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1 | INTRODUCTION

There has been urgent demand to improve the durabil-

Abstract

This study aims to explore notch depth-dependent flexural behavior of high-
performance fiber-reinforced concrete (HPFRC) under static and cyclic flex-
ural load. All specimens with their size of 40 x 40 x 160 mm (width x depth
x full length) and span of 120 mm were tested under three-point bending
load. Three HPFRC types included: no fiber (HPFRCO), 1.0 vol% long hooked
fiber blended with 0.5 vol% short smooth fiber (HPFRC1), and 0.5 vol% long
hooked fiber blended with 1.0 vol% short smooth fiber (HPFRC2). Three
notch depths of 5, 10, and 15 mm were studied for each HPFRC type. Under
static load, there were clear reductions in load-carrying capacity, deflection
capacity, critical stress intensity factor, and critical energy release rate, but
there was an increase in elastic modulus and crack mouth opening displace-
ment as the notch depth increased from 5 to 15 mm, regardless of the HPFRC
type. Generally, the order of the HPFRC type in terms of static flexural resis-
tance was HPFRCO < HPFRC2 < HPFRC1. Under fatigue load, at the high
fatigue stress ratio of more than 0.6, the endurance limits of the HPFRCs
reduced with increasing notch depth. Besides, the HPFRCs can be catego-
rized as high-cycle fatigue materials since their cycle number changed from
100 to 1,000,000.

KEYWORDS

crack mouth opening displacement, critical energy release rate, critical stress intensity
factor, endurance limit, notch-to-depth ratio

and durability due to its multi-microcrack accompanied
work hardening process and high microstructure densi-
fication.> The superior mechanical properties of

ity and resistance of civil and military infrastructure
under serious environmental and mechanical loadings.
High-performance fiber-reinforced concrete (HPFRC) is
considered one of the most promising materials for

HPFRCs can be summarized as follows: great compres-
sive and tensile strength, and high energy absorption.*®
In addition to their superior mechanical properties,
HPFRCs also demonstrate smart characters, such as

meeting the demand."” This is because HPFRC has  self-damage-sensing,” "% self-compacting,'"'* and self-
been characterized by its superior mechanical properties crack-healing."*™"°
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Cracks are a popular problem in any concrete con-
struction, involving crack nucleation, propagation, and
detection.'® Therefore, understanding the foundation of
cracks, conducting preventive measures during construc-
tion and applying appropriate treatment methods are
critically important.”” The stress intensity factor (Kic)
indicates a material's resistance to crack initiation and
propagation under mode I fracture.'® The mechanism of
crack propagation is linked to an inelastic zone formed
from pre-existing flaws in materials.'” Numerous studies
have focused on the fracture behavior of concrete using
notched specimens.”>** Jiao et al.** investigated the
effect of notch-to-depth (N/D) ratios from 0.2 to 0.5 on
the fracture behavior of ultra-high-performance glass
sand concrete under four-point bending (4 PB). The
results showed that as the N/D increased, the peak load
decreased: the flexural strength dropped by 14.77%,
16.08%, and 10.06% for N/D ratios of 0.3, 0.4, and 0.5,
respectively, compared with N/D of 0.2. Yin et al.*' stud-
ied the influence of changing initial N/D ratios, from 0.2
to 0.6, on the fracture properties of normal concrete
under 4 PB. They found that the peak load decreased as
the initial notch depth increased from 0.2 to 0.6, while
the critical crack mouth opening displacement increased
with the notch depth. Qin et al.>* explored the fracture
behavior of steel-fiber-reinforced high-strength concrete
using notched concrete specimens with their size of
100 mm x 100 mm x 515 mm and N/D ratios of 0.4 and
0.5. They concluded that the critical stress intensity factor
(Kic) of the concretes was not significantly influenced
with different N/D ratios, although it slightly decreased
with increasing N/D ratio. Some recent studies have
focused on behavior of fiber-reinforced concretes under
various loadings wusing finite element modeling
(FEM).** % Specifically, Vandecruys et al.** conducted a
sectional analysis of the cyclic response of steel fiber rein-
forced concrete, and they stated that the analysis results
showed good agreement with the theoretical S-N curve.
Zhu et al.** presented an experimental and numerical
study on T-shape UHPFRC beams strengthened with
high-strength bars. The authors reported that the bending
stiffness and strength of the beams increased as the rein-
forcement ratio increased. Additionally, the result from
numerical analysis using ABAQUS was consistent with
the test results. Nasiri et al.>> explored the flexural and
shear behavior of ultra high-performance fiber-reinforced
concrete beams strengthened with steel fiber and high-
strength bars under cyclic loading by FEM. The numeri-
cal results indicated that the beams demonstrated stable
flexural performance prior to failure. However, there is
still limited research on the fracture properties of notched
specimens using HPFRC. Furthermore, information on
fatigue behaviors of HPFRC specimens with different notch

depth is also questionable. This really becomes a research
gap required further study for better understanding.

This above situation was the authors' motivation to
conduct an experimental study combined with an analyt-
ical analysis performed in this paper, which focuses on
the notch-dependent flexural behavior of HPFRC speci-
mens under static and repeated loading. The main objec-
tives of this investigation are as follows: (1) to explore the
effect of notch-to-depth ratios on mechanical properties
of notched HPFRC specimens under static loading; (2) to
investigate the fatigue flexural response of notched
HPFRC specimens. To achieve these objectives, a combi-
nation of experimental tests and analytical analysis was
conducted to investigate the flexural responses of notched
HPFRC specimens under both static and cyclic loading.
Compared with the reviewed studies, this research work
mainly focused on the static fracture parameters of
notched HPFRC specimens, in addition to the compara-
tive fatigue performance regarding various concrete
types. The findings of this study aim to partially address
the research gap mentioned above, as well as offer new
insights into the notch depth-dependent flexural behavior
of HPFRC.

2 | FLEXURAL BEHAVIORS OF
NOTCHED HPFRC SPECIMENS
UNDER STATIC AND CYCLIC
LOADING

2.1 | Static behaviors of HPFRCs using
notched specimen

Under static flexural loading, plain HPFRC without fibers
always demonstrates deflection-softening behavior.**~*°
With the aid of reinforcing fibers, HPFRC can exhibit
either deflection-softening or deflection-hardening
behavior, depending on the content and other character-
istics of the fibers.*** Figure 1 shows the static flexural

Flexural stress, f '}
fuor> frop
fMDR 2 B
Hardening part
Multiple cracks WA Softening part
fior [ 4 A .
/" Localized crack
Linear part
No crack
(o] - — »
OLop Omor Deflection , 5§

FIGURE 1 A typical flexural stress versus deflection behaviors
of HPFRCs under static loading.
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FIGURE 3 Flowchart of the experimental program.
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stress versus deflection behaviors of HPFRC. In Figure 1,
point A(f\ op. Srop) is defined as the limit of proportional-
ity (LOP), while point B(fyor>Omor) is defined as the
modulus of rupture (MOR). The deflection-hardening
behavior of HPFRC occurs when fyor’frop- -+ Under
3 PB loading, the relationship between the applied load,
moment, and flexural strength at MOR can be deter-
mined using Equation (1). Meanwhile, the elastic modu-
lus (E) of the notched specimen can be indirectly
computed using Equation (2),>> where it is assumed that

both moment and shear contribute to midspan

deflection.
6M max 3P maxL
- = , 1
Jvor b(h—a)® 2b(h—a)? W)
£ fuorl’? L 2+) (h—a)z
65M0R(l’l — (1) 1778 L
)

fuorL? h—a)?
= (142817 ——
65M0R(h—a) +28 L ’

where M nax, Pmax are the maximum moment and maxi-
mum applied load, respectively; The tested specimens

have span length of L=120mm, section width of
b=40mm, section depth of h=40mm, notch depth of
a=0, 5, 10, and 15mm; Poisson's ratio of »=0.2, and
shear factor of w=1/1.5 for rectangular section. The
specimen size was selected to match the 30 kN load
capacity of the dynamic testing system (DTS) machine.
With better equipment, all specimen edges should be at
least three times the fiber length to ensure a uniform dis-
tribution of fibers within the concrete mixture.*®

2.2 | Fatigue behaviors of HPFRCs using
notched specimen

Fatigue behavior is often performed using S-N Wohler
curve,” as illustrated in Figure 2. In this figure, the hori-
zontal axis represents the number of load cycles (N) lead-
ing to material failure, while the vertical axis (S)
represents the parameter of applied stress with different
forms according to maximum stress (f,,,;) and minimum
tress, for example, S=Af . = imax —Sfmins
S= (fmax _fmin) X 0'5’40!41 S :fmax /fMOR’“‘43 and
S=Af s /fror- " The choice of applied stress form
depends on the objectives of the study. Regarding
Figure 2, the categorization of structures based on the

TABLE 1 Matrix composition of HPFRCs by weight ratio and compressive strength.
Cement Silica fume Silica sand Fly ash Superplasticizer Water Compressive strength f,
0.80 0.07 1.00 0.20 0.04 0.26 72
TABLE 2 Chemical and physical characteristics of cement, silica fume, and fly ash.
Characteristics Composition Cement (Insee, PCB 40) Silica fume Fly ash
Chemical properties SiO, (%) 20.60 95.38 56.25
Ca0 (%) 62.6 0.13
ALO; (%) 5.10 0.20 20.04
MgO (%) 3.00 0.37 1.30
Fe,05 (%) 3.20 0.0063 3.48
SO; (%) 3.60 — 0.58
K,O + Na,O (%) 1.40 1.81 1.02
C (%) — 0.007 —
Loss on ignition (%) 0.30 3,859 9.52
Physical properties Fineness (m?/kg) 348 20,000 289
Specific gravity (g/cm?) 3.15 2.24 2.41
TABLE 3 Fiber properties used in this study.
Fiber types Diameter, dy (mm) Length, Ly (mm) Aspect ratio (L/d) Density (g/cm?®) Tensile strength (MPa)
Long hooked 0.5 35 70 7.9 >1200
Short smooth 0.2 13 65 7.9 >2500



LAM £T AL b | 2625
CEB-FIP

Unnotch
specimen

40 mm

(d)

FIGURE 4 Preparation of flexural specimen HPFRCs. (a) Casting specimen. (b) Curing specimen in water. (c) Specimen after curing in
water. (d) Detailed dimension of flexural specimen (unit: mm)
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typical number of cycles to failure comprises of three 30
zones: low-cycle fatigue (Zone 1, N<100), high-cycle

fatigue (Zone 2, 100 <N <1,000,000), and super high- 25
cycle fatigue (Zone 3, N> 1,000,000).**

g
o

3 | EXPERIMENTAL PROGRAM

Load, P (kN)

—
(=]

Figure 3 shows the flowchart of the experimental pro-
gram for this investigation. This study examines four
levels of notch depth designed at the midspan of the spec-
imen: 0 mm (named NOO series), 5 mm (named NO5
series), 10 mm (named N10 series), and 15 mm (named
N15 series). The notch-to-depth ratios in this study were
kept below 0.4 to minimize their influence on stable
crack growth.*” The series of flexural HPFRC specimens

o
W

Detail of experimental system. (a) Flexural test under static loading. (b) Flexural test under cyclic loading.

FIGURE 6

= Pmin + APmax Sinz (”Ft) Pmin ]
0.1 0.2 0.3 0.4 0.5
Time, t (s)

General cyclic loading used in flexural fatigue test.
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are reinforced with different hybrid fibers, as follows:
HPFRCO (no fiber), HPFRC1 (1.0% by volume hooked
fiber blended with 0.5% by volume smooth fiber), and
HPFRC2 (0.5% by volume hooked fiber blended with
1.0% by volume smooth fiber). The static and cyclic flex-
ural behaviors of HPFRCO without a notch have been dis-
cussed in Vuong et al.** To strengthen the credibility of
the findings, the experimental tests are encouraged to
combine numerical validation methods (e.g., FEM). This
study has no numerical analysis, which limits the gener-
alizability and theoretical validation of the test results.

This problem should be considered in future
investigations.
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FIGURE 7
(b) HPFRCO-N05; (¢) HPFRCO-N10; (d) HFRCO-N15.
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3.1 | Materials and specimen preparing
Table 1 presents the composition of the plain HPFRC
matrix by weight ratio, which achieved an average com-
pressive strength of 72MPa based on three
150 x 300 mm cylindrical specimens tested at 28 days
after water curing at room temperature. The components
of the mortar matrix include silica sand, cement, fly ash,
silica fume, water, and superplasticizer. The chemical
and physical properties of fly ash, cement, and silica
fume are presented in Table 2. Table 3 shows the proper-
ties of short smooth and long hooked fibers used in this
investigation.
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i —dr—Specimen |
[ HPFRCO0-NOS series —6—Specimen 2 ]
—6— Specimen 3
15 b . 4.1
g | g
PO i
210 [ Pi 127 2
& I =
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T | E
5 i &
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[ [ ]
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(b)
20 T T r T 2.8
[ —ar— Specimen 1
HPFRCO0-N15 series | —©— Specimen 2
16 F —6—Specimen 3 | 2.2
£ | -
212} Z
) [ =
g £
= 8§ T
5 f =
= . >
= [ <
= 4F
0 ]

Deflection (mm)

(d)

Flexural stress versus deflection of HPFRCO with various depth notch under static loading. (a) HPFRCO0-NO0O;
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The HPFRCs specimens have dimensions of
40 x 40 x 160 mm, with notch depth located at the bot-
tom mid-span. The study mixtures were prepared using a
mixer with a capacity of 30 L. The mixing of componen-
tial materials was conducted at a room temperature of
25 + 5°C and a humidity of 70 + 5°C. The detail of mix-
ing and curing can be referred to Vuong et al.*® After
28 days of water curing, all specimens were tested at
30 days of age under both static and cyclic loads. The var-
iability in material properties under static testing was
addressed by averaging the results from three specimens
for each mixture, thereby enhancing the transparency
and reliability of the reported data. Accordingly, a total of
36 specimens were tested for the four different notch

depths. In the cyclic loading test, four specimens from
each HPFRC series were subjected to four different
fatigue loading levels, resulting in a total of 48 specimens
tested across the four notch depths. The corresponding
standard deviations, standard errors, coefficients of varia-
tion, and error propagation are presented in the tables
and figures in the following sections.

3.2 | Testsetup

A DTS machine with a loading capacity of 30 kN was
employed to conduct both static and fatigue bending
tests, capable of delivering accurate loading waveforms

52 [ T T T T 18
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8 ok g
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FIGURE 8

(b) HPFRCO0-N05; (c) HPFRC0-N10; (d) HFRCO-N15.
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Flexural stress versus deflection of HPFRC1 with various notch depth under static loading. (a) HPFRCO0-NO0O;
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up to 100 Hz. The DTS is also equipped with a 100 mm
actuator LVDT, a 2.2 kW hydraulic power supply, a maxi-
mum hydraulic pressure capacity of 21 MPa, and a
16-channel control and data acquisition system inte-
grated with dedicated software. Figure 4 shows the test
setup for the flexural specimen under static and cyclic
loading. All specimens were tested in a 3 PB configura-
tion with a span length of 120 mm, as displayed in
Figure 5. The static loading was applied at a speed of
1 mm/min. During the loading process, the crosshead
displacement at midspan was monitored, with data col-
lected at a frequency of 1 Hz. The crosshead displace-
ment was approximately considered as the midspan

52 118
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FIGURE 9

(b) HPFRCO-N05; (¢) HPFRCO-N10; (d) HFRCO-N15.
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deflection. The applied load (P) was also recorded to
derive flexural stress using Equation (1). All experiments
were conducted under the same environmental condi-
tions of 25+5°C and 70%+ 5% relative humidity to
ensure repeatability and minimize external influences.

it

P=Pin + AP sinz(T). (3)

Equation (3) describes the sinusoidal form applied to
the cyclic loads. The amplitude of cyclic load was applied
to specimen as a percentage of the static load-bearing

52 , 14
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(d)

Flexural stress versus deflection of HPFRC2 with various notch depth under static loading. (a) HPFRCO0-NO0O;
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TABLE 4

Test series

HPFRCO series [26]
HPFRCO0-N0O

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)
HPFRCO0-NO5

Average value

Standard deviations
Standard error

Coefficient of variation (%)

Error propagation (%)

Standard error coefficient of variation

Average value
Standard deviations
Standard error
Coefficient of variation
Error propagation (%)
HPFRCO0-N15

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)
HPFRC1 series
HPFRC1-N0O

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)
HPFRC1-NO5

Average value

Standard deviations

Ratio of a =}

0.00

0.125

0.250

0.375

0.00

0.125

Force, PMOR

Static flexural parameter of the investigated HPFRCs.

Moment, My;or

Flexural strength, fyor

Deflection, Syor

Elastic modulus, E

(kN)

5.18
4.46
3.78
447
0.70
0.40

15.66
9.04
2.30
3.55
2.57
2.81
0.66
0.38

2349

13.56
211
2.14
2.20
2.15
0.05
0.03
2.33
1.34
1.63
1.82
1.72
1.72
0.09
0.05
5.23
3.02

12.47
13.44
11.88
12.59
0.79
0.46
6.27
3.62
10.48
9.84
10.23
10.18
0.32

(kN mm)

155.31
133.77
113.41
134.16
20.95
12.10
15.62
9.02
69.06
106.43
77.14
84.21
19.66
11.35
2335
13.48
63.15
64.16
66.07
64.46
1.48
0.85
2.30
1.33
48.96
54.52
51.73
51.74
2.78
1.61
537
3.10

373.95
403.21
356.28
377.82
23.70
13.68
6.27
3.62
314.32
295.27
306.99
305.53
9.61

(MPa)

14.56
12.54
10.63
12.58
1.96
113
15.58
9.00
8.46
13.03
9.45
10.31
241
1.39
23.38
13.50
10.53
10.69
11.01
10.74
0.25
0.14
233
1.34
11.75
13.08
12.41
12.42
0.67
0.39
5.39
3.11

35.06
37.80
33.40
35.42
222
1.28
6.27
3.62
38.49
36.16
37.59

37.41

(mm)

0.48
0.51
0.51
0.50
0.02
0.01
4.00
231
0.47
0.47
0.48
0.47
0.09
0.05
19.15
11.06
0.38
0.38
0.38
0.38
0.001
0.001
0.26
0.15
0.30
0.34
0.38
0.34
0.04
0.02
11.76
6.79

1.21
1.25
1.20
1.22
0.03
0.02
2.46
1.42
1.20
1.19
1.17
1.19

0.02

(MPa)

1924.74
1866.76
1642.22
1811.24
149.22
86.15
8.24
4.76
1529.47
2339.34
1676.51
1848.44
431.44
249.09
2334
13.48
2629.98
2664.99
2747.96
2680.98
60.59
34.98
226
1.30
421091
4183.96
3495.36
3963.41
405.56
234.15
10.23
5.91

2278.94
2374.44
2196.63
2283.34
88.99
51.38
3.90
225
2736.78
2573.37
2741.45
2683.87
95.72
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TABLE 4 (Continued)

Test series Force, Pyor  Moment, Myior ~ Flexural strength, f,,;  Deflection, 6yjor ~ Elastic modulus, E
— Ratio of a=§  (kN) (KN mm) (MPa) (mm) (MPa)
Standard error 0.18 5.55 0.68 0.01 55.26
Coefficient of variation (%) 3.14 3.15 3.15 1.68 3.57
Error propagation (%) 1.81 182 182 0.97 2.06
HPFRC1-N10 0.250 6.92 207.59 34.60 1.04 3143.97
7.93 237.82 39.64 0.98 3792.21
7.13 214.01 35.67 0.91 3702.48
Average value 7.33 219.81 36.63 0.98 3546.22
Standard deviations 0.53 1592 2.65 0.06 351.24
Standard error 0.31 9.19 1.53 0.03 202.79
Coefficient of variation (%) 7.23 7.24 7.23 6.12 9.90
Error propagation (%) 4.17 4.18 4.18 3.53 572
HPFRC1-N15 0.375 4.32 129.61 31.11 0.84 3978.66
4.47 134.08 3218 0.85 4058.26
4.32 129.57 31.10 0.86 3914.02
Average value 4.37 131.08 31.46 0.85 3983.65
Standard deviations 0.09 2.59 0.62 0.01 72.25
Standard error 0.05 1.50 0.36 0.01 41.71
Coefficient of variation (%) 2.06 1.98 1.97 1.18 1.81
Error propagation (%) 1.19 114 1.14 0.68 1.05

HPFRC?2 series

HPFRC2-N00 0.00 11.07 332.19 31.14 1.18 2076.77
11.14 334.28 31.34 1.16 2128.50

10.54 316.35 29.66 1.09 2133.74

Average value 10.92 327.61 30.71 115 2113.00
Standard deviations 0.33 9.81 0.92 0.04 31.49
Standard error 0.19 5.66 0.53 0.02 18.18
Coefficient of variation (%) 3.02 2.99 3.00 3.48 1.49
Error propagation (%) 1.74 1.73 173 2.01 0.86
HPFRC2-N05 0.125 8.56 256.87 31.45 1.02 2628.04
8.62 258.52 31.66 1.04 2575.94

8.82 264.64 3240 1.14 2418.42

Average value 8.67 260.01 31.84 1.07 2540.80
Standard deviations 0.14 4.09 0.50 0.06 109.14
Standard error 0.08 2.36 0.29 0.03 63.01
Coefficient of variation (%) 1.61 1.57 1.57 5.61 4.30
Error propagation (%) 0.93 0.91 0.91 3.24 248
HPFRC2-N10 0.250 5.31 159.16 26.53 1.00 2486.09
6.77 203.18 33.86 0.92 3473.70

6.66 199.90 33.32 0.92 3417.86

Average value 6.25 187.41 31.24 0.95 3125.88
Standard deviations 0.82 24.52 4.09 0.05 554.78
Standard error 0.47 14.16 2.36 0.03 320.30
Coefficient of variation (%) 1312 13.08 13.09 5.26 17.75
Error propagation (%) 7.57 7.55 7.56 3.04 10.25
HPFRC2-N15 0.375 4.32 129.66 31.12 0.82 4107.34
4.40 132.04 31.69 0.82 4150.89

3.87 116.05 27.85 0.80 3755.57

(Continues)
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Comparison of flexural strength and deflection capacity of the studied concretes. (a) Load-carrying capacity. (b) Flexural

strength. (c) Deflection capacity. (d) Elastic modulus.

FIGURE 10
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Regression of mechanical properties of HPFRCs with notch-to-depth ratio. (a) HPFRCO series; (b) HPFRC1 series;
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capacity (APmax = Pmax — Pmin = 40%Puor + 90%Pumor ).
During the fatigue test, the maximum load at each cycle
and the number of cycles to failure were recorded. This
study evaluated the S-N Wohler curve of HPFRC, with
the vertical axis represented by S=Af,../fmor and
S=Af nax/fror- A minimum cyclic load of Py =1kN
was applied to ensure positive bending during testing,
while maximum cyclic load (Ppax) must be less than
Pumor, that is, 0<f i <f nax <fwmor- Figure 6 shows the
cyclic load with a period of T=0.05s used in flexural
fatigue test. The following section presents the results
and discussion, including detailed comparisons of the
flexural behavior of HPFRC specimens with different
notch depths and loading conditions.

20.0
—— Reg. HPFRCO
175 - -—- Reg. HPFRC1
. . P=-18.07a + 10.89 —-=- Reg. HPFRC2
E 15.0 Std Dev HPFRCO
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2 ) | P=—22020+1275 ot Doy HPFRG2
& 12.5 19~ A Exp. HPFRCO
= ! e ® Exp. HPFRC1
8) 10.0 g *\" @ Exp. HPFRC2
[ =
>
& 7.5
?
® 5.0
o
|
2.5+
0.0 : . :
0.000 0.125 0.250 0.375 0.450
Notch-to-depth ratio
(a)
2.00
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—-== Reg. HPFRC1
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5 B SN
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5 0751 5-—089a+1.17
3 0.50 M
0.25 . \
0=-041a+0.48
0.00 . . .
0.000 0.125 0.250 0.375 0.450
Notch-to-depth ratio
(c)
FIGURE 12

4 | RESULTS AND DISCUSSION
4.1 | Static behavior of the HPFRC
specimens with different notch depths

The flexural response curves of HPFRC specimens with
different fiber systems were plotted for HPFRCO
(Figure 7), HPFRCI1 (Figure 8), and HPFRC2 (Figure 9).
In these figures, the left vertical axis represents flexural
strength, while the right vertical axis indicates the
applied load. The responses of four different initial notch
depths are presented as follows: NOO in Figures 7a, 8a,
and 9a, NO5 in Figures 7b, 8b, and 9b, N10 in Figures 7c,
8c, and 9c, and N15 in Figures 7d, 8d, and 9d. Table 4
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(d)

Photos of flexural failure specimens of the studied HPFRCs under static loading. (a) Load-carrying capacity according to

N/D. (b) Flexural strength according to N/D. (c) Deflection capacity according to N/D. (d) Elastic modulus according to N/D.
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TABLE 5 Fracture parameters of the notched HPFRC specimen.

Ratio

Test series ofa=4¢
HPFRCO series [26]

HPFRCO0-NO5 0.125
(Notch 5 mm)

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)

HPFRCO0-N10 0.250
(Notch 10 mm)

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)

HPFRCO0-N15 0.375
(Notch 15 mm)

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)
HPFRCI1 series

HPFRC1-NO05 0.125
(Notch 5 mm)

Average value

Standard deviations
Standard error

Coefficient of variation (%)
Error propagation (%)

HPFRC1-N10 0.250
(Notch 10 mm)

Average value

Standard deviations
Standard error

Coefficient of variation (%)

Error propagation (%)

Elastic
modulus,
E (MPa)

1529.47
2339.34
1676.51
1848.44
431.44
249.09
0.23
13.48
2629.98
2664.99
2747.96
2680.98
60.59
34.98
0.02
1.30
4210.91
4183.96
3495.36
3963.41
405.56
234.15
0.10
591

2736.78
2573.37
2741.45
2683.87
95.72
55.26
0.04
2.06
3143.97
3792.21
3702.48
3546.22
351.24
202.79
0.10
5.72

Maximum moment,
M, MOR (kN mm)

69.06
106.43
77.14
84.21
19.66
11.35
0.23
13.48
63.15
64.16
66.07
64.46
1.48
0.85
0.02
1.33
48.96
54.52
51.73
64.46
1.48
0.85
0.02
1.33

373.95
403.21
356.28
377.82
237
13.68
0.06
3.62
314.32
295.27
306.99
305.53
9.61
5.55
0.03
1.82

Critical stress intensity
factor, K;c (MPa)

0.83
1.28
0.92
1.01
0.24
0.14
0.24
13.72
0.73
0.74
0.76
0.74
0.02
0.01
0.03
1.56
0.55
0.62
0.58
0.58
0.03
0.02
0.05
2.99

4.48
4.83
4.27
4.53
0.28
0.16
0.06
3.57
3.61
3.39
3.53
3.51
0.11
0.06
0.03
1.81

ﬁb | 2635
LU

Critical strain energy
release rate, Gic (kJ/m?)

0.45
0.70
0.51
0.55
0.13
0.08
0.24
13.65
0.20
0.20
0.21
0.20
0.005
0.00
0.03
1.44
0.07
0.09
0.10
0.09
0.01
0.01
0.11
6.42

7.34
9.08
6.65
7.69
1.25
0.72
0.16
9.38
4.15
3.03
3.36
3.51
0.57
0.33
0.16
9.38

(Continues)
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TABLE 5 (Continued)
Elastic
Ratio modulus, Maximum moment, Critical stress intensity  Critical strain energy

Test series ofa=¢ E (MPa) Myor (KN mm) factor, K;c (MPa) release rate, Gic (kJ/m?)
HPFRC1-N15 0.375 3978.66 207.59 2.49 1.56
(Notch 15 mm) 4058.26 237.82 2.85 2.00

3914.02 214.01 2.57 1.68
Average value 3983.65 219.81 2.63 1.75
Standard deviations 72.25 1592 0.19 0.23
Standard error 41.71 9.19 0.11 0.13
Coefficient of variation (%) 0.02 0.07 0.07 0.13
Error propagation (%) 1.05 4.18 4.17 7.59
HPFRC2 series
HPFRC2-N0O5 0.125 2628.04 332.19 3.98 6.03
(Notch 5 mm) 2575.94 334.28 401 6.23

2418.42 316.35 3.79 5.95
Average value 2540.80 327.61 3.93 6.07
Standard deviations 109.14 9.81 0.12 0.15
Standard error 63.01 5.66 0.07 0.09
Coefficient of variation (%) 0.04 0.03 0.03 0.02
Error propagation (%) 248 173 1.76 1.43
HPFRC2-N10 0.250 2486.09 256.87 2.95 3.50
(Notch 10 mm) 3473.70 258.52 2.97 2.54

3417.86 264.64 3.04 2.70
Average value 3125.88 260.01 2.99 291
Standard deviations 554.78 4.09 0.05 0.52
Standard error 320.30 2.36 0.03 0.30
Coefficient of variation (%) 0.18 0.02 0.02 0.18
Error propagation (%) 10.25 0.91 0.97 10.32
HPFRC2-N15 0.375 4107.34 159.16 1.91 0.89
(Notch 15 mm) 4150.89 203.18 2.44 143

3755.57 199.90 2.40 1.53
Average value 4004.60 187.41 2.25 1.28
Standard deviations 216.76 24.52 0.29 0.35
Standard error 12515 14.16 0.17 0.20
Coefficient of variation (%) 0.05 0.13 0.13 0.27
Error propagation (%) 3.13 7.55 7.44 15.79

shows the experimental results of the HPFRCO0, HPFRC1,
and HPFRC?2 subject to flexural static loading, including
peak force (Pmor), peak moment (Myogr), flexural
strength at MOR (fy;0r), deflection at MOR (6mor), and
elastic modulus (E). The Pyor changed from 1.72 to
12.59 kN, the fyor ranged from 10.31 to 37.41 MPa, the
Smor Vvaried from 0.34 to 1.22 mm, the E was observed
from 1811.24 to 4004.60 MPa. As can be seen from

Figures 7-9, the static behaviors of HPFRCs were signifi-
cantly improved with the presence of embedded hybrid
fibers. The HPFRCO with no fiber exhibited unstable fail-
ure characterized by a sudden load drop, while both
HPFRC1 and HPFRC2 revealed stable failure with a gen-
tle load reduction after their peaks. Among the three,
HPFRC1 produced the highest values of Pyor (12.59 kN),
fmor (37.41MPa), bSmor (1.22mm), as shown in



LAM ET AL.

b | 2637
S

Figure 10. Except in the case of no-notch specimen, as
the notch depth of the specimen increased, the fyor of
HPFRCO increased, while the f,,,g of HPFRC1 and
HPFRC?2 decreased. The fyor trend observed in HPFRCO
can be explained by the size effect law for brittle or quasi-
brittle materials,” that is, a smaller specimen
section results in a higher strength. Figure 11 shows the

6.0 . T .
== HPFRCO0
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(026 —a—HPFRC2
o~ 45} .
=
=
g
]
& 30} _
=
~
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0 L L L
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FIGURE 14

photos of failure specimens of the HPFRCs under static
loading. For notched specimen, a single critical crack was
always initiated from the notch end (crack tip) and
extended toward the specimen top. The HPFRCO with no
fiber showed entirely separated fractures, whereas the
HPFRC1 and HPFRC2 with embedded fibers did not fully
separate. The fibers at the failure cracks were pulled out
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Kic and Gy of HPFRCs with various depth notch. (a) Critical stress intensity factor; (b) Critical strain energy release rate.
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Regression of Kjc and Gjc of HPFRCs with various notch-to-depth ratio. (a) Kic; (b) Gic.
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rather than broken, indicating debonding between the
steel fibers and the concrete matrix.*®

4.2 | Modeling flexural parameters
regarding notch-to-depth ratio under
static load

To forecast the parameters of Pyor, dmor, and E under
static load with respect to N/D ratio (a), a linear function
following the parameter trends, shown in Figure 10, was
chosen to fit the experimental data as given in
Equation (4). Besides, a parabolic function, fy,or (@), fol-
lowing the fyor trend was employed to mathematically
model using Equation (5).

y(@) =p+qa,a #0, (4)

Fyor (@) = aa* +ba+c,a # 0. (5)

For determining the coefficients of Equations (4) and
(5), regression analyses were performed with different
specimen depth-notch for the HPFRC0O, HPFRCI1, and
HPFRC2. The regression functions of the Pyogr, dmors
and E were presented in Figure 12a,c,d, respectively, that
of the fy,or Was shown in Figure 12b. The regression
models in Figure 12 highlight the influence of the notch-
to-depth ratio on the mechanical properties of HPFRCs.
The coefficients of Equations (4) and (5) also reflect phys-
ical behavior. Negative slopes in load and deflection
capacity indicate reduced performance with increased
notching, whereas higher values reflect greater notch
sensitivity (Figure 12a,b). The quadratic terms in flexural
strength capture nonlinear trends, suggesting an optimal
notch level at 5mm (Figure 12c). Although the elastic
modulus shows an increasing trend, this may be attrib-
uted to fiber-induced stiffness effects and stress redistri-
bution (Figure 12d).

4.3 | Fracture parameters of notched
HPFRC specimens under bending

43.1 | The critical stress intensity factor and
critical energy release rate

Fracture parameters indicate material properties to resist
crack initiation and propagation under loading. In this
study, the crack propagation regarding mode I was investi-
gated based on the fracture toughness. In Mode I, the criti-
cal stress intensity factor (K;c) of the HPFRCs under 3 PB
loading can be obtained using Equation (6).*’ The energy

release rate (Gic), defined as energy released per unit crack
extension area,*® was also derived using Equation (7).

a
KIC = 6Y(C¥)MMOR X £2, (6)
bh
K%c 36xY? M?
Gre = c_ (20!) ><4 MOR X a’ (7)
E b*xh*xE

[1.99—ax (1—a)(2.15—-3.93a+2.7a%)]

(1+2a)(1—a)*/? (8)

Y(a)=

0< a<1
a=—<1,
h

where Myor is the moment at modulus of rupture; E is
the elastic modulus; a, b, and h denote the notched
depth, section width, and section depth of bending speci-
men, respectively. It is noticeable that the Y(a) given in
Equation (8) will vary consistently in the a range of
[0.125, 0.165] and will vary inversely in the a range
of [0.165, 0.375]. Table 5 and Figure 13 show the Kjc and
Gic of the HPFRCs with the a =0.125, 0.250, and 0.375.
Obviously, the presence of the reinforcing fibers pro-
duced an improvement in fracture resistance. The Kjc
value was in the range of 0.77-4.53 MPa. v/m and the Gic
changed from 0.14 to 3.88 MPamm. As can show in
Figure 13, the Kjc and Gjc of the HPFRCs decreased with
the increase in a.

43.2 | Modeling critical stress intensity
factor and the energy release rate

To predict the Kjc and Gic of HPFRCs according to a
value, an exponential function following the parameter

5
— :
e 4 HPFRC [This study]
D 4 | A HPFRC [Vuong et al. 2024]
4l : B SCC [Liu et al.,2022]
| : A SFRC [Han et al.,2021]
— : I € NC [Dong et al.,2016]
= [ '
£ 3L | : | i
: |
e ! : l -
= I LA -
o2l | i
x” IR
| | ™
el o Maximum Kic-1.03
1= : of NC
t
0 . ‘ . .
This study HPFRC SCC SFRC NC
FIGURE 15 Comparison of Kjc regarding various concrete.
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trends, as shown in Figure 13, was chosen to fit the gla)=mxa", 9)
experimental data using Equation (9). Using regression
analysis to find the coefficients m and n, the for HPFRCO : K1 = 0.378a*%7 with R? = .67

model equations of the Kjc and Gjc were given by Equa-
tions (10) and (11), respectively, then displayed in
Figure 14.

for HPFRC1 : Kjc = 1.704a7 %%  withR*=.93, (10)
for HPFRC2 : Kjc =1.379a %!  withR?>=.93

Micro-voids

50 um
SED 100kV WD 11.6mm  Std-PC30.0 HighVac. [81x500
NOR 3706 Mar. 08 2024

—————— 50 um

>C300 HighVac. [81x500

\/

Tensile
~~crack

Air bubble i
— = Micro
crack
1.0%.vol Short smooth+0.5%.vol 0.5%.vol Short smooth+1.0%.vol
hooked-end fiber hooked-end fiber
(d)

FIGURE 16 SEM analysis and fiber bridging mechanism in HPFRCs. (a) SEM of HPFRCO; (b) SEM of HPFRC1; (c) SEM of HPFRC;
(d) Fiber bridging mechanism in HPFRC mixture.
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for HPFRCO : Gic =0.018a 1% with R = .91
for HPFRC1 : Gic = 0.505a 132 withR*=.93. (11)
for HPFRC2 : Gic =0.328a ** withR?> = .95

As can be seen Figure 14, both the parameters of Kj¢c
and Gjc exhibit decreasing trends with increasing
notch-to-depth ratio, their coefficients also reflect key
physical performance. The negative exponents in the
power-law models indicate a strong inverse relationship,
where both Kjc and Gic as the notch severity increases.
For example, the HPFRC1 (1.0% long hooked blending
0.5% short smooth fiber) exhibits higher coefficient
values and less negative exponents, suggesting improved
resistance to crack initiation and propagation, and
reduced sensitivity to notching effects. Figure 15 shows
the Kic of various cementitious composite types as
reported in previous studies**~>*: the studied concrete
shows a similar value to other HPFRCs,* 1.56 times
higher than that of self-compacting concrete (SCC),”°
2.00 times higher than steel fiber-reinforced concrete
(SFRC),’" and 4.69 times higher than normal concrete
(NC).** Figure 16a-c show SEM micrographs at 28 days
of age for HPFRCO, HPFRC1, and HPFRC2, respec-
tively. Each SEM was captured at 500x magnification
with a resolution of 1280 x 1024 pixels. All three

mixtures exhibit similarly dense microstructures, indi-
cating a uniformly compact HPFRC matrix. Figure 16d
displays the fiber pull-out and crack bridging mecha-
nisms, highlighting features as air bubbles and tiny
cracks inside the HPFRCs. A higher volume of embed-
ded long hooked fibers increases the probability of them
crossing the air bubbles and tiny cracks, resulting in a
higher Kjc. In contrast, increasing the content of short
smooth fibers did not improve crack-bridging efficiency,
leading to a decrease in Kic.* In HPFRC mixtures
with hybrid fibers, long-hooked and short-smooth
fibers contribute in markedly different ways. The
characteristic strain-hardening behavior of hybrid fiber-
reinforced concrete is primarily governed by the long-
hooked fibers rather than the short-smooth fibers.”*
Consequently, long fibers was thought to play the domi-
nant role in resisting crack initiation and propagation
compared with short fibers.

4.3.3 | Crack mouth opening displacement
Figure 17 illustrates the crack mouth opening displace-
ment (w.) of a notched specimen at MOR under 3 PB.
The w, can be calculated according to notch-to-depth
ratio (a), as presented in Equation (12)°*:

S/2 'i S/2 J
P
h-a
h
allk
v Initial © ;
notch

Critical

Diagram M due to P

FIGURE 17
diagram of a notched specimen

Schematic

instrumented under 3PB test.
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TABLE 6 Deflection capacity and crack mouth opening displacement of the notched HPFRC specimen.

Ratio Elastic Deflection, Flexural Crack mouth opening
Test series of a=¢ modulus, E SMOR strength, f;or displacement, w,
— (MPa) (mm) (MPa) (mm)
HPFRCO series
HPFRCO0-NO5 (Notch 0.125 1529.47 0.47 8.46 0.15
05 mm) 2339.34 0.47 13.03 015
1676.51 0.48 9.45 0.15
Average value 1848.44 0.47 10.31 0.15
Standard deviations 431.44 0.09 241 0.001
Standard error (%) 249.09 0.05 1.39 0.00
Coefficient of variation 23.34 19.15 23.38 0.67
Error propagation (%) 1348 11.06 13.50 0.38
HPFRCO0-N10 (Notch 0.250 2629.98 0.38 10.53 0.25
e 2664.99 0.38 10.69 0.25
2747.96 0.38 11.01 0.25
Average value 2680.98 0.38 10.74 0.25
Standard deviations 60.59 0.001 0.25 0.0003
Standard error 34.98 0.001 0.14 0.0002
Coefficient of variation (%) 0.02 0.003 0.02 0.0012
Error propagation (%) 1.30 0.15 1.34 0.069
HPFRCO0-N15 (Notch 0.375 4210.91 0.30 11.75 0.33
15 mm) 4183.96 0.34 13.08 0.37
3495.36 0.38 12.41 0.42
Average value 3963.41 0.34 12.42 0.37
Standard deviations 405.56 0.04 0.67 0.05
Standard error 234.15 0.02 0.39 0.03
Coefficient of variation (%) 0.10 0.12 0.05 0.14
Error propagation (%) 5.91 6.79 3.11 7.80
HPFRC1 series
HPFRC1-NO5 (Notch 0.125 2736.78 1.20 38.49 0.38
05 mm) 2573.37 1.19 36.16 0.38
2741.45 1.17 37.59 0.37
Average value 2683.87 1.19 37.41 0.38
Standard deviations 95.72 0.02 1.18 0.01
Standard error 55.26 0.01 0.68 0.01
Coefficient of variation (%) 3.57 1.68 3.15 2.63
Error propagation (%) 2.06 0.97 1.82 152
HPFRC1-N10 (Notch 0.250 3143.97 1.04 34.60 0.67
10 mm) 379221 0.98 39.64 0.64
3702.48 0.91 35.67 0.59
Average value 3546.22 0.98 36.63 0.63
Standard deviations 351.24 0.06 2.65 0.04
Standard error 202.79 0.03 1.53 0.02
Coefficient of variation (%) 9.90 6.12 7.23 6.35
Error propagation (%) 572 3.53 4.18 3.67

(Continues)
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TABLE 6 (Continued)

Ratio Elastic Deflection, Flexural Crack mouth opening

Test series of a=¢ modulus, E SMOR strength, f;or displacement, w,
— (MPa) (mm) (MPa) (mm)
HPFRC1-N15 (Notch 0.375 3978.66 0.84 31.11 0.93
15 mm) 4058.26 0.85 32.18 0.94

3914.02 0.86 31.10 0.94
Average value 3983.65 0.85 31.46 0.94
Standard deviations 72.25 0.01 0.62 0.01
Standard error 41.71 0.01 0.36 0.01
Coefficient of variation (%) 1.81 1.18 1.97 1.06
Error propagation (%) 1.05 0.68 1.14 0.61
HPFRC2 series
HPFRC2-NO5 (Notch 0.125 2628.04 1.02 31.45 0.33
05 mm) 2575.94 1.04 31.66 0.33

2418.42 1.14 32.40 0.37
Average value 2540.80 1.07 31.84 0.34
Standard deviations 109.14 0.06 0.50 0.02
Standard error 63.01 0.03 0.29 0.01
Coefficient of variation (%) 4.30 5.61 1.57 5.88
Error propagation (%) 248 3.24 0.91 3.40
HPFRC2-N10 (Notch 0.250 2486.09 1.00 26.53 0.65
10 mm) 3473.70 0.92 33.86 0.53

3417.86 0.92 33.32 0.53
Average value 3125.88 0.95 31.24 0.57
Standard deviations 554.78 0.05 4.09 0.07
Standard error 320.30 0.03 2.36 0.04
Coefficient of variation (%) 17.75 5.26 13.09 12.28
Error propagation (%) 10.25 3.04 7.56 7.09
HPFRC2-N15 (Notch 0.375 4107.34 0.82 31.12 0.90
15 mm) 4150.89 0.82 31.69 0.91

3755.57 0.80 27.85 0.88
Average value 4004.60 0.81 30.22 0.90
Standard deviations 216.76 0.01 2.07 0.01
Standard error 125.15 0.01 1.20 0.01
Coefficient of variation (%) 541 1.23 6.85 1.11
Error propagation (%) 313 0.71 3.95 0.64

W, = 4f mor op(a), (12) Table 6 provides t‘he fre}cture parameters of t@e
E notched specimens with different a values, while

Figure 18 displays the w, of the HPFRCs according to dif-

0.66 +i(—0.04—0.58a (13) ferent notch depths, ranging from 0.15 to 0.94 mm. As
(1-a / displayed in Figure 18, the w, increased clearly with the
+1,47a2_2,04a3), increase in a from 0.125 to 0.375; this trend is wholly
consistent with that in previous investigation conducted

by Yin et al.*' As the « increased, the w, and fy,og had

where =3 is the ratio of span to depth of flexural the same trend for HPFRCO, but opposite trend for
specimen. HPFRC1 and HPFRC2. It is noticeable that the vg(a), as

vg(a) = 0.8~ 1.7a+2.40° +
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expressed by Equation (13), will increase as the «

increases

1.2

in range of [0.1, 0.5].

5mm
10 mm
15 mm

0.94
0.90
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5
o
© <
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< s
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Concrete type

FIGURE 18 Fracture parameter of HPFRC series with various
notch-to-depth ratio.

FIGURE 19
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According to fracture mechanics, fracture process
zone (FPZ) at the tip of the pre-cut notch plays the main
role in crack developing,'® which strongly correlates with
the w, of the flexural HPFRC specimen. Figure 19 shows
the stress distributions and cohesive crack model with an
initial crack. As shown in this figure, the bridging effect
of fibers at crack helps in resisting to crack mouth open-
ing. Besides, the higher notch depth (i.e., higher a), the
lower uncracked zone of the failure section, this leads to
a reduction in specimen stiffness and consequently an
increment in the w,.

4.4 | Fatigue behavior of HPFRC
specimen with different notch-to-depth
ratios

44.1 | Endurance limit of HPFRCs
Table 7 summarizes the results of HPFRC specimens

with different @ under cyclic loading. The maximum
amplitude of load (AP, ), maximum amplitude of stress

N :
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o ! - ~ H
s : 3 S~ : "
g 1l H
= o :
2] b A
£ b :
n H
¢ i =2 o 2|
5 = N S
o ! :
L P '
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3 ; |l< 9l< A
N E —~ i
& = ;
S NS ?: :
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S i [ =
8’; E b T A
£
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2 Bl FeB| =~
0 ! :
[ E —_— )
§ ' | Cohesive crack )‘( Real crack
: K :

Stress distributions and cohesive crack model. (a) without fiber (brittle material); (b) With hybrid fiber (quasibrittle
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TABLE 7

HPFRC
series

HPFRCO
series

HPFRC1
series

LAM ET AL.
Laboratory fatigue test results of the under cyclic loading.
Maximum Maximum
amplitude amplitude of Ratio Number of

Test series of load AP ,,x (KN) stress Af ... (kPa) % cycles N
HPFRCO-N0O [39] (Notch 4.02 40.65 0.90 6
00 mm) 3.13 31.62 0.70 15

2.68 27.10 0.60 21

2.24 22.59 0.50 26

1.85 18.52 0.41 28

1.34 13.55 0.30 320

1.11 11.29 0.25 1657

0.67 6.78 0.15 3689

0.56 5.87 0.13 5266

0.47 4.97 0.11 8273
HPFRCO0-NO5 (Notch 05 mm) 4.02 40.65 0.90 4

3.13 31.62 0.70 8

2.68 27.10 0.60 12

2.24 22.59 0.50 13

1.79 18.07 0.40 21
HPFRCO0-N10 (Notch 10 mm) 4.02 40.65 0.90 3

3.13 31.62 0.70 4

2.68 27.10 0.60 10

2.24 22.59 0.50 11

1.79 18.07 0.40 18
HPFRCO0-N15 (Notch 15 mm) 4.02 40.65 0.90 2

3.13 31.62 0.70 3

2.68 27.10 0.60 7

2.24 22.59 0.50 9

1.79 18.07 0.40 15
HPFRC1-N0O (Notch 00 mm) 11.33 114.54 0.90 186

8.82 89.08 0.70 410

7.56 76.36 0.60 17,102

6.30 63.63 0.50 229,234

5.04 50.91 0.40 610,212* (Not

failure)

HPFRC1-NO05 (Notch 05 mm) 11.33 114.54 0.90 35

8.82 89.08 0.70 88

7.56 76.36 0.60 346

6.30 63.63 0.50 99,360

5.04 50.91 0.40 507,529* (Not

failure)

HPFRC1-N10 (Notch 10 mm) 11.33 114.54 0.90 9

8.82 89.08 0.70 81

7.56 76.36 0.60 248

6.30 63.63 0.50 44,577

5.04 50.91 0.40
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TABLE 7 (Continued)
Maximum Maximum
HPFRC amplitude amplitude of Ratio Number of
series Test series of load AP ,,x (KN) stress Af ... (kPa) % cycles N
502,244* (Not
failure)
HPFRC1-N15 (Notch 15 mm) 11.33 114.54 0.90 4
8.82 89.08 0.70 17
7.56 76.36 0.60 102
6.30 63.63 0.50 32,705
5.04 50.91 0.40 80,546
HPFRC2 HPFRC2-N00 (Notch 00 mm) 9.83 99.31 0.90 232
series 7.64 77.24 0.70 583
6.55 66.21 0.60 17,102
5.46 55.17 0.50 230,655
4.37 44.14 0.40 604,199* (Not
failure)
HPFRC2-N05 (Notch 05 mm) 9.83 99.31 0.90 13
7.64 77.24 0.70 123
6.55 66.21 0.60 15,472
5.46 55.17 0.50 173,650
4.37 44.14 0.40 519,784* (Not
failure)
HPFRC2-N10 (Notch 10 mm) 9.83 99.31 0.90 7
7.64 77.24 0.70 24
6.55 66.21 0.60 582
5.46 55.17 0.50 81,006
4.37 44.14 0.40 508,088* (not
failure)
HPFRC2-N15 (Notch 15 mm) 9.83 99.31 0.90 5
7.64 77.24 0.70 15
6.55 66.21 0.60 82
5.46 55.17 0.50 55,961
4.37 44.14 0.40 60,317

“Indicates specimen that had not failed yet.

(Af max ), fatigue stress ratio (Af,,../fmor)» number of
cycles () were provided in Table 7. Figures 20-22 pre-
sent the responses of load amplitude versus cycle number
for HPFRCO, HPFRC1, and HPFRC2, respectively. As
can be seen in these figures and Table 7, the increase of
APpax (also increase of Af,../fumor) always accompa-
nied with the decrease of N, regardless HPFRC series.
The higher notch depth generally caused the lower N. In
addition, the N of HPFRCO is greatly lower than that of
HPFRC with reinforcing fibers, at same Af .. /fvor and
same notch depth. Obviously, the steel fibers' presence

contributed significantly to the engineering duty in limit-
ing the crack growth thus extending the fatigue life of the
HPFRCs.

The reduction in endurance limit with increasing
notch depth was attributed to the intensified stress con-
centration at the notch tip,49 which accelerates crack ini-
tiation and propagation wunder repeated loading.
Moreover, HPFRCO without fibers exhibited early fatigue
failure, whereas the embedded fibers in HPFRC1 and
HPFRC?2 delayed crack propagation by enhancing energy
dissipation mechanisms and improving the post-crack
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tensile behavior. This explains the inferior endurance
performance under identical loading conditions of
HPFRCO.

4.4.2 | Modeling of the fatigue flexural
response of HPFRCs

The fatigue curve of Af .. —N was performed based on
the fatigue model of Basquin® using fatigue stress ampli-
tude (S = Af ,.) at Equation (14) and fatigue stress ratio

(S=Af .ax /fmor) at Equation (15).

(Af e = (14)
Afmax b _ C
(fMOR ) B (fMOR)pN. (15)

The p and C coefficient of the studied concrete with
different @ were summarized in Table 8. Figures 23 and
24 graphically show the fatigue response curves using
Equations (14) and (15), respectively. Although the

b | 2647
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and 24 were similar in general, their orders of N in term
of notch depth were different according to HPFRC series.
For example, at the same Af .. /fyvor <0.25 as shown in
Figure 24, the HPFRCO generated the order of notch
depth in term of endurance limit as follows:
NO5<N10<N15<NO00, whereas the HPFRC1 and
HPFRC2 created their order of N0O < N15<N10 < NO5.
At the high Af ../fmor > 0.6, the HPFRCs generally
produced the order of notch depth in term of endurance
limit as follows: N15<N10<NO05<NO00, that is, the
endurance limits of the HPFRCs reduced with notch
depth. Besides, the HPFRCs may be categorized as high-
cycle fatigue materials, because their cycle number chan-
ged from 100 to 1,000,000.

Table 9 presents a comparative review of existing
numerical studies, demonstrating a consistent trend of
HPFRCs: increasing notch depth leads to reductions in
flexural load-carrying capacity and fracture toughness, as
confirmed by both experimental and numerical investiga-
tions. Sadaghian et al.>® and Jiao et al.** also confirmed
the effect of notch depth on the flexural strength and
fracture energy of HPFRCs, with numerical and AE-
based measurements providing strong validation. Simi-

shapes of the fatigue response curves between Figures 23

larly, Frediani et a

1‘57

employed FEM to reproduce load-
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TABLE 8

HPFRC series
HPFRCO series

HPFRC1 series

HPFRC?2 series

Test series

HPFRCO-N00 [34]
HPFRC0-N05
HPFRCO-N10
HPFRCO-N15
HPFRC1-N00
HPFRC1-N05
HPFRC1-N10
HPFRC1-N15
HPFRC2-N0O
HPFRC2-N05
HPFRC2-N10

HPFRC2-N15

Coefficient

3.68

1.60

2.42

2.68

12.81

16.88

16.85

16.51

12.26

18.31

16.83

16.57

m

Fatigue equations of the HPFRCs regarding stress amplitude.

Coefficients C

35493 (Af o)
270 (Af )
967 (A max)
1228 (Af o)
7.82 % 10% (Af )
2.55x 10% (Af )
1.74 x 10 (Af )
1.99 x 10 (Af )
3.27 x 10" (Af )
8.69 x 10% (Af max)
2.03 x 10* (Af )
2.47 x 10 (Af )
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2.68 __ 1228
- N

12.81 __ 7.82x10%
N

16.88 _ 2.55x10*
~ N

16.85 __ 1.74x10%
~ N

16.51 __ 1.99x10*
~ N

1226 __ 3.27x10"
- N

18.31 _ 8.69x10%
~ N

16.83 __ 2.03x10*
- N

16.57 _ 2.47x10%
R

Fatigue equation (14)

()

Load amplitudes versus cycle numbers response curve of HPFRC2 series. (a) APpax = 4216 N; (b) APy = 5270 N;

18000

Fatigue equation (15)
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displacement behavior, while Khan et al.*® and Ye et al.*®
reported that increasing notch depth reduces
load-carrying capacity. Overall, the results of this study
exhibited the same trend as existing numerical works,
indicating that the mechanical properties of HPFRCs
obtained herein are not unusual. Compared with previ-
ous studies, however, the present work provides a more
detailed quantification of notch depth effects in HPFRC,
covering both static and fatigue loading and distinguish-
ing between different fiber types. A limitation remains
in the absence of numerical validation, which is com-
monly addressed in the reviewed works. Incorporating
FEM or probabilistic modeling in future research could
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enhance the predictive reliability of the experimental
findings and enable stronger comparisons with existing
literature.

Figure 25 shows a comparison of the flexural fatigue
endurance limits for different types of concrete: the
HPFRCs from this study, the HPFRC from another publi-
cation, high-content hybrid fiber-polymer concrete
(HCHFPC),*® multi-scale cement composite (MSCC),*
and steel fiber-reinforced concrete (SFRC).°* The flexural
fatigue endurance limits of these composites typically fall
within the range of 10* to 10° cycles; thus, the endurance
limits observed for the HPFRCs in this study are consis-
tent with those commonly reported in the literature.
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Fatigue flexural response of HPFRCs according to stress amplitude. (a) For HPFRCO series; (b) For HPFRC1 series; (c) For
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Figure 25b compares the relationship between the stress
ratio and the number of cycles (N) for HPFRC with
hybrid fiber reinforcement in this study and various types
of concrete, including normal concrete® and self-
compacting concrete.®* As shown in Figure 25b, the
fatigue curve of the HPFRC material in this study lies
above those of the other concrete types, indicating a
higher fatigue limit compared with that of normal con-
crete and self-compacting concrete.

5 | CONCLUSIONS

Based on the experimental results and analysis, the fol-
lowing conclusions can be drawn:
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Fatigue flexural response of HPFRCs according to stress ratio. (a) For HPFRCO series; (b) For HPFRC1 series; (c) For

« Under static loading, the presence of an initial notch
generally reduced the load-carrying and deflection
capacities, while slightly increasing the elastic modu-
lus, regardless of HPFRC type. These effects became
more pronounced with greater notch depth.

« With increasing notch depth, the flexural strength
exhibited an increasing trend for HPFRCO, but
decreased for HPFRC1 and HPFRC2.

« As notch depths ranged from 5 to 15 mm under static
loading, the HPFRCs exhibited reductions in critical
stress intensity factor and critical energy release rate,
along with increments in elastic modulus and crack
mouth opening displacement. The order of the HPFRC
types in terms of flexural resistance was
HPFRCO < HPFRC2 < HPFRC1.
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FIGURE 25 Fatigue performance according to various

concrete types. (a) Flexural fatigue endurance limits of various
concrete types. (b) Fatigue response curves of different concrete

types.

+ Under fatigue loading with a low Af .. /fumor <0.25,
HPFRCO exhibited an endurance ranking of
NO05 < N10 < N15<N00, while HPFRC1 and HPFRC2
showed an endurance order of
NO0O < N15 < N10 < NO5, with respect to notch depth.

+ Under fatigue loading with a high Af .. /fyvor > 0.6,
the endurance limits of the HPFRCs generally
decreased with increasing notch depth. Overall, the
results suggest that HPFRCs can be classified as high-
cycle fatigue materials, with fatigue lives ranging from
100 to 1,000,000 cycles.

In this study, the mechanical and fracture behaviors
of HPFRCs were investigated using notched specimens

subjected to static and cyclic bending. Nevertheless, some
limitations should be acknowledged, including the rela-
tively small specimen size and limited number of experi-

ments, which will be progressively addressed in
future work.
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