,9,24-27,30-33]. Notably, the pouring process did
not necessitate the use of a vibrating table due to variations in the filling properties of
infiltration mortar corresponding to different fly ash substitution rates. Specifically, the
SIFCON block with a fly ash substitution rate of 0% required placement on a vibrating
table for vibration-assisted pouring, while the block with a fly ash substitution rate of 20%
required slight vibration during pouring. Conversely, the block with a fly ash substitution
rate of 40% could be poured without the need for a vibrating table, as depicted in Figure 4.
Furthermore, to further study the impact of different steel fiber content and L/D ratios
on the bearing capacity and ductility of SIFCON blocks, an orthogonal test design was
employed. This design facilitated the creation of SIFCON blocks with different steel fiber
content and L/D ratios, as detailed in Table 4. Each condition comprised three blocks, with
steel fibers being directionally placed using the custom-made equipment developed in this
study. For example, the specimen denoted as 5-40%(F)-50-12% corresponds to a SIFCON
block featuring a fly ash substitution rate (R) of 40%, a steel fiber aspect ratio (L/D) of 50,
and a steel fiber volume fraction (V¢) of 12%. Additionally, to verify the efficacy of the
custom-made steel fiber directional placement device, three SIFCON blocks were designed
with a fly ash substitution rate of 20%, a steel fiber aspect ratio (L/D) of 50, and a steel fiber
volume fraction of 12%. However, these blocks featured randomly distributed steel fibers
and were labeled as S-40%(F)-50-12%-R.

Figure 4. Preparation of SIFCON test blocks.
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Table 4. Mix proportion of SIFCON blocks.
Blocks R (%) L/D Ve (%) Number
5-0%(F)-50-12% 0 50 12 3
5-20%(F)-50-12% 20 50 12 3
S-40%(F)-33-12% 33 12 3
5-40%(F)-50-10% 10 3
S-40%(F)-50-12% 40 50 12 3
S-40%(F)-50-14% 14 3
5-40%(F)-70-12% 70 12 3
5-20%(F)-50-12%-R 20 50 12 3

As a large quantity of steel fibers is added into SIFCON, the cement mortar with
enhanced fluidity is needed to effectively wrap the steel fibers during pouring. This
ensures the compactness of SIFCON, leading to a more uniform dispersion of steel fibers.
To assess the flowability of cement mortar under various fly ash substitution rates during
pouring, this study employed the small slump flow and V-shaped funnel test [34-37], as
illustrated in Figure 5. Additionally, the cubic compressive strength of cement mortar was
measured using specimens of 100 mm x 100 mm x 100 mm. The results are presented in
Table 5, wherein three specimens were tested for each fly ash substitution rate, and the
provided cubic compressive strength represents the average of these three specimens.

Figure 5. Small slump flow and V-shaped funnel test.

Table 5. Properties of cement mortar.

R Mini Slump Flow V-Shaped Funnel C Mear} Cubic
(mm) ©) ompressive Strength
(MPa)
0% 249 9.08 56.33
20% 271 7.87 50.17
40% 315 7.02 43.02

Table 5 reveals that the addition of fly ash can effectively improve the fluidity of
the mixture, but it will reduce the compressive strength of the material [10,38,39]. This
phenomenon arises from the partial replacement of cement by fly ash, which possesses
hydration characteristics distinct from those of cement. Fly ash has smaller particles with a
larger specific surface area, leading to a relatively slower hydration reaction rate. While
this reduction in viscosity contributes to improved fluidity, it also contributes to decreased
material strength.
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3. Compressive Bearing Capacity and Ductility of SIFCON Blocks
3.1. Compression Test of SIFCON Blocks

In this study, blocks measuring 200 mm in height, 180 mm in length, and 70 mm
in width were subjected to axial compression testing using an electro-hydraulic servo
hydraulic press. The test was conducted under displacement control mode at a rate of
0.3 mm/min. Throughout the test process, the load and displacement of the blocks were
recorded using the acquisition system of the testing machine, as depicted in Figure 6.

AT FEEN
LFEENAREANS. RTAR
IMMARKRSXFARARNALE

o«

LR
RCuREARZAECHEAN ARHE
cxzesas

Figure 6. Compression test of SIFCON block.

During the testing of SIFCON blocks, three distinct damage patterns were observed,
as shown in Figure 7. In the case of test blocks S-0%(F)-50-12% and S-40%(F)-33-12%,
visible cracks emerged along diagonal planes, accompanied by lateral sliding of the upper
and lower sections of the blocks along these lines, ultimately leading to shear damage.
Conversely, for test blocks S-20%(F)-50-12%, S-40%(F)-50-10%, and S-40%(F)-70-12%, mul-
tiple fine cracks appeared on the surface, coupled with partial crushing, resulting in a
combination of shear and localized crushing damage. In test blocks S-40%(F)-50-12% and
5-40%(F)-50-14%, a uniform crushing damage pattern was observed. Notably, specimens
exhibiting the third damage pattern demonstrated good ductility. Throughout the loading
process, a faint and continuous sound of zipping was heard from the SIFCON blocks. This
phenomenon can be attributed to the gradual extraction of steel fibers from the mortar
matrix and the breakage of interconnections between fibers during compression. As the
load increased, small cracks initially inhibited by steel fibers propagated further, causing
disintegration of the mortar matrix. However, the interlocking steel fibers dispersed the
main stress within crack through bonding with the matrix and linking between fibers,
mitigating the propagation of cracks. As the test block continued to deform, more fibers
were pulled out, and cracks expanded uniformly throughout its height. Although internal
breakage occurred, the overall block did not fail suddenly, leading to uniform damage
throughout the entire cross-section of the block.
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(b) S-20%(F)-50-12%

o A

(£) S-40%(F)-50-14%

(e) S-40%(F)-50-12%

(g) S-40%(F)-50-10%

Figure 7. Failure mode.

3.2. Compressive Bearing Capacity of SIFCON Blocks
The compressive bearing capacity of each block is determined as the peak load

achieved during the compression test. The peak strength (PS) is subsequently calcu-
lated by dividing the peak load (Pmax) by the cross-sectional area of the block (A). The
corresponding test results are presented in Table 6, where 1, 2, and 3 denote the first, second,
and third blocks under each condition, respectively. The “average” column represents the

mean value obtained from the test results of the three blocks.
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Table 6. Compressive bearing capacity for SIFCON blocks.
Blocks - Compressive Bearing Peak Strength (MPa)
Capacity (kN) 8
1 1306.12 103.66
2 1383.98 109.84
5-0%(F)-50-12% 3 1334.59 105.92
Mean 1341.56 106.47
Standard deviation 39.40 3.13
1 1134.13 90.01
2 1121.40 89.00
8_20()/0(1;')_50_120/0 3 1074.28 85.26
Mean 1109.94 88.09
Standard deviation 31.53 2.50
1 904.68 71.8
2 878.22 69.7
S-40%(F)-33-12% 3 ¥ *
Mean 891.45 70.75
Standard deviation 18.71 1.48
1 794.05 63.02
2 851.76 67.60
5-40%(F)-50-10% 3 861.21 68.35
Mean 835.67 66.32
Standard deviation 36.36 2.89
1 1024.63 81.32
2 929.25 73.75
8_400/0(1:;)_50_120/0 3 965.54 76.63
Mean 973.14 77.23
Standard deviation 48.14 3.82
1 1111.07 88.18
2 1084.61 86.08
5-40%(F)-50-14% 3 1147.48 91.07
Mean 1114.39 88.44
Standard deviation 31.57 2.51
1 1061.80 84.27
2 1036.48 82.26
S-40%(F)-70-12% 3 1079.06 85.64
Mean 1059.11 84.06
Standard deviation 21.42 1.70
1 1033.20 82.00
2 889.56 70.60
S'ZOO/O(F)'50'12O/O'R 3 867.64 68.86
Mean 930.13 73.82
Standard deviation 89.93 7.14

* A SIFCON block that failed to be poured.

In order to investigate the influence of fly ash substitution rate, steel fiber aspect ratio,
and steel fiber volume fraction on the bearing capacity of SIFCON blocks, the controlled
variables are employed in this study. The effects of these factors on the bearing capacity
of SIFCON blocks are illustrated in Figure 8, where (a) depicts blocks with different fly
ash substitution rates but consistent steel fiber aspect ratio and volume fraction, namely,
blocks S-0%(F)-50-12%, 5-20%(F)-50-12%, and S-40%(F)-50-12%; (b) represents blocks with
different steel fiber aspect ratios (L/D) but identical fly ash substitution rates and steel fiber
volume fractions, specifically, blocks S-40%(F)-33-12%, S-40%(F)-50-12%, and S-40%(F)-70-
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12%; and (c) represents blocks with different steel fiber volume fractions but consistent fly
ash substitution rates and steel fiber aspect ratios, namely, specimens S-40%(F)-50-10%,
5-40%(F)-50-12%, and S-40%(F)-50-14%.

1600 1200

Z e Mean value = e Mean value

~ X

>1400 + = 1100 |

5 2

g 4

o 1200 F S 1000

c (=]

= c

5 s

% 1000 - & 900

g 3

- L

800 1 1 1 800 1 1 1 1 1
0 20 40 33 40 50 60 70
replacement ratio of fly ash (%) aspect ratio of steel fibers
(a) Different R (b) Different L/D
1200

\E/ e Mean value {

> 1100
'S

@

o

S 1000

D
£

& 900
2
©
S
= 800
10 12 14
volume fraction of steel fibers (%)
(c) Different Vs

Figure 8. Effect of different factors on the load —bearing capacity of SIFCON blocks.

From Figure 8, it is evident that the addition of fly ash leads to a decrease in the bearing
capacity of the blocks. Specifically, the bearing capacity of the blocks decreased by 31% as
the fly ash substitution rate increased from 0% to 40%. Moreover, the bearing capacity of
the blocks exhibited a notable increasing trend with the rise in both the steel fiber aspect
ratio and the steel fiber volume fraction. The bearing capacity of the blocks increased by
19% as the steel fiber aspect ratio (L/D) increased from 33 to 70, while the bearing capacity
of the blocks increased by 33% as the volume fraction of steel fibers increased from 10%
to 14%. To further elucidate the trend of the effect of these three different factors on the
load-bearing capacity of the blocks, the relationship between the peak strength of SIFCON
blocks and the fly ash substitution ratio (R), steel fiber aspect ratio (L/D), and the volume
fraction of steel fibers (V) is presented in Figure 9.
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volume fraction of steel fibers (%)

(c) Relationship between PS and Vi

Figure 9. Peak strength of SIFCON blocks.

The magnitude of peak strength of SIFCON in Figure 9 reflects the bearing capacity
of the block. From the figure, it is apparent that the load-bearing capacity of the block
decreases linearly with an increase in the fly ash substitution rate. This decrease can be
attributed to the addition of fly ash, which replaces a portion of the cement. It is likely
that the slower and incomplete activation of fly ash during the early stages of hydration
fails to fully exhibit its cementitious activity, thereby reducing the strength of the material.
When the steel fiber aspect ratio (L/D) is 50 and the volume fraction of steel fibers (V) is
12%, the relationship between the peak strength of SIFCON specimens (PS) and the fly ash
substitution rate (R) over the range of 0% to 40% can be expressed as follows:

PS =105.22 — 0.73R 1)

The bearing capacity of SIFCON blocks increases as a power function of the steel
fiber aspect ratio. This is attributed to the enhanced interaction between steel fibers with
larger aspect ratios, which leads to better crack resistance within the material. Moreover,
the bond between the fibers and the concrete strengthens with the increase in the steel
fiber aspect ratio, thereby further enhancing the bearing capacity of the block. When the
fly ash substitution rate (R) is 40% and the volume fraction of steel fibers (V) is 12%, the
relationship between the peak strength (PS) of the SIFCON block and the steel fiber aspect
ratio (L/D) over the range 33-70 is described by the following expression:

L 0.23
PS = 31.40(5) (2)
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The bearing capacity of SIFCON blocks exhibits a linear growth trend with increasing
volume fraction of steel fibers. This is attributed to the inclusion of steel fibers, which
prevents crack propagation and produces tensile resistance within the material. As a
result, a portion of the energy generated during loading is absorbed by the steel fibers.
Moreover, with higher volume fractions of steel fibers, the interfacial area between the fibers
and concrete increases, enhancing bond performance and energy absorption capabilities.
Consequently, the bearing capacity of the block increases. When the fly ash substitution
rate (R) is 40% and the steel fiber aspect ratio (L/D) is 50, the relationship between peak
strength (PS) and volume fraction of steel fibers (V) over the range of 10%-14% in SIFCON
blocks can be expressed as follows:

V
PS = 58.33 +0.31¢ 7 3)

3.3. Ductility of SIFCON Blocks

In this paper, ductility is assessed using the ductility ratio recommended by Huang
et al. [13]. The expression for the ductility ratio () is:

€80

p= & (4)
where gg) is the strain corresponding to 80% of the ultimate stress on the descending
section of the stress—strain curve (0-¢), while ¢y is the yield strain, which is the strain value
corresponding to the intersection between the extension of the line connecting the origin
of the stress—strain curve and the data point corresponding to 75% of the ultimate stress
before the peak and the horizontal line extending from the ultimate stress. The values of gy
and &y are calculated as shown in Figure 10. The stress-strain curve of the SIFCON block is
depicted in Figure 11, and the corresponding ductility values are presented in Table 7, in
which the strain gauge of the test block is obtained by dividing the displacement collected
by the testing machine by the height of the specimen.

)

A

0,=PS=P /A

0.80a,
0.750, [------

I
|

gy 880

Figure 10. Schematic stress—strain curve.
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Figure 11. Stress—strain curves of SIFCON blocks.
Table 7. Ductility ratio of SIFCON blocks.
Block - gy (1073) £gp (1073) i
1 6.10 10.60 1.74
2 6.10 7.10 1.16
S-0%(F)-50-12% 3 6.10 10.70 1.75
Mean 6.10 9.47 1.55
Standard deviation - - 0.34
1 6.30 18.00 2.86
2 6.30 18.10 2.87
5-20%(F)-50-12% 3 6.40 17.10 2.67
Mean 6.33 17.73 2.80
Standard deviation - - 0.11
1 5.50 8.00 1.45
2 5.60 9.90 1.77
S-40%(F)-33-12% 3 ¥ ¥ )
Mean 5.55 8.95 1.61
Standard deviation - - 0.23
1 6.30 16.20 2.57
2 6.30 14.50 2.30
8_400/0(1:)_50_100/0 3 6.30 18.70 297
Mean 6.30 16.47 2.61
Standard deviation - - 0.34
1 6.11 19.20 3.14
2 6.15 19.80 3.22
5-40%(F)-50-12% 3 6.11 17.50 2.86
Mean 6.12 18.83 3.08
Standard deviation - - 0.19
1 6.89 22.50 3.27
2 6.94 21.10 3.04
S-40%(F)-50-14% 3 6.53 24.60 3.77
Mean 6.79 22.73 3.57
Standard deviation - - 0.37
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ductility ratio

ductility ratio

Table 7. Cont.

Block - gy (10-3) egp (1073) i
1 6.54 22.90 3.50
2 6.16 16.50 2.68
8-40%)(1:)-70-120/0 3 6.53 23.80 3.64
Mean 6.41 21.07 3.29
Standard deviation - - 0.52
1 5.90 6.40 1.08
2 5.60 8.69 1.55
S-20%(F)-50-12%-R 3 5.96 11.20 1.88
Mean 5.82 8.76 1.51
Standard deviation - - 0.40

* A SIFCON block that failed to be poured.

The influence of different factors on the ductility of SIFCON is depicted in Figure 12,
with the test block numbers corresponding to those in Section 3.2 represented in (a), (b),

and ().
4.0 5.0
* Mean value e Mean value
30f % { 401
2
+81% s +7%
20t >30}
} é +91%
S
+104%
10} © 20t 0
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volume fraction of steel fibers (%)
(c) Different V¢

Figure 12. Effect of different factors on the ductility ratio of SIFCON blocks.

In Figure 12, it is evident that the addition of fly ash leads to a significant increase in
the ductility of the blocks. Specifically, the ductility ratio of the blocks increased by 99%
when the fly ash substitution rate rose from 0% to 40%. This improvement can be attributed
to several factors. Firstly, the adhesion between the incompletely hydrated fly ash and
the steel fibers is relatively weak. Additionally, the characteristic spherical particles of fly
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ash act as a lubricant between the steel fibers and the cement mortar, effectively reducing
friction. Consequently, this lower chemical bond strength and interfacial friction strength
minimized the risk of steel fiber fracture under load. This facilitated relative slip between
the steel fibers and the hardened cement mortar, thereby enhancing the ductility of the
SIFCON block. Meanwhile, the ductility of the blocks also exhibited a notable improvement
trend with the increase in the steel fiber aspect ratio and the volume fraction of steel fibers.
Specifically, the ductility ratio of the test blocks increased by 104% when the L/D ratio of
the steel fiber increased from 33 to 70 and by 37% when the volume fraction of steel fibers
rose from 10% to 14%. Notably, the ductility ratio of the SIFCON block with an L/D ratio
of 33 was minimal. This might be attributed to the single-pour method used in this paper,
where the steel fibers with an L/D ratio of 33 were not uniformly distributed throughout
the molds. As a result, the block exhibited limited ductility upon reaching peak strength,
with a speedy decrease in stress.

3.4. Rationality of the Custom-Made Steel Fiber Directional Placement Device

The analysis of the bearing capacity and ductility of SIFCON blocks with different
steel fiber aspect ratios and volume fractions reveals that even with a steel fiber aspect ratio
of 70 and a volume fraction of 14%, SIFCON blocks still exhibit high bearing capacity and
good ductility. This observation reflects the effectiveness of the custom-made steel fiber
directional placement device developed in this paper. To further demonstrate efficacy of
the device in achieving directional distribution of steel fibers, Figure 13 presents the bearing
capacity and ductility of SIFCON blocks with a fly ash substitution rate of 20%, a steel
fiber aspect ratio of 50, and a steel fiber volume fraction of 12% under random distribution
(without the device), denoted as S-20%(F)-50-12%-R, and directional distribution (with the
device), denoted as S-20%(F)-50-12%. The bearing capacity and ductility ratio for both
cases are compared.

100 32
= ductility ratio ] 128
= = peak strength . ‘
$ 9+t : o
s . 124 8
= . 2
2 got 170 =
o ) E
2 S
> . 116 ©
S 70F .
o 11.2
] .
60 : : 08

S-20%(F)-50-12%-R  S-20%(F)-50-12%
Figure 13. Effect of orientation of steel fibers on peak strength and ductility.

Figure 13 clearly illustrates that the bearing capacity and ductility of SIFCON blocks
with randomly distributed steel fibers exhibit more significant variability than those with
directional distribution. This disparity arises from the difficulties in achieving a uniform
distribution of randomly placed steel fibers within the blocks, resulting in inconsistent
fiber content per unit volume and significant fluctuations in block performance. Moreover,
the block 5-20%(F)-50-12%-R demonstrates a higher bearing capacity and ductility ratio
compared to the block 5-20%(F)-50-12%, further confirming the efficacy of the device
proposed in this paper for achieving directional placement of steel fibers and improving
the construction method. This provides an empirical basis for the casting of fiber concrete.
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4. Conclusions

This study introduces a custom-made steel fiber directional placement device for
single pouring of SIFCON, optimizing the construction process. Through compressive
tests, the impact of fly ash substitution rate, steel fiber aspect ratio, and volume fraction on
SIFCON block properties was analyzed, leading to the following key conclusions:

(1) The custom-made steel fiber directional placement device offers cost-effective cus-
tomization and enhances the uniformity of steel fiber distribution. Those with direc-
tional placement exhibit superior bearing capacity and ductility ratios compared to
blocks without the device.

(2) The bearing capacity of SIFCON blocks shows a linear decline with increasing fly ash
substitution rate. At the same time, it follows a power function with the rise in steel
fiber aspect ratio and linear growth with higher steel fiber volume fractions. Notably,
the bearing capacity diminishes by 31% when the fly ash substitution increases from
0% to 40%, while it increases by 19% and 33% with steel fiber aspect ratio increments
from 33 to 70 and volume fraction increases from 10% to 14%, respectively.

(3) The ductility of SIFCON blocks experiences significant enhancement with greater fly
ash substitution rate, steel fiber aspect ratio, and volume fraction. The ductility ratio
of the specimen increased by 99% when the fly ash substitution was increased from
0% to 40%, while ratios increase by 104% and 37% with aspect ratio increases from 33
to 70 and volume fraction increases from 10% to 14%, respectively.

5. Future Research

In the future, the custom-made equipment proposed in this study will be further de-
veloped and compared with existing technologies. Experimental research and comparative
analysis of SIFCON properties with steel fibers in different distribution directions, not
only perpendicular to the load direction, will be conducted. Additionally, the delivery
device will be configured as multi-channel and will utilize external pressure to expedite
the placement of steel fibers into the mold.
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