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Abstract: As a commonly used surface structure for airport runways, concrete slabs are subjected to
various complex and random loads for a long time, and it is necessary to investigate their fracture
performance at different strain rates. In this study, three-point bending fracture tests were conducted
using ordinary performance concrete (OPC) and basalt fiber-reinforced airport pavement concrete
(BFAPC) with fiber volume contents of 0.2, 0.4, and 0.6%, at five strain rates (10~° s~1, 1075 571,
107* 51,1073 571, and 1072 s71). Considering parameters such as the peak load, initial cracking
load, double K fracture toughness, fracture energy, and critical crack expansion rate, the effects of
the fiber volume content and strain rate on the fracture performance of concrete were systematically
studied. The results indicate that these fracture parameters of OPC and BFAPC have an obvious
strain rate dependence; in particular, the strain rate has a positive linear relationship with peak
load and fracture energy, and a positive exponential relationship with the critical crack growth rate.
Compared with OPC, the addition of basalt fiber (BF) can improve the fracture performance of airport
pavement concrete, to a certain extent, where 0.4% and 0.6% fiber content were the most effective in
enhancing the fracture properties of concrete under strain rates of 107107 s~ and 1074-1072 s},
respectively. From the point of view of the critical crack growth rate, it is shown that the addition
of BF can inhibit the crack growth of concrete. In this study, the fracture properties of BFAPC were
evaluated at different strain rates, providing an important basis for the application of BFAPC in

airport pavement.
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1. Introduction

At present, cement concrete is the most common material for airport runway sur-
faces. With increased traffic volumes, airport pavement disease has become increasingly
evident, with the appearance of cracking, settlement, cavities, and other problems during
its operation. In order to solve the pavement concrete cracking problem, the applica-
tion of fiber-reinforced concrete for airport road surfaces has been extensively studied.
Chen et al. [1,2] studied the effect of various fibers on the strength and durability of airport
pavement concrete. It was found that the flexural strength was increased by 6% when
modified polyester fibers (MP) and polyacrylonitrile synthetic fibers (PS) were blended into
concrete. Under a high temperature aging environment, 1.5% steel fiber (SF) significantly
inhibited the aging cracking and effectively improved the wheel impact resistance of airport
pavement concrete. The addition of PS and MP led to the greatest enhancement effect on
impermeability and frost resistance, respectively. Merhej et al. [3] analyzed the effects of
polypropylene fibers (PP) on the compressive strength, modulus of rupture, load—deflection
curve, and flexural toughness of airport pavement concrete. In light of the fatigue failure of
airport pavement concrete, Wang et al. [4] investigated the impact of polyoxymethylene
fiber (POM) on the flexural fatigue performance of airport pavement concrete. Based on
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the above studies, it has been well-demonstrated that fiber-reinforced concrete has broad
application prospect for the construction of airport roadway surfaces.

Basalt fiber (BF) is a kind of material with high tensile strength and high elastic modu-
lus. Different from other fibers, BF has the characteristics of high-temperature resistance,
acid and alkaline resistance, ease of dispersion, and low price [5,6]. Concrete mixed with
a certain volume fraction of BF can effectively improve its cracking, bending, and impact
strength, while reducing the pore size of concrete and refining the pore structure [7-10].
In addition, scholars have found that basalt fiber-reinforced concrete (BFRC) has excellent
fracture properties. Wang et al. [11] investigated the fracture properties of BF-reinforced fly
ash geopolymer concrete (FAGC) and found that the incorporation of BF can significantly
improve the fracture energy and fracture toughness of FAGC. BF can play an important role
in inhibiting the crack propagation of concrete. Smarzewski [12] found, in a three-point
bending fracture test of high-performance basalt fiber-reinforced concrete (HPBFRC), that
with an increase in fiber content, the fracture energy of the specimens increased gradually,
presenting a positive linear relationship. Arslan [13] has stated that the addition of BF and
glass fiber (GF) into concrete both improved its flexural strength, ductility, and fracture
energy. It was found, through scanning electron microscopy (SEM), that the addition of BF
enhanced the bonding properties between the substrates. Based on the above summary
of BFRC performance, it can be inferred that BF also has a good application prospect in
airport pavement [14]. Sun et al. [15] have considered the problem of airport pavement
cracking and durability deficiency, and the application of basalt fiber airport pavement
concrete (BFAPC) was studied through a static mechanical test and numerical simulation.
At present, the airport’s operational environments are complex. Airport pavement is not
only affected by the static load of aircraft, but also by dynamic impact loads caused by
pavement roughness and aircraft landings [16,17]. As airport pavement concrete is prone to
fracture under dynamic loads, and the subsequent damage and deterioration can greatly af-
fect the safe takeoff and landing of the aircraft, it is necessary to study the fracture behavior
of airport pavement concrete under dynamic loads.

Concrete is a rate-sensitive material with more complex fracture patterns at high
loading rates. Many scholars have investigated the fracture properties of materials at
different loading rates. Xuan et al. [18] analyzed the effects of different loading rates on
the fracture properties of steel fiber cement matrix composites. It was shown that the
initial cracking load, unstable fracture toughness, and fracture energy increased in different
magnitudes with an increase in the loading rate. Chen et al. [19] conducted fracture tests
on concrete at different loading rates based on acoustic emission (AE) technology and
found that the peak load and fracture toughness increase with the increase in loading rate.
Chen et al. [20] analyzed the effect of different loading rates on the fracture properties
of concrete using three methods: A three-point bending test, digital image correlation
(DIC), and ABAQUS finite element method. They found that the fracture toughness and
fracture energy of concrete at low loading rates have a significant rate effect. Ma et al. [21]
concluded that the fracture toughness of concrete is linearly related to the logarithm of
the strain rate, and the length of fracture process zone (FPZ) increases with an increase in
loading rate. The above studies have shown that the loading rate has a significant effect
on the fracture parameters of concrete, but the fracture performance of BFAPC at different
strain rates has been less studied. In addition, it is necessary to monitor the crack extension
changes during the fracture process. DIC is a non-destructive testing method, which can
be effectively applied to study concrete fracture performance [11,22,23]. It can be used
to analyze the changes of displacement field and strain field in the process of concrete
fracture with high accuracy. Crack extension changes can be quantified by DIC, and crack
extension during the fracture process is affected by the crack tip displacement field [24,25].
For fiber-reinforced concrete, if the addition of fiber can reduce the crack extension length
of concrete under the same load level, it indicates that fiber can inhibit crack growth [11,22].

In summary, most scholars have studied fiber-reinforced airport pavement concrete
in terms of strength and durability. Various types of loads, such as taxiing, takeoff, and
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landing, are frequently exerted on airport pavements, and concrete is a rate-sensitive
material that exhibits different fracture properties at different strain rates. Therefore,
from the perspective of how the strain rate affects the fracture performance of BFAPC, its
application value in airport pavements can be further reflected.

In this paper, based on fracture mechanics theory, three kinds of BF content (0.2%,
0.4%, and 0.6% volume fraction) and five kinds of strain rates (107 ¢s~1,102 s~ 1,104 s~ 1,
1073571, and 1072 s~!) were considered, according to the strain rate value range under
different working conditions. The three-point bending fracture test of a pre-cast crack
airfield pavement concrete beam was carried out, and DIC was used to monitor the crack
growth process during the test. The rate effects of BFAPC fracture parameters at different
strain rates were analyzed, in terms of peak load, initial cracking load, double-K fracture
toughness, fracture energy, and critical fracture extension rate.

2. Materials and Methods
2.1. Raw Materials and Mix Proportion

According to the Specifications for Airport Cement Concrete Pavement Design (MH/T
5004-2010) and concrete strength design requirements, the mixing ratio of ordinary perfor-
mance concrete (OPC) is shown in Table 1. In the label “B-]”, “B” represents the BEAPC
specimen, and “J” represents the fiber volume content. The selected materials were ordi-
nary Portland cement (P-O 42.5, density 3.10 g/cm?3), fly ash (F-type I low-calcium, density
2.30 g/cm?), granulated blast furnace slag powder (595-grade, density 2.90 g/cm?), poly-
carboxylic acid high-performance water reducing agent (CNMB Zhongyan Technology
Co., Ltd., Changsha, China), coarse aggregate (two continuous gradings: 4.75-16 and
16-30.5 mm), fine aggregate (machine-made sand, fineness modulus 3.2), and basalt fiber
(Shanghai Chengi Chemical Technology Co., Ltd., Shanghai, China). Figure 1 shows the
macroscopic and microscopic morphology of BF, with a length of 12 mm. Table 2 displays
its physical-mechanical indices.

Table 1. Mixing ratio of airport pavement concrete.

Mixing Proportion/kg-m—3

No L Figle/r Volum7 % Coarse Fine Water Reducing
ength/mm Fraction/%
8 raction Cement FlyAsh Slag Water Sand Aggregate Aggregate Agent
OoPrPC - - 307.74 67.44 46.38 155.97  565.87 886.53 433.84 2.108
B-0.2 12 0.2 307.74 67.44 46.38 155.97  565.87 886.53 433.84 2.250
B-0.4 12 0.4 307.74 67.44 46.38 15597  565.87 886.53 433.84 2.500
B-0.6 12 0.6 307.74 67.44 46.38 155.97 565.87 886.53 433.84 2.633

R Date 26 Apr 202
WD=73mm

Figure 1. (a) Macro and (b) micro morphologies of BE.
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Table 2. Physical and mechanical indices of basalt fiber.

Densitv/ Elasticity Tensile Fracture
Length/mm  Diameter/um ( ~cm—g’) Modulus Strength Ductility
& IGPa /MPa Rate/%

12 13.8 2.699 95-110 3500-4500 31

2.2. Specimen Preparation

Concrete with dimensions of 400 x 100 x 100 mm was prepared according to the
mixing ratios in Table 1. A steel piece was pre-buried at the mid-span position before
casting. The surface of the steel piece was coated with lubricant, in order to facilitate the
formation of pre-fabricated cracks. In the study by Zhao et al. [26], it was shown that the
crack-height ratio often has a certain impact on the K-dominant zone (the applicable region
of linear elastic fracture criterion) at the front end of the cracks. When the crack-height
ratio was 0.4, the T-stress (a constant term in the series expansion of crack tip displacement
field)—which has a significant effect on the stress field around the crack tip—was close
to 0, and the calculated fracture toughness was more reliable. Therefore, the crack-height
ratio (ag/h) was set as 0.4. The pre-fabricated fracture depth ayp was 40 mm, the fracture
width was 3 mm, and the fracture tip was 15°. The BF was added into fresh concrete at
0.2%, 0.4%, and 0.6% volume content to prepare BFAPC samples. For a better dispersion
effect, the fiber was added through a dry mixing method: sand and stone were first mixed
with part of the fibers in the mixer for 60 s, following which the cementitious material and
the remaining part of the fibers were added for 60 s. The water and water reducer mixture
was slowly added and mixed for 2 min. Finally, the concrete mix was poured into the
mold, properly vibrated to ensure that the mix was dense, and the specimens were covered
with cling film. The steel piece was removed after 6 h, demolded after 24 h, then sent to a
standard curing room with a temperature of 20 & 2 °C and relative humidity greater than
95% for curing (with an age of 28 d).

2.3. Test Method

In the test, the specimen was subjected to three-point bending loading using an MTS-
810 testing machine (MTS Systems Corporation, Eden Prairie, MN, USA). The span S
was 300 mm, and the loading mode was controlled by displacement. In order to com-
pare the fracture damage of concrete beams at different strain rates, Figure 2 displays
the range of strain rates under different working conditions [27,28]. The loading rates
were 0.009 mm/min, 0.09 mm/min, 0.9 mm/min, 9 mm/min, and 90 mm/min, and the
corresponding strain rates were 107°s1,10°s1,10%s71, 103571, and 1072571,
respectively, which were used to simulate quasi-static loading, vehicle load, and aircraft
impact load (see Figure 2). A pre-load of 0.1 kN was applied to the specimen before loading,
in order to obtain more stable experimental data. The tests were repeated three times at
each rate, in order to ensure the accuracy of the test.

| | | | | | | |

1078 1077 1076 1073 107 1073 1072 107!

Strain rate (s7')

Figure 2. Regimes of strain rates.

A pair of resistive strain gauges with a distance of 10 mm was arranged symmetrically
at 10 mm from the crack tip of the specimen, in order to determine the crack initiation load
Pini during loading. The specimens were smoothed with a grinding machine before the test,
ensuring that the strain gauge and the surface of the specimen fit flat. The crack mouth
opening displacement (CMOD) of the specimen was measured using an MTS self-contained
clip-on extensometer, with measuring range of 5 mm. The mid-span displacement was
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measured using a displacement sensor with a range of 10 mm. The above data were
collected synchronously by a dynamic strain tester (DH 15202). DIC was used to monitor
crack growth during loading. Before the test, a layer of white matte paint was sprayed on
the crack propagation area of the specimen, following which a black speckle was sprayed.
We adjusted the lens position, exposure, and focal length to obtain clear images. The image
acquisition frequency was adjusted, according to the different loading rates. The NCORR
image analysis software was used to calculate the displacement and strain of the specimen
surface. The whole test device is shown in Figure 3.

Load

~—~.

7"

S=300

L=400

g Displacement
meter

5
3 4 P

Specimen size

MTS Clamp
extensometer

Data acquisition system

Loading device

A

Speckle =
area |

I
f

Image acquisition
system

- 7
High speed 1
camera

DIC analysis o

Figure 3. Diagram of the test device.

3. Results and Discussions
3.1. Fracture Section

The fracture cross-sections of BFAPC at different strain rates are shown in Figure 4.
At strain rates of 107% s7! and 10~% s, the crack propagation path of the specimen
presented a certain deflection, and the fracture surface was rough with some partially
intact aggregates. At strain rates of 1072 s, the fracture surface of the specimen gradually
became flat, and more and more coarse aggregates failed along the fracture surface. This is
due to the existence of a large number of micro-cracks at the interface between the coarse
aggregate and the mortar, which is the weakest area in the matrix [20]. At lower strain rates,
the crack propagated from the interfacial transition zone (ITZ) of the aggregate—mortar.
With an increase in the strain rate, the crack did not have enough time to pass through
the ITZ. This caused it to pass directly through the coarse aggregate, making the fracture
surface smoother. The same result was found in reference [20,29]. The strength of the
aggregate is usually higher than the ITZ, which is one of the reasons for the increased
fracture strength at high strain rates [23,30].
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Figure 4. The failure sections of concrete at different loading rates: (a) 107651 (b) 10~* s~ 1; and
() 1072571,

3.2. P-CMOD Curve

The changes in the P-CMOD curves of BFAPC at different strain rates are shown in
Figure 5. According to the P-CMOD curve, the trends of the curves under different strain
rates were basically the same. The fracture process of OPC presented an obvious brittle
fracture effect at different strain rates, with the curve dropping rapidly after reaching the
peak load. When the fiber content was 0.6%, the ductility performance of the specimens after
reaching the instability extension stage was more obvious; this was due to the “bridging”
effect of fibers in the matrix, which can inhibit the rapid propagation of cracks [11,31], thus
improving the fracture toughness of the concrete. It was also found that the strain rate had
a significant effect on the peak load of concrete with different fiber content.

_____ 106!

S S
—-=107s" —-— 10751
10#s LN e 104s!
-1073s71 ---=1073s71
—1073s! — 10725

10 12 08 10 12
s 1@ = 105!
—-=107s" —-=107s"
st NN e 107!
-1035! ---=103s"
—_1072" — 102!

T

00 02 04 06 08 1.0 1.2 0.8 1.0 12
CMOD/mm CMOD/mm

Figure 5. The P-CMOD curves under different loading rates: (a) OPC; (b) B-0.2; (c) B-0.4; and (d) B-0.6.
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Figure 6 shows the relationship between the strain rate and peak load. ¢ is the strain
rate under quasi-static loading (here it is taken as 107® s71); ¢ is the five strain rates selected
in this paper (the same below). It is clear that the peak load was positively correlated with
the logarithm of the relative strain rate; previous studies have also shown that the strain
rate has a similar relationship with the peak load [32,33]. From the fitting curve, it can be
seen that the peak load of concrete with different fiber content reached the maximum strain
rate of 1072 s~!, and BFAPC with 0.6% fiber content presented the highest peak load of
5.17 kN. In addition, the range of variation of peak load in each group was 40.5%, 38.8%,
25%, and 57.4%, respectively. In terms of the range of variation, the peak load of group
B-0.6 had a higher strain rate sensitivity, while the strain rate sensitivity of group B-0.4
was relatively weak. Hillerborg [34] proposed the virtual crack theory, in which the peak
fracture load of concrete is determined by its uniaxial tensile strength [19]. In addition,
previous studies [30] have concluded that the uniaxial tensile strength of concrete increases
with the increase of strain rate, namely strain rate effect. Therefore, due to the strain rate
effect, the increase of the tensile strength of concrete leads to the increase of its peak fracture
load. Section 3.1 explains the increase of fracture strength from a macroscopic fracture
surface perspective.

6.0 6.0
@ Mean data (a) @ Mean data (b)
3.5 - - - - - Fitting curve 3.5 [- - - - Fitting curve
Z50f ® , 50f -y
= * I i * Jiad
g A ;é e -
S45¢ 45 S45 It
e - % oy
5] a2 ] e
~40F .3 ~40F ¥
P =0.3828Ig(¢/é&,)+3.551 .- P=03516lg(e/&))+3.511
35¢ i - 35F -9 X
R =0.97504 R”=0.98628
3.0 - L L L 3.0 L " " " 1
1 2 3 4 0 1 2 3 -
1g(¢/40) Ig(¢/€o)
6.0 ) 6.0 d)
C
@ Mean data ( @ Mean data (
SSF - - --Fitting curve SSE.. - -Fitting curve <’
5.0 5.0 =
g24r 2 £ s &
B B -7
S45r = Z45}
= . o~z -
5 LS 8 .
~ 40 -9 v £ 401 >,
e
35t P=025711g(¢/ £)+3.7792 35l P =048991g(£ / £,)+3.4202
R* =0.85966 ‘9 R* =0.85626
30 1 1 ' 1 30 1 1 1 1 1
1 2 3 4 0 1 2 3 4
1g(¢/%o) Ig(¢/%)

Figure 6. The relationship between the peak load and strain rate: (a) OPC; (b) B-0.2; (c) B-0.4; and
(d) B-0.6.

The variation curves of peak load with different fiber content are shown in Figure 7.
It can be seen that BF had a certain effect on the peak load. Compared with OPC, the
peak load of BFAPC with 0.4% fiber content was the highest at strain rates of 107¢ s~!
and 107° s~1, which increased by 3.77% and 9.23%, respectively. However, the peak load
of concrete at 0.6% fiber content decreased by 7.51% and 2.55%, respectively, indicating
that this level of content has a negative effect at low strain rates. This may be due to the
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fiber more easily agglomerating at high dosages, which increases the weak interface within
the matrix. In addition, the peak loads of BFAPC at strain rates of 1074 s71, 1073 s},
and 1072 s~ ! were reduced under 0.2% and 0.4% fiber content; however, the peak loads
were increased by 12.14%, 3.72%, and 4.46% for 0.6% fiber content, respectively. It can be
concluded that, under low strain rate, 0.4% fiber content can improve the fracture load of
concrete, to a certain extent. Although the concrete with 0.6% fiber content had a negative
effect on the peak fracture load at low strain rates, it presented a certain strengthening
effect at high strain rates.

5.6

10957t 107 s7! 107*s7!

5ol 10735t 10725t

4.8}

0.0 0.2 0.4 0.6

Fiber volume fraction/%

Figure 7. Peak loads under different fiber content.

3.3. Initial Cracking Load
3.3.1. Determination of Pj;

For prefabricated cracked members, the determination of Pj,; can be accomplished
through the test curve method and strain gauge method [21,35,36]. The test curve method
takes the turning point from linear to non-linear in the rising section of P-CMOD curve
as PS;; however, the turning point is difficult to determine precisely. According to the
literature [18,36], the load corresponding to a CMOD of 0.02 mm can be considered as the
initial cracking load. In addition, the initial cracking load of BFAPC can also be determined
by applying resistance strain gauges. The load value corresponding to the strain retraction
point in the P-¢ curve is chosen as P ;. The strain gauge method for determining the
initial cracking load is sensitive to the strength of the material. It has good applicability for
measuring the crack initiation load of high-strength concrete [37], making it a commonly
used method for determining the initial cracking load. However, due to the differences
in the adhesion between the strain gauges and the surface of the specimen, as well as the
non-homogeneous material properties of concrete, the Pj,; values measured in the same

group may differ. The measured Pj,; values are given in Table 3.
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Table 3. Statistical table of fracture loads.
Strain Gauge Method Test Curve Method
No. Strain Rate/(s~1 Pmax/kN CMOD./um
0 rain Rate/(s™) Pt /kN  CMODjy/um  PS/kN  CMODjy/um ™ ot

10-° 2.31 18.85 2.59 19.98 3.553 50.89
107° 2.72 21.04 2.67 20.04 3.877 53.44

OPC 1074 2.84 20.57 2.81 20.02 4.334 61.80
1073 2.88 14.98 3.42 20.14 4.827 57.47
1072 3.03 21.70 2.87 20.17 4.992 59.60
10-° 3.18 21.12 3.08 19.90 3.579 36.50
107° 3.07 25.52 2.61 20.29 3.88 59.69

B-0.2 104 2.97 15.49 3.34 20.44 4.193 60.83
1073 291 18.58 3.04 20.16 4.536 59.14
1072 3.26 24.15 3.02 20.35 4.967 79.58
10-° 3.03 22.88 2.84 19.94 3.881 59.55
10° 3.27 28.92 2.52 20.01 4.023 66.78

B-0.4 104 3.24 18.83 3.35 19.95 4.059 44.58
1073 3.27 20.56 3.21 19.90 4.652 58.28
1072 3.39 20.36 3.33 19.87 4.852 47.11
10-° 2.45 24.63 2.29 20.15 3.286 68.68
10° 241 19.47 2.59 20.15 3.778 58.48

B-0.6 1074 3.57 17.24 3.94 20.08 4.86 41.24
1073 3.75 19.32 3.84 20.06 4.903 66.42
1072 3.77 20.81 3.67 20.13 5.173 55.51

Figure 8 contrasts the Pj,; measured by the strain gauge method and the test curve

method, in order to verify the validity of the two methods. The black dashed line in the
figure indicates y = x. The two red dashed lines indicate that the ratio of P;; — P5; to P{; is
+10%. The two blue dashed lines indicate that the ratio of P;; — Pg; to Py ; is £20%. It can
be seen from the figure that 70% of the initial cracking load measured by both methods fell
within the £10% range, and 95% of the data points fell within the +=20% range. Overall, the
results indicate that the difference between the cracking load measured by the strain gauge
method and the test curve method was not significant. Therefore, it is appropriate to adopt
the load corresponding to CMOD = 0.02 mm as the initial cracking load. By using the two

methods for determining the initial cracking load, the test results can be cross-validated.

4.0 - =
QA L
S S b
R L
35F R
/l /" 0]0,
: il
| 'l /l ) " . Qetb 2
§ 3.0 ) A
OE
A K 5
25
2.0
L L
3.0 35 4.0
PS /KN

mi1

Figure 8. Comparison of the Pj,; value obtained by the test curve method and the strain gauge
method.
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3.3.2. Effect of Loading Rate and Fiber Content on Initial Cracking Load

Figure 9 shows the relationship between the strain rate and initial cracking load. From
the figure, it can be seen that there was a certain strain rate effect of the initial cracking
load, but there was no obvious pattern between it and the strain rate. Compared with
the initial cracking load when the strain rate was 10~° s~1, the initial cracking load of
each group at 1072 s~! was increased (by 31.2%, 2.5%, 11.9%, and 53.9%, respectively).
It can be seen that the strain rate had the most significant effect on the initial cracking
load of the OPC and B-0.6 groups. It is worth noting that, at 0.6% fiber content, the initial
cracking load of concrete changed abruptly during the transition from 107° s~ to 1074 s~ !
strain rate (increased by 48.13%), demonstrating that this content had the highest initial
cracking load at a higher strain rate, while it did not have an effective role at low strain rate.
The sensitivity of the initial cracking load to the loading rate was higher for this content.

4.5

OPC
B-02
4.0 o —B=04
B-0.6
3.5
z
£3.0
25F
2.0
0 1 2 3 4

1g(¢/4))
Figure 9. Relationship between the initial cracking load and strain rate.

3.4. Double K Fracture Toughness

Xu and Reinhardt [38,39] originally proposed the double-K fracture model. Hu et al. [40]
have found that different strain rates have a certain effect on the double-K fracture tough-
ness, and the double-K fracture model is also applicable at high strain rates, such as
1073 s~ and 1072 s~ 1. To ensure the accuracy of the calculation of the fracture characteris-
tic parameters of the three-point bending beam, the influence of the self-weight factor is
considered in the calculation [41]. The crack initiation toughness K{%, instability toughness
Ki", and critical effective crack length a. are calculated as follows:

mi 15(Pni +mg/2x1072) x 1073 x S x \/ag
= f(ao),

Ie = th2 1
1.99 — ag(1 — ag) (2.15 — 3.93ag + 2.709? a
f(ao) = ol #o)l 203 2T0) gy, @
(14 2a0)(1 —ap)2
1.5(Pmax + m¢/2 x 1072) x 1073 x S x /a
un _ (Pmax +mg o ) N flao), 3)
1.99 — ao(1 — 2.15—3.93 2. 702
flae) = el ) fe T2 ), ae =2, 4)

(1+2a)(1 — ac)? h

where Py, is the test measured cracking load (kN); Pmax and CMOD, are the maximum
measured instability load and the corresponding crack mouth opening displacement (um),
respectively; m is the span mass of the specimen (kg); the acceleration due to gravity g is
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taken as 9.81 m/s?; S is the span (m); t is the specimen width (m); / is the specimen height
(m); and ay is the prefabricated crack height (m).

2 tE x CMOD. 4+ ACMOD
=—(h+h —0.1135—-h
e 71( + O)arctan\/ 32.6(Poax - AP) 0.1135 — hy, (5)

where hy is the thickness of the fixed clip-type extensometer blade (m; as it is fixed on the
side, here it is taken as 0); E is the initial modulus of elasticity; and AP and ACMOD are the
self-weight correction formulae for P and CMOD, respectively.

1 7 a9 + ho CMOD;
E= —[3.70 +32.60 tan?(~ f=
tci[3 0+ 32.60 an(zh_l_ho)},c1 b’ (6)
AP = % x 1072, @)
AP 5, mag+ho
ACMOD = £ [3.70+3260 tan (5 31 1)), ®)

For the calculation of the initial modulus of elasticity E, ¢ is the initial flexibility
(um/kN), which is generally taken as the ratio of CMOD;y; to Pjn;. The ratio is brought
into the formula to calculate the cutline modulus of elasticity E; at the point, while the
initial segment of the actually measured P-CMOD curve is not a relatively stable linear
segment. Another way to calculate the tangent elastic modulus Ej is to perform a linear fit
to the initial segment of the curve, using its slope k instead of 1/¢;. It has been found that
there is little difference in the double K fracture toughness measured using E; and E, [41].
The double-K fracture toughness calculated using E; for this test is shown in Table 4.

Table 4. Related fracture parameters of concrete under different loading rates.

. ni n
No. R;t:/z’ll) / (Mﬁfml,z) Gain Ratio of Kiti (le-cmm) Gain Ratio of K"  Gg/(N-m~1) D,
10— 0.469 0 0.908 0 112.06 31.61
105 0.600 27.93 1.059 16.61 136.67 35.24
OPC 10~ 0.625 33.26 1.215 33.86 156.56 36.23
103 0.629 34.12 1.313 44.56 168.41 36.39
102 0.660 40.72 1.267 39.54 22453 44.55
10— 0.662 0 0.896 0 124.54 35.17
105 0.614 —7.26 1.113 24.24 148.09 38.15
B-0.2 10~ 0.669 1.05 1.250 39.51 160.65 38.30
103 0.681 2.95 1.287 43.71 185.42 40.93
102 0.688 3.91 1.409 57.25 218.87 42.16
10-° 0.660 0 1.154 0 146.90 37.88
105 0.687 414 1.169 1.3 149.82 37.18
B-0.4 10~ 0.700 6.06 1.211 494 163.59 38.80
103 0.704 6.67 1.330 15.25 167.29 37.94
102 0.727 10.15 1.222 5.89 192.40 39.71
10-° 0.640 0 1.025 0 122.87 37.40
105 0.564 —11.88 1.117 8.98 129.54 35.61
B-0.6 104 0.762 19.06 1.306 28.1 182.17 38.19
103 0.796 24.38 1.672 63.12 186.12 37.94
102 0.800 25 1.472 43.61 232.14 44.13

The effect law of different strain rates on the double K fracture toughness of concrete
is shown in Figure 10. It can be clearly seen that the strain rate has some effect on the
double K fracture toughness. In the strain rate range of this study, according to the growth
rate of initial fracture toughness, the strain rate effect in the OPC group was the most
obvious, which was increased by 40.72%, and the maximum increase in the B-0.6 group
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was 25%, while the strain rate effect of initial fracture toughness was not obvious at other
fiber contents. For the unstable fracture toughness Kj", the maximum increase of each
group was 44.56%, 57.25%, 15.25%, and 63.12%. Except for the B-0.2 group, where the
instability toughness increased with increasing strain rate, the other groups showed a
weak downward trend at a strain rate of 1072 s~ 1. In the studies of Chen [19] and Hu [40],
it was found that, when the strain rate is in the range 107 s 121073 571, there exists a
positive correlation between the unstable fracture toughness and strain rate. However, the
unstable fracture toughness no longer increased at a strain rate of 1072 s~!. According
to Equation (3), the magnitude of unstable fracture toughness is related to Pmax and ac.
As Prax was the highest at a strain rate of 102571, the weakening of the critical fracture
length a. at the strain rate of 1072 s~ ! appears to affect the increase in instability toughness.
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Figure 10. The relationship between the double K fracture toughness and strain rate: (a) OPC;
(b) B-0.2; (c) B-0.4; and (d) B-0.6.

The initial fracture toughness KiM expresses the ability of the member to resist crack
initiation, while unstable fracture toughness Ki" expresses the ability of the member to
resist crack expansion under maximum load. By comparing the calculated results in Table 4,
it was found that the maximum initial fracture toughness of B-0.2 and B-0.4 groups was
0.662 and 0.687 MPa-m!/2 at strain rates of 107 s~ 1 and 10> s~ 1, respectively, while the
maximum initial fracture toughness of group B-0.6 was 0.726, 0.796, and 0.8 MPa-m!/2 at
strain rates of 1074 s 1,103 s 1, and 1072571, respectively. This is consistent with the
relevant rules of Pjy,; in Section 3.3.2, as the initial fracture toughness is mainly determined
by Pini, and the difference in specimen quality only changes the cracking toughness by
a small amount between different doping levels. As the initial fracture toughness is
influenced by the ITZ strength [42], the bridging effect of BF increases the strength of
ITZ during the crack initiation stage, which inhibits the rapid development of initiating
cracks, to some extent. In addition, the maximum unstable fracture toughness of B-0.4
and B-0.6 groups was 1.169 and 1.672 MPa-m!/? at strain rates of 107> s~! and 1073571,
respectively. With 0.4% fiber content, BF can effectively improve the ability of concrete to
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resist instability fractures at low strain rates. Meanwhile, the 0.6% fiber content can improve
the load-bearing capacity of concrete at higher strain rates. The observed increase in fracture
toughness is not only related to the amount of BF content, but also to the distribution of
fibers in the matrix and the bond degree between fiber and concrete matrix [43]. Therefore,
more research is necessary to determine why adding BF can enhance concrete’s resistance
to crack instability expansion at different strain rates.

3.5. Fracture Energy and Ductility Index

The fracture energy Gr is the total energy consumed by the material to form a fracture
zone per unit area [44]. It reflects the ability of a material to resist crack growth and is yet
another crucial factor to consider while evaluating the fracture performance of BFAPC.
It can be determined in terms of the area under the load—deflection curve (P-4) during
the three-point bending fracture of the material [31]. The influence of specimen weight is
considered in the calculation, expressed as follows:

=0 ©)

where W is the total work performed by the external force (N-m); m is the mass of the
beam (kg); g is equal to 9.8 m/ s%; 8 is the final mid-span deformation (mm); and Ay;, is the
area of the fracture section (m?).

Ductility index is a parameter, proposed by Chiaia [45], used to measure the cracking
deformation of concrete. It reflects the brittleness of the material: the smaller the index, the
more brittle the material. The formula for calculating the ductility index is:

Dy = GF/PmaX1 (10)

where Prax is the peak load (kIN).

Table 4 displays the fracture energy determined for each group. Figure 11 shows the
change trend of fracture energy of BFAPC at different strain rates. It is obvious that the
fracture energy also presented a certain strain rate effect. There was a positive correlation
between the fracture energy and the relative strain rate’s logarithm. The highest fracture
energy of each group was 224.53, 218.87, 192.40, and 232.14 N-m~! when the strain rate
reached 1072 s~ 1. This was due to the fact that, under a high strain rate, the concrete
directly passes through the coarse aggregate when it is destroyed, which increases the
fracture strength and ultimately requires more energy to cause concrete damage. The
fracture section in Section 3.1 also demonstrates this fact. In addition, as the rate rises, the
formation of microcracks is also another important factor affecting the strain rate effect
of fracture energy [46]. Relative to the high loading rate of 10>°~10%> mm/s, Chen [20] and
Zhang [47] have suggested that this rate effect is less sensitive at low loading rates, such as
10~ mm/s.
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Figure 11. The relationship between the fracture energy and strain rate: (a) OPC; (b) B-0.2; (c) B-0.4;
and (d) B-0.6.

As shown in Figure 12a, the addition of BF has a significant effect on the fracture
energy of concrete. Compared with the fracture energy of OPC, the failure of BFAPC
requires more energy. At strain rates of 107% s~ and 107> s 7!, the highest fracture energy
of B-0.4 group was 146.90 and 149.82 N-m !, respectively, whereas the highest fracture
energy of B-0.6 group was 182.17, 186.12, and 232.14 N-m~! at strain rates of 107 s~ 1,
102571, and 1072 57!, respectively. The reason for this is that the fracture damage of
concrete requires additional energy to overcome the adhesive force between the fiber and
matrix, as well as the energy consumed when the BF is pulled out. Thus, the toughness
of BFAPC is improved; this higher toughness indicates that the specimen has a higher
resistance to failure, which is also reflected in the relatively flat curve of the tail section of
the P-CMOD curve shown in Section 3.2. Li et al. [10] found that a higher fiber volume
content led to a greater number of fibers involved in crack resistance in the fracture process
zone (FPZ) and, consequently, a greater amount of energy required to damage the concrete.
From the above conclusions, the energy required for the fracture of fiber-reinforced concrete
is also related to the strain rate the concrete is subjected to. As shown in Figure 12b, the
ductility of concrete was only slightly improved or even decreased with the addition of
BF. This phenomenon was also observed during the experiment. It can be concluded that,
although the toughness of concrete will be improved by adding BF, the ductility may be
weakened at high strain rates.
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Figure 12. (a) The fracture energy and (b) ductility index of BFAPC with different fiber contents.

Compared with OPC, it can be seen that the fracture energy of 0.6% BFAPC had little
improvement or was even decreased at a strain rate of 107° s~ or 107° s~!, while its
fracture energy at a strain rate of 10~% s~! or higher strain rate was the highest. Therefore,
in order to obtain a more intuitive difference of strain rate effect in group B-0.6, the change
rule of crack length and crack tip opening displacement (CTOD) throughout the BEAPC
fracture process was examined by DIC. The displacement and strain contour diagrams
at the peak load at 10~® s~! strain rate are shown in Figure 13a,d, respectively, while the
lateral displacement changes at y = 40 mm and y = 66.85 mm are shown in Figure 13b,c,
respectively. The crack opening displacement (COD) value is equal to the difference
in displacement between the start and end points of the jump, and the generation of
microcracks leads to the fluctuation of lateral displacement. Referring to the relevant
literature [31,48], the location where the COD is about 5 um is defined as the crack tip.
Finally, the CTOD and crack length can be determined. Based on comprehensive analysis
of strain contours at 1070 s~! and 10~% s~ strain rate, Figure 14a—e show the strain contour
maps at pre-60% Pmax, pre-80% Pmax, Pmax, post-80% Pmax, and post-20% Prax stages at
107% s7! and 10~* s~! strain rate, respectively. The larger the tension displacement of
COD, the higher the consumed energy and peak load. Additionally, the results of pertinent
research by Ma [21] and Zhu [23] have indicated that the fracture length and opening
displacement increase with loading rate. BFAPC with 0.6% content had a smaller CTOD
value but a longer crack propagation length at a strain rate of 10~ s~1. This means that the
fracture energy at this strain rate is low and the specimen is susceptible to failure, as the
spreading of cracks could not be effectively contained by the fiber. However, the CTOD
is greater and necessitates more energy consumption at a strain rate of 10~* s~ 1. During
the gradual upward expansion of the crack, the incorporated fibers inhibit crack extension.
This explains the result that 0.6% BF content was more suitable at higher strain rates from
another perspective.
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Figure 13. The BFAPC with 0.6% fiber content at strain rate of 10~° s lat peak load: (a) COD contour;
(b) COD pattern at y = 40 mm; (c) COD pattern at y = 66.85 mm; and (d) strain contour.
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Figure 14. The strain contours of 0.6% BFAPC at strain rate of 10~%s1and 10~ s~ 1: (a) Pre-60%Pmax;
(b) pre-80%Pmax; (€) Pmax; (d) post-80%Pmax; and (e) post-20%Pmax.

3.6. Effects of Loading Rates on Crack Propagation
The critical effective crack length a¢ is an important parameter reflecting the amount
of crack expansion at the critical instability condition. The performance of the crack
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propagation in FPZ can be quantitatively described by analyzing the critical crack growth
rate. The literature [40] provides the formula for the critical crack expansion rate as:
ac —ao

o tp — tini” (1
where tp,; is the time corresponding to the maximum strain measured by the strain gauge
at the crack tip and ¢, is the time corresponding to the time when the specimen reaches
the maximum load Pmax. The crack initiation time t;,; and the time to peak load ¢, can
be determined from the strain and load time variation curves. The schematic is shown
in Figure 15a. Figure 15b depicts the relevant experimental results obtained in this paper.
The figure makes it simple to determine t;,; and .
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Figure 15. Variation diagram of strain and load with time: (a) schematic; and (b) experimental result.

Figure 16 shows the relationship between the critical crack growth rate and strain
rate under different BF contents. The crack extension rate grew slowly for strain rates of
1076 s71-107* s~!, while the extension rate increased significantly after 1072 s~1. Similar
results were achieved by Pyo [49] and Ngo [50]. Chen et al. [20] studied the crack growth
rate of large-size OPC specimens under the loading rate of 0.0005-0.5 mm /s. It was found
that his research results are basically within the range of the research results in this paper,
which further confirms that the research results in this paper are valid. However, the
difference between the specimen size and that of this paper may have a certain impact on
the critical crack growth rate. The critical crack growth rate was no more than 1.81 mm/s
when the strain rate was between 10~ ° s~1 and 10~% s~1. John [51] pointed out that, when
the crack growth rate was on the order of 1 mm/s, the crack would expand under static
conditions. If the crack expansion rate increases to a higher order of magnitude, the crack
will expand at an approximate dynamic rate. Therefore, the crack extension rate in this
test at 10~* s~! was on the same order of magnitude as 1 mm/s. It can be approximated
that, when the strain rate is no higher than 10~* s, the critical crack expands in the static
state. At a strain rate not exceeding 10~* s~1, it is anticipated that the fracture growth rate
of BFAPC will be no greater than 2 mm/s. The maximum crack growth rate can reach
17.5 mm/s and 140 mm/s when the strain rate is 1072 s~! and 1072 s !, respectively. In this
case, it can be determined that the crack is expanding at a dynamic rate. According to
the fitted curve, the fracture growth rate increases exponentially as the strain rate rises,
supporting the research findings of Hu [40]. This is useful for forecasting the BFAPC crack
growth rate under various strain rates.
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Figure 16. Critical crack propagation velocities at various loading rates: (a) OPC; (b) B-0.2; (c) B-0.4
and (d) B-0.6.

Figure 17 depicts the impact of various BF addition on the critical fracture growth rate
of concrete. Ngo [50] and Li [52] demonstrated that reinforcements significantly affected
on the propagation of crack in ultra-high-performance fiber-reinforced concrete (UHPFRC)
based on the crack growth rate. Compared with OPC, the crack extension rate was reduced

~6s71and 1075 s}, respectively,

by 51.6% and 41.3% for the B-0.4 group at strain rates of 10°
this indicates that this dose had the best effect, in terms of suppressing cracks in static

expansion; the crack extension rate was reduced by 28% for the B-0.2 group at strain rates
of 1073 s~1; meanwhile, the fiber content of 0.6% played a better role in suppressing crack
expansion of concrete (reduced by 16.18% and 17.02%, respectively) at a strain rate of
10~* s~ and 1072 s~1. No obvious pattern was determined between the fiber admixture
and the critical crack expansion rate at the same strain rate. In conclusion, the incorporation
of BF inhibited the crack expansion of concrete and reduced the critical crack expansion rate.
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Figure 17. Effect of fiber content on critical crack propagation velocities.

4. Conclusions

In this study, we considered a range of strain rates under different working conditions
and conducted a fracture test of airport pavement concrete with different BF contents.
The peak load, initial cracking load, double-K fracture toughness, fracture energy, critical
crack growth rate, and other metrics were used to systematically assess how the strain
rate and fiber content affect the concrete’s fracture performance. Our main conclusions are
summarized as follows:

1.  The fracture cross-section of the BFAPC exhibited distinct fracture characteristics
under different strain rates. At a lower strain rate, the cracks began to expand along
the ITZ and gradually extended upward, with some aggregates exposed on the surface.
At high strain rate, the crack directly passed through the coarse aggregate, and the
surface was relatively flat.

2. The peak load of OPC and BFAPC increased with an increase in strain rate, showing
an obvious strain rate effect. When the strain rate increases from 107¢ s~! to 102
s71 the range of increment of peak load in each group was 40.5%, 38.8%, 25%, and
57.4%, respectively. Although the strain rate sensitivity of peak load in group B-0.6
was the highest, there was no clear relationship between fiber content and the strain
rate sensitivity.

3. The double K fracture toughness and fracture energy both exhibited strain rate effects.
In the selected range of strain rate, the initial fracture toughness showed the largest
increase in the OPC group (40.72%); the unstable fracture toughness showed the
largest increase in the B-0.6 group (63.12%). With an increase in strain rate, the
fracture energy of OPC and BFAPC increased. Compared with OPC, the addition of
BF improved the fracture toughness of airport pavement concrete at different strain
rates, to a certain extent.

4. BF can bridge BFPAC more effectively at higher strain rate to prevent its crack propa-
gation based on the variation law of crack propagation length and CTOD of group
B-0.6 at different strain rates.

5. The critical crack expansion rate v, of both OPC and BFAPC increased slowly with an
increase in strain rate between 107® s~! and 10~* s 7!, with none of them exceeding
1.81 mm/s. The expansion rate increased significantly after 1073 s~!, presenting an
exponential increase. The addition of BF reduced the crack growth rate of concrete, to
some extent.



Materials 2022, 15, 7379 20 of 22

6.  The initial cracking load measured by test curve method (CMODjy; = 0.02 mm) was
in good agreement with that obtained with the Strain gauge method. Therefore, the
test curve method can be used as a convenient and inexpensive method to obtain
the crack initiation load; however, its accuracy in other applications requires further
investigation.
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