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Abstract 

Among fiber-reinforced composites, steel fiber has been widely-used for concrete infrastructure such as silos, tun-
nels, specifically aiming at reducing the weight of concrete and enhancing its strength by overcoming the brittleness. 
However, there is still little known about appropriate quality management and applicability assessment for steel fiber 
composites. This study fills this knowledge gap by testing the possibility of maintenance through steel fiber concrete 
thickness estimation and assessing the applicability of the quality management instrument. To this end, this study 
utilizes two different stress wave-driven non-destructive test methods: ultrasonic pulse velocity and impact-echo 
methods. The ultrasonic pulse velocity method was employed to estimate the compressive strength of steel fiber 
reinforced concrete, while the impact-echo method was applied to estimate the thickness of various steel fiber rein-
forced concrete members. As a quality management factor of concrete, correlations between steel fiber mixing ratios 
and compressive strengths were experimentally explored and validated by error ratios for twenty-four specimens. The 
reliability was relatively high overall. The average error rate of all the specimens with steel fiber mixing ratios of 0, 0.75 
and 1% was 3.36%. Accordingly, the results prove the applicability of the non-destructive test methods for building 
quality management.
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1 Introduction
Bond strength is essential to securing the integration per-
formance of concrete and reinforcing rods. Because the 
normal strength of concrete and reinforcing rods lack 
integration performance, high-strength concrete is gen-
erally used. One weakness of concrete is that despite its 
excellent durability, it lacks deformation capacity prior 
to the occurrence of cracks, and it involves a risk of brit-
tle fracture after the occurrence of the cracks. In order 
to address this problem, research on fiber reinforced con-
crete has been conducted continually.

Among fiber-reinforced composites, steel fiber strength-
ens concrete and makes up for brittleness, which is a weak-
ness of the concrete material. For this reason, steel fiber is 
used to reduce the weight of concrete in order to enhance 
its strength. While it is a recent trend to use steel fiber rein-
forced concrete for silos, tunnels, etc., there are few studies 
on its quality management and applicability assessment.

Nondestructive inspection refers to a defect detection 
technique for investigating the integrity, performance, 
and the status of defects without destroying the target 
structure. It can confirm the soundness and improve the 
reliability by applying the proper nondestructive inspec-
tion to each purpose. The nondestructive inspection can 
be applied to the design strength required by the hard-
ened concrete in the new building, the life evaluation 
and the proper repair system for defects can be adopted 
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through the diagnosis of the structure in the existing 
building, and the soundness evaluation of the member 
of the building in the remodeling building. In addition, 
the thickness of the member placed during construc-
tion supervision can be evaluated through nondestruc-
tive inspection to match the drawing, and in the case 
of a building where the drawing is lost, the thickness of 
the member can be measured through nondestructive 
inspection to prepare the drawing. Recently, the applica-
tion of high performance and eco-friendly concrete has 
been expanded, and there is a lack of research on tech-
nology development and applicability evaluation to apply 
stress wave-based nondestructive inspection method. 
In case there is no information on the sizes of the col-
umn, slab, and beam members of the existing concrete 
structures, the estimation of the sizes of various mem-
bers using the impact echo method can be applied to the 
regeneration of drawings for buildings whose structural 
drawings are lost and the maintenance of structures, etc.

This study applies the non-destructive test method, which 
is a quality management instrument, to assess the quality 
management and applicability of steel fiber reinforced con-
crete. The non-destructive test method is different from the 
ordinary destructive test method, which destructs or cuts 
off a member of a building to facilitate the inspection of 
the inside when a problem, such as crevice, heterogeneous 
substance, etc., occurs. This inspection method, however, 
examines defects, stress, characteristics, material change, 
integrity, etc., inside or outside a building by using radia-
tion, ultrasound, electromagnetism, liquid, heat, light, etc., 
without changing or destructing its material properties or 
internal structures. It causes no destruction to materials. 
The non-destructive test method, however, may produce 
different results depending on the inspection type, instru-
ment, and data analysis method. This study utilizes the two 
non-destructive test methods the ultrasonic pulse velocity 
method and the impact-echo method to derive the correla-
tion between the steel fiber mixing ratio and compressive 
strength, which is a quality management factor of concrete, 
and to assess the applicability of the quality management 
instrument by calculating the error rate of steel fiber rein-
forced concrete size estimation.

2  Literature Review
Previous studies on the diagnosis of concrete structures 
using ultrasonic pulse velocity method and impact echo 
method have shown that, Hong and Cho (2006) aimed to 
examine ordinary concrete material inspection techniques 
by means of the impact echo method, which is a type of 
nondestructive test method, based on stress waves. Kim 
et  al. (2007) focused on estimating the location of crev-
ices and the compressive strength of ordinary concrete 
slabs by means of the impact-echo method and the sur-
face-wave method. Kang et al. (2017) conducted an onsite 

applicability assessment to examine whether the method 
would be applicable to defect detection around the drain-
pipe. Liu et al. (2017) proposed a way to distinguish crack 
echo and reinforced rod echo by using a phase spectrum. 
The correlation between the phase spectrum amplitude 
and the inclination in the echo frequency was examined. 
Benaicha et  al. (2015) examined the correlation between 
steel fiber reinforced concrete and ultrasonic pulse veloc-
ity. In the nondestructive test on the extent of concrete 
hardening, the correlation between ultrasonic pulse veloc-
ity and concrete properties compressive strength, flexural 
strength, and elastic modulus by means of the ultrasonic 
pulse velocity method. Specimens were produced in a 
prism shape (10 cm × 10 cm × 40 cm) and a cylinder shape 
(16  cm × 32  cm). Thomas and Ramaswamy (2007) exam-
ined the mechanical properties of steel fiber reinforced 
concrete. A new empirical formula was proposed to predict 
the compression, tensile strength, and elastic modulus of 
SFRGC. Kim et al. (2016) examined flexural behavior char-
acteristics of ultra-high-performance steel fiber reinforced 
concrete. It was verified that the proposed method to uti-
lize steel fiber reinforced ultra-high-performance concrete 
and to perform flexural behavior modeling would be effec-
tive in predicting the flexural performance of a steel fiber 
reinforced concrete beam whose compressive strength is 
approximately 150  MPa. Choi et  al. (2015) analyzed the 
relation between concrete compressive strength and tensile 
strength depending on the steel fiber mixing ratio. Dom-
ski (2016) examined the border between ordinary concrete 
and fiber reinforced concrete. While many researchers have 
conducted studies that utilize nondestructive test methods 
in order to evaluate the performance of ordinary concrete, 
there has been no significant research on quality manage-
ment of steel fiber reinforced concrete in application of 
various non-destructive test methods.

3  Theoretical Background
Since the mid-1900s, research has been conducted to 
estimate compressive strength of concrete by means of 
non-destructive test methods, including the ultrasonic 
pulse velocity method (ASTM 597), the rebound hard-
ness method, etc.

The ultrasonic pulse velocity method is utilized in such 
areas as medical diagnosis, structural steel inspection, etc. 
In these areas, molecules are small and highly dense and 
the density distribution is stable. The characteristics of 
wave motion spread are good enough to detect internal 
defects accurately. When applied to structures, however, 
the molecules of concrete are big and the density is not uni-
form. In this case, it is difficult to apply the ultrasonic pulse 
velocity method. Hence, it is essential to take into consid-
eration various affecting elements for accurate estimation.

The ultrasonic pulse velocity method is applicable to 
inspecting the size and thickness of irregular specimens 
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within a specimen, uniformity and corrosion of speci-
mens, compressive strength, elastic modulus, etc., and 
the scope is expanding continually (Naik and Malhotra 
1991). As to the basic principle of ultrasonic pulse veloc-
ity method operation, short and strong electric signals 
are sent to the converter and then the converter vibrates 
according to the resonance frequency. The vibration is 
transmitted to materials through the medium in con-
tact, and then this is detected by the receiving converter 
at the opposite side. Depending on the arrangement of 
the transmitter and receiver, the ultrasonic pulse veloc-
ity method is classified to the direct type, indirect type, 
rectangular type, etc. When material properties are to 
be assessed by measuring the ultrasonic pulse speed, the 
level of measuring precision needs to be quite high. The 
longitudinal ultrasonic pulse velocity V inside an elastic 
body is calculated as follows:

where E: dynamic elastic modulus, υ : Poisson’s ratio, and 
ρ : density.

According to the theory of stress wave propagation, the 
propagation velocity of waves that is determined by the 
medium’s material properties may be represented with 
Eq. 2 that is not related to wave kinds but the wavelength 
and frequency.

In other words, for heterogeneous materials such as 
concrete, the level of attenuation due to high frequency 
is significant, and thus it is inappropriate to increase the 
frequency. Details about the ultrasonic pulse velocity 
method are presented in KS F 2731 and ASTM C597-97.

It is possible to grasp the positions of boundaries or 
defects inside a medium by means of the impact-echo 
method (Sansalone and Carino 1989). If the dimensions of 
the concrete member are known, it is possible to estimate 
specific defects of concrete. When the propagation speed 
of compression wave is known, it is possible to grasp the 
position of the continuing surface inside a specimen by 
measuring the arrival time of reflected waves. In a domain 
time that is obtainable by collecting stress waves from a 
vibration source by means of an accelerometer, the records 
are converted into a frequency domain using the fast Fou-
rier transform (FFT). As a result, the frequency of the first 
mode becomes that of the peak amplitude. Based on this 
data, it is possible to easily acquire the frequency of mul-
tiple reflections and to calculate the speed of compressive 
waves accordingly, the distance up to the reflective bound-
ary of a plate structure, d; speed of compression waves: Vp , 

(1)V =

√

E

ρ

(1− v)

(1+ v)(1− 2v)

(2)V = f× �

and resonance frequency: f. A possible approximate solu-
tion may be Eq. 3:

Among stress waves propagated through media upon 
elastic impact, body waves are propagated through the 
inside of a medium by the compression and tension of 
medium particles (P waves) or shear movements right 
and left or up and down (S waves). Surface waves (R 
waves) occur when a medium has a free surface similar 
to the ground surface. The particles of compressional 
waves (P waves) move forward and backward in a paral-
lel direction of wave progress, causing bulk strain with 
no shear strain. Particles of shear waves (S waves) cause 
shear strain with no bulk strain. When displacement in 
an axial direction is restrained, the speed of compressive 
waves ( vp ) is determined by Eq. 4 in consideration of the 
medium’s elastic modulus and density.

where, M : constrained modulus, E : Young’s modulus, ρ : 
density, and υ : Poisson’s ratio.

4  Experimental Program: Correlation 
between Ultrasonic Pulse Velocity 
and Compressive Strength

The purpose of this study is to analyze the correlation 
between compressive strength and ultrasonic pulse veloc-
ity of steel fiber reinforced concrete according to the ages 
in order to confirm the quality control applicability of steel 
fiber reinforced concrete using nondestructive test method.

For design strength conditions of 24 MPa and 30 MPa, 
the ultrasonic pulse velocity of 5 different test specimens 
was measured at different aging points of 16 h, 20 h, 24 h, 

(3)d =
Vp

2f

(4)vp =

√

M

ρ
=

√

E(1− v)

ρ(1+ v)(1− 2v)

Table 1 Test results (24 MPa)

Time (h) Contents

Compressive strength 
(MPa)

Ultrasonic pulse 
velocity (m/s)

16 0.65 97.00

20 0.62 96.00

24 1.07 885.02

48 2.84 2261.66

72 6.38 2676.80

120 14.03 2946.10

168 19.29 3061.37

360 20.38 3342.47

672 23.50 3316.47



Page 4 of 11Hong and Kim  Int J Concr Struct Mater           (2019) 13:49 

48  h, 72  h, 120  h, 168  h, 360  h, and 672  h as shown in 
Fig.  8a. A compressive strength test then followed, the 
measurements of which are presented in Tables 1, 2 and 
Figs. 1, 2, and 3.    

In the experiment where the design strength was 
24  MPa, the ultrasonic pulse velocity was 97.00  m/s at 
the aging point of 16 h, 96.00 m/s 20 h, 885.02 m/s 24 h, 
2261.66 m/s 48 h, 2676.80 m/s 72 h, 2946.10 m/s 120 h, 
3061.37 m/s 168 h, 3342.47 m/s 360 h, and 3316.46 m/s 
672 h, respectively. As shown in Fig. 1, the wave velocity 

increased drastically from the aging point of 16 h to 72 h, 
and thereafter, it increased gradually up to the aging 
point of 672 h.

As shown in Fig. 2 as for compressive strength meas-
urement, it was 2.71% of the design strength at the aging 
point of 16 h, 2.60% 20 h, 4.46% 24 h, 11.83% 48 h, 26.58% 
72  h, 58.46% 120  h, 80.38% 168  h, 84.92% 360  h, and 
97.92% 672 h, respectively.

Figure  3 shows that as for the correlation 
between compressive strength and wave veloc-
ity, as wave velocity increased, compressive strength 
increased accordingly. Estimation equations 
y = 869.86 ln (x)+ 749.95, R2

= 0.94 was derived.
In the experiment where the design strength was 

30  MPa, the ultrasonic pulse velocity was 96.80  m/s 
at the aging point of 16 h, 96.00 m/s 20 h, 400.55 m/s 
24 h, 2366.44 m/s 48 h, 2840.04 m/s 72 h, 2978.40 m/s 
120  h, 3090.73  m/s 168  h, 3317.00  m/s 360  h, and 
3299.42  m/s 672  h, respectively. As shown in Fig.  4, 
the wave velocity increased drastically from the aging 
point of 16  h to 72  h, and thereafter, it increased 
gradually up to the aging point of 672  h. As shown 
in Fig.  5 as for compressive strength measurement, 
it was 2.06% of the design strength at the aging point 
of 16 h, 2.06% 20 h, 3.73% 24 h, 14.40% 48 h, 29.87% 
72  h, 58.97% 120  h, 71.47% 168  h, 76.93% 360  h, and 

Table 2 Test results (30 MPa)

Time (h) Contents

Compressive strength 
(MPa)

Ultrasonic pulse 
velocity (m/s)

16 0.62 96.80

20 0.62 96.00

24 1.12 400.55

48 4.32 2366.44

72 8.96 2840.04

120 17.69 2978.40

168 21.44 3090.73

360 23.08 3317.00

672 22.50 3299.42

Fig. 1 Ultrasonic pulse velocity with ages (24 MPa)
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75.00% 672 h, respectively. Figure 6 shows that as for 
the correlation between compressive strength and 
wave velocity, as wave speed increased, compressive 

strength increased accordingly. Estimation equations 
y = 839.57 ln (x)+ 743.88, R2

= 0.95 was derived. As 
a result of comparison with existing experimental 

Fig. 2 Compressive strength with ages (24 MPa)

Fig. 3 Relation of ultrasonic pulse velocity and compressive strength (24 MPa)
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Fig. 4 Ultrasonic pulse velocity with ages (30 MPa)

Fig. 5 Compressive strength with ages (30 MPa)



Page 7 of 11Hong and Kim  Int J Concr Struct Mater           (2019) 13:49 

results (Hong and Kim 2018), the results are similar 
to those of concrete without steel fiber as shown in 
Fig. 7.   

5  Experimental Program: Thickness Estimation 
of Steel Fiber Reinforced Concrete

Experiments were conducted to estimate the member 
size by setting various thicknesses of the steel fiber rein-
forced concrete using the nondestructive test method as 
shown in Fig. 8b.

Fig. 6 Relation of ultrasonic pulse velocity and compressive strength (30 MPa)

Fig. 7 Comparison of relation of ultrasonic pulse velocity and compressive strength
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As part of the experimental study to examine the possi-
bility of quality management through concrete thickness 
estimation in reference to the steel fiber mixing ratio, the 
thickness of each concrete member was estimated by 
means of the impact-echo method at random positions in 

application of variables as shown in Fig. 8c and Table 3. 
The thickness was estimated 3 times at each position in 
application of the variables, and the average value and the 
average error rate were calculated. Figure 9 and Table 4 
show the results of thickness estimation depending on 
the steel fiber mixing ratio.

As for SFVF0 series specimens whose steel fiber mix-
ing ratio was 0%, the thickness estimation error rate of 
SFVF0D600 was 2.85%; SFVF0D500 4.23%; SFVF0D400 
5.32%; and SFVF0D350 4.71%, respectively. The average 
error rate of SFVF0D specimens was 4.28%. The thick-
ness estimation error rate of SFVF0S300 was 2.81%; 
SFVF0S200 0.56%; SFVF0S150 6.92%; and SFVF0S100 
1.25%, respectively. The average error rate of SFVF0S 
specimens was 2.86%. The average error rate of SFVF0 
specimens was 3.57%, which indicates a relatively high 
level of reliability.

As for SFVF0.75 series specimens whose steel fiber 
mixing ratio was 0.75%, the thickness estimation error 
rate of SFVF0.75D600 was 2.62%; SFVF0.75D500 
0.40%; SFVF0.75D400 2.28%; and SFVF0.75D350 1.76%, 
respectively. The average error rate of SFVF0.75D speci-
mens was 1.77%. The thickness estimation error rate 
of SFVF0.75S300 was 0.00%; SFVF0.75S200 2.11%; 
SFVF0S150 1.41%; and SFVF0.75S100 3.23%, respec-
tively. The average error rate of SFVF0.75S specimens 
was 1.69%. The average error rate of SFVF0.75 speci-
mens was 1.73%, which indicates a relatively high level of 
reliability.

Fig. 8 Estimation of thickness of the SFRC

Table 3 Specimen list

SFVF steel fiber volume fraction/0, 0.75, 1%, D deep, S shallow

Specimen name Steel fiber 
volume 
fraction

SFVF0D600 SFVF0D400 0

SFVF0D500 SFVF0D350

SFVF0S300 SFVF0S150 0

SFVF0S200 SFVF0S100

SFVF0.75D600 SFVF0.75D400 0.75

SFVF0.75D500 SFVF0.75D350

SFVF0.75S300 SFVF0.75S150 0.75

SFVF0.75S200 SFVF0.75S100

SFVF1D600 SFVF1D400 1

SFVF1D500 SFVF1D350

SFVF1S300 SFVF1S150 1

SFVF1S200 SFVF1S100
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As for SFVF1 series specimens whose steel fiber mix-
ing ratio was 1%, the thickness estimation error rate of 
SFVF1D600 was 4.18%; SFVF1D500 0.81%; SFVF1D400 
1.79%; and SFVF1D350 0.67%, respectively. The average 
error rate of SFVF1D specimens was 1.86%. The thick-
ness estimation error rate of SFVF1S300 was 7.67%; 
SFVF1S200 3.57%; SFVF1S150 0.00%; and SFVF1S100 
19.57%, respectively. The average error rate of SFVF1S 
specimens was 7.70%. The average error rate of SFVF1 
specimens was 4.78%, which indicates a relatively high 
level of reliability. The average error rate of all the spec-
imens whose steel fiber mixing ratio was 0, 0.75, or 1% 
was 3.36%, as shown in Fig.  9. Through these experi-
ments, the possibility of quality management through 
steel fiber concrete thickness estimation was examined 
by means of non-destructive test methods.

6  Conclusion
This study verified the reliability of nondestructive test 
methods in the following way. Stress wave based nonde-
structive test methods ultrasonic pulse velocity method 
and impact echo method were applied to steel fiber rein-
forced concrete to examine the correlation between wave 
velocity and compressive strength of steel fiber rein-
forced concrete from the early age to the 28 days of age of 
steel fiber reinforced concrete.

1. Through these experiments, the possibility of mainte-
nance through steel fiber concrete thickness estima-
tion was examined by means of nondestructive test 
methods. The possibility of quality management was 
examined by estimating the compressive strength of 
steel fiber reinforced concrete from the early age to 
28 days of age by means of the ultrasonic pulse veloc-
ity method, which is a type of nondestructive test 
method.

2. It was possible to estimate the thickness of various 
steel fiber reinforced concrete members by means of 

Fig. 9 Comparison of error ratio
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the impact echo method. The reliability was relatively 
high in general. The average error rate of all the spec-
imens whose steel fiber mixing ratio were 0, 0.75 and 
1% was 3.36%. The results verify the applicability as a 
building quality management method.

3. It is thought that when there is no information on 
the concrete thickness of an existing structure, the 
impact echo method can be utilized to estimate the 
thickness to restore the building drawings that have 
been lost and to maintain the structure.
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