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Abstract: Conventional compressive strength test of concrete involves the destruction of concrete
samples or existing structures. Thus, the focus of this research is to ascertain a more effective method
to assess the compressive strength of concrete, especially during the hardening process. One of the
prevalent non-destructive test (NDT) methods that involves the employment of elastic wave has been
proposed to forecast the compressive strength development of air-entrained rubberized concrete.
The change of the properties, such as wave amplitude, velocity and dominant frequency of the wave
that propagates within the concrete is investigated. These wave parameters are then correlated with
the compressive strength data, obtained using the conventional compressive strength test. It has been
certified that both correlation between wave amplitude and concrete compressive strength, as well as
the correlation between velocity and concrete compressive strength, have high regression degrees,
which are 0.9404 and 0.8788, respectively. On the contrary, dominant wave frequency has been proved
imprecise to be used to correlate with the concrete compressive strength development, as a low
correlation coefficient of 0.2677 is reported. In a nutshell, the correlation data of wave amplitude
and velocity could be used to forecast the compressive strength development of an air-entrained
rubberized concrete in the future.

Keywords: compressive strength; non-destructive test (NDT); elastic wave; air-entrained rubberized
concrete

1. Introduction

Concrete serves as the essential essence in almost every variety of typical construction.
Concrete can be found in almost every building structure, typical examples of which are pavement,
bridge, house, tunnel or dam [1]. This material is widely applied in construction, due to its excellent
ability to resist compression loadings. Following the concrete development to suit to different
construction purposes, rubberized concrete has been given a spotlight in the civil industry. The ground
crumb rubber particles are usually mixed in cement concrete for various civil applications, such as
geotechnical works, in road construction, in agriculture to seal silos, in onshore and offshore breakwaters
and in retaining walls [2]. Numerous established studies have shown that the incorporation of crumb
rubber alters the physical and mechanical properties of the concrete. The inclusion of crumb rubber
particles as concrete aggregates present concrete with lower ultimate strength, modulus of elasticity.
Nevertheless, they also enhance the ductility, energy and force absorbing potential, as well as the
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lightweight nature of the concrete [3–5]. The promising lightweight nature of rubberized concrete is
capable of satisfying various non-load bearing civil applications. Apart from that, the employment of
air-entraining agents in rubberized concrete can further lengthen the life span of rubberized concrete,
particularly when the concrete is continuously exposed to the external environment. Recent research has
shown that air-entraining agents modify the rheology of concrete and enhances its durability in freezing
and thawing cycles [6]. However, the compressive strength of air-entrained rubberized concrete is
somewhat inconsistent, compared to that of conventional concrete. Therefore, the strength analysis
and interpretation of air-entraining rubberized concrete are somewhat tedious and time-consuming.
Thus, a more effective method of determining the concrete strength needs to be invented.

Generally, concrete compressive strength can be classified into two main categories, which are
destructive test (DT) and non-destructive test (NDT). While DT is being carried out, the concrete
is generally destroyed to evaluate its strength properties [7]. It is always essential to perform this
test, because of the importance of ensuring the quality of the manufactured concrete for long-lasting
performance. The process is rather simple and straightforward, and results can be obtained without
consuming much time. In general cases, this test is compulsory in every construction process,
especially just before the concrete is being cast. On the contrary, NDT, as an alternative measure,
gives a rather remarkable and effective way of assessing the concrete compressive strength. It has the
main advantage of obtaining the properties of concrete rapidly without destroying the specimen at a
moderate cost. This method puts less concern on the powered performance of the concrete, while it
focuses heavily on the evaluation of physical characteristics [8]. This unique method also provides a
more suitable way of assessing the concrete strength of the existing structures. Nowadays, the use of
NDT is encouraged, due to its effectiveness in achieving the purposes of examining both the external
and internal states, as well as the current condition of the concrete structures, particularly in completed
buildings. The process of acquiring the characteristics of the specimen, as well as existing structures
utilizes the application of ultrasonic and sonic as the facilitators of the test. Additionally, some methods
of NDT adopt the radar, as well as infrared technology, to achieve the investigation of properties that
are not visible to the naked eye [9].

Over the past few years, there have been abundant researches carried out relating to the application
of NDTs in the evaluation of the mechanical properties of the concrete, particularly compressive
strength. Common examples of NDTs include the impact echo and ultrasonic pulse velocity tests.
The wave frequency obtained from hammering the concrete specimen, along with the ultrasonic wave
velocity when it travels through the concrete specimen, could be used in concrete compressive strength
forecasting. One finding worth mentioning is that the variations of frequency and ultrasonic pulse
velocity under constant applied load can be adopted to predict the concrete compressive strength
under damaged and undamaged states [10]. The relationship between the ultrasonic pulse velocity
and concrete compressive strength has been investigated based on the propagation of mechanical wave
through the concrete specimens in another study. Although there is no direct physical relationship
between the compressive strength and the wave properties, the relationship curves can be established
beforehand to correlate the wave parameters and the concrete compressive strength [11]. Furthermore,
the effects of the water to cement ratio, maximum aggregate size, aggregate type and fly ash addition
on the modulus of elasticity of low-quality concrete was investigated using ultrasonic pulse velocity
method, by Yildirim et al. [12]. According to their results, a strong relationship was established between
the modulus of elasticity and ultrasonic pulse velocity. However, the ultrasonic pulse velocity test
has been generally applied to detect the voids and discontinuities in hardened concrete, and is more
sensitive to the internal structure, including the density of concrete [13]. The concrete density always
displayed a close relationship with the concrete compressive strength, and this is the reason why
the ultrasonic pulse velocity test is eligible in the evaluation of the concrete compressive strength.
Moreover, Amini et al. [14] developed the concrete compressive strength predictive models that are
independent of concrete’s past history and mixed proportions. Ultrasonic pulse velocity and rebound
hammer tests were adopted in their studies. The compressive strength of the concrete specimens
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obtained using conventional compression tests were used in the correlation with the mechanical
wave parameters. The constructed predictive models present a significant accuracy in estimating the
concrete strength, regardless of its past history and mix proportion. Sreenivasulu et al. [15] studied
the evaluation of compressive strength of geopolymer concrete using some common NDT techniques,
including Schmidt rebound hammer ultrasonic pulse velocity and combined methods. It was found
that rebound number obtained using rebound hammer test depicts a better correlation degree with the
compressive strength of geopolymer concrete.

In this study, the aim is to investigate the compressive strength development of different mixed
proportions of air-entrained rubberized concrete through two approaches, namely DT and NDT.
The correlation between the concrete compressive strength data obtained on day-1, day-7, and day-28
by DT and NDT will be investigated by using the informal parameters from the elastic wave data.
Furthermore, this study also aims to substantiate the eligibility and feasibility of NDT to be employed
in the compressive strength forecasting of air-entrained rubberized concrete. This is to divert the use
of conventional concrete compression tests, to the application of NDT, which is less time consuming
and cost-saving in the future. Moreover, NDT is a more practical method of assessing the compressive
strength development of air-entrained rubberized concrete, as wave analysis can be repeatedly
conducted on the same specimen on different maturity days of concrete.

2. Materials and Methods

2.1. Mix Proportion

The main purpose of this study is to ascertain the development of compressive strength of
air-entrained rubberized concrete by employing the two approaches mentioned in the earlier part.
Thus, five different mix proportions are produced by varying the replacement level of fine aggregate
by powdered crumb rubber. The granulometric curves of the sand and powdered crumb rubber used
in the production of air-entrained rubberized concrete are depicted in Figure 1.
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Figure 1. Granulometric curves of sand and powdered crumb rubber.

The incorporation of crumb rubber in concrete usually aims to produce the concrete with
good lightweight nature, whose density falls below 2000 kg/m3. For each concrete mix proportion,
few concrete cube specimens with a dimension of 100 mm × 100 mm × 100 mm are produced for
compressive strength assessment at different stages of concrete development. The mix proportion
details of the air-entrained rubberized concrete specimens are summarised in Table 1. S0, S20, S40,
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S60 and S80 denote air-entrained rubberized concrete, with 0%, 20%, 40%, 60% and 80% volume
replacement level of fine aggregate by powdered crumb rubber, respectively.

Table 1. Material details of different mix proportions.

Designation S0 S20 S40 S60 S80

Cement (kg/m3) 836.95 836.95 836.95 836.95 836.95
Fine Aggregate (kg/m3) 836.95 669.56 502.17 334.78 167.39
Water (kg/m3) 418.47 418.47 418.47 418.47 418.47
Powdered Crumb Rubber (kg/m3) 0.00 69.48 138.96 208.45 277.93
Air-entraining Agent (%) 0.50 0.50 0.50 0.50 0.50
Expected bulk density (kg/m3) 1918.17 1828.60 1739.02 1649.44 1559.87

2.2. Preparation of Concrete Cube Specimen

The concrete construction steps and procedures are conducted consistently for all cube specimens.
The steps generally include three stages, namely concrete mixing, demolding, and curing. At first,
the cementitious and aggregate materials, such as cement, sand and powdered crumb rubber, are mixed
evenly for 1 min in a ball-mixer, and this stage is also known as a dry mix. After that, water is
poured into the dry concrete mix, and the mixing continues until the homogeneous state is attained.
Superplasticizer is then added into the mix to improve the workability of the concrete. Lastly,
the air-entraining agent is incorporated into the concrete mix to exert air voids in the concrete, to lower
the fresh density of the concrete. After the unstable air bubbles are eliminated, and the homogeneity
state of concrete is confirmed, the fresh concrete is then cast into the cube mold with the dimension of
100 mm × 100 mm × 100 mm.

Demolding of the concrete cube specimens is performed on the next day. The samples are then
placed in a water storage tank for concrete curing to maintain the presence of free water on the exterior
surface of the samples. The water temperature is maintained within the range of 25 ◦C to 28 ◦C.
During concrete curing, the elements of cement experience a chemical reaction with water, and the
process of binding of aggregates starts, causing heat to be emitted from the concrete. By the time the
concrete has been cured for 28 days, the specimens are removed from the water tank, as they have
achieved optimum maturity

The concrete cube specimens of each mix proportion are assessed on day-1, day-7 and day-28.
Therefore, a certain amount of cube specimen is required for each mix proportion. The number of cube
specimen needs to be constructed throughout the whole study is summarized in Table 2.

Table 2. Testing methods and the total number of concrete cube specimen required.

Testing Methods No. of Samples Required

S0 S20 S40 S60 S80

Compressive Strength Test (control) Day-1 3 3 3 3 3
Day-7 3 3 3 3 3
Day-28 3 3 3 3 3

NDT elastic wave method Day-1
3 3 3 3 3Day-7

Day-28

Total 12 12 12 12 12

2.3. Testing of the Concrete Cube Specimens

In this study, two main approaches are implemented to assess the concrete strength development of
these five different mix proportions on different days of concrete maturity. In the elastic wave approach,
the wave result is analyzed in velocity, frequency and amplitude forms. Then, these parameters are
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then correlated to the concrete compressive strength and compared to that obtained by utilizing the
conventional approach, which is compressive strength test using AD 300/EL Digital Readout 3000 kN
concrete compression testing machine (Selangor, Malaysia). This is to guarantee the suitability and
precision of NDT approaches in assessing the compressive strength of the concrete.

2.3.1. Compressive Strength Test

Compressive strength test utilizing a concrete compression machine is a conventional approach
adopted to evaluate the concrete compressive or characteristic strength, and it is conducted in
accordance with the standard ASTM C109. The concrete cube with a dimension of 100 mm × 100 mm ×
100 mm is fabricated as the compressive strength test specimen. The axial compressive load is applied
on the sample at the loading rate of 0.02 mm/s. The peak load attained prior to the ultimate failure of
the specimen is deemed as the compressive strength of the specimen.

2.3.2. Elastic Wave Method

This testing method is classified as NDT, and it involves the utilization of electronic instruments
such as data logger, sensors and piezoelectric transducers. The data logger is connected to a portable
computer containing Labview Signal Express software (United States). Upon the completion of
equipment set up, the piezoelectric transducers are attached to the concrete cube specimen surface
with coupling agent wax. After that, a steel ball with a diameter of 15 mm is used to impact the
specimen, causing the production of the elastic wave moving through the sample. The complete set up
is illustrated in Figure 2.
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3. Experimental Results and Discussion

3.1. Compressive Strength Test

The results yielded from the compressive strength test on air-entrained rubberized concrete cube
specimens are summarized in Table 3.

Table 3. Average compressive strength of air-entrained rubberized concrete with different mix
proportions on day-1, day-7 and day-28.

Sample
Average Oven-Dry Density (kg/m3) Average Compressive Strength (MPa)

Day 1 Day 7 Day 28 Day 1 Day 7 Day 28

S0 1784 1769 1788 4.28 15.16 16.24
S20 1715 1702 1704 4.09 12.84 15.11
S40 1588 1583 1568 3.26 11.89 13.28
S60 1529 1521 1532 2.79 9.15 10.94
S80 1461 1451 1454 2.51 7.57 8.39

Based on the results tabulated in Table 3, it can be clearly seen that the concrete compressive
strength decreases as the crumb rubber proportion increases from 0% to 80%. The same trend is
observed in day-1, day-7 and day-28 concrete compressive strength. It is known that crumb rubber is a
soft and elastic material which is lighter than sand. The strength of the concrete is highly influenced
by the individual strength of each mixing material. Structure wise, powdered crumb rubber is not as
strong as sand, and, therefore, the concrete strength tends to drop as the crumb rubber replacement
level increases. The identical behavior of rubber particles in concrete is also reported in a study,
which states that the rubber particles possess low strength, and this characteristic will be inherited by
concrete incorporated with rubber particles [3].

Furthermore, the decline in concrete compressive strength is also due to the lack of adhesion
between the smooth crumb rubber particles and cement paste [4]. During the loading phase, cracks will
be formed and developed rapidly around the rubber particles, which will lead to concrete rupturing
at an accelerated rate. Moreover, the employment of crumb rubber particles in concrete will also
contribute to the generation of voids in the hardened concrete. The packing of crumb rubber particles
can be complicated and inefficient at high substitution level of sand due to the generation of voids [16].

All the explanations above, on the behavior of powdered crumb rubber in the concrete lead to
a conclusion, which is the decline in concrete compressive strength as the crumb rubber proportion
increases. According to Table 3, the concrete compressive strength on day-28 drops from 16.24 MPa to
8.39 MPa when the crumb rubber proportion increases from 0% to 80%.

3.2. Non-Destructive Impact Echo Test

In this particular test, data of the three main parameters are extracted from the raw waveform
and analyzed. These parameters include wave amplitude, velocity and frequency. Each of these wave
parameters is then computed individually and explicitly studied to predict the concrete compressive
strength of each concrete mix proportion.

3.2.1. Wave Amplitude

As the elastic wave is formed and propagated throughout a medium, its energy level decreases
gradually, due to the dissipation of energy that occurs due to travelling in the medium. As a result,
the longer the distance of travel of the wave, the higher is the energy loss experienced by that particular
wave. The energy level is indicated as the amplitude of the wave in the analysis. Typical examples
graphs of amplitude versus time are illustrated in Figure 3, from which the amplitude values can
be extracted directly from the raw waveforms. Each of the cube specimens is hammered for ten
times, and thus, ten waveforms are acquired and were stacked together to calculate the average values.
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Taking concrete cube specimen S0 as an example, the amplitude of P-wave undergoes a noticeable
increase from day-1 to day-7, and eventually to day-28. It is relatively certain that P-wave amplitude
grows over the concrete cube maturity. The P-wave behavioral changes from day-1 to day-7 and day-28
are depicted as a relationship of acceleration against time in Figure 3a–c.Crystals 2020, 10, x FOR PEER REVIEW 7 of 13 
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3.2.2. Wave Velocity

The velocity of the wave is a parameter that indicates how fast the wave travels within a
medium. P-wave is the fastest wave, but it has the lowest amount of energy. To compute the P-wave
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velocity, the arrival of the P-wave component is determined from the raw waveform captured from the
experiment. Once the P-wave component is identified for both sensor 0 and sensor 1, the travel time
will be known. Then, the distance travelled by the wave is acquired by averaging the width of the
concrete cube specimen (assumed to be 100 mm). By diving the distance travelled by the time taken
for the wave to travel to its destination point, the P-wave velocity is then computed.

One observation worth mentioning is that the P-wave velocity generally increases with the
maturity time of air-entrained rubberized concrete cube specimen of all mix proportions. The average
velocity of P-wave when it travels in each concrete cube specimen is tabulated in Table 4.

Table 4. P-wave velocity in each concrete cube specimen on different maturity dates

Maturity
Average Velocity (m/s)

S0 S20 S40 S60 S80

Day 1 2876 3204 2981 2804 3008
Day 7 4296 3521 3682 3310 3198

Day 28 4304 3821 3764 3512 3589

3.2.3. P-Wave Dominant Frequency

Frequency of a wave can be defined as the number of the wave that propagates through a fixed
point in a particular period. The obtained raw data were transformed to power spectrum using fast
Fourier transform (FFT). The fundamental unit of this parameter is Hertz (Hz), which is one wave per
unit second. This graph is in the form of amplitude versus frequency, which depicts the distribution of
energy levels according to different wave periods. The frequency at which the amplitude is at its peak
level is known as the dominant frequency. The power spectrums from the P-wave analysis on concrete
cube specimen S0 are displayed in Figure 4. It is discovered that the dominant frequency range for
air-entrained rubberized concrete with this particular mix proportion lies within the range of 10,000 to
20,000 Hz.
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3.3. Correlation between P-Wave Parameters and Concrete Compressive Strength

The relationships between the concrete compressive strength and these P-wave parameters are
certain to be inevitable. The characteristics of these parameters, which are obtained from the testing on
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concrete cube specimens on different days of maturity (1-day, 7-day and 28-day), are then correlated to
that obtained from conventional concrete compressive strength tests. The higher regression values
obtained from the correlations could be promising to be used to predict compressive strength, once the
P-wave parameters were calculated, such as amplitude and velocity.

3.3.1. Correlation with P-Wave Amplitude

The average values of amplitude are inserted into a single chart according to their respective
compressive strengths, without scattering them into different charts. This is an effective approach to
observe whether all these amplitudes values explicit a similar pattern. The graph that illustrates the
correlation with P-wave amplitude is shown in Figure 5.
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Based on the graph in Figure 5, the P-wave amplitude increases corresponding to the increase in
compressive strength. The trend line depicts a smooth rising curve from day-1 to day-7, and eventually
to day-28 for all air-entrained rubberized concrete mix proportions. This also implies that the
energy level of P-wave rises as the compressive strength of the concrete cube specimens increases,
regardless of other environmental factors. To rephrase this statement in terms of P-wave analysis,
the energy level of P-wave increases due to the lower rate of energy dissipation as the wave travels
in a specimen with higher compressive strength. The trend line can be described by an exponential
equation y = 0.0064e0.0209x, with a high degree of correlation, which is 0.9404. This high R2 coefficient
substantiates wave amplitude as a suitable parameter to be adopted in predicting the compressive
strength of air-entrained rubberized concrete.

The hardening period has a significant influence on the wave amplitude as the wave passes
through the specimen. This is because concrete undergoes hardening, and it triggers a chemical
reaction that binds water with cement, sand and powdered crumb rubber particles. As time passes,
the hydration process leads to the formation of calcium-silicate-hydrate (C-S-H), which fills the voids
within the concrete. The void percentage will be significantly reduced upon the completion of the
hardening process, typically on day-28. As the P-wave travels through the matured concrete, less
energy is dissipated to the air in void spaces, and the output wave has a more significant portion
of remaining energy. This explains why the amplitude of P-wave increases from day-1 to day-7,
and eventually day-28 produces a concrete cube specimen with the same mix proportion.
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Furthermore, the wave amplitude tends to decline as well, when the crumb rubber proportion
increases from 0% (S0) to 80% (S80). This is because the employment of powdered crumb rubber
particles in concrete will lead to the generation of more air voids within the concrete. The P-wave
disperses more energy to the air voids when it passes through the concrete medium during the P-wave
analysis test. Thus, the output P-wave has a smaller portion of the remaining energy.

3.3.2. Correlation with P-Wave Velocity

The graph of the correlation between P-wave velocity and compressive strength of the concrete
cube specimen is displayed in Figure 6.
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Figure 6. Correlation between P-wave velocity and the concrete compressive strength of all mix
proportions on day-1, day-7 and day-28 maturity ages.

As can be seen from Figure 6, the P-wave velocity gradually increases responding to the increase
in concrete compressive strength. In addition, it is also evident that the P-wave velocity rises as the
maturity age of concrete cube specimen changes from day-1 to day-7 and to day-28. For day-1 concrete
cube specimens, the velocities range from 2876 to 3204 m/s. For day-7 concrete cube specimens, it has a
range with higher velocities, which is from 3198 to 4296 m/s, while day 28 concrete cubes demonstrate
a further increase in average velocity, which ranges between 3512 and 4304 m/s. The trend line that
expresses the relationship between the P-wave velocity, and the concrete compressive strength follows
an exponential function, which is y = 2711.3e0.0256x. The regression degree of the trend line curve is
excellent as well, which is 0.8788, above the minimum requirement of 0.8 [17].

Concrete porosity and air void percentage are the concrete properties that have a tremendous
influence on the P-wave velocity when it passes through a concrete medium. It is noted that since
concrete is considered a porous compound, the porosity has a greater tendency of affecting its material
strength as it has a strong connection with the presence of air voids too [18]. As concrete ages,
it hydrates even further, and the matrix skeleton that links the aggregates together is formed, which,
in turn, declines the porosity degree of the concrete medium. P-waves are known to travel faster in a
solid medium, and slower in air medium. The pore filling by the concrete material as the result of
hydration will cause the P-wave to travel faster in the matured concrete medium.

Another notable finding is that the P-wave tends to move slower in concrete with higher crumb
rubber proportion. The P-wave velocity declines from 4303 to 3589 m/s as the crumb rubber proportion
increases from 0% to 80% in matured concrete (day-28). This is because the adoption of powdered
crumb rubber will contribute to the formation of air voids during the concrete hardening process. Thus,
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the P-wave consumes more time to reach its destination when it is travelling in a concrete medium,
which is composed of a high percentage of powdered crumb rubber.

3.3.3. Correlation with P-Wave Dominant Frequency

To perform the correlation analysis, the dominant frequency is extracted from the power spectrum
and used in correlation with the concrete compressive strength. The graph that demonstrates the
relationship between the P-wave dominant frequency and the concrete compressive strength of all mix
proportions on different maturity ages is displayed in Figure 7.

Crystals 2020, 10, x FOR PEER REVIEW 11 of 13 

 

demonstrates the relationship between the P-wave dominant frequency and the concrete 
compressive strength of all mix proportions on different maturity ages is displayed in Figure 7. 

 
Figure 7. Correlation between P-wave dominant frequency and the concrete compressive strength of 
all mix proportions on day-1, day-7 and day-28 maturity ages 

According to the graph illustrated in Figure 7, the trend line does not seem to represent the 
scattered points, and it is incurred with many uncertainties. The trial function that is adopted to 
represent the parametric relationship is y = 13955e0.0017x. The coefficient of correlation between the 
dominant frequency of the P-wave and concrete compressive strength is very low—only 0.2677. The 
dominant frequency of the P-wave does not establish a solid relationship with the concrete 
compressive strength during the concrete hardening stage. This is because the dominant frequency 
is defined as the frequency in which the P-wave amplitude is at its peak level. The distribution of 
amplitude over the range of frequency when the P-wave travels through the concrete cube specimen 
is highly dependent on the nature of P-wave itself. This particular P-wave property will not be 
influenced by the rheology of air-entrained rubberized concrete. Therefore, the dominant frequency 
is concluded to be inaccurate in estimating the compressive strength of air-entrained rubberized 
concrete. 

4. Conclusions 

In this study, elastic P-wave amplitude, velocity, and dominant frequency are used in correlation 
with the compressive strength of air-entrained rubberized concrete that is obtained by using the 
conventional approach, which is the concrete compressive strength test. Both the P-wave amplitude 
and the velocity display close linkage to the compressive strength of air-entrained rubberized 
concrete. This is because both correlation between wave amplitude and concrete compressive 
strength, as well as the correlation between velocity and concrete compressive strength, have high 
regression degrees, which are 0.9404 and 0.8788, respectively. Therefore, these two parameters could 
be adopted in an NDT approach to assess the concrete strength of air-entrained rubberized concrete 
in the future. However, correlation with the P-wave amplitude seems to be the most precise one. The 
exponential equation obtained from the correlations with P-wave amplitude (y = 0.0064e0.0209x) can be 
utilized to forecast the compressive strength of the air-entrained rubberized concrete with most of 
the mix proportions. Another point worth mentioning is that only one specimen is required. The P-
wave analysis can be repeated on the same specimen on different days of maturity, thus, yielding 
different amplitude values. By inserting these amplitude values into the exponential equation, the 
compressive strength development of that particular concrete specimen during the hardening phase 

Figure 7. Correlation between P-wave dominant frequency and the concrete compressive strength of
all mix proportions on day-1, day-7 and day-28 maturity ages.

According to the graph illustrated in Figure 7, the trend line does not seem to represent the
scattered points, and it is incurred with many uncertainties. The trial function that is adopted to
represent the parametric relationship is y = 13955e0.0017x. The coefficient of correlation between
the dominant frequency of the P-wave and concrete compressive strength is very low—only 0.2677.
The dominant frequency of the P-wave does not establish a solid relationship with the concrete
compressive strength during the concrete hardening stage. This is because the dominant frequency
is defined as the frequency in which the P-wave amplitude is at its peak level. The distribution of
amplitude over the range of frequency when the P-wave travels through the concrete cube specimen is
highly dependent on the nature of P-wave itself. This particular P-wave property will not be influenced
by the rheology of air-entrained rubberized concrete. Therefore, the dominant frequency is concluded
to be inaccurate in estimating the compressive strength of air-entrained rubberized concrete.

4. Conclusions

In this study, elastic P-wave amplitude, velocity, and dominant frequency are used in correlation
with the compressive strength of air-entrained rubberized concrete that is obtained by using the
conventional approach, which is the concrete compressive strength test. Both the P-wave amplitude
and the velocity display close linkage to the compressive strength of air-entrained rubberized concrete.
This is because both correlation between wave amplitude and concrete compressive strength, as well
as the correlation between velocity and concrete compressive strength, have high regression degrees,
which are 0.9404 and 0.8788, respectively. Therefore, these two parameters could be adopted in an NDT
approach to assess the concrete strength of air-entrained rubberized concrete in the future. However,
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correlation with the P-wave amplitude seems to be the most precise one. The exponential equation
obtained from the correlations with P-wave amplitude (y = 0.0064e0.0209x) can be utilized to forecast
the compressive strength of the air-entrained rubberized concrete with most of the mix proportions.
Another point worth mentioning is that only one specimen is required. The P-wave analysis can
be repeated on the same specimen on different days of maturity, thus, yielding different amplitude
values. By inserting these amplitude values into the exponential equation, the compressive strength
development of that particular concrete specimen during the hardening phase can be known. On the
contrary, dominant frequency fails to establish a stable and consistent relationship with concrete
compressive strength. This is because the relationship between the dominant frequency of P-wave and
concrete strength of air-entrained rubberized concrete has a weak regression coefficient, which is only
0.2677, and this figure is far from satisfying the minimum requirement. Thus, the dominant frequency
is not suitable to be employed to estimate the concrete strength of air-entrained rubberized concrete.
In summary, NDT is an efficient and less time-consuming approach to assess the concrete strength,
as it does not involve the demolition of the specimen upon testing and, therefore, a lower quantity of
the specimen is required.
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