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New Method for Investigating Crack Development
in Concrete Using an Ultrahigh-Speed Camera

Xianwei Zhang'; Shouyi Li, Ph.D.2; Yuan Qin, Ph.D.%; Junrui Chai, Ph.D.*%;
Zengguang Xu, Ph.D.%; and Zheng Si, Ph.D.®

Abstract: Cracks are ubiquitous in concrete materials and can destabilize a concrete structure, regardless of size or type. This study focuses

on the cracking behavior of main and branching cracks in concrete. Compression tests and an ultrahigh-speed camera are utilized to capture
the crack formation. Crack length and cracking speed under a compressive load are measured and calculated. An accurate method for meas-
uring crack characteristics is presented. Results show that the length—time and developing speed—time curves of the branching crack exhibit an

evident fluctuation compared with that of the main crack. The main crack maintained a relatively stable crack development speed during the
entire loading process. This relatively stable speed may result from the development of the branching crack. If the concrete is damaged, then
the branching crack can delay the cracking speed of the main crack and minimize damage. DOI: 10.1061/(ASCE)MT.1943-5533.0002578.

© 2018 American Society of Civil Engineers.
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Introduction

Concrete is a quasi-brittle material (Galouei and Fakhimi 2015;
Pichler and Hellmich 2011; Gary and Bailly 1998) widely used
in civil engineering (Li et al. 2012; Lai et al. 2017, 2018; Zhou
et al. 2014; Tarefder and Ahmad 2015), water conservation
(Soumya Pandey et al. 2016; Agoramoorthy 2015), and other na-
tional key engineering projects (Oey et al. 2014; Yang et al. 2018;
Palankar et al. 2016; Faella et al. 2016; Damasceno et al. 2013; Qiu
et al. 2018a, b). The fracture strength of this material fluctuates and
changes under different test conditions, e.g., temperature, chemical
environment, and load rate, thereby resulting in further systematic
variations in strengths (Lawn 1993). Thus, the universal validity of
the critical applied stress thesis has become unreliable (Lawn
1993). In general, energy will accumulate in concrete under an
external load, and cracks will appear when this energy exceeds
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a certain limit after it has undergone the conversion process from
micro to macro (Lawn 1993; Yu et al. 2016). Microcracks always
form in the interior of the concrete, with the absorbed energy gradu-
ally evolving into macrocracks (small or large cracks on the surface
of concrete), which can be detected by human eyes (Qin et al.
2013). Macrocracks also evolve into main and branching cracks.

Regardless of crack form or size, cracks will break the continu-
ity and integrity of a concrete specimen or structure, thereby lead-
ing to instability (Qin et al. 2016). However, the authors determined
that if main cracks have already appeared in concrete, then branch-
ing cracks may stabilize the structure by delaying the development
speed of large cracks. This phenomenon is interesting. The relation-
ship between formation speed of main and branching cracks should
be established to investigate this phenomenon. Traditional methods
such as computed tomography, acoustic emission, ultrasound, and
infrared spectroscopy exhibit limitations in investigating the rapid
changes on the surface of a concrete structure. Thus, a high-speed
measurement method is necessary.

High-speed cameras (HSCs) and ultrahigh-speed cameras
(UHSCs) are basic equipment for rapid measurements. Fig. 1
shows the work of Reu and Miller (2008), which indicated a large
gap between the frame rate and recording length of HSCs and
UHSCs. For example, at 100,000 frames per second (FPS) [number
of pictures (frames) taken per second; the x-axis in Fig. 1],
i.e., 100,000 pictures (y-axis), the picture resolution of HSCs will
be reduced to 256 x 256 pixels; i.e., fast speed results in the low
spatial resolution of HSCs. A HSC can provide 100,000 FPS
(x-axis) with recording lengths of approximately 90,000 pictures
(y-axis), whereas UHSCs can provide at least 100,000 FPS (x-axis)
with recording lengths of only 100 pictures (y-axis), i.e., fast speed
results in the short recording length of UHSCs. In recent years,
however, HSC and UHSC technologies have improved signifi-
cantly (Fig. 2).

In Fig. 1, the pink zone in the work of Reu and Miller (2008) is
called “no camera technologies available.” However, several
UHSCs can shoot 180 or even more images with FPS values be-
tween 1,000 and 1 million and maintain 924 x 768 pixels. This
technology provides a clear picture and high shoot speed for the
experiment.
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Fig. 1. (Color) Survey of HSC imaging technology. (Data from Reu and Miller 2008.)
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rates (x-axis) are shown.
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Table 1. HSCs and UHSCs used in crack propagation tests

Number Material Model size (mm) Load Camera References
1 High-performance concrete L =223, B=25 H=176 Hydraulic and HSC Pyo et al. (2016)
impact

2 Steel-fiber-reinforced concrete with short glass fiber L =50,B=25 H=10 Hydraulic HSC Yao et al. (2015)

3 Concrete with hard siliceous aggregates with L =120, B=60, H=20 Hydraulic UHSC Forquin (2012)
grain sizes of 2-8 mm

Table 2. HSCs and UHSCs used in projectile impact tests

Number Material Model size (thickness in mm) Load speed of projectile (m/s) Camera References

1 Concrete 400, 800 620 HSC Unosson and Nilsson (2006)

2 300, 400, 500, 600, 700 400 HSC Li et al. (2013)

3 100, 150, 200, 300 536-737 HSC Wau et al. (2015)

4 100 830 Two HSCs Yu et al. (2016)

5 400 400, 600 HSC Wang et al. (2016)

6 60-80 190420 HSC Ueno et al. (2017)

Table 3. HSCs and UHSCs used in SHPB tests

Number Material Model size (thickness in mm) Load Camera References

1 Marble 20 Dynamic HSC and macro lens Zhang and Zhao (2013)

2 Granite — Quasi-static and dynamic HSC Xu et al. (2015)

3 Rock 16 Dynamic UHSC Gao et al. (2015)

4 Granite 50 Quasi-static and dynamic HSC Zhou et al. (2017)

Many researchers have already used HSCs and UHSCs in con-
crete cracking studies (Matthes et al. 2016; Scalici et al. 2015;
Destrebecq et al. 2011; Kiintz et al. 2006; Wu et al. 2011;
Aggelis et al. 2013; Nunes and Reis 2012; Li et al. 2016; Wu
et al. 2016). However, given the complex internal structures of con-
crete, the relationship between main and branching cracks remains
inadequately understood. Concrete experiments using HSCs or
UHSCs have mainly included crack propagation tests, projectile
impact tests, and the split Hopkinson pressure bar (SHPB) test.

For crack propagation tests, Pyo et al. (2016) used a HSC and
edge detection technology to analyze crack propagation speed in
ultrahigh-performance concrete. Yao et al. (2015) added short glass
fibers to reinforced concrete to test tension stiffening via a HSC.
The width of a crack was captured by the HSC. Five stress-strain
curves of the specimen and their characteristic cracks were obtained
under different loading rates. Forquin (2012) investigated concrete
spalling with a specimen that contained wet and dry saturated con-
crete. A strain gauge and UHSC were coupled and used simulta-
neously. Table 1 lists the data from these three aforementioned
studies, including the kind of concrete, concrete model size, and
camera type.

For projectile impact tests, Unosson and Nilsson (2006) tested a
620-m/s projectile that struck different thicknesses of concrete.
The process was tracked and measured using a HSC and Doppler
radar. The residual velocity of the projectile was calculated. Li et al.
(2013) used a projectile to strike different thicknesses of concrete at
a constant speed of 400 m/s. A HSC was used to photograph the
penetration events. Wu et al. (2015) used a projectile to strike dif-
ferent thicknesses of concrete at speeds of 536-737 m/s. The im-
pact was monitored using a HSC. Yu et al. (2016) introduced a HSC
into a high-speed bullet impact test (speed of 830 m/s) to detect the
energy absorption of ultrahigh-performance concrete in quasi-static
mode. Wang et al. (2016) used a 0.25-kg projectile with a diameter
of 28 mm and speeds of 400-600 m/s to strike concrete slabs. The
dynamic process was monitored with a HSC. Ueno et al. (2017)
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used a 10,000 FPS HSC to record the projectile impact on steel-
fiber concrete. Detailed information on the aforementioned experi-
ments is provided in Table 2.

The SHPB test has a 60-year history. This test mainly focuses on
the mechanical properties of concrete under a high strain rate. This
method is widely used in the research of concrete, rock, and ceram-
ics. It is frequently adopted to test the mechanical properties of
concrete under projectiles/bullets, explosions, and other high-rate
loading events. Zhang and Zhao (2013) combined SHPB and a
HSC to analyze the mechanical properties of rocks, including crack
growth toughness, dynamic tensile strength, and dynamic uniaxial
compressive strength. Xu et al. (2015) used a HSC to record the
experimental process of granite during a SHPB test based on a
new shear-loading technique. Gao et al. (2015) used a UHSC to
record the fracture processes on an oblique surface of a notched
semicircular bend specimen under normal and shear stresses. Zhou
et al. (2017) investigated the microprocess and inner mechanism of
rock failure under impact loading based on a SHPB test and re-
corded the experimental process with a 10,000 FPS HSC. Detailed
information on the aforementioned experiments is provided in
Table 3.

In the present study, the cracking behavior of main and branch-
ing cracks in concrete is investigated based on a self-made trigger
system. Compression tests were conducted on concrete specimens,
and a UHSC was used to capture crack formation, crack length, and
cracking speed under a compressive load. An accurate method for
measuring crack characteristics is presented.

Compression Experiment

Experimental Setup

The concrete material compression test used a concrete specimen,
UHSC, computers, connection system (line system), light source,
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Fig. 3. (Color) (a) Experimental setup; and (b) system used in the experiment.

and loading system. The experimental setup is shown in Fig. 3(a),
and the system is presented in Fig. 3(b). The main parameters of the
UHSC are listed in Table 4. This experiment requires two com-
puters: one that controls the UHSC and another that controls the
loading system. The light source is a light-emitting diode (LED)
bulb because it is a low-voltage direct current (DC) light. An alter-
nating current (AC) light will result in a flickering video.

Trigger System

The most important device in this system is the trigger system,
which was constructed by the authors. The trigger system contains
a trigger point line and conductive coating. Fig. 4(a) shows the prin-
ciple diagram of the trigger system. The trigger point line is a co-
axial cable, with one end fixed to the UHSC and the other end fixed
to a concrete specimen. A detailed link method is illustrated in

Table 4. Main parameters of the UHSC used in the experiment

Parameter Value

1 million FPS
180 frames (pictures)
768 (H) x 924 (W)

Frame rate
Record number
Image resolution ratio

Exposure time 1 ms—100 ns
Sensor structure #CMOS
Pixel size 30 pm

Note: CMOS = complementary metal oxide semiconductor.

© ASCE

04018357-4

Fig. 4(b). The conductive coating can be a graphite mixture solu-
tion or copper—silver mixture solution. The electrical conductivity
results show that although the graphite mixture solution is better
than the copper—silver mixture solution, it exhibits poor concrete
adhesive capability. Thus, the copper—silver mixture solution
was selected as the conductive coating. In the experiment, the con-
ductive coating is similar to a starting line of the crack. The timer
and UHSC shooting will start when the crack exceeds this start-
ing line.

The width of the conductive coating in this experiment ranged
from 4 to 6 mm. A narrow conductive coating is required, but an
extremely narrow conductive coating will lead to a flawed contact
in the trigger system. For example, failure rates of the trigger sys-
tem and experiment will increase when the width of the conductive
coating is less than 4 mm. Similarly, an extremely wide coating will
also lead to the increase in failure rates. An excessively wide coat-
ing will require much time to cut off. Moreover, the self-made sen-
sor [Fig. 4(c)] may have poor contact with the end of the conductive
coating during a long cutting-off time. This phenomenon also di-
rectly leads to an increase in failure rates. By contrast, the conduc-
tive coating will influence the total length of Crack 2 (the definition
of Crack 2 is provided in the “Experimental Results and Analysis”
section) but will not influence the test result of the unit length of the
crack when the width of the conductive coating exceeds 6 mm.
Thus, the width of the conductive coating will slightly influence
the test result of the development speed of the crack. The instanta-
neous velocity is calculated by unit length divided by unit time
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Fig. 4. (Color) (a) Principle diagram of the trigger system; (b) system and detailed drawing of the connection; and (c) self-made sensor connected with

conductive coating.

because this development speed is an instantaneous velocity of
the crack.

Additionally, if the crack does not cross the conductive coating,
then this scenario may be explained by the appearance of the crack
near the self-made sensor. The trigger system was effective when a
crack appeared near the self-made sensor; however, a crack did not
cut the conductive coating at that time [Fig. 4(c)]. This phenome-
non suggests a test failure because the crack did not cross the
conductive coating. Simultaneously, the experimental results indi-
cate that a crack constantly generates the effect of energy release
when this crack appears. Thus, the crack will continuously develop
with the load and eventually result in a cut-off from the conductive
coating when this crack appears in the shooting surface. In this ex-
periment, it was assumed that the width of cracks had a constant
value, and the small cracks were ignored given the limitation of the
resolution ratio of the UHSC. This experimental gap may be a key
point of a future work.
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Experimental Procedure

The experimental procedure includes the specimen test, trigger sys-
tem test, UHSC system test, and loading/data acquisition (Fig. 5
shows a flowchart). The mixture design of the concrete specimens
is presented in Table 5. In preparing the specimens, the aggregate,
sand, and cement were first placed in an agitator and stirred for
2 min. Then, water was poured into the mixture at three different
times. After this step, the mixture was stirred for 3 min, placed in a
mold, and vibrated for 15-20 s. Then, the mold filled with unset
concrete was placed in a curing box for 24 h, followed by the
removal of the mold. The concrete specimen was cured in the cur-
ing box for 28 days. Three specimens were investigated in the
experiment. These specimens were labeled Specimen 1 through
Specimen 3. The specimens had the same geometry (100 x 100 x
100 mm), mix design, and curing conditions (curing temperature
was kept constant at 20°C £2°C and humidity not lower
than 95%).
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Fig. 5. (Color) Experiment flowchart.

Table 5. Mixture design of the concrete specimen

In the trigger system test stage, the shooting surface should be
cleaned first and rubbed with the conductive coating. Although each
specimen had six faces, only one of these faces was selected as the
shooting face in the experiment. Second, the trigger line was at-
tached to both ends of the conductive coating. Third, the entire cir-
cuit of the trigger system was checked and ensured to be unimpeded.

Then, the focus and aperture, exposure speed, and light source
tests were conducted before every experiment. The frame rate was
determined as 1,000 FPS, and the aperture was confirmed to be
wide. The exposure speed was 1 ms, and the incident angle of
the light source was 30°. Finally, a loading apparatus was used
to apply a load to the specimen and record the stress-strain curves
and crack videos.

Experiment Results and Analysis

Qualitative Analysis

Instantaneous pictures within 180 ms after the cracks cut off the
conductive coating of Specimen 1 were collected. Fig. 6(a) displays
the picture of = 90 ms of Specimen 1 (two sides of the specimen
have a transparent adhesive tape; the transparent adhesive tape is
bright because it is reflective). The left side of the specimen exhibits
a thin crack at this time. For a clear analysis, an inverted picture of
the crack is depicted in Fig. 6(b). A sketch map of the crack is pre-
sented in Fig. 6(c). In Fig. 6(c), all the cracks are divided into three
parts as follows: Main crack 1 (before the trigger point), Main crack
2 (after the trigger point), and the branching crack. The UHSC will
capture images after Main crack 1 cuts off the conductive coating.

Fig. 7 shows several pictures of Specimens 1-3 at t = 15, 30,
45, 90, 120, 140, 160, and 179 ms (serial numbers of the pictures
range from 0 to 179) to describe the crack development process.
Fig. 7 demonstrates that the crack locations are random in different
specimens. However, certain characteristics (e.g., length of Main
crack 2 of each specimen) similar to each other gradually increased
within 180 ms after Main crack 1 had cut off the conductive coating
and the direction of Main crack 2 of all specimens shifted from the
middle to the bottom of the specimen. A branching crack appeared
att = 15,45, and 30 ms of Specimen 1, Specimen 2, and Specimen
3, respectively. Main crack 2 had continuously developed toward
the bottom of the specimen during the entire branching crack de-
velopment time. The direction of the crack shifted from the middle

Parameter Value
Water-to-binder ratio 0.4
Sand-to-aggregate weight ratio 0.31
Unit weight (kg/m?) —
Water 120
Cement 225
Fly ash 75
Sand 614
5-10 mm gravel 546
10-30 mm gravel 820
Air-entraining agent 0.135
Superplasticizer 2.1
Frame: 090 Frame: 090

Time from trigger: 90ms
Exposure: 1ms
Framerate: 1000fps

(a)

g

Time f(oni trigger: 90ms
* Exposure: 1ms
ate: 1000fps

Main crack 1

»

Branching crack

>

Conductive
coating

Trigger point

Main crack 2

(b)

()

Fig. 6. (Color) (a) Picture taken at r = 90 ms; (b) its inverted picture; and (c) definition of cracks.
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Frame: 15
Time from trigger: 15 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 30
Time from trigger: 30 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 45
Time from trigger: 45 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 90
Time from trigger: 90 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 120
Time from trigger: 120 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 140
Time from trigger: 140 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 160
Time from trigger: 160 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Frame: 179
Time from trigger: 179 ms
Exposure: 1 ms
Frame rate: 1000 Fps

Fig. 7. (Color) UHSC pictures at r = 15, 30, 45, 90, 120, 140, 160, and 179 ms for Specimens 1, 2, and 3.

to the top of Specimens 1 and 3, but the direction of the crack
shifted from the top to the middle of Specimen 2. This phenomenon
was due to the random inner structure of the concrete materials.
Quantitative Analysis

Each crack length was measured by spline (SPL) in AutoCAD

(version 2014). The measurement method was based on the river
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length measurement principle in engineering, and the findings are
summarized in Table 6 for investigating the relationship of the
crack lengths between Main crack 2 and the branching crack of
Specimens 1-3. For example, in Specimen 1, the length of Main
crack 1 remained L,,; = 72.64 mm and did not change throughout
t = 0-179 ms because it already existed before the UHSC shoot-
ing. After Main crack 1 cut off the conductive coating, the UHSC
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Table 6. Results of the length and crack development speed of the main
and branching cracks of Specimens 1, 2, and 3

Time L, L, L, Vo v
Specimen  (ms) (mm) (mm) (mm) (mm/ms) (mm/ms)
1 0 72.64 0.00 0.00 0.00 0.00
15 72.64 0.74 0.12 46.25 7.12
30 72.64 1.41 1.11 44.67 66.00
45 72.64 3.89 5.74 165.33 308.67
70 72.64 6.81 6.48 116.80 29.60

90 72.64 10.33 9.89 176.00 170.50
105 72.64 1254  11.56 147.33 111.33
120 72.64 1321 12.15 44.67 39.33
140 72.64 1524  14.39 101.50 112.00
160 72.64 19.11 16.74 193.50 117.50

179 72.64 2208 17.45 156.32 37.37

2 0 69.85 0.00 0.00 0.00 0.00
15 69.85 0.58 0.21 30.53 11.05

30 69.85 1.22 1.02 33.68 42.63

45 69.85 432 5.28 163.16 224.21

70 69.85 7.33 6.95 158.42 87.89

90 69.85 9.98 9.28 139.47 122.63
105 69.85 11.25 11.53 66.84 118.42

120 69.85 14.02 1291 145.79 72.63

140 69.85 1854 1541 237.89 131.58

160 69.85 21.71 16.01 166.84 31.58

179 69.85 2439  16.26 141.05 13.16

3 0 70.11 0.00 0.00 0.00 0.00
15 70.11 0.92 0.18 48.42 9.47

30 70.11 1.76 1.36 44.21 62.11

45 70.11 4.07 6.11 121.58 250.00

70 70.11 5.23 6.98 61.05 45.79

90 70.11 9.59 9.17 229.47 115.26
105 70.11 1277 11.12 167.37 102.63

120 70.11  15.13  12.86 124.21 91.58
140 70.11 1854  16.89 179.47 212.11
160 70.11  21.09 17.55 134.21 34.74
179 70.11 23773 18.02 138.95 24.74

Note: L, = length of the branching crack; L,,; = length of Main crack 1;
L,» = length of Main crack 2; v, = crack development speed of the
branching crack; and v,,, = crack development speed of Main crack 2.

recorded the development process of Main crack 2 and the branch-
ing crack. The length of Main crack 2 ranged from L,,5..,;, = 0 mm
to L,np.max = 22.08 mm, thereby showing an increasing trend with
time. At approximately r = 15 ms, the branching crack appeared,
with its length ranging from L, = 0 mmto L., = 17.45 mm.
The maximum length of Main crack 2 was 26.53% longer than that
of the branching crack. The crack length—time curve of Specimens
1-3 was obtained from the calculation results, and its plot is shown
in Fig. 8. Notably, the overall trends of the two kinds of curves are
similar. However, the crack length—time curve of the branching
crack fluctuates more than that of Main crack 2. The branching
crack consumed some of the fracture energy of Main crack 2, which
helped Main crack 2 maintain a stable cracked condition, e.g., at
approximately ¢ = 35 to 75 ms. L, exceeded L, in Specimen 1,
and the maximum difference value was approximately 1.85 mm.
The length—time curve of the branching crack mutated, whereas
the length—time curve of Main crack 2 maintained stable growth.
Specimen 2 and Specimen 3 had the same law.

The development speed of Main crack 2, v,,,, and the develop-
ment speed of the branching crack, v,, were calculated based on
v = s/t, and the results for Specimens 1-3 are given in Table 6,
where s is the crack length and ¢ is the cracking time. For
example, in Specimen 1, the development speed of Main crack
2 ranged from v,,5.min = 0 mm/ms t0 v,5.m = 193.5 mm/ms.
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Fig. 8. (Color) Crack length—time curve of the specimen within 180 ms
for Specimens 1, 2, and 3.

At approximately ¢ = 15 ms, the branching crack appeared, and
its development speed ranged from v, = 0 mm/ms to vp.a =
308.67 mm/ms. The maximum development speed of Main crack
2 was 37.31% slower than that of the branching crack. The crack
development speed—time curve was obtained from the calculation
results, and its plot is shown in Fig. 9. Notably, the overall trends
of the two curves are still similar. Moreover, the development
speed—time curves of the branching crack and Main crack 2
exhibited strong fluctuations. In Specimen 1 at approximately
t =30-60 ms and r = 120-140 ms, the development speed of
the branching crack exceeded that of Main crack 2. In Specimen
1 at t = 179 ms, the branching crack connected to Main crack 1,
and its development speed reached 0 mm/ms.

The trend lines of the two curves were also obtained based on
the previous analysis. The slopes of the trend lines that correspond
to Main crack 2 and the branching crack are k,, = 0.67 and
k;, = 0.12, respectively. This finding indicates the high rangeability
of the speed change of the branching crack, which did not exhibit
an evident increasing trend. Thus, the value of k,, is approximately
0. However, Main crack 2 maintained an increasing trend of devel-
opment speed during the entire loading process. The value of &, is
5.58 times higher than that of the branching crack.

In Specimen 1 at t=45 ms, the branching crack pre-
sented a maximum development speed of vy = Vps—as5 ms =
308.67 mm/ms. This value is 86.70% higher than v,,5.,-45 ms =
165.33 mm/ms. When Fig. 9 was compared with Fig. 8, the
researchers determined that the length—time curve also mutated
at approximately ¢ = 45 ms. This finding indicated that at approx-
imately ¢ = 45 ms, the energy release process of the branching
crack was dramatic. Thus, Main crack 2 could maintain a relatively
stable cracking speed, i.e., the branching crack could absorb some
of the energy of Main crack 2 and control the development of the
main crack, thereby delaying the time to final damage. The same
low can also be found in Specimens 2 and 3.

Conclusion

This study investigated the cracking behavior of main and branching
cracks in concrete based on compression tests and a UHSC system.
During the entire loading process, the main crack kept developing,
whereas the branching crack lagged behind. The final length of the
main crack was longer than that of the branching crack. The crack
development speed range of the branching crack was higher than
that of the main crack. The maximum development speed of
the branching crack was also higher than that of the main crack.
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Fig. 9. (Color) Development speed-time curves of the main and branching cracks of Specimens 1, 2, and 3.

The length—time and development speed—time curves of the
branching crack exhibited evident fluctuations compared with those
of the main crack. The branching crack consumed some of the frac-
ture energy of Main crack 2, thereby helping Main crack 2 maintain
a stable cracked condition.

During the entire loading process, the main crack maintained a
relatively stable crack development speed. This relatively stable
speed may have benefited from the development of the branching
crack. The results show that if the concrete is damaged, then the
branching crack can delay the development speed of the main crack
and minimize damage. A limitation of this testing procedure is that
one UHSC can only shoot one surface of a concrete specimen,
meaning the other five surfaces will be neglected. Occasionally,
the shooting surface will have only a few cracks, whereas the
other surfaces will have many cracks. This phenomenon will lead
to a serious error, and the solution for this problem will be the
subject of a future work. The authors only investigated the relation-
ship between main and branching cracks based on compression,
tensile, and bending tests, which will also be the subject of a future
work.
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Notation

The following symbols are used in this paper:
k;, =slope of the trend line of the branching crack;
k,.» =slope of the trend line of Main crack 2;
L, =length of the branching crack;
Ly nax =maximum value of the branching crack;
Lj.min =minimum value of the branching crack;
L,,; =length of Main crack 1;
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L,,» =length of Main crack 2;
L, max =maximum value of the length of Main crack 2;
L ,».min =minimum value of the length of Main crack 2;
s =crack length;
t =cracking time;
v =crack development speed;
v, =crack development speed of the branching crack;
Vp.max =Maximum value of the crack development speed of
the branching crack;
Vp.min =Minimum value of the crack development speed of
the branching crack;
Vp.—45 ms = crack development speed of the branching crack at
t =45 mm;
v, =crack development speed of Main crack 2;
Vmo.max =Maximum value of the crack development speed of
Main crack 2;
Vy2-min = Minimum value of the crack development speed of
Main crack 2; and
V2.1—45 ms = Crack development speed of Main crack 2 at
t =45 mm.
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