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Determination of anisotropy has crucial to assess the quality of the concrete structures. The signal amplitudes of
ultrasonic wave measured on different surfaces of concrete can be used for determining the anisotropy. In this study, a total
of 27 cube reinforced concrete samples with different strengths (low, medium and high) have prepared. First, signals of
ultrasonic waves (P and S waves) have obtained to use direct measurement technique from two opposite surfaces of the all
samples. After, Fast Fourier Transform (FFT) has applied on ultrasonic signals for determining amplitude anisotropies and
amplitude ratios. Finally, amplitude anisotropies and ratios have correlated with concrete strength, porosity and
reinforcement diameter depending on curing conditions and new equations have developed. In addition, these equations
have determined both depending on curing conditions and regardless of curing type. As a result, it has been shown that
P and S wave amplitude anisotropies and ratios of reinforced concrete increased with decreasing of concrete strength. These

increasing have obtained higher for P wave than that of S wave.
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1 Introduction

All of reinforced concrete structures have exposed
to natural hazards or dangerous loading conditions.
The increase in intensity of loads such as earthquake,
wind and change in environmental conditions has
reduced the life cycle of reinforced concrete
structures. Therefore, existing structures need to be
monitored to ensure the health, integrity and safety
of concrete aging situation regularly™. Generally, in
civil engineering applications, the quality control of
reinforced concrete structures has determined on the
strength of core taken of certain points of the
existing structures by Uniaxial Compressive Strength
(UCS) test. However, same properties have not
occurred throughout the concrete structure depending
on the amount of fractures, cracks or pores.
Accordingly, the determination of anisotropy has
crucial for precise identification of concrete quality.
Thus, the requirements of effective and reliable
non-destructive testing methods have significantly
increasing due to the rapid development of new
materials and structures*®.

In the context of this growing need in civil
engineering, the non-destructive ultrasonic test
method can respond to the industrial need®®. The
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destructive methods such as UCS test have simple and
reliable but need to taking of core from structures.
Therefore, destructive methods have not suitable
for determining of strength due to need many
cores in large scale reinforced concrete structures
for not hazardous to the monumental tombs and
historical structures. Another disadvantage of these
methods has in sufficient evaluation of deterioration
and damage of the structure as a function of time.
The ultrasonic method can be used alone or in
combination with various methods in order to
evaluate the mechanical or environmental defects in
concrete. In addition, this method has preferred due to
its testing cost affordability, flexibility and ability to
reveal the changes in microscopic size of the
material®?. With the ultrasonic method, even the
presence of micro-cracks in a concrete material
caused by the load on it over time or caused
by the weakening of its strength can be detected.
Because, since the transition time of the ultrasonic
wave will be longer in any of the cracks, there has
decreased in the ultrasonic velocity. Furthermore,
non-destructive ultrasonic method has provided direct
estimation of the mechanical and physical properties
of the material such as strength, porosity,
reinforcement state and aggregates etc.?. Ultrasonic
method has allowed also practical and fast anytime
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repeated measurement®. However, in this method,
interpretation of detected signals has become
difficult due to multiple scattering, strong damping,
mode conversion and nonlinear effects especially
in solid and heterogeneous materials such concrete”?.
Concrete, the most widely used building material,
has obtained by mixing aggregate, water
and chemical additives with cement which has a
binding material**?. Although this complexity
causes the uneven distribution of ultrasonic waves in
concrete?**! the amplitudes determined by ultrasonic
method can be used to accurately identify fractures
and cracks as they have more sensitive to anisotropy
than velocity®.

In this study, amplitude anisotropies of reinforced
concretes have determined by ultrasonic method
depending on concrete strength, reinforcement
diameter, porosity and curing conditions.

2 Materials and Methods

2.1 Preparation of reinforced concrete designs

The studies were carried out on the 3 concrete
designs. In the study, crushed stone aggregate and
Portland composite cement were used. Air entraining
agent and super plasticizer chemical additives were
used in concrete mix. In order to determine the effect
of curing conditions on anisotropy, 9 samples were
subjected to water curing and the other 9 samples
were subjected to air curing. In addition, 9 samples
were used for determining porosity of concretes cured
in oven. The water-cured samples were kept in the
laboratory at a relative humidity of 60 £ 5% in the
cure pool at 20 + 2°C until the day of their
measurements. The air-cured samples were kept in
outside at the average temperature of 20.3°C and
humidity of 48%.

In order to determine the porosity of the samples in
the oven group, their densities were determined and
ultrasonic seismic measurements were taken on them.
Then, samples were dried in the oven at 105°C for
24 hours. After determining the dry and water-
saturated weights of the samples taken from the oven,
ultrasonic seismic measurements were taken again.
One of the most important advantages of the
ultrasonic method was that it allows repeated
measurements to be taken in this way. The samples
were placed in water pool for 28 days and were
broken at the end of the 28" day with UCS test. A
total of 27 samples were prepared as 9 cubic concrete
samples for each design with 150 mm?® size. Then, one

of the reinforcement (with a diameter of 10, 14 or
20 mm and a length of 250 mm) was placed in the
center of these samples. For each design, one of
reinforcement was placed in the middle of samples
with a diameter of 10 mm in 3 samples, with a
diameter of 14 mm in 3 samples and with a diameter
of 20 mm in 3 samples.

2.2 Uniaxial compressive strength (UCS) test

In the UCS test, the concrete compressive strength
was determined by applying hydraulic pressure on the
concrete samples that between the steel plates in the
device and breaking of samples®. While concrete
compressive strength was obtained with Form + Test
Alpha device, crushing was carried out with the
reinforcement in the sample facing the side surface.
The rate of load application on the samples was
applied an average 13.5 kN/s (0.6 = 0.2 MPa/s). In
this study, the strengths of 3 samples in each design
were determined with UCS test on the 28" day.
Accordingly to this, the degree of anisotropy in
reinforced concretes with different strength was
determined by amplitude analysis. After then, the
obtained results were compared with each other.

2.3 Ultrasonic method

The ultrasonic method was based on the principle
of measuring the transit time of artificially generated
high-frequency sound waves passed through concrete.
Since the passing waves in the porous material
through the concrete were slow, the voids or cracks in
the concrete were the most important factors affecting
the velocity. While higher of velocity indicated higher
concrete quality, the low velocity indicated lower
concrete quality®3°. The P waves were the waves that
reach the source first, which could be propagated in
any medium such as solid, liquid and gas. In addition,
its particle motion was the same as the direction of
wave propagation. The S waves were the waves that
reach the source second and whose particle motion
was perpendicular to the wave propagation direction.
Since the rigidity was zero in liquid and gas, S waves
were not affected by the pores in the concrete being
liquid or gas. Because S waves propagated only in
solids™. This was very important information in terms
of interpreting the type of saturation of the pores.
Porous materials with several micro cracks such as
concretes and rocks, ultrasonic P wave was preferred
for determining elastic properties in-situ and in most
of the laboratory studies**" . However, P wave
velocity was more related to the solid part rather than
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micro structural changes such as internal micro cracks
and micro voids in concrete materials'®“°. Therefore,
only large cracks could be found by using P wave
alone®. In recent years, S wave velocity was also
required in dry and water saturated rocks and
concretes for geotechnical evaluation of the ground or
structures®’. S wave velocity was depended on several
features such as the strength of the concrete,
properties of the cement, and aggregate type. In
addition, fracture, void and alteration status of
concrete could be determined and water saturation or
dryness in concrete pores could be interpreted by
using P and S wave velocities together®.

Ultrasonic elastic wave methods were constituted
an important class of non-destructive evaluation
techniques for concrete structures*!. Comprehensive
researches were conducted to determine the effect of
cracks with ultrasonic waves*“. In this study, the
receiver and transmitter probes connected to the test
equipment (OYO Sonic Viewer SXModel-5251C)
were placed on two opposite sides of the reinforced
concrete samples (surface AA' or BB' in Fig. 1) for
obtaining P and S signals. The P and S pulses were
sent to the sample with 200 and 100 kHz frequencies
and travel times of the waves were measured. Three
stacks were applied on the all of P and S wave
measurements. In reinforced concrete structures
surface cracks usually occurred. The development of
such cracks in these structures facilitated the access of
corrosive materials to the reinforcement and leading
to an increased risk. Therefore, it was important to
precisely identify and characterize these fractures,
cracks and voids to evaluate and improve the
structural reliability and durability of concrete
structures™.

Changes in ultrasonic wave velocities depended on
magnitude, measurement direction (relative to the
direction of wave propagation), conditions (such as

Surface B’

Reinforcgment

Probe
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Fig. 1 — Measurement direction in concrete surfaces using direct
measure technique with ultrasonic device.

void or filler) and volumetric crack distribution®.
Researchers attempting to reveal the anisotropic
structure of reinforced concrete were generally utilized
ultrasonic pulse velocity measurements at various
materials’. Directional dependence of ultrasonic wave
velocities was made by some researchers for metals*
or rocks®. Shokouhi et al.* tried to determine the
anisotropy by using surface waves in the sonic
frequency range with acoustic emission technique on
concrete. However, in this study anisotropy degree of
concrete was determined by using nondestructive P and
S wave signals by taking care of curing conditions,
different strength of concretes, reinforcement diameter
and age of concrete.

2.3.1 Fast Fourier Transform (FFT)

FFT was used in geophysics and many other
sciences to convert sampled signals from time domain
to frequency domain. In other words, it was the
separation of any signal into frequency, amplitude and
phase information as geophysical signals were
generally defined in time and space domain®*®2. In
order to analyze the data, it was very important to
move it to the frequency/wave number domain. The
data obtained by transferring the data observed in
time domain to the frequency domainwas called
spectrum. FFT was used to indicate the change of
magnitudes such as energy or amplitude in the time
domain according to parameters such as frequency or
wave number in the frequency domain®. A periodic
signal could be expressed as the sum of many
sine and cosine signals of various amplitude and
frequency. The frequency content of seismic waves
varied with time. In order to better understand the
structure of seismic signals, examining the change of
signals over time, along with the frequency content of
the signal was crucial. However, it was not clear what
time intervals coincide to the amplitudes of the signal
in the frequency domain. Mathematically, FFT
of a f(t) signal was given with F(®w) in Eqs (1-3)
(where ® was referred to the angular frequency):

FFT
f@®) —F(w) - (1)
fO) = =7, F@e ™ do .. (2
F(w) = \/%fjooof(t)ei“’t dt .. 3

The FFT was defined in terms of real-imaginary
components in Eq. (4).

F(w) =a (w) —ib(w) ... (4)
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The FFT was defined in terms of amplitude and
phase spectrum in Eq. (5).
F(w) = |F(w)|e®@) ...(5)

Here, the amplitude spectrum and the phase
spectrum could be defined in Eqs (6-7), respectively.

IF ()| = [a*(w) — b?(w)]*/? ... (6)
?(w) = tan™! % +2nmn=0,¥%1,F2, .. (7

The amplitude spectrum obtained by FFT shows
the frequency content of the components of the
analyzed wave and which component of the wave
was large amplitude. The frequency corresponding to
the greatest amplitude was defined as the dominant
frequency of the examined wave and it was unique in
every signal. Thus, the difference between the
greatest amplitudes in dominant frequencies could
help determine anisotropy. The high changes
obtained from the ultrasonic wave measurements
taken on reinforced concrete might indicate the
anisotropy which might be caused by fractures,
micro cracks, pores, irregular distribution of
aggregate or the great number of reinforcement.
Therefore, two P and two S wave travel time
measurements were made from the opposing
surfaces of the samples with ultrasonic method.
Then, P and S wave signals obtained in the time
domain were transferred to the frequency domain by
means of FFT. The amplitude values corresponding
to the dominant frequencies were determined for the
same sample. One of these values was correspond
to Amax and the other was Amin. With the help of
these amplitudes, the degree of anisotropy was
determined depending on the concrete strength and
curing conditions.

2.3.2 Amplitude anisotropy and amplitude ratio

While isotropy was defined as the situation where
the measurements taken at any point of the mass of
the material present the same physical and mechanical
properties in all directions™, anisotropy was defined
as the change of these physical properties depending
on direction®. Anisotropy differs from the rock
feature called heterogeneity in one direction, whereas
heterogeneity was the change between two or more
points. Anisotropy in a concrete element caused
changes in the ultrasonic velocity. Seismic anisotropy
was related to the structure and texture of the
material. Therefore, the analysis of seismic anisotropy
provides important information for environmental and
engineering applications as well as determining

reservoir properties®. The ultrasonic pulse velocity
method was suitable for the relative evaluation of
concrete  homogeneity and therefore concrete
quality®’. Anisotropy of the medium in a crack-
containing region could be estimated from
ultrasonic measurements parallel to and perpendicular
to the crack®’. Some researchers were conducted
research in various structures to determine the
homogeneity of concrete®**®. Factors such as
concrete type and compressive strength, tension,
temperature, humidity, degradation (micro crack)
were known to be effective on ultrasonic velocities
and amplitudes®.

In fact, concrete was neither homogeneous nor
completely linear elastic. In addition, ultrasonic
waves were exposed to reflections or scattering within
the internal boundaries of objects such as small cracks
or reinforcement. In the damaged concrete due to
cracks and similar defects, the frequency range of
pulse was much higher than in undamaged concrete.
Frequency analysis was used for a long time in
ultrasonic testing of metals, but in concrete, this
method was only recently applied®. The process of
determining frequency modulation generally was
required the conversion of the received waveform.
This was done often with the Fourier transform®, but
a very large set of data was required to provide good
resolution with this transform. Processing of signals
over time means that a number of frequencies were
mixed in the analysis of signal amplitudes, but the
transfer function of the power converter when
considering the fairly narrow band; it was believed to
be an acceptable processing area*’. The degrees of
anisotropy at seismic velocities were shown by
Thomsen in Egs (8 and 9)%. Here, &, represents P
wave velocity anisotropy and vy, indicates S wave
velocity anisotropy.

szmax _szmin
&y =——7. ... (8)
mein
2 2
Y — Vsmax _Vsmin (9)
V 2 VZ cee

The degree of amplitudes anisotropy for the
P and S wave could be obtained with Eq (10 and
11) by using Equations 8-9 (A was referred to
amplitude parameter).

_ Aizzmax _Af;min
€y = W (10)

Azmax _Agmin
|y —

smin

.. (1)
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In this study, maximum values were obtained from
AA' surface and minimum values were obtained from
BB' surface of reinforced concretes. AA' signals
(indicated by the blue line) were represented the
maximum amplitudes, while B-B' signals (indicated
by the green line) were represented the minimum
amplitudes in the formulas given in Egs (8-11).
Amplitude anisotropy was determined from
differences of the signal amplitudes in dominant
frequencies. In addition, the amplitude ratios of P (Gp)
and S(Gs) waves could be found by proportioning
the amplitudes obtained from the signals measured
on AA' and BB' surfaces. These were given in
Eqgs (12-13), respectively. While the amplitude ratio
of valuel indicates isotropy, moving away from
valuel might indicate that anisotropy was increased.

_ APmax (AA,)

Gp = Armi, (BE) ...(12)
_ ASmax (AA,)

Gs = 2 8 ... (13)

The amplitude anisotropies and ratios of P and S
wave were advantages because the dominant
frequencies in signals was constant and the amplitude
values corresponding to these frequencies was also
constant in this method.

3 Results and Discussion

3.1 The signals and FFT responses of P and S waves

In this study, FFT method was applied on the
P and S wave signals obtained from the two opposite
surfaces of the reinforced concrete samples with
different strengths and cured in water and air. FFT
method was applied on all of P and S wave signals
obtained from samples surfaces. Although, all of
obtained results were wused in interpretation,
some selected figures were located in article. The
P and S wave signals and FFT responses of
several reinforced concretes with low, medium
and high strength saturated in water or air cure were
given in Figs 2 and 3, respectively.

Maximum amplitudes in FFT were corresponded to
the values in dominant frequencies (red line) obtained
from ultrasonic measurement on the AA' (blue line)
and BB' (green line) surface of samples. According to
these figures, when the FFT results of the signals
obtained from two different surfaces of the same
concrete sample were examined, it was seen that
different maximum amplitude values were obtained at
the same dominant frequency value (e.g. S wave
signals in water cure), as well as different maximum

amplitude values at different dominant frequency
values.

P and S wave amplitude values obtained from AA'
and BB' surface of reinforced concretes with low,
medium and high strength were presented in Table 1
depending on curing conditions and strength type.
According to this, amplitude values obtained from
measurements on AA' and BB' surfaces were
represented the maximum and minimum amplitude
values in Egs (10-11). While, P wave amplitude
values changed between 204-1308 dB in water cure,
these were changed between 264-1504 dB in air cure.
Similarly, while S wave amplitude values changed
between 410-1573 dB in water cure, these were
changed between 345-1555 dB in air cure. When
Table was examined, it was observed that the greatest
amplitude values in dominant frequencies were very
different from each other. This change was expected
to be very low in a homogeneous and isotropic
material. According to the data obtained with this
study, it caused different amplitude values to be
obtained at the same or different dominant
frequencies depending on the pore amount and the
orientation direction of the pores in reinforced
concrete of different strengths. This situation was also
observed in Fig. 4 for water and air cured reinforced
concrete samples. While S wave amplitude values
obtained from measurements on AA' and BB' surfaces
were shown in this figure with dashed and solid blue
lines, these values of the P wave were shown with
dashed and solid black lines, respectively.

3.2 Relationships among amplitude ratios, amplitude
anisotropies and reinforcement diameter depending on UCS
and curing conditions

In terms of interpretation of anisotropy in concrete,
amplitude values alone might not be meaningful.
However, the presence and degree of anisotropy in
concretes with different strengths could be revealed
by calculating the amplitude ratio and amplitude
anisotropy. Values of amplitude ratios of P (Gp) and S
(Gs) waves and amplitude anisotropies of P (ea) and S
(ya) waves depending on reinforcement diameter
(10, 14 or 20 mm) were given in Tables 2-3,
respectively.

The change of amplitude ratios and anisotropies
with reinforcement diameter depending on strength
of concrete in water and air curing were given in
Figs 5-6. In these figures, low, medium and high
strength concretes were showed with solid blue, red
and black lines, respectively. Since S waves were less
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Fig. 2 — Signals and FFT responses of P and S waves of water saturated reinforced concretes with different (a) low, (b) medium, and
(c) high strength.



292 INDIAN J ENG MATER SCI, JUNE 2021

A Air saturated A A (a)

Smax

.
oA = o] S- Signal
Ewoo + 3 1000 -
(]
T o % 0
= 3
£ 00t = 1000
= b
£ 200f g-m L
< 0 50 100 150 200 250 300 350 400 450 500 < 0 50 100 150 200 250 300 350 400 450 500
Time(usn) Time(usn)
1500 T FfT T T T 1500 T T Ff‘ T
)
—_—
@ Low B il Low |
S h
'_ ~ Max. Amplitude Value = 687.036 dB w — Ma3x. Amplitude Value = 657.030 d8
LW s00 E LWL 500}
(I8 ﬂm.mumvmaus.mc
. Amplitude =264.274 0B
0 O AL N 0 < i, 1 i |

o 0.05 0.1 0.15 0.2 0.25 03 035 04 0 0.05 0.1 0.15 02 025 03 035 04
Frequency (MHz) Frequency (MHz)
& P- Signal = S- Signal
B e i M A A ' T ' '
g~ " | 18 |
& TP 2. !’] \
3.-1000 [ i-woo o )'
E .2000 " l ‘ i ) i i X h / | J Ezoooo— \ |
0 50 50 400 450 500
Tlme(usn) T'msjus")

1500 A Vitve-=4504 292 ¢B - r 1500 T T T T T T T
™) : o  Ampitucde Vae = 1162. Medium
gmo I Medlllm | % | Amplitude Value = 1162.466 dB d |
t ~ Max. Amplitude Value = 766,137 dB t . Amplitude Value = 675.230 dB
L. s00f [TH oo

oo 0.05 o‘_‘ 0.15 0‘2 025 .&40:\; A.‘;:‘: 04 00 0.:)5 0.1 0.15 02 h‘OZS 03 0.35 04
Frequency (MHz) Frequency (MHz)
= P- Signal S- Sl nal
m 2000 I i a 2000
$ ||* TN TR
@ 1000 | ‘ :; 1000 - '
°
ER 1' n g ( l s u il
Q. -1000 “ I [ E +1000 -
E o LS I' S .
- 0 P 1;0 w 7% pra— < o w s s
T|me(psn) Tlme(psn)

1500 . Lo . : 1500 . . . il . +
1] . ) s
3 1000 — Max. Amplitude Value = 1054443 dB ngh = % 1000 + ngh -
lu': : i Max. Amplitude Value = 797.337 dB
T L

500 - [T

OD 0.05 0.1 0.15 0?2 025 03 035 04 l)0 inn 0.05 0.1 P 0.15 - 0 ;;; OL3 0.‘35 04
Frequency (MHz) Frequency (MHz)

— AA' signal — BB’ signal — dominant frequency
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affected by the saturation of the pores, the amplitude
ratios and anisotropies were closer to each other in
water and air curing. At the same time, amplitude
ratios and anisotropies were obtained higher in low
strength concretes. Furthermore, it could be seen from
these figures that concrete strength types as well as
curing conditions were also effective in amplitude

293

ratio and anisotropy. According to these figures,
amplitude ratio and anisotropy were increased with
increasing of reinforcement diameter. However, it
would not be entirely correct to say that this effect
was only due to the reinforcement effect. It was
thought that this effect was caused not only by
the diameter of the reinforcement but also from the

Table 1 — P and S wave amplitudes obtained from AA' and BB' surface of reinforced concretes

Cure type UCS (MPa) Ap (AA") (dB) Ap(BB") (dB) As (AA") (dB) As (BB') (dB)
Water saturated 4.8 1251.7 418.2 1259.9 569.6
concretes 8.6 767.9 221.2 1097.0 410.9
18.5 894.8 248.5 1480.1 542.1
35.9 1189.5 645.7 1573.3 1021.2
43.6 957.3 455.5 1408.1 870.0
54.4 1308.9 480.9 1436.0 714.3
55.7 856.8 524.4 898.9 674.1
60.4 359.9 204.6 672.9 479.1
61.6 997.2 550.4 1078.3 739.3
Aiir saturated concretes 4.7 687.0 264.3 657.0 345.1
7.4 826.2 304.3 1357.7 640.7
175 796.2 282.2 1060.7 479.8
32.1 1341.8 737.7 1162.5 675.2
41.1 1504.3 766.1 776.2 435.2
53.7 1251.8 628.2 1555.8 858.9
54.9 589.2 356.9 554.0 376.0
57.3 626.3 374.1 797.3 506.3
60.9 1054.4 605.7 796.5 502.4
Table 2 — Amplitude ratios obtained from P and S wave signals in water and air curing samples
Reinforcement Water saturated concretes Aiir saturated concretes
diameter (¢) (mm) UCS (MPa) G(Pe) G(Sar) UCS (MPa) GCw)  G(Sar)
10 18.5 3.6 2.2 17.5 2.6 1.9
10 54.4 1.8 15 53.7 1.8 1.7
10 61.6 1.6 1.3 60.9 1.7 15
14 8.6 35 2.7 7.4 2.7 2.1
14 43.6 2.1 1.6 41.1 2.0 1.8
14 60.4 1.8 14 57.3 17 1.6
20 4.8 3.0 2.7 4.7 2.8 2.2
20 35.9 2.7 2.0 32.1 2.0 1.8
20 55.7 1.8 15 54.9 1.7 1.6
2000 2000
~ --@--Ap (AA') —e—Ap (BB') (a) --@--Ap (AA') —e—Ap (BB') (b)
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Fig. 4 — Comparison of UCS and amplitude values (AA' and BB') obtained from P and S wave signals for (a) water, and (b) air curing samples.
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Table 3 — Amplitude anisotropy of reinforced concretes depending on reinforcement diameter

Reinforcement diameter Water saturated concretes Air saturated concretes
(¢) (mm) uCs (MPa) £a(Prat) YaGa)  UCS(MPa)  £a(Py)  va(Sar)
10 18.5 3.98 1.95 175 2.88 1.31
10 54.4 1.20 0.69 53.7 1.15 0.98
10 61.6 0.83 0.39 60.9 0.86 0.59
14 8.6 5.53 3.06 7.4 3.19 1.75
14 43.6 1.71 0.81 411 1.43 1.09
14 60.4 1.05 0.49 57.3 0.90 0.74
20 4.8 5.98 3.23 47 3.48 1.94
20 35.9 3.20 1.52 32.1 1.48 1.14
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different porous structure of the samples depending
on the concrete strength.

3.3 Relationships among amplitude ratios, amplitude
anisotropies, porosity and UCS depending on curing
conditions

Concrete strength and porosity values of water
and air saturated reinforced concretes were given
in Table 4. Porosity values given in Table were
determined with using oven cured concrete samples.

According to this, concrete strength values varied
between 4.80 MPa and 61.60 MPa for concretes cured
in water. Similarly, these varied between 4.7 MPa and
60.9 MPa for concretes cured in air. In addition,

Table 4 — Concrete strength and porosity values of water and air
saturated reinforced concretes
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porosity values varied between 2.29% and 11.62%. It
was seen that the porosity decreased with increasing
of concrete strength.

Relationships between UCS, porosity, amplitude
ratios and anisotropies were presented in Figs 7 and 8
depending on curing conditions (water or air
saturated). These variations were shown with blue,
green, red and purple lines for water cured (Pss, Ssay
and for air cured (P Sa) reinforced concrete
samples, respectively. The reference line of anisotropy
at value 1 was shown in red in these figures by a
dashed line. Accordingly, P and S wave amplitude
ratios were obtained higher in low strength concrete
saturated in both water and air cure. While, in the low
strength concrete P wave amplitude ratio varied
between 3.0-3.6 in water concrete, it varied between

Uniaxial compressive strength (UCS) (MPa Porosit L L . .
P g_ ( )(d ) (n%)y 2.6-2.8 in air cure. Similarly, S wave amplitude ratio
Water saturated Alr saturate varied between 2.2-2.7 in water cure, it varied
concretes concretes .

A8 47 11.62 between 1.9 and 2.2 for low strength concrete cured in
86 74 10.74 air. While, in the medium strength concrete P wave
185 175 8.48 amplitude ratio varied between 2.1 and 2.7 values in
35.9 321 5.72 water cure, it was approximately 2.0 in air cure.
gi-i ‘5%% g-gi Similarly, S wave amplitude ratio was between
557 549 336 1.6-2.0 in water concrete, it was 1.8 in medium
60.4 57.3 3.03 strength concrete cured in air. In the high strength
61.6 60.9 2.29 concrete P wave amplitude ratio was generally
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1.8 in water concrete and 1.7 in air cure. For
high strength concrete cured in air, S wave amplitude
ratio varied between 1.3-1.5 in water cure, it
varied between 1.5-1.7 in air cured for high
strength concrete.

Amplitude ratio of P wave and S wave could be
calculated depending on the UCS for concrete
samples in Eqgs (14-15) for water curing samples and
Eqgs (16-17) for samples in air curing, respectively.
Accordingly, the amplitude ratios decreased
exponentially with the increase in concrete strength.

G(Psge) =1+ 2.8e7002UCS  R?=0.80 ... (14)
G(Seqr) =14 1.8e7002UCS  R?=0.93 ... (15)
G(Pyy) =1+ 2.0e7002UCS  R?=0,95 ... (16)
G(Sqir) = 14127001065 R?=0.89 .. (17)

In addition, relationships between porosity and
amplitude ratios of P and S wave of water and air
saturated concrete samples were given in Eqs (18-21),
respectively. Accordingly, amplitude ratios were
increased with increasing of porosity of concrete. In
addition, amplitude ratios of P and S wave of water
cured concretes were higher than that of air cured
concretes.

G(Pyqe) = 1+ 0.7¢%11" R°=0.72 ... (18)
G(Ssqe) = 1+ 0.5e%12n R’=0.91 ... (19)
G(Pyir) = 1+ 040127 R°=0.90 ... (20)
G(Sgir) = 1+0.5e%07" R°=0.91 ... (21)

According to these new equations, the value 1 of
amplitude ratio referred to isotropy, while moving
away from value 1 referred to anisotropy. As could be
seen from figure, while this ratio was higher in low
strength concretes, it approached value 1 in high
strength concretes. In addition, amplitude ratios
were found to be higher for water cured low
strength concretes compared to these in air cured.
However, these ratios were found to be higher
for high strength concretes in air cured than that
of water cured concretes. The correlation coefficient
R? of the Equations was found in the range of
0.80-0.95 values.

In these figure samplitude anisotropies were
calculated with the help of Egs (10-11). While, in the
low strength concrete P wave amplitude anisotropies
varied between 3.98 and 5.98 in water concrete, it
varied between 2.88 and 3.48 in air cure. Similarly, S
wave amplitude anisotropy varied between 1.95 and
3.23 in water cure, it varied between 1.31-1.94 for

low strength concrete cured in air. While, in the
medium strength concrete P wave amplitude
anisotropy varied between 1.20 and 1.71 in water
cure, it varied between 1.15 and 1.43 in air cure.
Similarly, S wave amplitude anisotropy varied
between 0.69 and 0.81 in water concrete, it varied
between 0.98-1.09 in air cured for medium strength
concrete. In the high strength concrete P wave
amplitude anisotropy varied between 0.83-3.20 in
water cure, it varied between 0.86-1.48 in air cure.
Similarly, S wave amplitude anisotropy varied
between 0.39-1.52 in water cure, it varied between
0.59-1.14 in air cured for high strength concrete.

With this study, new Egs (22-25) were developed
for estimation of P or S wave amplitude anisotropy
from UCS depending on curing conditions.

€4 (Pyqr) = 7e7003VC5 R?=0.97 ... (22)
g4 (Poiy) = 47 0-03UCS R?=0.93 .. (23)
Ya(Ssar) = 427003V R?=0,96 .. (24)
Ya(Sair) = 2e7002UCS R?=0.89 ... (25)

In addition, new Eqgs (26-29) were defined for
determination of these anisotropies from porosity
depending on curing conditions.

£4(Psqr) = 0.8e018"  R?=0.96 ... (26)
£4(Pyy) = 0.5e%18"  R?=0.88 .. (27)
Ya(Ssqr) = 049187 R?=0.97 ... (28)
Ya(Sar) = 0.6e%10"  R?=0.93 ... (29)

While P and S wave amplitude anisotropies
decreased with increasing of UCS of concrete, they
increased with increasing of porosity of concrete.
In addition, amplitude anisotropy decreased the most
in the &4(Psy,.) and it decreased the least in the
¥4 (S )- This situation could be explained as S wave
was less affected by saturation.

The relationships between concrete strength,
porosity, amplitude ratios and anisotropies were
presented in Figs 9 and 10, regardless of curing
conditions. Amplitude ratios and anisotropies of P
wave and S wave were shown with black and blue
lines, respectively. With the help of these equations,
P or S wave amplitude ratios and anisotropies
depending on concrete strength or porosity couldbe
predicted for all concrete types regardless of curing
conditions.

According to this, P and S amplitude ratios could be
calculated from the Eqs (30-33) by using concrete
strength or porosity regardless of curing conditions.
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Gp = 3.3¢0.01UCS R?=0.75 ... (30)
Gg = 2.6e70-01UCS R?=0.81 ..(3D)
G, = 1.57¢%00n R?=0.72 ... (32)
G = 1.26e0-00n R?=0.81 ... (33)

In addition, P and S amplitude anisotropy could be
calculated from the Eqs (34-37) by using concrete
strength or porosity regardless of curing conditions.

g4 = 6e70-03UCS R?=0.78 .. (34)

Y4 = 3e0:03UCS R?=0.78 ... (35)
g4 = 0.8¢0:16n R?=0.79 ... (36)
¥a = 0.4¢0:16n R?=0.79 ...(37)

The comparisons of amplitude anisotropy and
amplitude ratios of P and S waves depending on the
curing conditions were shown in Fig. 11.

In this figure, amplitude anisotropy and amplitude
ratio of P waves in water cure were obtained higher
than those in air cure. This situation was mostly
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observed in low strength concretes. On the other
hand, it was not clearly seen the difference in the
amplitude anisotropy and ratio values of S waves in
water or air curing. This was because S waves less
affected by the pore saturation in concrete.

4 Conclusion

It has seen that anisotropy in the reinforced
concrete can be nondestructively determined by
signal analysis of ultrasonic waves in this study.
According to this study, S wave amplitudes have
generally obtained higher than P wave amplitudes
that determined from the same surface. However,
amplitude values may not be alone meaningful in
terms of interpretation of anisotropy in concrete.
Therefore, the presence and degree of anisotropy in
concretes with different strengths can be revealed by
calculating the amplitude ratio and amplitude
anisotropy.

While amplitude ratio and anisotropies of P and S
waves have increased with decreasing of concrete
strength, they have increased with increasing of
porosity of concrete. In addition, amplitude
anisotropy and amplitude ratio of P wave in water
saturated samples have generally higher than that of
P wave in air saturated samples. The amplitude
anisotropy and amplitude ratio of the S wave have
closer to each other in water and air cured samples.
Because S wave has not affected by saturation type of
samples pores. Also, curing conditions, porosity and
concrete strength have an effect on amplitude
anisotropy and ratio.

According to this study, new equations have
determined between P and S wave amplitude
anisotropy and reinforcement diameter for low,
medium and high strength reinforced concrete
depending on curing conditions. As can be seen from
these equations, it should be thought that the reason
for the increase in anisotropy due to the increase in
the diameter of the reinforcement hasnot only the
effect of the reinforcement but also the strength effect.

P or S wave amplitude anisotropies or amplitude
ratios can be estimated from UCS or porosity of the
concrete by using new equations developed in this
study. However, the limit ranges of these equations
cannot be ignored for anisotropy estimation from
UCS and porosity values (UCS: 5-62 MPa, n: 2-12%).
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