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Abstract: Concrete is a brittle material whose tensile strength is about one-tenth of its compressive
strength. Tensile strength is a key parameter for concrete under impact loading. When a turning point
occurs before peak load in the load-time curve from the dynamic Brazilian disc test, there is no basis
for choosing the turning point or the peak load to calculate the tensile strength. The objective of this
study is determining the crack initiation tensile stress at the turning point or the peak. The method
contrasts the time duration from Digital image correlation (DIC) and the load-time curve from a
split Hopkinson pressure bar (SHPB) system in order to obtain the load value when cracking first
appears. The crack initiation tensile strength is less than the peak strength for concrete specimens
with a turning point in the load—time curve. The crack initiation tensile strength is equal to the
peak strength for concrete specimens without a turning point in the load—time curve. The proposed
method is successfully applied to determine crack initiation of concrete specimens and obtain tensile
strength at crack initiation of concrete specimens.

Keywords: crack initiation tensile strength; Brazilian disc test; DIC; SHPB; concrete; load—time curve;
peak strength

1. Introduction

Stress-induced crack initiation is a precursor to the failure of brittle materials such as
concrete and rock. The increase of stress will eventually destroy underground excavation
projects and infrastructure facilities. A better estimation of crack initiation is critical to
reveal the deformation and stability of the brittle material, and it is also very beneficial to
engineering design and applications [1].

Crack evolution of brittle materials can be divided into crack initiation, crack prop-
agation, and crack coalescence. In the process of crack evolution, the determination of
crack initiation stress is the key. Many scholars put forward a series of methods, such as
volumetric strain method [2,3], energy dissipation method [1], lateral strain method [4],
crack volumetric strain method [5], lateral strain response method [6], relative compression
strain response method [7], and acoustic emission method [8], to obtain crack initiation of
brittle materials under compression load. With the help of these methods to determine crack
initiation, some empirical formulas [7,9,10] on crack initiation stress under compression
load have been proposed one by one. The crack initiation strength is lower than the peak
compressive strength from the empirical formulas. Li X et al. [10] summarized a total of
953 compressive tests from relevant references and found the crack initiation stress to the
peak compressive strength of about 0.48. Nicksiar et al. [6] suggested to promulgating a
standard for determining the crack initiation stress. It can be seen that it is significant to
acquire the crack initiation stress of brittle materials.
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Tensile strength is lower than compression strength for brittle materials. Meanwhile,
the tensile failure is one of the main reasons for the damage of concrete structures in bridges,
underground construction, office buildings, etc. Therefore, it is also vital to determine crack
initiation stress under tensile load.

The Brazilian disc test, which is commended by The International Society for Rock
Mechanics (ISRM) and American Society for Testing Material (ASTM) standards [11-13],
is an indirect method to obtain tensile strength of brittle materials, such as concrete and
rock. For the static Brazilian disc test, strain gauges, extensometers and acoustic emis-
sion technology, high-speed camera, and DIC technology were employed to obtain crack
evolution of brittle materials. Wei et al. [14] conducted the active and passive ultrasonic
technique and found the crack initiation points of the sandstone specimen occurred away
from the center of the disc. Guo et al. [15] acquired curves of crack width of plain concrete
with time by the means of an extensometer and found the crack width increased rapidly
when the load force was close to its peak value. Aliabadian et al. [16] found that the cracks
detectable by DIC appeared when the load force of sandstone specimen reached its peak.
Sharafisafa et al. [17] employed DIC to obtain maximum principal strain at the center of the
block-in-matrix rock specimen and found a tensile crack initiated when the load reached its
peak value. The crack initiation tensile stress was almost equal to the peak tensile strength
in the static Brazilian disc test [18].

For the dynamic Brazilian disc test, strain gauges, high-speed camera, and DIC tech-
nology were utilized to determine the crack evolution of brittle materials. Wang et al. [19]
measured the crack initiation and crack propagation velocity through strain gauges glued
in front of the crack tip of the specimen. Zhou et al. [20] combined high-speed photog-
raphy with strain gauges to study the crack process of granite specimens. Ai et al. [21]
extracted cracking behavior from images and analyzed quantitatively the relationship
between impact velocity, crack velocity, and dynamic mechanical properties. Full-field
strain evolution and the whole process of crack initiation, propagation, and failure of brittle
materials [22,23] were captured by DIC. The above approaches mainly focus on the crack
propagation evolution, and are rarely concerned with crack initiation tensile stress in the
dynamic Brazilian disc test.

In addition, in the dynamic Brazilian disc test, when the load-time curve appears a
turning point before the peak load [24,25], there is no basis for choosing the load at the
turning point or the peak to calculate the tensile strength. Determination of crack initiation
at the turning point or the peak is crucial to distinguish crack initiation tensile strength and
peak tensile strength. In this study, a method is proposed to investigate the crack initiation
and the crack evolution of concrete specimens in the dynamic Brazilian disc test. This
proposed method combines the DIC technology with the load—time curve to acquire the
tensile stress at the onset of cracking. The crack initiation tensile strength and the peak
tensile strength are measured by the proposed method. The images of crack evolution and
responding to the load-time curve is analyzed.

2. Specimen Preparation and Experimental Setups
2.1. Specimen Preparation

According to the relevant regulation of “Specification for mix proportion design of
ordinary concrete (JGJ55-2011)” [26], the concrete is designed to be C30 strength grade (the
28-day cube compression strength of 30 MPa). The mix proportion for concrete is shown
in Table 1. The raw materials for concrete are as follows: the cement is selected from P.C
42 5R grade ordinary Portland cement, and its density is 2900 kg/m?, and setting time is
50 min; the fine aggregate is natural river sand with a fineness modulus of 2.8; the coarse
aggregate is the crushed stone with a particle size of 5-20 mm, and its apparent density
is 2410 kg/m?, and the bulk density is 1370 kg/m?, and water absorption is 0.6%. The
diameter of the split Hopkinson pressure bar employed for the dynamic test is 120 mm.
Consequently, the size of the concrete specimens used in the dynamic Brazilian disc test is
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designed to be 120 x 100 mm (120 mm diameter x 100 mm long) in this study. A total of
10 cylindrical concrete specimens were fabricated for the dynamic Brazilian disc test.

Table 1. The mix proportion for per cubic meter concrete (kg).

Cement Fine Aggregate Coarse Aggregate Water
310 701 1194 195

2.2. Digital Image Correlation

In order to quantitatively measure the surface deformation of concrete specimens,
apparatus including strain gauges, extensometers have been used in previous research.
These tools are effective in measuring small amounts of deformation localized region but
could not acquire whole development processes of full-field strain and failure mode. DIC
technology does not suffer from these restrictions and has numerous other advantages
comprising non-contact, full-field, low cost and efficiency. With the development of high-
speed cameras and the correlation algorithm, DIC technology has been successfully used
to obtain full-field deformation in different fields [27-29].

In DIC technology, the displacement and strain of the materials are calculated by
comparing a series of digital images of the sample surface at different deformation stages,
and by tracking the pixel movement of the region of interest. The test sample surface must
have a random speckle pattern as a carrier of deformation [30]. In this study, as the concrete
samples did not have a clear inherent speckle pattern, the surface of the concrete specimen
was painted entirely white as the background, and artificial random black speckles were
decorated on the surface for subsequent comparison and matching [17]. A high-speed
camera system was employed to obtain high-quality images. The frame frequency was
30,000 fps, and the resolution was set as 512 x 384 to observe the dynamic failure process
of concrete specimens.

The first image is called the reference image; the second and subsequent images in
the loading condition are called the deformed images. DIC technique tracks a subset of
several pixel points in the reference image and the deformed images. The displacement
of the subset center point O, u, and v is obtained by employing the zero-normalized
cross-correlation function [23,31]:

R [f(xzvyj) ~7]- [s(xv) -3
\/Zm1z}nl[f(xuy] \/Zm12711[ (xl,y]) gr

x; —xl—l—u—i-axAx—i- Ay

C(X) = 1)

2)
yz_yl+v+8xAx+ Ay

where f(x,y) is grey intensity of the subset at the coordinates (x,y) in the reference im-
age; g(x',y') is grey intensity of the subset at the coordinates (x’,y') in the deformed
image; f and g represent average grey values of the reference image and the deformed
image, respectively.

2.3. Split Hopkinson Pressure Bar

The dynamic Brazilian test using a split Hopkinson pressure bar (SHPB) system is
a convenient means of determining the tensile strength of brittle materials [15,32,33]. In
this study, a Split Hopkinson pressure bar (SHPB) system mainly composed of a high-
pressure gas gun, a striker bar (600 mm in length), an incident bar (4000 mm in length),
a transmission bar (4000 mm in length), data acquisition systems, and damping devices.
The bars are made of aluminum alloy with a diameter of 120 mm, the Young’s modulus is
72 GPa, and the yield strength is 300 MPa. The schematic diagram of the device is shown
in Figure 1a.
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(a) The SHPB system
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Figure 1. (a) the SHPB system, (b) the camera system.

In the dynamic Brazilian disk test, the striker bar hits the incident bar, forming an
incident wave pulse ¢;(t) in the incident bar. When the incident wave pulse propagates to
the interface between the incident bar and the specimen, one part of the incident wave pulse
will reflect on the interface to form a reflected wave pulse ¢, () in the incident bar, and the
other incident wave pulse will enter the transmission bar to form a transmitted wave pulse
€¢(t). The strain gauges attached to the bars record the wave pulse signals. According to
the one-dimensional elastic stress wave theory, the forces acting on the interfaces between
the bars and the specimen can be calculated by the following formula [34].

Fi(t) = E[ei(t) +&(t)]A ®)

Fy(t) = Eg4(t)A 4

where F;(t) and F,(t) are the forces acting on both ends of the specimen, E denotes the
young’s modulus of the incident bar and the transmission bar, A represents the cross-section
area of the bars.

The necessary prerequisite for a valid dynamic Brazilian disc test is equilibrium
of stress:

ei(t) +e&r(t) = er(t) ®)

The static tensile strength of the concrete specimen shall be calculated by the follow-

ing formula [35]:

2F
“DH (6)
where o7 denotes static tensile strength, F represents the forces acting on both ends of the
specimen, D and H are the diameter and height of the specimen, respectively.

In dynamic Brazilian disc test, once equilibrium of stress is fulfilled, the expression for
the tensile strength based on the static tensile strength formula, i.e., o7 = %, can be used
to estimate the dynamic tensile strength, with the force calculated from the transmitted
strain [36,37].

or =

2F,(t) ZEAet(t)
™™~ 7DH ~ #DH
where orp is dynamic tensile stress.
Equilibrium of stress at the transmitted bar/specimen and the incident bar/specimen
interfaces is a necessary prerequisite for a valid Brazilian disc test under impact load.
Thus, the stress at the contacts of bars is plotted to check the validity of the dynamic

@)
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Brazilian disc test. As shown in Figure 2, the curve &:(t) coincides well with the curve
g;(t) + & (t). The equilibrium condition of the stress at the contacts of bars is met, which
indicates the dynamic Brazilian disc test is valid and the experimental result is reliable. In
the present study, the load-time curve and the dynamic tensile stress of concrete specimens
are calculated by Equation (4) and Equation (7), respectively.

60
50 ] —=— Incident
] —e— Reflect
40 4 —t— Transmit
304 —<— Incident+Reflect

Stress(MPa)
=

0 100 200 300 400 500 600 700
Time(us)
Figure 2. Stress equilibrium of typical concrete specimen.

3. Methods

In the dynamic Brazilian disc test, the SHPB system records the load—-time curves
of the concrete samples and the high-speed camera system obtains the images of crack
evolution, such as crack initiation, crack propagation, and crack coalescence. However, the
SHPB system and the high-speed camera system work independently, as shown in Figure 1.
It is a tough problem that how to correspond the crack evolution, such as crack initiation, to
the load-time curve one by one, so as to find the corresponding load during the specimen
crack initiation. This study solves the problem and obtains the load value when cracking
first appears.

A total of ten concrete specimens were tested at same impact velocity in the dynamic
Brazilian disc test. the load-time curves of the concrete specimens can be calculated by
Equation (4). The velocity of the striker bar is about 5.5 m/s. The number of concrete
specimens whose load increases with time until the load force reaches its peak value in
the load-time curves is seven. Figure 3a presents the load-time curve for one of the seven
concrete specimens. Nevertheless, in the remaining three concrete specimens, there is
a turning point before the load force reaches its peak value in the load—-time curves, as
shown in Figure 4a. Figures 3b and 4b illustrate that the stress equilibrium is met for a
valid dynamic Brazilian disc test and the experimental result is reliable. In this study, the
load—-time curves of concrete specimens can be divided into two categories according to
whether there is a turning point before the peak load, i.e., load-time curve with a turning
point and load-time curve without a turning point.

The solid lines in Figures 2, 3b and 4b come from SHPB. The sampling frequency of
SHPB is 1 M Hz. Thus, the number of data points of the solid lines is about 650, which is
enough to describe the solid lines.
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Figure 3. Load-time curve without a turning point. (a) Load-time curve, (b) equilibrium of stress.
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Figure 4. Load-time curve with a turning point. (a) Load-time curve, (b) equilibrium of stress.

The phenomenon of a turning point in the load-time is also present in Refs. [24,25].
In dynamic Brazilian disc test, Figure 5 shows a turning point before the peak load in the
load—-time curve from Ref. [24] and indicates that a turning point may appear before the
peak load in the load—time curve at different loading speeds. Concrete is a heterogeneous
material consisting of mortar, coarse aggregates, defects, and interface transition zones.
The reason for a turning point appears in the load-time curve may be the size and spatial
distribution of aggregates, the size and spatial distribution of defects, etc. It would be
interesting to explore the factors responsible for a turning point appears in the load—time
curve in future research.

Most researchers selected the peak load value to calculate the dynamic tensile strength,
which is reasonable when the load-time curve does not present a turning point before the
peak load. But it is difficult to calculate the dynamic tensile strength when the load-time
curve shows a turning point before the peak load because there is no basis for choosing the
load at the turning point or the peak. To select the load value at the turning point or the
peak when calculating dynamic tensile strength, it is essential to observe crack initiation of
the concrete specimen and obtain the load value when cracks appear.
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Figure 5. Load-time curves in the dynamic Brazilian disc test at different loading speeds
from Ref. [24].

The DIC technology can measure full-field strain and displacement of the surface
specimens, including change in displacement at any point and change in distance between
two arbitrary points. In Brazilian disc test, the crack initiation should appear near the center
of the specimen based on the Griffith fracture criterion, which is apparently supported by
numerical and experimental studies [38,39]. In this study, the crack initiation almost always
appears near the center of the specimen. Therefore, the center of the concrete specimen is
selected as point A, as shown in Figure 6. Point A is the midpoint of points B and C, and
the distance between point B and point C is 40 mm, and line AB perpendicular to X axis.
When the stress wave from the incident bar reaches the concrete specimen, point A will
move along the X-direction. In other words, the beginning of the change of displacement
at point A means the load starts to be applied to point A. In the dynamic Brazilian disc
test, the concrete specimen is finally broken into two halves along the X-direction, and the
distance between point B and point C will increase suddenly. The beginning of the change
of distance between points A and B implies the concrete specimen begins to crack because
concrete is a quasi-brittle material.

Incident bar Transmission bar
\1 40mm Crack ,[

L.

X

Specimen
Figure 6. The position of points A, B, and C in the concrete specimen.

The time duration between loading and crack initiation can be measured by the DIC
technology. The time duration from zero to the turning point or the peak of the load can
be acquired by the load—-time curve. It can determine the crack initiation tensile strength
of concrete specimens by contrasting the time duration from the DIC technology and the
load—time curve. The next step describes how to combine the load—-time curve from the
dynamic Brazilian disc test with the DIC technology to determine the load value when the
concrete specimen displays crack.

3.1. The Concrete Specimen with a Turning Point in the Load—Time Curve

First, the load value of concrete specimen with a turning point in the load—-time curve
is determined when the cracking first occurs. As shown in Figure 7, the displacement
along the X-direction of point A and the distance between points B and C are obtained by
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the DIC technology. Before the 8th image, the displacement of point A fluctuates around
zero because the stress wave from the incidence bar does not arrive at point A. At the
critical point near the 9th image, the displacement of point A suddenly increases from zero
because the stress wave reaches point A. For the sake of getting the critical point where the
displacement of point A begins to increase from zero, four points from the black ellipse in
Figure 7 are selected for linear fitting as in Equation (8). The reason for selecting the four
points is they are near the critical point after point A abruptly begins to increase from zero.

y1 = 0.071x — 0.619 (8)

where 17 denotes the displacement of point A, x represents number of images.
Let y; = 0, the critical point where the load starts to be applied to point A is x = 8.7.
At the critical point near the 13th image, the distance between points B and C begins to
increase. For the purpose of obtaining the critical point where the distance between points
B and C starts to increase from zero, four points from the red ellipse in Figure 7 for linear
fitting as in Equation (9).
y2 = 0.17x —2.221 )

where 1, denotes the distance between points B and C, x represents number of images.

Let y, = 0, the critical point where cracks appear is x = 13.1.

The time interval between two adjacent images is about 33.3 ps because the frame
frequency of the high-speed cameras is 30,000 fps. The time duration from loading to
cracking at point A is (13.1 — 8.7) x 33.3 us = 147 ps. From Figure 4a, it can be seen that
the time duration for the load force from zero to the turning point is 157 pus. The time
duration for the load force from zero to the peak is 257 ps. It is obvious that the time
duration 157 ps which the load force from zero to the turning point is very close to the
time duration 147 us from loading to cracking at point A. The time duration of the load
force from zero to the peak is 257 us, which is much larger than the time duration of 147 us
from loading to crack at point A. It can be concluded that for the concrete specimen with a
turning point in the load-time curve, the load force arrives at the turning point when the
cracking first occurs.

g
()]
)

T T T T T T T T T E
1.0 Distance between points B and C - £
—_ mE L e
E - , = 209
£ 054 Displacement of point A =
R [ [] =
b 1 =5
= \ [ ] L 1.5 2z
-5 0.61 £
& - 2
2 0.4+ . F1.0 £
E ] g
= £
8 0.2+ -0.5 2
= 7 I o
= 7y, =017x-2.221 é
= 0.04 R =0.99 003
T ¥ T . T ¥ T T a

0 5 10 15 20 25

Number of images

Figure 7. Scatter diagram of displacement change at point A and distance variation between points B
and C of the specimen with a turning point in the load-time curve.
3.2. The concrete Specimen without a Turning Point in the Load—Time Curve

When the cracks appear, the load value of the concrete specimen without a turning
point in the load—time curve is measured using the method mentioned above.
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For the sake of getting the critical point in which the displacement of point A begins
to increase from zero, four points from the black ellipse in Figure 8 for linear fitting as
in Equation (10).

y1 = 0.08x —0.324 (10)

where 17 denotes the displacement of point A, x represents number of images.
Let y; = 0, the critical point where the load starts to be applied to point A is x = 4.1.
To obtain the critical point where the distance between points B and C starts to increase
from zero, four points from the red ellipse in Figure 8 for linear fitting as in Equation (11).

y, = 0.131x — 1.323 (11)

where y, denotes the distance between points B and C, x represents number of images.

Let y» = 0, the critical point at which crack occur is x = 10.1.

The time duration from loading to cracking at point A is (10.1 — 4.1) x 33.3 us = 200 us.
From Figure 3a, it can be seen that the time duration for the load force from zero to the peak
is 182 ps. The time duration of the load force from zero to the peak is 182 us, which is very
close to the time duration of 200 ps from loading to crack at point A. The time duration
200 ps — 182 us = 18 ps is less than the time interval of 33.3 ps between two adjacent
images. It can be concluded that for the concrete specimen without a turning point in the
load-time curve, the load force arrives at the peak when the cracking first appears.

1 0 T 4 T . T o T 2 T . T E
I Distance between points B and C " Los E
E 0.8 L P O
~— ‘ 1 ]
= | Displacement of point fx g 2o E
= L
= 0.6 \ 5 = ~
2 L15 @
:E- n " =
= u I =
2044 »=008x-0324 = 2
@ 2 % ro g
£ | ®* =098 " 5

@

g . s
= 0.2+ & F05 T
{ =

Z S ANy =0.131x-1.323 o
Q i “ i e 2 - =
0.0 Il-*;,l’llll‘ R =099 0.0 g

T T T T T T T T T T T <!

0 5 10 15 20 25 =

Number of images

Figure 8. Scatter diagram of displacement change at point A and distance variation between points B
and C of the specimen without a turning point in the load-time curve.

4. Results and Discussions
4.1. The Crack Evolution

The DIC technology can obtain the crack evolution of concrete specimens in dynamic
Brazilian disc tests. The proposed method can find the relation between the crack evolution
and the load-time curve.

For the concrete specimen with a turning point in the load-time curve, the cracks
appear at the 13.1th image according to the DIC technology, and the cracks occur at
the 157th microsecond based on the load-time curve. The 13th image will occur at
157 — (13.1 — 13) x 33.3= 154th microsecond in the load-time curve. It is easy to find
the point at the 154th microsecond in Figure 9, where the 13th image appears exactly. The
14th image is found by starting at the 154th microsecond and moving 33.3 microsecond to
the right. Through this method, the rest of the images can be found in Figure 9.
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Figure 9. The relation between the images from the high-speed camera and the load-time curve with
a turning point.

Figure 9 shows the Y-direction displacement of the concrete specimen surface. The
Y-direction displacement before the 13th image and the 13th image is almost zero. The
Y-direction displacement in the 14th image begins to change abruptly. This phenomenon
indicates crack initiation between the 13th image and the 14th image.

The DIC technology can acquire Y-direction strain, as shown in Figure 10. Cracks
appear abruptly in the 14th image. Cracks expand along X-direction with increasing loading
force. The concrete specimen eventually breaks into two halves.

Strain
0.03
0.028125
0.02625
0.024375
0.0225
0.020625

13th 14th 15th o

16th 17th 18th

0.016875
0.015
0.013125
0.01125
0.009375
0.0075
0.005625
0.00375
0.001875

0

Figure 10. Strain variation diagram of concrete specimen with a turning point in the load—-time curve.

For the concrete specimen without a turning point in the load-time curve, the cracks
occur at the 10.1th image according to the proposed method, and the cracks appear
at the 182th microsecond based on the load-time curve. The 10th image will occur at
182 — (10.1 — 10) x 33.3 = 179th microsecond in the load-time curve. It is easy to find the
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point at 179th microsecond in Figure 11, where the 10th image appears exactly. The 11th
image is found by starting at the 156th microsecond and moving 33.3 microsecond to the
right. Through this method, the rest of the images can be found in Figure 11. Figure 11
shows the Y-direction displacement of the concrete specimen without a turning point in the
load-time curve.

10th image |
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140 4 -morTISJO
i 0.40
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~100- |
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s .
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|5th image: | RN !
-20 ] T T li 3' § T i i' E [i i' : li T T T T T T T 1 o
-100 O 00/200 300 400 500 600 700

179 Time(us)

Figure 11. The relation between the images from the high-speed cameras and the load-time curve
without a turning point.

The DIC technology can acquire the Y-direction strain of the concrete specimen
without a turning point in the load—time curve, as shown in Figure 12. By comparing
Figures 10 and 12, it can be seen that the cracks appear from the center of the concrete
specimens, and they propagate toward both ends of the specimens as the load increases.
This indicates the turning point in the load-time curve is little influential to the crack
evolution modes of the concrete specimens in the dynamic Brazilian disc test.
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Figure 12. Strain variation diagram of concrete specimen without a turning point in the load-time curve.
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4.2. The Tensile Strength at Crack Initiation

This study proposes a method to determine the load value when cracks occur. For the
concrete specimen with a turning point in the load-time curve, the cracks appear when the
load force arrives at the turning point, crack initiation tensile strength can be calculated by
the load arriving at the turning point, and the peak tensile strength can be calculated by
the peak load value. For the concrete specimen without a turning point in the load—time
curve, the cracks appear when the load force arrives at its peak value, the crack initiation
tensile strength and the peak tensile strength can be calculated by the peak load. The
tensile strength of concrete includes the crack initiation tensile strength and the peak tensile
strength in Table 2, which is calculated by Equation (7).

Table 2. The crack initiation tensile strength and the peak tensile strength of the concrete specimens.

. Load (kN) Tensile Strength (MPa) . o

Specimen Type Crack Initiation Peak Crack Initiation 8 Peak Ratio (%)
The load—time curve N-2 121.21 130.82 6.43 6.94 107.9
with a turning point N-6 126.28 134.45 6.70 7.14 106.5
N-10 102.84 145.81 5.46 7.74 141.8
138.96 138.96 7.38 7.38 100.0
N-3 142.26 142.26 7.55 7.55 100.0
The load—time curve N-4 129.98 129.98 6.90 6.90 100.0
with no turning point N-5 143.34 143.34 7.61 7.61 100.0
N-7 135.51 135.51 7.19 7.19 100.0
N-8 136.27 136.27 7.23 7.23 100.0
N-9 144.14 144.14 7.65 7.65 100.0

Table 2 shows that the ratio of the peak tensile strength to the crack initiation tensile
strength of the concrete specimens. For the concrete specimens without a turning point
in the load—time curve, a total of seven specimens of the crack initiation tensile strength
is equal to the peak tensile strength. For the concrete specimens with a turning point in
the load-time curve, the crack initiation tensile strength of a total of three specimens is
less than the peak strength, and the maximum difference between them is about 41.8%.
In summary, the crack initiation tensile strength is less than or equal to the peak tensile
strength of concrete specimens.

5. Conclusions

The DIC technology can acquire the time duration from loading to cracking of concrete
specimen. The time duration from zero to the turning point or the peak of the load can be
obtained by the load—time curve. The proposed method contrasts the time duration from
the DIC technology and the load-time curve, obtains the load force when cracks appear,
and find the relation between the crack evolution and the load-time curve. Using this
method, the following conclusions can be drawn.

The tensile strength of concrete includes the crack initiation tensile strength and the
peak tensile strength in the dynamic Brazilian disc test. For concrete specimens with a
turning point in the load-time curve, cracks occur at the turning point, the crack initiation
tensile strength is less than the peak strength, and the maximum difference between them
is about 41.8%. For concrete specimens without a turning point in the load-time curve,
cracks appear at the peak load value, and crack initiation tensile strength is equal to the
peak strength. The crack initiation tensile strength is less than or equal to the peak tensile
strength of concrete specimens. It is more reasonable and safer to choose the crack initiation
tensile strength as tensile strength of concrete in the dynamic Brazilian disc test.

In the dynamic Brazilian disc test, cracks appear from the center of the concrete
specimens, and the cracks propagate toward both ends of the specimens with the increase
of loading. The presence or absence of the turning point in the load—time curve is little
influential to the crack evolution modes of the concrete specimens.



Buildings 2022, 12, 797 13 of 14

The proposed method has proven to be successful in determining the crack initiation
tensile strength of concrete. It can also be applied in the dynamic Brazilian disc test to
determine the crack initiation tensile strength of other brittle materials involving sandstone,
marble, etc.
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