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Abstract: In this study, the dynamic mechanical properties of steel fiber reinforced concrete under
the influence of freeze-thaw cycles were studied. The studied parameters include steel fiber content
(0%, 1% and 2%), confining pressures (0, 5 and 10 MPa) and strain rates (1075/s,107%/s,1073 /s
and 1072 /s). Performance was also evaluated, including triaxial compressive strength, peak strain,
the relationship between stress and strain, failure mode and microstructure. The results show that
with the increase in F-T cycles, the compressive strength and energy absorption capacity of concrete
gradually decrease. The mechanical properties of concrete increased with the addition of steel
fibers during F-T cycles, and the optimum amount of steel fiber to enhance resistance to F-T cycles
is 1% within the evaluation range. In this study, the effects of strain rate and confining pressure
on the strength and failure mode of concrete after fiber addition are studied. Both the dynamic
increase factor and the concrete strength increase linearly with the increase of strain rate, the dynamic
increase factor is characterized by an increase in intensity caused by strain rate. When there is no
confining, the crack direction of the concrete specimen is parallel to the stress loading direction, and
when there is confining, it is manifested as oblique shear failure. The results of scanning electron
microscopy analysis of the microstructure demonstrate the performance results at the macroscopic
level (compressive strength and peak strain).

Keywords: steel fiber; concrete; strain rate; confining pressures; freeze-thaw cycle; microstructure

1. Introduction

Concrete has become one of the most widely used building materials in the world, but
it still has some shortcomings that limit its application in some extreme environments. Due
to the complexity of its structure and use in the environment, ordinary concrete no longer
fulfils the requirements of high-rise buildings, bridges and water conservancy projects [1].
Concrete deterioration caused by frost (freeze-thaw cycles) is an important issue for the
service life of concrete structures in cold climates. Freeze—thaw resistance is an important
indicator for the durability of hydraulic concrete. In cold regions, especially in western
China, the deterioration of concrete properties caused by freeze-thaw cycles and dynamic
loads such as rockfall and earthquakes seriously affects the function and long-term safety of
structures. Various treatments, such as adding discontinuous fibers, using continuous fabric
reinforcement materials and applying fiber-reinforced polymer for external reinforcement,
have been developed to overcome these shortcomings [2]. By enhancing the tensile capacity,
hardness, and durability of regular concrete, fiber reinforced concrete can significantly
reduce its intrinsic fragility [3]. Steel fiber is one of the most common fibers to improve the
performance of concrete [4].

The mechanical performance of concrete is somewhat affected by the quantity of steel
fiber additive [5-7]. In their research on the effects of steel fibers of various lengths and
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diameters on the mechanical performance of concrete, Vairagade et al. [5] and Abbass
et al. [6] discovered that the compressive and tensile strengths of specimens also increase by
about 10-25% and 31-47%, respectively, as the water-cement ratio rises during the addition
of steel fiber. As the steel fiber content increased (0.5-1.5%), the flexural strength of the
samples increased from 3% to 124% at a low aspect ratio of 65 and even up to 140% at a high
aspect ratio of 80. However, Wang et al. [7] showed that when the aspect ratio is greater
than 60, the ductility of concrete increases with steel fiber addition, but the strength has the
opposite results. Farhan et al. [8] revealed that compared with ordinary concrete, steel fiber
reinforced concrete (SFRC) has a 30% higher splitting tensile strength and flexural strength.
According to Yoo et al. [9], SFRC has higher ductility and strain capacity than ordinary
concrete, and the least amount of fiber required to noticeably enhance flexural properties of
concrete is 1%. The high compressive strength is associated with the poor ductility of the
bending member. According to Yang et al. [10], the addition of fibers enhances ductility to
meet the appropriate response of the structure to dynamic loads. Zhang et al. [11] proposed
that the addition of fibers improves the impact resistance of concrete. In addition, Kantar
et al. [12] proposed that fibers could inhibit the dynamic cracking of concrete matrix.

Numerous works have evaluated the dynamic mechanical characteristics of SFRC,
particularly under uniaxial compression state [13-17]. Several studies have shown that steel
fibers can enhance the dynamic mechanical properties of concrete [18-20]. According to
Farhan et al. [13], the fiber content of SFRC beams has less impact on their elastic modulus
and compressive strength, whereas peak strain and mechanical behavior after cracking are
greatly affected. Zhang et al. [15] tested the dynamic compression properties of hybrid fiber
ultra-high toughness cement matrix composites. Generally, energy absorption is closely
related to steel fiber content, and the strain rate sensitivity of dynamic compressive strength
rises as the steel fiber content increases. Zhang et al. [17] pointed out that the rate of increase
in energy absorption was higher than the rate of increase in strength and strain as the strain
rate or fiber content increased. As steel fiber is added when the strain rate is high, the
damage of SFRC is reduced. The dynamic elastic modulus and peak strain are unaffected by
the content and kind of steel fiber, according to Ren et al. [20], and the dynamic compressive
strength is only marginally increased. Straight steel fiber has a slightly better impact on
dynamic compressive strength than hook end steel fiber at a steel fiber volume content
of 2.0%. Similar conclusions were drawn from previous studies [14,16]. For example, the
micro straight steel fiber has better dynamic compressive strength enhancement effect than
twisted steel fiber [14]. Additionally, Wu et al. [16] reported that in terms of enhancing the
dynamic tensile strength, 1% straight steel fiber performs better than hook end steel fiber
with the same content.

SFRC often works under multi-axial stress under dynamic loads with different strain
rates, and in actual engineering, the confining pressure of different parts has a significant
impact on the failure mode of concrete [21-25]. To study the triaxial behavior of steel fiber
reinforced cementitious mortar, Noori et al. [23] performed a compressive experiment with
various confining pressures (0-20 MPa). The findings demonstrate that the ability to absorb
energy of steel fiber reinforced cementitious mortar is enhanced by the addition of steel
fibers, and that the peak triaxial stress and strain are nonlinearly related to the confining
pressure. Li. et al. [22] investigated the multi-axial response of high-performance fiber-
reinforced cement composites and suggested that the effect of fiber content in compression
and tension tests is small for the considered range from 1% to 2% and the restraint effect
provided by fibers is minor in triaxial compression tests. Foltz et al. [24] evaluated the
biaxial behavior of high-performance fiber-reinforced cement composites and found that
its biaxial compression property is enhanced by fibers. However, Lu and Thoms [21]
discovered that the nonlinear stress—strain relationship of high-strength concrete is barely
impacted by steel fiber during triaxial compression, and high-strength concrete and steel
fiber high-strength concrete are basically in the same ultimate strength envelope under
Mohr Coulomb and Willam—Warnke failure criteria. The impacts of steel fiber and strain
rate on the dynamic compressive behavior of SFRC as well as its dynamic compressive
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strength, dynamic influence factor, dynamic strength criterion and failure mode were
examined by Bao et al. [25]. In general, the failure mode is strongly associated with
confining pressure, and the dynamic compressive strength of SFRC is favorably correlated
with strain rate.

In addition, many SFRC structures are also affected by freeze-thaw (F-T) damage [26-28].
The F-T cycle is one of the essential factors causing damage to SFRC structure [29-31].
Systematic tests by Miao et al. [29] and Liu et al. [26] have shown that steel fiber addition is
able to suppress the dynamic modulus loss of concrete. SFRCs were put through F-T cycles
in water and NaCl solutions, and Niu et al. [30] looked at how they performed. They came
to the conclusion that using steel fibers improved the pore structure with relatively minimal
damage to concrete. The deterioration degree of the concrete under the F-T cycle is greatly
reduced at a 1.5% steel fiber content. This finding does not coincide with the study by
Zhang et al. [27], who found there was a minimal influence on the mass loss of concrete
with 1.5% steel fiber under salt freezing. Wang and Niu [28] studied the performance of
shotcrete containing steel fiber after a F-T cycle and sulfate erosion and found that steel
fiber could form relatively compact microstructure in the matrix of shotcrete, reduce the
loss of tensile stress and lead to an increase in early compressive strength and splitting
strength. In addition, the best frost and sulfate resistance is found in steel fiber-reinforced
shotcrete. Wang et al. [31] investigated the mutual coupling action of fiber addition and
F-T cycles on impact resistance performance of SFRC using the digital image method.
Therefore, it is crucial to comprehend the response of SFRC after F-T cycles under dynamic
loads for the logical design and objective scientific study of structures.

As can be seen from the above literature review [26-31], although there have been
some experimental studies on SFRC under freeze-thaw cycles, most of these studies have
focused on the dynamic behavior under uniaxial compression. The limited available studies
focus on the multiaxial performance of SFRC, especially after F-T cycling. Although the
experimental research on the dynamic characteristics of SFRC under uniaxial compression
has been relatively perfect, there is still a lack of research on the degradation of the dynamic
performance of SFRC under F-T impact under triaxial compressive stress.

The objective of this study is to investigate the dynamic mechanical characteristics of
the SFRC after F-T impact at different confining pressures (0, 5 and 10 MPa) and strain
rates (1075 /s,107%/s,1073/s and 102 /s). To determine the impact of steel fiber content,
strain rate, F-T cycle and confining pressure on dynamic compressive properties, such as
triaxial compressive strength, peak strain, stress—strain behavior, failure mode and dynamic
increase factor (DIF), which was introduced to further understand the enhancement of
dynamic compressive strength, SFRC specimens with three steel fiber contents (0 to 2% by
volume) were tested under dynamic triaxial servo-hydraulic testing equipment. Finally, the
microstructural feature of SFRC under F-T cycles was investigated via scanning electron
microscopy (SEM).

2. Experimental Program
2.1. Materials

This test used ordinary Portland cement (P.O.42.5) of Chinese standard (GB 175-
2007) [32], and Table 1 provides information on the chemical makeup of cement. The
continuous gradation of 5-20 mm is used, with a maximum particle size of 20 mm for the
coarse aggregate. River sand with a fineness modulus of 2.35 constitutes a fine aggregate.
According to the related literature [8,10,13], the three gradients of steel fiber were selected.
Table 2 displays information on the characteristics of aggregate. The morphology of the
steel fiber used in the test is shown in Figure 1, and their performance characteristics
and characteristics are shown in Table 3. The volume fractions of steel fiber are 0%, 1.0%
and 2.0%. Polycarboxylate superplasticizer was used in the test. The concrete mixture
proportions are shown in Table 4.
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Table 1. Chemical composition of the cement.

Contents Cement
SiO, (%) 21.45
AlLO3 (%) 6.45
CaO (%) 61.5
Fep O3 (%) 3.09
MgO (%) 1.21
K70 (%) 1.38
NaO (%) 0.25
SO3 (%) 2.01
Loss on ignition (%) 4.05
Specific gravity (g/cm?) 3.15

Table 2. Properties of aggregates.

Properties Natural Sand Coarse Aggregate
Water absorption (%) 0.79 0.76
Loose bulk density (kg/m?) 1678 1430

L e

Figure 1. Steel fiber used in this test.

Table 3. Properties of steel fiber.

. . Elastic Tensile .
Length (mm) Dl(:nmrrel)t e ASP?IC/;I){“IO Modulus Strength ](?(el;z:?;
(GPa) (MPa) 8
30 0.5 60 200 1195 7.85
Table 4. Mixture proportions of concrete (kg/m?).
Spelclljnlens Water Cement Sand Coarse Aggregate SUPERPLASTICIZER  Steel Fibers

SFO 150 375 765 1135 2.63 0
SF10 150 375 730 1095 2.63 78

SF20 150 375 710 1045 2.63 156

* Note: For example, the specimen ID of SF10 denotes that the specimen with 1.0% steel fiber.

2.2. Experimental Methods

To evaluate the triaxial compressive strength of SFRC, in accordance with the standard
(CECS 13:2009) [33], several cylindrical specimens with a diameter of 100 mm and a height
of 148 mm of 200 mm were made. In order to ensure the uniform distribution of steel fibers,
the mixing method is shown in Figure 2. The test piece was cast in a steel mold, removed
from the mold after 24 h, and then allowed to cure for 28 days at a temperature of (20 &
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2) °C and a relative humidity of at 95%. Three samples were used for each test, and the
outcomes were averaged.

Cement + river sand

Stir for 1 min

Gravel + 1/3 ~ 1/2 of steel fibers + 30% ~40% of water

Stir for 2 min

Remaining water + polycarboxylic superplasticiser

Stir for 2 min

Remaining steel fiber

Stir for 2 min

End

Figure 2. Mix procedures.

The dynamic mechanical properties of SFRC were tested on a triaxial testing system
as shown in Figure 3. The axial load capacity is 2000 KN for concrete materials, and its
precision is 0.1%. The specific operation of this triaxial test is divided into the following
four steps: (I) Install the concrete specimen. First, place the filter paper and the permeable
gasket on the base of the instrument, and place the steel fiber reinforced concrete specimen
that has reached the curing age on the test instrument, and then place another gasket on its
upper part. (II) Debug the displacement sensor. First, connect the displacement sensor to
the triaxial tester, then enter the software control page, and slowly adjust the position of the
sensor until the page shows that the displacement is zero or near zero. (III) The specimen
enters the test station. Manually control the pressure cylinder so that it completely covers
the test piece, and securely clamp the clamping groove to the pressure cylinder and the
base of the instrument. (IV) When ready, the axial load from the compressor is applied
via displacement control to start the test at a constant loading rate of 0.1 mm/s. Once a
transverse deformation reaches 2 mm, that is, the deformation limit of the biaxial loading
device to maintain its elastic properties, the loading is terminated.

o [P Balanced piston

—»Balanced beam

——®Inner pressure head

——»Cylinder

——»Specimen

2

S ) Bottom base of
pressure chamber
(a) (b)

Figure 3. Test setup: (a) servo-hydraulic static and dynamic triaxial testing system; (b) schematic of

the system.
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According to the requirements of GB/T 50082-2009 [34], the F-T experimental process
was designed, and the fast cycle F-T testing machine was adopted. The temperature range
is controlled from 5 °C to —18 °C. A full F-T cycle is 4 h, and the number of freeze-thaw
cycles was set to 0, 50, 100, 150 and 200 times. During the F-T cycle, the specimen is placed
in a rubber box filled with water. The liquid with high specific heat capacity (75 wt.%
ethylene glycol) flows in a circular manner in the shape of a rubber box, which enables
the freeze—thaw of water and specimens. According to the concrete mix ratio in Table 4,
several cylindrical specimens with a diameter of 100 mm and a height of 200 mm were
produced. The specimens were subjected to triaxial compression tests under different steel
fiber content (0%, 1% and 2%), confining pressure (0, 5 and 10 MPa), and strain rate (107 /s,
107*/s,1073/s and 1072 /s).

The mechanical properties test of concrete specimens obtained the triaxial compressive
strength, peak strain and axial compressive stress—strain curves of concrete specimens at
various confining pressures and strain rates. To determine the test pieces’ failure mode, the
appearance changes for the test pieces that finished the experiment were recorded.

The microstructure of the samples was analyzed by SEM. The specific operation is
divided into the following four steps: (I) Select a small concrete block with a size of about
5mm x 5 mm X 5 mm from the steel fiber reinforced concrete specimen after triaxial
compression failure, as shown in Figure 4, and ensure that its section is flat. (II) After
immersing the sample in absolute ethanol for 24 h, remove it out and dry it. (III) After the
drying is completed, remove the dust on the surface of the sample, and then start to spray
gold to improve its conductivity, which is conducive to the observation of the appearance.
(IV) Place it into the electron microscope scanner for observation.

100mm

Crack surface

7

b _
N

200mm

SEM specimen
Y © Smm X Smm x 5mm

Figure 4. Schematic of the preparation of the specimen for SEM test.

3. Results and Discussion
3.1. Triaxial Compressive Strength

Selected specimens were frozen and thawed 0, 50, 100, 150 and 200 times to determine
the impacts of the F-T cycles on the dynamic performance of concrete. The compressive
strength of specimens at a 5 MPa confining pressure without F-T cycles is shown in Figure 5.
It is different from what can be observed; the compressive strength rises as the strain rate
rises. Additionally, the compressive strength is somewhat improved by the steel fiber.
At a 107°/s strain rate, the compressive strength of the specimens with 0%, 1% and 2%
steel fiber are 66.34 MPa, 68.15 MPa and 67.03 MPa, respectively. The specific reasons are
analyzed below. The relative compressive strength of specimens with a 5 MPa confining
pressure at various F-T cycles is shown in Figure 6. It is evident that as the number of
F-T cycles rises, the compressive strength of concrete gradually decreases. Lu et al. [35]
reported similar outcomes. The decrease in the compressive strength of concrete is due to
the fact that the pore solution in the concrete undergoes repeated freeze—thaw processes
after each F-T cycle and causes expanding internal cracks, surface fouling and loss of
overlay thickness, and adding fibers to a concrete sample can reduce the number of cracks
and increase strength [30,31]. Furthermore, concrete specimens that were subjected to F-T
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cycles showed the following two stages in their triaxial compressive strength: (I) a slow
decline phase from the start of F-T cycles to 50 F-T cycles, and (II) an accelerated descent
stage from 50 F-T cycles. As an illustration, the triaxial compressive strength of the concrete
specimen SFO with a strain rate of 107> /s fell by 4.7% and 40.5% after 50 and 200 F-T
cycles, respectively. The gradual decline in the triaxial compressive strength may be due
to a gradual loosening of the aggregate and mortar of the concrete specimen and internal
structure as the number of cycles increases.

[ J10°% ] 10%
[ J1o¥s [ ]10%s
80
3 ] 0
0. H T =
= | ool By T
é 60
£
S50
g
® 40
=
w
3 30 -
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G 20-
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Figure 5. Compressive strength of concrete specimens with 5 MPa confining pressure without
F-T cycles.

—=— 105

100 100 4

90

80

Relative compressive strength (%)
Relative compressive strength (%)

70

50 T T T T T
0 50 100 150 200 0

Numbers of F-T cycles

T T
50 100 150 200
Numbers of F-T cycles

(a) (b)
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Figure 6. Relative compressive strength of concrete specimens with 5 MPa confining pressure under
different numbers of F-T cycles. (a) SFO, (b) SF10 and (c) SF20.

The triaxial compressive strength of all mixes subjected to F-T cycling exhibits the
clear phenomena of rising with increasing strain rate, this result is in accordance with
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previous research [35-37]. Triaxial compressive strength may have increased for two causes:
(I) when the strain rate is great, the crack growth rate is fast, the number is large and the
area of the region increases. As a result, a lot of energy is required for fracture development,
and the concrete does not have enough time to store and collect energy. The only way to
increase the extra energy is to put more pressure on the loading point, and the ultimate
performance is the increase in material strength [38]; (II) according to the description of the
Stefan effect, viscous fluid exists between two solid parallel plates at a distance. When two
plates are separated or approached at a certain speed, the viscous resistance produced by
the viscous fluid has an impact on how quickly the plates move, which is positively related
to the speed of the plates, as shown in Figure 7. Given that the macro cracks of concrete
materials are hindered by the viscous effect during expansion, a high strain rate will lead
to a great viscous effect and the improvement of concrete strength [39—41]. This explains
why compressive strength increases with the rate of strain.

frv

L
[

b

The addition of steel fiber to concrete increases its ultimate triaxial compressive
strength. Zhang et al. [19] and Han et al. [42] noted that decreasing the average gap
between fibers can be accomplished by adding more steel fiber in the right amounts; hence,
the majority of the fibers will bear the load. The stress between fiber and matrix decreases
with the increase in fiber content, thereby delaying the formation and propagation of cracks.
The strength of SFRC showed a certain downward trend as the steel fiber percentage
reached 2.0%. This is because excessive steel fiber causes a small amount of agglomeration,
resulting in a ‘balling effect” in concrete [43]. Additionally, the concrete slurry becomes
insufficient, which thus reduces the filling and wrapping effect.

Figure 7. Stefan effect.

3.2. Peak Strain

The influence of F-T cycle number on the axial peak strain of concrete specimens at a
5 MP confining pressure and different strain rate is shown in Figure 8. It is evident that
the axial peak strain of the specimens increases as F-T cycles increase. Take a strain rate
of 107°/s as an example, the axial peak strain increases by 42.1%, 39.3% and 40.5% for
SF0, SF10 and SF20, respectively, from 0 F-T to 200 F-T cycles. This result is analogous
to that of Zhao et al. [31], who discovered that the F-T cycles damage the concrete and
therefore reduce its dynamic performance, thereby leading to concrete deformation after
F-T to a large degree under the same energy. Additionally, it can be found that peak strain
of the specimens subjected to F-T cycles is similar to compressive strength which exhibits
following two phases: (I) there is a gradual increase phase from the first immersion through
50 F-T cycles and (II) an accelerating increase phase from 50 to 200 F-T cycles.
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Figure 8. Peak strain of concrete specimens with 5 MPa confining pressure under different number of
F-T cycles. (a) SFO, (b) SF10 and (c) SF20.

The axial peak strain of all concrete after 100 F-T cycles is shown in Figure 9. All
mixtures share an obvious feature in that increasing the strain rate consistently reduces
the axial peak strain. For SFO, when the confining pressure is 0 MPa, the axial peak strain
(Figure 9a) under the strain rate of 107*/s, 1073 /s and 10~2/s are decreased by 4.4%, 8.0%
and 10.6%, respectively, compared with that under the strain rate of 107°/s. As a result,
with the same number of F-T cycles, the axial peak strain of concrete specimens without
steel fiber falls as the strain rate increases. Figure 9b, c reveal that the concrete with 1% and
2% steel fiber shows a similar trend.

Figure 9 displays the impact of confining pressure on the axial peak strain of all mixes.
The axial peak strain of all concrete showed a continuous increasing trend with increasing
confining pressure. When the confining pressure is increased from 0 to 10 MPa for SFO0, the
axial peak strain (Figure 9a) rises by 98.0% at a 10~ /s strain rate. Furthermore, for SF10 at
a 107°/s strain rate, the axial peak strain (Figure 9b) increased from 0.0057 to 0.0113 with
the strain rate was raised from 0 MPa to 10 MPa. For concrete with 2% steel fibers (SF20),
the results are consistent with those for SFO and SF10 shown in Figure 9c. This result is in
line with research by Wang et al. [44], who found that the peak strain of the specimen rises
with increasing confining pressure.



Buildings 2022, 12, 2170

10 of 23

11

10

Peak strain (10°%)

—8— 10/
—e—10%s T

= =
[ N
1 1

[
o
1

Peak strain (10°%)

—=—10%/s
—e—10%s T

0 2 4 6 8 10 0 2 4 6 8 10
Confining pressures Confining pressures
(a) (b)
12 4 |[—=—10/s
—e— 1075 1
114 [—4—10%s
—v— 105

~ 104
&
3
2 44
=
8
> 84
R4
[+
<5}
o 74

6 -

54

Confining pressures
()

Figure 9. Peak strain of concrete specimens with 100 F-T cycles under different confining pressures.
(a) SFO. (b) SF10. (c) SF20.

Furthermore, Figure 9 demonstrates that adding steel fiber in the test will increase the
axial peak strain of concrete. When the confining pressure is 0 MPa, for instance, the peak
strain of SF10 and SF20 increases by 14.9% and 19.1%, respectively, over that of SFO at a
10> /s strain rate.

3.3. Axial Stress—Strain Behavior

The influence of F-T cycle number on the stress—strain behavior of SF10 specimens at a
5 MP confining pressure and a 10~°/s strain rate is shown in Figure 10. The peak value (i.e.,
compressive strength) and initial slope (i.e., elastic modulus) of the specimen gradually
decrease as the number of F-T cycles increases. The shape of the stress—strain curve also
gradually changes. In comparison to the thaw—thaw specimen, the descending portion of
the curve was shorter and steeper after 200 F-T cycles. As F-T cycling increases, the ability
of the specimen to absorb energy decreases, as shown by the narrow area under the curve.
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Figure 10. Stress—strain curve of SF10 specimens with 5 MP confining pressure and 1075 /s strain

rate under different numbers of F-T cycles.

The effect of different confining pressures on the stress—strain behavior of SF10 spec-
imens at 100 F-T cycles and 10~°/s strain rates is shown in Figure 11. For the concrete
specimens, the slope of the curve (i.e., elastic modulus) continues to increase as the con-
fining pressure increases, and the stress—strain curve compaction stage becomes obvious.
In addition, the energy absorption capacity increases significantly with the increase in
confining pressure. This observation can be interpreted as the fact that confining pressure
can inhibit the propagation of concrete cracks [45], thereby fundamentally improving the
performance of concrete and increasing macroscopic characteristic parameters such as

strength and elastic modulus.

100
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Figure 11. Stress—strain curve of SF10 specimens with 100 F-T cycles and 1075 /s strain rate under

different confining pressure.

The influence of different strain rates on the stress—strain behavior of SF10 specimens
ata 100 F-T cycle and a 5 MPa confining pressure is shown in Figure 12. The deformation of
the SFRC specimen can be separated into four stages under quasi-static strain rate loading
(1075/s): the pore compaction stage (AB1), elastic stage (B1C1), unstable cracking stage
(C1D1) and subsequent failure stage. The AB1 stage reflects the closing process of the pores
in concrete at the initial stage of loading, in which an upward concave shape is shown.
The initial section of the stress—strain curve is approximately straight as the strain rate
increases. The analytical object was chosen to be the strain rate of 10-2/s. Compared with
the quasi-static strain rate, this value does not show the stage of pore compaction. The
cause could be that at high strain rates, micro void in specimen has not been fully closed
and then directly enters the elastic stage (AB2), in which the pores of concrete are further
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compacted, and the relationship between stress and strain in specimen follows Hooke’s law.
The unstable cracking section (B2C2) occurs at this stage. Under high strain rate loading,
the crack development speed in the specimen is accelerated, new cracks will appear, the
damage degree of concrete is intensified the curve gradually convexes from the previous
straight line section, and the slope is reduced. When the stress increases, the curve convexes
from the previous straight line section. When it reaches the peak point, it will enter the
stage of failure.
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Figure 12. Stress—strain curve of SF10 specimens with 100 F-T cycles and 5 MPa confining pressure

under different strain rates.

The influence of steel fiber content on the stress—strain behavior of concrete specimens
is shown in Figure 13. The increase in peak stress, peak strain and area under the curve
(energy dissipation capacity) for specimens with 1.0% and 2.0% steel fiber content in
comparison to specimens without steel fibers, indicating that addition of steel fibers has a
positive effect in the concrete. However, the reinforcement of the specimens containing 2.0%
steel fibers was less effective than that of the specimens containing 1.0%. This phenomenon
might be brought on by the overuse of steel fiber in concrete mixing, which makes it not
easy to disperse evenly and agglomerate easily [43].
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Figure 13. Stress—strain curve of different concrete specimens with 5 MPa confining pressure and

1072 /s strain rate under 100 F-T cycles.

3.4. Failure Mode

The failure modes of SF10 under different freeze—thaw cycles at a confining pressure
of 5 MPa are shown in Figure 14. Obviously, the degree of damage to the SFRC surface
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0 cycle

is affected by the F-T cycles, and as the F-T times grow, the slag on the concrete surface
tends to get worse. Fuzzy cracks can be seen by triaxial compression testing when the
concrete specimen is under 0 F-T cycles. The concrete specimen displayed a loose mortar
after 50 F-T cycles, and mortar peeling was seen at the fractures. The loose mortar and
shedding gradually increased with the times of F-T cycles. Due to the substantial amount
of loose mortar present after 200 F-T cycles, the major crack in the specimen deepened,
even though there was no change in the angle between the crack surface and the horizontal
surface. Therefore, under the negative effect of F-T cycles, the failure mode of SFRC after
triaxial compression did not change, but the width of inclined cracks gradually increased
after specimen failure, because F-T cycling accelerated the internal damage of concrete
specimens. It can be seen that SF10 remains as a whole after 200 freeze—thaw failures, so
it can be concluded that the addition of fibers helps to strengthen the durability of the
concrete.

50 cycles 100 cycles 150 cycles 200 cycles

Figure 14. Failure mode of SF10 specimens with 5 MPa confining pressure under different numbers
of F-T cycles.

Figure 15 displays the failure modes of SF10 under various strain rates at a confining
pressure of 0 MPa. The failure mode of SFRC is almost independent of strain rate, a finding
similar to that of Chen et al. [46]. Given the stress concentration at these interfaces and
the existence of weak interface, microcracks readily propagate along the aggregate matrix
interfaces and steel fiber matrix interfaces at a low strain rate. However, many of the coarse
aggregates fractured and the sound was loud during the test with the strain rate increased.
This may be due to the fracture becoming highly distributed at a relatively rapid strain rate,
which prevents it from having enough time to choose the weakest failure interface and
instead causes it to spread along the quickest path of energy release, i.e., directly through
the aggregate [47,48]. Furthermore, the failure of the specimen tends to be severe as the
strain rate increases. There are a number of studies that have yielded consistent results.
Wang et al. [36] showed that as strain rate increases, the number of falling debris on the
concrete surface increases gradually, and the surface with cracks became rough. In addition,
high strain rate causes the specimen’s crack width to be wider than low strain rate does [49].
It can be seen that SF10 remains a whole after different strain rate failures, and almost
does not form penetration cracks, so it can be concluded that the addition of fibers helps to
enhance the bonding performance and durability of concrete.
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10-%/s 104/s 10-3/s 102/s

Figure 15. Typical failure modes of SF10 specimen with 0 MPa confining pressure at different strain
rates.

The failure modes of SFRC under confining pressures of 5 and 10 MPa are similar, and
this result is the same as that from the study by Farnam et al. [50]. Therefore, Figure 16
illustrates the failure modes of SFO, SF10 and SF20 specimens at a strain rate of 10~3/s and
confining pressures of 0 and 5 MPa. Obviously, the failure mode of SFRC has changed
greatly due to lateral restraint pressure. Under 0 MPa confining pressure, the main cracks
parallel to the direction of loading force appear on the surface of the plain concrete specimen
when it reaches its ultimate compressive strength. The specimen subsequently fails as a
result of a reduction in axial bearing capacity, demonstrating vertical splitting as the mode
of failure (Figure 16a). The fracture surface was observed as a whole with good flatness
and no adhesion. However, the cracks on the surface of specimen are localized in the center
of the concrete and hardly any through cracks form when steel fiber is introduced. The
fracture surface also shows the aggregate cement matrix connected by steel fiber, and the
spalling degree in the middle part of the concrete is light and exhibits expansion because of
the high content of steel fiber (the content is 2.0%). Jin et al. [1] reported extremely strong
bond strengths between steel fibers and concrete, consistent with the results of the above
studies. When cracks appear in the matrix, the steel fiber mesh connects the small pieces
of concrete with its good bonding properties, thereby preventing the matrix from being
crushed.

However, Figure 16b shows that under triaxial compression, confining pressure can
effectively prevent vertical cracks, and the failure mode of the specimen changes to a
typical oblique shear failure. This finding is close to previous results [46,51,52]. As shown
in Figure 16b, the shear failure of plain concrete presents 45°-50° inclined cracks, and
the width of the crack is large. During the test, the specimen cracks completely along the
crack surface. Nevertheless, the diagonal shear crack widths started to narrow as a result
of the joining action of the steel fibers in the SF10 and SF20 damaged specimens, which
nonetheless displayed strong integrity. Under uniaxial and triaxial compression states, the
failure modes for SFRC specimens are shown in Figure 17.
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Figure 16. Typical failure modes of SFRC specimen under different confining pressures: (a) 0 and (b)
5 MPa.
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Figure 17. Model diagram of SFRC under different stress states. (a) Uniaxial compression state and
(b) triaxial compression state.

3.5. DIF

DIF is often used to quantitatively study the dynamic properties of materials, which
can characterize the strength enhancement due to strain rate effects. The DIF is calculated
as: .

11F:I§=1+kg(2> (1)
f s Es
where f; is the dynamic ultimate compressive strength, f; is the quasi-static ultimate com-
pressive strength, ¢; is the current strain rate, & is the quasistatic strain rate
(s =1 x107%/s)and kis a parameter.

Figure 18 shows the relationship between the dynamic ultimate compressive strength
increment and the strain rate of concrete under different confining pressure levels after 100
F-T cycles. Table 5 shows the results of least squares fitting to the experimental data. With



Buildings 2022, 12, 2170

16 of 23

the increases in strain rate, the DIF of the SFRC exhibits a linear increasing trend, and the
slope of the fitted line decreases with increasing confining pressure, as shown clearly in
Figure 18. This finding is accordant with an earlier study [25], but differs slightly from Wang
et al. [37], who found that the DIF of concrete strength grows nonlinearly as increasing
strain rate relation. The reason for this conflict is that the concrete samples are saturated
with water prior to mechanical loading. As the concrete confining pressure increases, the
sensitivity of the concrete ratio also increases [37]. Additionally, as the strain rate increases,
the DIF growth rate of steel fiber reinforced concrete is slightly slower compared with
control concrete. Therefore, the rate sensitivity of concrete strength decreases after adding
a certain amount of steel fibers.
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Figure 18. Relationship between DIF and strain rate of concrete subject to 100 F-T cycles under
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Table 5. Classification of CaCOj3 produced by microorganisms and its suitable environmental
conditions in concrete structures.

Specimens ID Confining Pressure (MPa) k R?
0 0.0981 0.9813
SFO 5 0.0430 0.9942
10 0.0369 0.9912
0 0.0938 0.9604
SF10 5 0.0406 0.9780
10 0.0331 0.9868
0 0.0874 0.9813
SF20 5 0.0433 0.9944
10 0.0296 0.9795

In concrete, water is contained in pores of many different sizes. Similar to the Stefan
effect, the water and concrete matrix can also be regarded as a system during dynamic
loading. Hence, viscous resistance is generated as shown in Figure 19. This viscous effect
also has an important influence on the sensitivity of the concrete ratio [53,54]. Steel fibers
are distributed in a 3D manner in the specimen and thereby produce a supporting effect on
the aggregate. In this way, the internal structure of concrete becomes compact, the porosity
is reduced and the permeability is improved. In addition, the propagation of cracks inside
the specimen was prevented and the damage to the concrete structure caused by the F-T
cycle was reduced due to the crack resistance of the steel fibers. Therefore, under the action
of F-T cycling, the porosity of SFRC is lower than that of plain concrete, indicating that the
former has fewer micro-units of viscous resistance than the latter. The triaxial compressive
strength of steel fiber concrete increases more slowly than that of control concrete, meaning
that its sensitivity to the strain rate is lower than that of the control concrete.

/ Matrix

Porous wall

Figure 19. Stefan effect of concrete pore water.

Furthermore, Zhang et al. [55] and Li et al. [56] made note of that there is also the
relationship between the fracture toughness of rock-like materials and the strain rate, which
reflects the material’s capacity to limit crack propagation. The fracture toughness and
resistance to crack growth both rise as the strain rate does. For microcell structures in
concrete, each crack under dynamic loading creates additional resistance compared to static
loading. Given the relatively small number of cracks in SFRC, the total additional resistance
is also relatively small. As a result, the triaxial compressive strength of SFRC has a lower
strain rate sensitivity than plain concrete.

3.6. Microstructure Analysis

The macro-mechanical properties of concrete largely depend on its micro-structure.
Evaluation of degraded concrete microstructure provides valuable information that is
applicable in many situations. The number and morphology of hydration products, the
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number of cracks and holes in the SFRC matrix, aggregate-matrix interface transition
zone (ITZ) and steel fiber-matrix ITZ were studied to further understand the degradation
mechanism of SFRC under F-T cycle.

Figure 20 shows the SEM images of different samples under different F-T cycles. The
surface of the SFO specimen without a F-T cycle is dense and free of cracks, as shown
in Figure 20a. After 200 F-T cycles, damage can be observed, i.e., the surface becomes
rough with numerous microcracks and pores (Figure 20b). Figure 20c,d show that the SF10
specimen has a similar trend to the SF0 specimen. This finding provides a good explanation
for the reduction in concrete compressive strength due to microstructural damage.

V. Mag= 1.00KX

Figure 20. SEM images of specimen under a different number of F-T cycles: (a) SFO with 0 F-T cycles,
(b) SFO with 200 F-T cycles, (c) SF10 with 0 F-T cycles and (d) SF10 with 200 F-T cycles.

Figure 21 shows the microstructure of the SFRC matrix. It can be seen that a greater
number of calcium hydroxide (C-H) exists in plain concrete matrix, and the amounts of
hydrated calcium silicate (C-S-H) and Ettringite (AFT) are relatively small. Many micro
cracks and holes can be found, and the structure is relatively loose (Figure 21a). However,
the amounts of AFT and C-5-H in SF10 matrix are relatively large, and only a few of C-H
are distributed around AFT (Figure 21b). Good structure compactness is also observed.
Therefore, the addition of steel fibers improves the density and microstructure of concrete.
Additionally, the strength and deformation properties of concrete are improved due to the
network structure formed by steel fiber which can bridge the cracks.
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(b)
Figure 21. Micromorphology of matrix. (a) SFO and (b) SF10.

The ITZ of aggregate and matrix microstructure is shown in Figure 22. Cracks and
voids and many hexagonal plate-like C-H are found in the ITZ of aggregate and matrix
for plain concrete, and the AFT is loose. However, the mortar and aggregate in SFRC
are fully bonded because of the random distribution of steel fiber, and the width of the
crack between the aggregate and matrix is reduced. The amount of C-H decreases due to
the addition of steel fiber. Orientation also changed accordingly, which has an important
influence on improving the micro morphology of aggregate and matrix interface. The
honeycomb-like C-5-H and needle-like AFT cover the cracks and the surface of the voids,
thereby making the concrete a dense and uniform continuum. Under external load, the
compactness of the structure delays the formation of cracks in the interface transition area;
hence, the strength of concrete increases accordingly [57,58].

Aggregate #i+

)
ST 7

(b)
Figure 22. Micromorphology of ITZ of aggregate and matrix. (a) SFO and (b) SF10.

Figure 23 shows the ITZ micromorphology between the steel fibers and the matrix of
the SF10 specimen. The interface between the steel fibers and the matrix exhibits a height
difference and a certain bonding effect. This may be due to the increased surface roughness
of steel fibers after collision with the aggregate during concrete mixing, and the surface
damage of steel fiber can improve the friction and bonding performance between steel
fiber and mortar [59]. However, many initial microcracks and holes are formed due to the
incorporation of steel fiber; hence, the structure becomes loose [60]. The massive C-H gels
(Figure 23b) found on the AFT surface hinder the continuous growth of AFT and negatively
affect the interface performance of cement-based concrete to some extent.
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Figure 23. Micromorphology of ITZ between steel fiber and matrix of SF10 specimen. (a) ITZ
micromorphology and (b) C-H gels.

4. Conclusions

Research has been conducted on concrete with varying steel fiber contents under
F-T cycles to systematically examine the effects of confining pressure and strain rate on
dynamic mechanical properties. Based on the research results, the following conclusions
are drawn:

(1) With increasing F-T cycles, the triaxial compressive strength of concrete specimens
declines, the stress—strain curve area decreases with time, and the corresponding
energy absorption capacity gradually weakens. However, the failure mode of the
concrete did not change, only the deterioration of the specimen gradually increased.

(2) The F-T damage of SFRC shows two stages: (I) from 0 to 50 F-T cycles, the compressive
strength of specimens slowly decreases and the peak strain slowly increases; and (II)
from 50 to 200 F-T cycles, the compressive strength and peak strain of specimens
acceleratingly decreases and increases, respectively. Similarly, mortar shedding and
crack extension on the specimen surface were also accelerated in the second stage.

(3) Under F-T cycles, steel fiber can enhance the dynamic mechanical properties of
concrete. Adding steel fibers to concrete under F-T cycles increases the triaxial com-
pressive strength, peak strain, and energy absorption capacity. However, increasing
steel fiber content to 2.0%, the triaxial compressive strength of concrete decreases
because the excessive steel fiber causes a small amount of agglomeration.

(4) As the strain rate increases, the compressive strength of the SFRC subjected to F-T
cycles increases gradually, the peak strain decreases slowly and the DIF of strength
increases linearly. In low strain rate, SFRC specimens have sufficient time to select the
path, most of which are along the mortar interior or the weak surface of aggregate
mortar. However, when the strain rate increases, the shape of failure surface of the
SERC changes and a large number of coarse aggregate fractures occur.

(5) Under F-T cycles, specimens with no confining pressure exhibit crack directions
parallel to loading stress directions, and the cracks are concentrated in the middle
of the specimen. However, the steel fiber reinforced concrete specimens change to
inclined shear failure under the action of confining pressure. In addition, as confining
pressure increased under F-T cycling, SFRC’s triaxial compressive strength increased
as well as its peak strain and energy absorption capacity.

(6) The SEM tests conducted on concrete specimens after the F-T cycles show that steel
fibers enhance the ITZ between aggregates and mortars, compaction and microstruc-
ture improvement of concrete. The microstructure analysis results are accordant with
the laws of macroscopic properties (compressive strength and peak strain).
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