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Abstract

This study investigated the mechanical properties of high-performance concrete using notched specimens. All
flexural specimens had an identical geometry of 40x40x160 mm® with a span length of 120 mm. Four notch-
to-depth ratios were as follows: 0 (NO series), 0.125 (N1 series), 0.250 (N2 series), and 0.375 (N3 series), which
were designed at the specimen bottom of midspan section. The investigation focused on the four parameters
of high-performance concrete, including load carrying, deflection capacity, flexural strength, and the critical
stress intensity factor. The results showed that the load-carrying and deflection capacities decrease with an
increase in the notch-to-depth ratios. Furthermore, the flexural strength was ranked as follows: NO series > N3
series > N2 series > N1 series, whereas ranking of the regarding critical stress intensity factor was opposite:
N1 series > N2 series > N3 series.

Keywords: high-performance concrete; notched specimen; load-carrying capacity; notch-to-depth ratio; critical
stress intensity factor.
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1. Introduction

Concrete is a widely used material in civil and military infrastructure because of its relatively low
cost and easily formed into various shapes and sizes for structures. Nowadays, the quick growth in
civil engineering leads to a high demand in developing new concrete types, which can highly resist to
mechanical and environmental loads. High-performance concrete (HPC) is a promising construction
material due to its better mechanical performance compared to normal concrete (NC) [1-3]. In detail,
HPCs containing suitable reinforcing fibers can produce compressive strength > 90 MPa [4-7], tensile
strength > 10 MPa [8-10], flexural strength > 20 MPa [11, 12]. In addition, HPCs containing suitable
reinforcing fibers can improve the brittle nature of concrete, produce large ductility, high energy
absorption capacity, and crack resistance [13-17].

Designing or analyzing a reinforced concrete (R.C) structure are often based on stress-strain be-
haviors of concrete and reinforcement forming the structure [18]. Besides, to predict crack propaga-
tion and failure behavior of the R.C structure, fracture mechanisms of the concrete have been focused
to study [19, 20]. In fracture mechanics, crack propagation has been distinguished by three models
of crack surface displacement, including Mode I (opening mode), Mode II (in-plane shear mode),
and Mode III (tearing of the plane) [21]. And, notched specimens have been commonly employed
to determine fracture parameters, which were quantitatively characterized crack resistant property of
concrete under loading [22-24]. Chiaia et al. [22] investigated the notched specimen of steel fiber-
reinforced concrete under three-point bending test. The authors reported that the relationship between
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crack mouth opening displacement (CMOD) and mid-span displacement did not depend on the fiber
content. Jiao et al. [23] studied the effect of notch-to-depth (a/h) ratios of 0.2, 0.3, 0.4, and 0.5 on
the flexural and fracture behaviors of ultra-high-performance glass sand concrete under a four-point
bending test. The results showed that the increase in depth of notch led to reduction in peak load.
Moreover, compared to a/h of 0.2, the flexural strength decreased by 14.77%, 16.08%, and 10.06%
for a/h = 0.3, 0.4, and 0.5, respectively. Yin et al. [24] also observed that the load capacity of con-
crete decreased as the a/h of specimen increased from 0.2 to 0.6. In addition, the constant fracture
toughness and the constant fracture energy of concrete were also derived.

Although there have been some published references about fracture behavior of high-performance
concrete using notch specimens, the information on this matter is still limited and requires more
further studies. The situation has motivated this study, which includes two main objectives as follows:
(i) Evaluating flexural behavior of HPC with different notch depth specimens; (ii) Evaluating fracture
behavior of HPC with different notch depth specimens. It is highly expected that the findings of this
study work will provide helpful information on the flexural and fracture behavior of HPC, which
partly contribute to widen practical application of HPC.

2. Typical flexural behavior of HPCs
2.1. Flexural behavior of HPC using notch specimen

Fig. 1 displays the typical applied load (P) A
versus deflection (6) response of HPC. Accord-
ing to Fig. 1, the peak of the response curve pro-
vides load-carrying capacity (Pyog) and deflec-
tion capacity (0por). With an absence of rein-
forcing fibers in HPC, the response beyond the
peak load is usually brittle with a sudden drop
in load [25], which indicates unstable crack prop-
agation process. The flexural strength (fuor) of
studied concrete was performed based on the stan-
dard TCVN 3121-11:2022 with three-point bend- O
ing loading [26].

The moment (Myor) and flexural strength

MOR: Modulus of rupture
A

Pror P |

Deflection, & (mm)

Applied load, P (kN)

OMoR

Figure 1. Typical load versus deflection response

(fmor ) of the notch specimens are determined ac- curve of HPCs
cording to Egs. (1) and (2), respectively, as follows:
PuyorL
Muyor = MIR (1)
on = —LMorL @)
Tuor = S = ay

In Egs. (1) and (2), where Pyog, L = 120 mm, b = 40 mm, & = 40 mm, and a =0, 5, 10, 15 mm
are the peak load, span length, width, depth, and notch depth of the specimen, respectively.
2.2. Fracture behavior of HPC using notch specimen

In fracture mechanics, Linear Elastic Fracture Mechanics (LEFM) refers to fracture happening at
the nominal stress much lower than yield stress of a material. The primary assumption of LEFM is
that wasted energy is a small area at the crack tip (small-scale yielding) and brittle fracture performs
little or no plastic deformation. To quantitatively assess the resistance to crack propagation of the
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material, critical stress intensity factor (Kj¢) is often used as fracture strength\toughness, a material
property. Fig. 2 presents the fracture behavior of brittle, ductile and quasi-brittle materials with their
zone of cohesive softening fracture mechanics after crack tip [27]. As can be seen in Fig. 2, both zones
of softening and nonlinear hardening fracture mechanics of brittle material are small. Fig. 3 displays
the typical crack tip stress field under three-point bending in Mode I relating to stress intensity factor
(Ky) of the material. The critical stress intensity factor in Mode I of HPC under three-point bending
is computed by Egs. (2) and (3):

a
Kic = 6Y (@) Myor X b—\}/; 3)

p99—axu—ax2w—39m+2jfﬂ
(1+2a)(1 —a)?

where Kjc, Y (@), and My,or are critical stress intensity factor, geometry factor, and moment at mod-

Y () = : O<a=%<l 4)

ulus of rupture, respectively; @ = % is the notch-to-depth ratio, @ = % =0,0.125,0.250,0.375 in this
study.

Nonlinear . Nonlinear Nonlinear
Softening  hardening Softening  hardening Softening  hardening
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r
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Figure 2. Fracture behavior of brittle, ductile and quasi-brittle materials
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Figure 3. Typical crack tip stress field under three-point bending in Mode I
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3. Experiment setup
3.1. Experimental program

Fig. 4 displays the experimental layout for exploring the flexural behavior of the HPC using notch
specimens subjected to three-point bending. As can be seen from Fig. 4, four notch-to-depth ratios
are investigated as follows: 0 (no notch, notation NO series), 0.125 (notch depth of 5 mm, notation N1
series), 0.250 (notch depth of 10 mm, notation N2 series), and 0.375 (notch depth of 15 mm, notation
N3 series), all the notches are at the specimen bottom of midspan section. The investigated parameters
of the HPC using notch specimens are Pyor, fmor, Omor, and Kjc.

HPC-notched specimens under three-point bending

|
| | | |

No notch Notch depth 5 mm  Notch depth 10 mm  Notch depth 15 mm
(NO series) (N1 series) (N2 series) (N3 series)
a/h=0.0 a/h=0.125 a/h=0.250 a/h=0.375

' } ! !

Flexural Deflection Critical stress
Peak load, ) . i
Pyor (KN) strength, capacity, intensity fac%osr,
fmor (MPa) Opor (Mm) Kic (MPa.m™)

Figure 4. Layout of the experiment

3.2. Materials and experimental preparation

All the flexural specimens have a prism shape with a cross section of 40x40 mm? and a length
of 160 mm (span length of 120 mm). Table 1 shows the composition of the HPC with a compressive
strength of 79.6 MPa [28]. Fig. 5 shows the photos of the compositional materials used. Table 2
provides the chemical and physical properties of cement, fly ash, and silica fume, while Table 3
supplies the properties of silica sand and the superplasticizer.

Table 1. Composition and compressive strength of HPC

Mixture type Weight ratio
Cement (Insee, PC40) 0.80
Silica Fume 0.07
Silica sand 1.00
Superplasticizer 0.04
Fly-ash 0.2
Water 0.26
Compressive strength (MPa) 79.6 [27]

The mixing of the HPC mixture was carried out in a laboratory with a temperature of 25 +
50 °C and a humidity of 70 + 5%. Firstly, the cement, silica sand, and fly ash were dry-mixed for
about 10 minutes. Next, the water was added and mixed further for about 5-10 minutes. Then, the
superplasticizer was slowly added to the mortar matrix. When the mortar had a suitable flow ability
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Table 2. The chemical and physical properties of cement, fly ash, silica fume

Chemical and physical Cement (Insee, PC 40) Fly ash Silica fume

Si0; (%) 20.60 56.25 95.38

CaO (%) 62.6 1.90 0.13

AL, O3 (%) 5.10 20.04 0.2

MgO (%) 3.00 1.30 0.37
Fe, 03 (%) 3.20 3.48 0.0063

SO3 (%) 3.60 0.58 -

K70 + NayO (%) 1.40 1.02 1.81
C (%) - - 0.007
Loss on ignition (%) 0.30 9.52 3,859
Fineness (mszg) 348 289 20,000

Specific gravity 3.15 241 2.24

Table 3. Properties of silica sand and superplasticizer used in this study

Properties Silica sand Superplasticizer
Name - Adva Cast 512 - W.R. Grace
Density (g/cm?) 2.65 -
Chemical origin - Naphtalen Formadehyt Sulfonat
Maximum size of diameter (mm) 1.00 -
Volumetric mass (g/cm3) 1.56 1.19-1.22

a) Cement

.‘(L_

d);’S‘ilica fume e) Wat - f) Superplasticizer

Figure 5. Photos of the compositional materials used to produce the HPC
for workability (the slump-flow values of 60-70 cm) [29], the mortar matrix was placed into the
mold. The flexural specimens after casting were covered with a plastic sheet for 24 hours at room

temperature. After demolding, the specimens were cured in water for 28 days at a temperature of
25 °C. Fig. 6 shows the geometry and preparation of the different-depth notched specimen. At the
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middle span, the bottoms of the specimens were notched with various designed depths of 0, 5, 10, and
15 mm using a 2 mm-thick saw. At least three specimens from each series were examined.

|

9o 160 mm

ﬁ D Ia=0, 5,10, 15mm
2mm /

notcxh,/’

40 mm

Figure 6. Geometry and preparation of different-depth notched specimens

3.3. Test setup

Fig. 7 shows the experimental set-up under three-point bend test, which is conducted using a
dynamic testing system (DTS) with a load capacity of 30 kN. The applied load velocity is controlled
at 1 mm/min. During the test, the data acquisition of load and deflection at the middle span were set
at 1 Hz.

Prism-shaped
specimen

/

Static
loading, P

u 1] [
30KN-DYNAMIC
TESTING SYSTEM

Figure 7. Experimental set-up under three-point bend test

4. Experiment result and discussion
4.1. Flexural behaviors of HPC

Fig. 8 displays the load-deflection responses of the HPC with different notch depths of the tested
specimens. Table 4 provides three mechanical parameters of Pyor, fuor, and dyor. According to
Table 4, the Pyog varied from 4.47 to 1.72 kN, i.e., the fyor were from 10.31 to 12.58 MPa. The
Omor ranged from 0.34 to 0.50 mm corresponding to the Pyor. Fig. 9 shows the comparisons of
Puior, fuor, and ép0r regarding different notch depth specimens. Compared to the NO series, the
N1 series produced a decrement in Pyor with 0.63 times, the N2 series with 0.48 times, and the
N3 series with 0.38 times. The Pyor and 60r decreased as the notch depth of specimen increased.
This observation can simply be attributed that the working section becomes weaker as the notch depth
increases. However, the order of the HPC series in term of f3;or was: N1 series < N2 series < N3 series
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< NO series, i.e., the fy;or increased as the notch depth of specimen increased, excluding the case of no
notch specimen. This tendency can be explained according to size effect law for brittle materials: the
smaller specimen section results in the higher strength [30]. Besides, the flexural strength increases
with an increase in the notch-to-depth ratios of this study, which also performed the same tendency
with the study result of Jiao et al. [23] for notched specimens. It can be concluded that the tendency
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of flexural strength of notched HPFRC specimens in this study is rather usual.
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Figure 8. Load versus deflection behavior of the studied specimens

Table 4. Parameters of Pyor, fuor, and dyor regarding different notch-to-depth ratios

Peak load, Py;ogr  Deflection, 60  Flexural strength, fyror

Test series Specimen (kN) (mm) (MPa)
Spe. 1 5.18 0.48 14.56

NO series [27] Spe. 2 4.46 0.51 12.54
Spe. 3 3.78 0.51 10.63

Average value 4.47 0.50 12.58
(Standard deviation) 0.70) 0.02) (1.97)
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Peak load, Py;ogr Deflection, 6y;0r  Flexural strength, faor

Test series Specimen (kN) (mm) (MPa)
Spe. 1 2.30 0.47 8.46
N1 series Spe. 2 3.55 0.47 13.03
Spe. 3 2.57 0.48 9.45
Average value 2.81 0.47 10.31
(Standard deviation) (0.80) (0.09) (2.60)
Spe. 1 2.11 0.38 10.53
N2 series Spe. 2 2.14 0.38 10.69
Spe. 3 2.20 0.38 11.01
Average value 2.16 0.38 10.74
(Standard deviation) 0.10) (0.0005) (0.49)
Spe. 1 1.63 0.30 11.75
N3 series Spe. 2 1.82 0.34 13.08
Spe. 3 1.72 0.38 12.41
Average value 1.71 0.34 12.42
(Standard deviation) (0.09) 0.04) 0.67)
6 NO series 08 N : 0 NO series
1.00 % :3 BCI.iC§ i? E:::i . _\1 _sc;:!cs
a5k 47 V| ool M |BNEm| € it
f;; 0.63 é 0301 047 076 3 128 12.4
3 & LT Foal \ 038 | ol 2 \ 051 | e ,%
= D= 216 | 038 bt = — %L
5 — 2| 2 z B
“1sh / Q0.2 —é 5|

I
NO series

(@ Puor

N1 series N2 series N3 series

I
NO series N1 series N2 series N3 series

(b) Smor

(©) fuor

Figure 9. Comparisons of Pyor, fuor, and dyor regarding different notch-to-depth ratios

4.2. Critical stress intensity factor of HPC

Table 5 provides the Kjc values of different notch depth specimens. Based on the Pyor, the
corresponding My;og were obtained in range of 63.15-106.43 kN.mm, and the K;c changed from
0.58 to 1.01 MPa.m®’. Fig. 10 displays the photos of cracking patterns of the specimens. Fig. 11
shows the comparisons of K;c and their regression analysis according to notch-to-depth ratio. The

Kjc and of the HPC decreased as the notch depth of specimen increased, not considering the case of

| | i
NO series N1 series N2 series N3 series

no notch specimen. In addition, the K;¢ of the HPC regarding notch-to-depth ratio was observed to be
higher than that of normal concrete (NC) , examined by Dong et al. [31], despite their same tendency
of Kjc as comparatively shown in Fig. 11(b). The regression analyses between K;cand @ of HPC and
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NC as Eq. (5):
Kic = 3.410* - 3.4la + 1.38 for HPC )
Kic = 2.44a°-2.59a + 1.15  for NC
Table 5. Parameter of K¢ regarding different notch-to-depth ratios
Ratio of Applied load, Maximum Critical stress
Test series o= a Prior moment My or intensity factor
) (kN) (kN.mm) K;c (MPa.m%?)
NI series 2.30 69.06 0.83
(Notch 5 mm) 0.125 3.55 106.43 1.28
2.57 77.14 0.92
Average value i 2.81 84.21 1.01
Standard deviation) (0.66) (19.66) (0.24)
N2 series 2.11 63.15 0.73
(Notch 10 mm) 0.250 2.14 64.16 0.74
2.20 66.07 0.76
Average value i 2.15 64.46 0.74
Standard deviation) (0.05) (1.48) (0.02)
N3 series 1.63 48.96 0.55
(Notch 15 mm) 0.375 1.82 54.52 0.62
1.72 51.73 0.58
Average value i 1.72 51.74 0.58
Standard deviation) (0.09) (2.78) (0.03)

NO series N1 series

(a) No notch specimen (b) 5 mm notch specimen

N2 series N3 series
(c) 10 mm notch specimen (d) 15 mm notch specimen

Figure 10. Photos of cracking behaviors according to different notch-to-depth ratios
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Figure 11. Performance of K;¢ according to different notch-to-depth ratios

5. Conclusions

Based on the experimental and analysis results, some main conclusions can be drawn as follows:

- The load-carrying capacity and deflection capacity decreased with increase in notch-to-depth
ratio of the flexural HPC.

- The flexural strength increased with increase in notch-to-depth ratio of the flexural HPC, ex-
cluding the case of no notch specimen.

- The flexural strength of no notch specimen was higher than notch specimen, regardless of notch
depth of the HPC.

- The critical stress intensity of the HPC ranged from 0.58 to 1.01 MPa.m®°, it decreased with
increase in notch-to-depth ratio of the flexural HPC. The trends between flexural strength and critical
stress intensity were opposite with the increment in notch-to-depth ratio of the flexural HPC.

- The K;¢ of the HPC regarding notch-to-depth ratio was observed to be relatively higher than
that of normal concrete, although these concrete types demonstrated the same tendency as notch
depth varied.
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