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Abstract. The correlation between the characteristics of acoustic emission signals and the strength
parameters of concretes is investigated by combining the acoustic emission (AE) technique and steel fiber
reinforced concrete (SFRC). By means of AE detection system, three kinds of steel fibers of varying content
were used as reinforcement in concrete and their influence on the fracture process and the acoustic activity
was considered in this paper. Analysis of the AE test results revealed that for different steel fiber contents,
the role of steel fiber is different. Concave-convex steel fiber has an inhibitory effect on the control of crack
expansion. Bow steel fiber has a better effect on the control of crack propagation when the fiber content is
lower. The compressive strength of SFRC decrease when bow steel fiber content rises. Ultra-short can
prevent early cracks of concrete.

Keywords: acoustic emission; steel fiberreinforced concrete; steel fiber content; AE events column
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1. Introduction

Deformation or crack will turn up in solid materials interior undergoing internal forces or
external loads, as part of the strain energy being released in the form of sound waves which is
generally characterized by acoustic emission (AE). The AE technique can be used to analyze the
characteristics of elastic waves, which converted from sound waves that caused by microscopic
damage in the material interior, by means of surface AE sensors to record the transient waves (hits)
generated by the crack propagation incidents inside the material. This technique has been
employed to assess the damage in important concrete structures, such as bridges, airport
pavements and so on (Gholizadeh et al. 2015).

Steel fiber reinforced concrete (SFRC) is being increasingly employed in structural engineering.
Fibers can restrain the occurrence of the early age cracking and limit the expansion of the crack,
and contribute to improving concrete tensile and flexural strength, fatigue life, ductility and
surface skin resistance (Shah and Ribakov 2011). Compared with common concrete, SFRC has
good tensile property, bending performance and impact resistance. AE detection system has
always been applied to clarify the physical and mechanical properties during uniaxial compression
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tests and three-point bending tests on SFRC specimens (Aggelis et al. 2013).

The modern acoustic emission instruments were invented in 1960s, after which significant
efforts have been made to utilize the AE technique to detect the damage characterization of solid
materials (Bentahar and Gouerjuma 2009; Sagar and Prasad 2012; Carpinteri et al. 2013; Siracusano
et al. 2016). Wu et al. (2000) carried out a series of tests to study the AE signal section and the
failure mechanism of mortar, concrete and SFRC beams. Experimental results indicated that there
exist nine distinct failure mechanisms for SFRC during the entire fracture process. Carpinteri et al.
(2016) carried out three-point bending tests of concrete and observed that the dissipation energy
rate rapidly increases and reaches its maximum value around the peak load. Ohtsu et al. (2002)
proposed a practice for in situ monitoring of concrete structures by acoustic emission based on the
Kaiser effect. Localization of AE events in D2 beam Alam et al. (2014) researched fracture
character of concrete beams by localization of AE events and find that the formation of fracture
starts before the maximum load is reached. Studies by Colombo et al. (2003) showed that micro
cracks emit waves with smaller amplitudes, whereas the waves from macro cracks have larger
amplitudes. Soulioti et al. (2009) studied the influence of varying content of steel fibers on the
fracture process and the acoustic activity. Analysis revealed that particular AE parameters changed
monotonically with the progress of damage and can be used to characterize the failure process.
Aggelis et al. (2010) adopted the broadband sensors to capture a wide range of fracturing
phenomena of SFRC, the experiments were conducted in four-point bending with concurrent
monitoring of AE signals. The results indicated that AE parameters undergo significant changes
much earlier than the final fracture of the specimens. It was suggested that proper study of AE
parameters enabled the characterization of structural health of large structures in cases where
remote monitoring was applied. Aggelis et al. (2011) thought acoustic emission can be used as a
warning against the failure of this material while the broadband transducers can be used to
characterize the different damage mechanisms.

In this study, three kinds of steel fiber were used as reinforcement in concrete, and for each
kind of fiber, three different contents were considered. By means of the uniaxial compression tests
and AE detection tests, the AE signals from all kinds of specimens were recorded. For each kind of
specimen, AE events column graph was presented and analyzed.

2. Experiment setup
2.1 AE Detection system

The SAEU2S acoustic emission instrument produced by Beijing Shenghua Corporation was
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Fig. 1 AE detection system
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Fig. 2 The appearance of sensor
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Fig. 3 The standard sensitivity curve of SR150A sensor

adopted for AE recording. Generally speaking, AE detection system is composed of the following
devices with prescribed functions. A basic system is illustrated in Fig. 1. Following this system, a
digital signal-processor is usually equipped.

2.1.1 Sensor

AE sensors are important part of the AE detection system, which should be sensitive enough to
detect AE signals generated in the target structure, and be capable of converting elastic waves
(motions) on the material surface into electric signals, preferably, without any distortions.
Depending on the detection purpose and detection environment, AE sensors of different structures
and properties should be chosen. Taking comprehensive account of various factors, the SR150A
sensors were chosen in the study. The appearance and standard sensitivity curve of SR150A
sensors are shown in Fig. 2 and Fig. 3 respectively.
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Fig. 6 WAW-2000DL digital servo hydraulic testing system

2.1.2 Amplifier

In AE measuring system, amplifiers play an important role. The main function of an amplifier
is to enhance signal-to-noise ratio (SNR). As the output voltage signal of sensor is always very
weak, the preamplifier shall be located as close as possible to AE sensor, and the amplifiers shall
be robust enough against the environmental conditions and be protected properly. In this study, the
PA I style broadband preamplifier (see Fig. 4) is used. It applies to the amplification of most of
AE signal.
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Table 1 Type and parameter of steel fiber

Equivalent Tensile
Number n'\Sr?]%zlr Name Type L(f]:]r%t)h diameter strength
(mm) (MPa)
concave- 20
1 hr-G03 Shear indentation 25 09~1.2 750
convex 30
25
2 hr-G01 bow Shear indentation 30 09~1.2 900
60
3 hr-gos ~ Ultrashortspecial- g i dentation 8-19 0.3~05 1100
shaped
(a) concave- convex (b) bow (c) Ultra short special-shaped

Fig. 7 Steel fibers

2.1.3 AEacquisition main chassis
The main chassis consists of AE acquisition card, power and case shell, as shown in Fig. 5.

2.2 The digital servo hydraulic testing system

To determine the strength of each type of concrete, the compressive strength tests were
performed using the WAW-2000DL digital servo hydraulic testing system (see Fig. 6) in
Mechanics Laboratory of China University of Geosciences (Beijing). The relative error of
displayed pressure is lower than £1%.

3. Experiments materials

3.1 Raw materials and concrete mixture

For the concrete preparation, Portland cement of 42,5 grade, medium sand, and crushed
limestone of 5-20 mm continuous grading were used. Concrete mix proportion is as follows: water:
cement: sand: gravel = 0.42:1:1.63:2.12.

Three types of steel fiber (see Fig. 7) are considered in this investigation, the steel fiber types
and parameters are in Table 1.

3.2 Specimen preparation

All the specimens for flexural and fatigue test were cast in 100 x100 x 100 mm steel molds and
cured in a room at 22+3°C and95%z+2% relative humidity. In order to investigate the influence of
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Table 2 Number and quantity of test blocks

Concrete Volume ratio of steel fiber (%) Steel fiber Content (g/block)

number
C0-0 0 0
C1l-1 0.5 39
C1-2 1 78
C1-3 15 117
C2-1 0.5 39
C2-2 1 78
C2-3 15 117
C3-1 0.5 39
C3-2 1 78
C3-3 15 117

Mechanical pencil

Support ring

Pipe

Pencil lead

Fig. 8 The schematic of pencil-lead break

types and mixing amounts of steel fibers on concrete compression resistance capability, four kinds
of concretes including plain concrete and three types of steel fiber concretes, whose fiber volume
ratios are 0.5%, 1.0% and 1.5%, respectively, as the control group have been designed. The steel
fiber types and parameters are shown in Table 2.

4. Analysis of experiments results
4.1Pencil-lead break test

Wave amplitudes exceeding a defined threshold value are referred to as AE events, and signals
below the threshold value are considered as noise. In practical applications, the detection threshold
was often set to 35~55dB. Because this experiment was performed in the laboratory, the noise was
slight. The threshold value of 40dB was selected to ensure a high signal to noise ratio. The emitted
AE signals during tests were detected by the sensors with the resonant frequency of 150 kHz. The
AE signals were amplified with a 40dB gain in a preamplifier.
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Table 3 Lead break test data

Specimen number Rise time [us] Duration time [us]
1 197 530
2 198 540
3 198 525
4 195 530
5 201 550
6 198 530
7 197 545
8 200 535
9 196 535
10 199 540
average 197.9 536

(CH: 1 T: 23:10:35:16:269 938800|

Fig. 9 The first pencil-lead break waveform

;1 T:23:10:36:22:551 508300

Fig. 10 The tenth pencil-lead break waveform

Before the uniaxial compression, the pencil-lead break experiment for the C30 concrete should be
done at first. The pencil-lead was about 10cm far from the sensor, and then was broken by the
device shown in Fig. 8. The angel between the pencil-lead and the specimen surface was 30
degrees, and the length of the lead is about 2mm. Ten repeated tests were conducted and the
average value was obtained. The results are shown in Table 3.

Owing to the limited space, only two of all waveforms are listed in Fig. 9 and Fig. 10
respectively. The average rise time is 197.9us, and the average duration time 536us. Therefore, the
peak definition time (PDT) is set to 300us which is about 1.5 times of the rise time, while the hit
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Fig. 11 Compressive strength contrast curves

Fig. 12 Appearance contrast figure: (a) plain concrete; (b) reinforced concrete

definition time (HDT) 800us roughly 1.5 times of the duration time, and the hit lockout time (HLT)
1000us which is slightly larger than HDT.

4.2 Compression test results

The compression test results of three kinds of steel fiber concretes with different mixing
amounts and plain concrete are shown in Fig. 11.
As shown in Fig. 11 that: Convex-shaped steel fiber improves concrete compressive strength of 3%
-4% in volume ratio of 0.5% -1.5%, while the mixing amount has no effect on the compressive
strength in this range; compressive strength of bow steel fiber concrete decreases as volume ratio
increase from 0.5% to 1.5%, and is lower than the compressive strength of plain concrete from the
volume ratio of 1.0%.For ultra-short special-shaped steel fiber concrete, the compressive strength
reaches the maximum when steel fiber volume ratio is 1.0%, which increases 6% comparing to
plain concrete. Comparing the three kinds of steel fiber concrete and plain concrete, the
compressive strength of bow steel fiber reinforced concrete reaches the maximum of 53.37MPa,
which increases 10.7% compared to the compressive strength of the same strength grade of plain
concrete when the steel fiber volume ratio is 0.5%.

It can be seen from the appearance (Fig. 12) that, the plain concrete shows an overall damage
while the steel fiber concrete just has a surface damage. As is known to all that the failure form of
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Fig. 15 AE events column graphs and relative stress curves of C2-1
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Fig. 16 AE events column graphs and relative stress curves of C3-1

common concrete is brittle, sudden destruction under normal circumstances. For the mixing steel
fibers, however, the brittleness of concrete decreases while the ductility and toughness
significantly increase. The steel fibers gradually debond and are pulled out from the concrete. Thus,
steel fiber concrete shows more stable destruction state and can ensure the safety of construction
better.

4.3 AE test results

The number of AE events per unit time is chosen to describe the acoustic emission
characteristics of uniaxial compression of concrete block to reflect the frequency of concrete
internal rupture events. According to test results, AE events column graphs and the relative stress
curves of plain concrete and three kinds of steel fiber concrete blocks have been presented. By
comparing AE signal characteristics of concrete block in different damage phases, different
concrete compressive performances are reflected.

Fig. 13 is the AE events column graphs and relative stress curves of the plain concrete which
acts as the control group. The contrast of AE events and relative stress curves of the three kinds of
steel fiber concretes of volume ratio 0.5% are shown in Fig. 14 to Fig. 16.
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From Fig. 13 to Fig. 16 it can be seen that, the AE events number of C3-1 at low stress phase
(20% -30%) is less than others, which indicates that ultra-short special-shaped steel fiber can
inhibit the initial crack with volume ratio of 0.5%; the AE events numbers of C1-1, C2-1, C3-1
decrease when their relative stresses are at 40% -50%, however, the AE events number of plain
concrete increases, indicating that the incorporation of the three kinds of steel fiber with volume
ratio of 0.5% plays a role in controlling crack propagation of concrete in later phase, although the
AE events numbers of C1-1 and C3-1 are both less than that of C2-1, changes of the latter event
number are more obvious, which means the first two changes significantly in internal structure, so
C2-1is better.

The contrast of AE events and relative stress curves of the three kinds of steel fiber concretes
with volume ratio of 1.0% are shown in Fig. 17 to Fig. 19.
From Fig. 17 to Fig. 19 it can be seen that, the AE events number of C3-2 at low stress level (20%
-50%) is significantly less than that of plain concrete, the micro-cracks of ultra-short special-
shaped steel fiber concrete develop lightly in early phase, meaning that this kind of steel fiber
concrete has a better inhibitory effect on the generation and development of cracks in early phase
with the volume ratio of 1.0%; the AE events number of C1-2, C2-2 are higher than that of plain
concrete at low stress state, thus the development of initial cracks of concave-convex and bow
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Fig. 17 AE events column graphs and relative stress curves of C1-2
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Fig. 18 AE events column graphs and relative stress curves of C2-2
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Fig. 19 AE events column graphs and relative stress curves of C3-2

steel fiber concrete are faster; after the relative stress of 40%, AE event numbers of C1-2 become
smaller, even to zero, which indicates that concave-convex steel fiber of the volume ratio of 1.0%
plays a role on controlling cracks in the later phase. Fu et al. (2014) think the steel fiber limits the
crack propagation and new crack generation by weakening the stress concentration in the crack tip.
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Fig. 20 AE events column graphs and relative stress curves of C1-3
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Fig. 21 AE events column graphs and relative stress curves of C2-3
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Fig. 22 AE events column graphs and relative stress curves of C3-3

The contrast of AE events and relative stress curves of the three kinds of steel fiber concretes
with volume ratio of 1.5% are shown in Fig. 20 to Fig. 22.

From Fig. 20 to Fig. 22 it can be seen that, the AE events number of three kinds of steel fiber
concretes at low stress state is higher than those in plain concrete, so early cracks of the three kinds
of steel fiber concrete develop faster than plain concrete when fiber volume ratio is 1.5%; after
relative stress of 50%, the AE events number of C1-3 is significantly less than that of plain
concrete, after relative stress of 70%, the AE events number of C3-3 is significantly less than that
of plain concrete, which indicate that concave-convex and ultra-short special-shaped steel fiber
with the volume ratio of 1.5% play a part on controlling cracks in later phase.

5. Conclusions

Through the above analysis of selected test results, the following conclusions can be drawn:

(1) The compressive strength of concave-convex steel fiber concrete is greater than plain
concrete, but when the volume ratio of steel fiber varies between 0.5% and 1.5%, the compressive
strengths hardly change. AE events column graphs show that in the volume ratio between 0.5%
and 1.5%, the steel fiber has an inhibitory effect on the control of crack expansion of concrete in
later phase, while its internal structure changes greatly.

(2) For bow steel fiber concrete, when the volume ratio of steel fiber is 0.5%, the compressive
strength is the largest of the ten groups of concrete blocks, which has an increase of 10.7%
compared to that of plain concrete, and it has a better effect on the control of crack propagation of
concrete in later phase. AE events column graphs show that in the volume ratio between 0.5% and
1.5%, the higher the volume ratio is, the less effective the bow steel fibers are.

(3) For ultra-short special-shaped steel fiber concrete, when the volume ratio is 1.0%, its
compressive strength reaches the maximum, and 6% greater than that of plain concrete. AE events
column graphs show that when the volume ratio is 1.0%, ultra-short special-shaped steel fibers
play an inhibitory role on the early cracks of concrete, and the effect is better than concave-convex
steel fiber which has a volume ratio of 0.5%; when the volume ratio is 0.5%, this kind of steel
fiber can better control the development of crack expansion of concrete in later phase.

(4) The compressive strength and axis tensile strength are important mechanical properties of
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concrete. The characteristics of acoustic emission signals in the process of axial tensile test could
be researched in the future. The fatigue damage process of SFRC also can be researched by AE
detection system.
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