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ABSTRACT

The purpose of this paper is to experimentally determine the static (Ec) and dynamic (Ed) elastic
moduli of reinforced concrete (RC) from both static and dynamic techniques. Initially, the
aforementioned parameters were estimated from the concrete compressive strength of the used mix, using
compressive strength machine. Subsequently, the RC slab specimens themselves were dynamically tested
dynamically under free boundary conditions. Then from, the experimentally measured natural frequency,
the static and dynamic moduli were determined. To check the reliability of the dynamic test for estimating
the natural frequency, the intact and defected slabs were utilized. The dynamic test was performed on four
RC square slab samples of dimensions 600 mm x 600 mm x 40 mm. The first set, two intact slabs, is used
as control specimens were prepared with no artificial voids. While, the second set, two defected slabs, is
used as defected specimens. The defected slabs contained the artificial void by fixing a polystyrene block
at the center of the steel reinforcement of the slabs prior to pouring concrete. In the latter technique, a RC
slab specimen is hanged by using elastic ropes to approach fully free boundary conditions. The slabs were
excited by an impact hammer, to induce vibration, whilst the accelerometers were employed to record the
response under such excitation. Pico Scope 6 device and amplifier was used to acquire, magnify and
analyze the data. In addition, MATLAB software is used to convert the time domain to the frequency
domain as well as to plot Frequency Response Function (FRF). The first natural frequency is determined
as the first resonant peak on the FRF plot. It is showed that the use of the first natural frequency-based
method can be usefully employed to determine the dynamic modulus of elasticity of concrete. It was found
that the testing sequence did not significantly affect the measured results for the obtained Ec and Ed in
this study.

KEYWORDS: Static elastic modulus; Dynamic elastic modulus; Natural frequencies; Reinforced
concrete; Impact hammer.

1. INTRODUCTION

n the design, construction, and

maintenance of RC structures, the static
modulus elasticity of concrete (Ec) and
compressive strength (fc) are key parameters in
determining the member force, stress, deflection
of structural elements under service conditions
(Mehta, 2013 and ASTMC666, 2015). Since Ec
and fc parameters are indicators of concrete
deterioration, they have been utilized to examine
the conditions of structures. Destructive tests
such as compressive strength have been widely
used to attain information on the elastic

properties of concrete such as Ec. The concrete
core specimens, which are extracted from the
existing concrete structural members, are
typically used and tested to determine Ec and fc,
according to ASTMC469/C469M-14 guidelines.
However, calculating Ec from fc causes a
relatively large error (Popovics, 2008).

The standard testing methods (concrete
cylinders or specimen cores) for calculating Ec
and fc cannot be utilized to evaluate the entire
area of the model or the real structure. as a
consequence, the test permissions and several
specimens are needed to acquire accurate
information. Moreover, the values of Ec and fc
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differ at various locations, and these differences
may increase with the aging of the concrete
structure (Park et al., 2020). As a result, it is
essential to determine Ec and fc using a non-
destructive evaluation (NDE) method that can be
applied without damaging the structure. There
are some NDE techniques to estimate the
properties of concrete including resonance
frequency tests, according to ASTM C215. It is
worth mentioning that the modulus of elasticity
estimated by NDE techniques is typically called
the dynamic modulus of elasticity, which is
always greater than the static modulus of
elasticity determined in accordance with ASTM
C469/C469M.  The non-linear behavior of
concrete  provides the bases for the
conventionally accepted view of why Ed is
greater than Ec, since concrete is subjected to
very small strains in dynamic testing (Neville,
1997). Besides, Philleo (1955) stated that the
difference between the static and dynamic
moduli of elasticity of concrete is established on
the fact that the heterogeneity properties of
concrete affect the two moduli in different ways.

It is noteworthy that attempts reported in
(Pickett, 1945; Spinner et al., 1960; Spinner and
Tefft, 1961) are among the first made to measure
the elastic characteristics of isotropic materials
based on non-destructive vibration tests. Most of
the non-destructive damage identification
techniques can be classified as either local or
global damage identification methods (Doebling
and Farrar 1997). Ultrasonic or acoustic,
magnetic field, radiography method and X-ray
methods are the examples of local damage
identification techniques. These methods require
that the vicinity of damage is known a priori and
readily accessible for testing. These two
limitations cannot be guaranteed for most cases
in engineering fields, such as civil or aerospace.
However, the vibration-based damage
identification method is an example of a global
damage identification technique which is
developed to overcome  aforementioned
limitations (Fan and Qiao, 2011).

Currently, there are many techniques to
predict the elastic properties of structures made
of heterogeneous materials as concrete (Lee et
al.,, 1997), timber (Kubojima et al., 2006;
Roohnia, 2014) or laminated composites
(Nedelcu, 2008; Giaccu et al., 2017) involving
vibration-based methods. There are extensive
experiments that have been conducted on using
the resonance frequency method for measuring

the dynamic modulus of elasticity of steel or
other materials. Some experiments have been
conducted on using this method to measure the
dynamic moduli of reinforced concrete beams,
but few experiments have been conducted on
using this technique to reinforced concrete slab
specimens.

As a consequence of a lack of consensus or
approval on the ideal methodology for the
characterization or estimation of the modulus of
elasticity, this context leads to disagreements
between design engineers, builders, testing
laboratories, and concrete suppliers. Therefore, it
is pointed out to the urgent need for advances in
the usual methodologies and standards. Aiming
to promote a cheaper and easier alternative to
simplify the standardization. This is due to the
fact that depending on the destructive method is
time-consuming for preparing the concrete
cylinders and cannot be achieved without a
proper concrete compressive testing machine.
This paper presents a detailed methodology for
the characterization of the Ed and the estimation
of the Ec of concretes based on the Impulse
Excitation Technique, using impact hammer.
There is a dire demand to extend this technique
to directly measure the dynamic elastic property
of concrete slab specimens to provide
researchers and design engineers a valuable tool
to estimate this property. Consequently, from
dynamic elastic property, the static modulus of
elasticity and the concrete compressive strength
can be exactly calculated. Employing this
technique will allow structural designers to
detect signs of deterioration if any change
happens to the dynamic properties of concrete.
Moreover, using this technique will also identify
the extent of damage and acts to avoid the
probability of the structure from the failure.
Finally, the behavior of the structural members
under service conditions is controlled.

2. EXPERIMENTAL PROGRAM

This section describes the slab specimens,
test methodology of the experiments, and the
way of acquiring and analyzing the data as well
as extracting the natural frequencies.

2.1 Description of RC Slabs

Four RC slab specimens with uniform cross
section of dimensions 600 x 600 x 40 mm were
used for this experimental research. They were
divided into two main groups (1 and 2),
differentiated by the artificial defect. The first
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group (i.e. Group 1) was intact condition and
stated as control one for determining dynamic
modulus of elasticity Ed. While, the second
group was interested to check the reliability of
the dynamic test for estimating the natural
frequency and to study the effect of defect on
dynamic modulus of elasticity. For this purpose,
included flawed RC slabs where artificial flaw
was induced at center of the slabs. This defect
was acquired by substituting a small square
block of concrete with same volume of
polystyrene, 100 x 100 mm in plan and 20 mm
deep. As aforementioned that the polystyrene
was concealed in the slab at the center during the

casting process, as shown in Figure 1. After
casting and proper curing of slabs for not less
than 28 days, they were taken out of the water
bath. Upon completion of curing, the slabs were
left to dry for several days. This is because of
ensuring the slabs were dry prior to the
commencement of testing. It is worthy to note
that a C30 mix according to British Standards
was used for these slabs. At the same time of
casting each two slab, three cubes of the
dimensions (100 x 100 x 100 mm®) were cast to
estimate the property of the used concrete. After
proper curing, the concrete cubes were tested
under the compressive strength machine.

\

I |

Fig. (1): Artificial void position prior to pouring concrete.

2.2 Experimental Preparation and Set Up

The surface of the slab was highlighted with
a grid of equally spaced locations, as seen in
Figure 2. These locations are important for
reading the behavior of the slab in more details.
The dividing points are vibration measurement
locations that stay fixed during the data
collection process. In this research, two points
were sufficient to capture and plot the Frequency
Response Function (FRF) of the slabs. Two
points were enough to properly analysis the case
in term of determining the frequencies. A single
drop of super-glue was adequate to apply at each
point. Prior to gluing the steel stud on the slab's
surface, the mating surfaces were properly
prepared and cleaned. Then, a single drop of
super-glue was put on the slab surface at the
marked points. Subsequently, the studs were
placed, with applying pressure for about a

minute. It should be pointed out that a minute of
waiting was enough for such glue to be hardened.
After that, the accelerometers were securely
mounted on the fixed studs, and they were ready
to acquire the responses. After preparing and
gluing the studs on positions, the slab was
suspended using flat webbing slings (cable) in
order to introduce free-free boundary conditions.
For laboratory testing purposes, free boundary
condition is one of the extremes that is most
frequently employed. It is almost impossible for
this test to be achieved in practice. The influence
of poorly defined supports was eliminated under
free-free boundary conditions (Ren and De
Roeck, 2002; Ahmed and Mohammad, 2014).
The experimental setup that was used in this
research to carry out dynamic tests on RC square
slabs is shown in Figure 3.
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Fig. (3): Experimental test set-up.

2.3 Experimental Measurements

Experimental Modal Analysis EMA was
adopted to measure the natural frequencies of the
suspended slab. EMA consists of 3 consequent
steps, namely, data acquisition, signal processing
and modal parameter estimation from the
obtained Frequency Response Functions (FRF).
2.3.1 Data Acquisition

The excitation was conducted by an impact
hammer in this study to impulse the RC slab
samples. This is because of the fact that impact
hammer is cheaper cost and more accurate
results than the vibration shaker, which is
another way of excitation. Furthermore, impact
hammer merely needs no more than one person
to achieve the excitation with more simply
moved the instrument from one point of

measurement to another. The excitation was
performed by using the impact hammer
Bruel&Kjer Type DeltaTron® model 8208. It is
worth noting that there is a set of 4
interchangeable impact tips, force transducer,
which is black, red, green, and orange-red color.
These colored tips were hard, tough, medium,
and soft, respectively. After some trials of using
different tips, the hard (black) tip was utilized in
this experiment to control the obtained
frequency range of the slab. The harder the tip,
which is in black, the shorter the pulse duration,
and consequently the higher the frequency
content (Bruel & Kjeer, 2012).

Once the specimen is excited by the tip of the
impact hammer, the energy is transferred in a
very little period, giving a typical input force
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signal. In order to acquire the acceleration data, a
piezoelectric ~ transducer ~ was  adopted.
Accelerometers are the extensively used
transducers, which are employed to measure the
acceleration response. Three piezoelectric
accelerometers  were  utilized, in this
experimental work, to catch the acceleration
(response signals) of the specimen. The used
piezoelectric accelerometers were DeltaTron®
model 4514. When the response of the slabs was
intended to Dbe evaluated, the screwed
accelerometers were mounted on the fixed studs.
As a consequence, accelerometers were ready to
obtain the response. So as to have accurate and
reliable results from the dynamic tests of the RC
slab, the striking hammer was frequent 5 times
and the average of both excitations and
responses were achieved for this experimental
work. As a result, averaged FRFs were
determined and then analyzed, for acquiring
accurate information.

The amplifier was always utilized to boost
the slight electrical signals to be fed to the data
acquisition card. It is important to noted that
NEXUSTM type 2690 conditioning amplifier
was employed, which is comprised of eight
channels, four inputs and four outputs. The
impact hammer was connected to one of the
amplifier input channels, where the rest three of
the amplifier input channels were specified for
attaching the accelerometers. It is also
noteworthy that the amplifier was connected
with the Data acquisition unit type Pico Scope
4424. The data is filtered into the Data
acquisition unit. This is not only to eliminate the
high-frequency components but also to increase
the signal to noise ratio of the lower frequency
components. In addition to the aforementioned
function of the Data acquisition unit, the signal
is transformed from analogue data to digital.
Eventually, the Data acquisition unit was
connected to a personal computer (PC). By using
the installed Pico-scope software, the acquired
analog and digital signals can be viewed and

synchronized. The acquired signals were
available for further process.
2.3.2 Signal Processing

The Personal computer with installed

MATLAB, as signal processing software, was
also needed to analyze and interpret the data into
meaningful results. It should be noted that the
captured signals from both the accelerometer
and hammer at the beginning were in the time
domain. Time-domain data were transferred to

the frequency domain using Fast Fourier
Transform (FFT) so as to gain the Frequency
Response Function (FRF). Generally, the modal
properties might be either extracted from the
frequency domain data or directly from the time
domain. However, the latter has not been used
extensively for dynamic behaviour and fault
identification because such data is relatively
difficult to interpret (Marwala 2010).
Consequently, this study relied on the frequency
domain as much more preferable kind of data.
2.3.3 Modal Parameter Extracting

Fundamentally, a FRF is a mathematical
illustration of the relationship between the input
and the output of a system. By measuring the
excitation force and the response acceleration in
two points, the resulting frequency response
function would be describing as a function of the
frequency between those two points on the
structure. FRF is the ratio of the obtained
response to the acquired excitation signals in the
frequency domain. Mathematically it can be
expressed as, (McConnell and Varoto 2008).
Where H(w) is the transfer function; X(w)is the
output response at q degree of freedom; and F(w)
is the input (or forcing function) at p degree of
freedom

(1)

When the striking impact hammer was hit the
slab five times, the responses were acquired and
analyzed. the influence of uncorrelated noise at
the output was eliminated due to averaging.
From the average reading, a set of frequency
response function measurements were extracted.
from the magnitude of averaged FRF, the natural
frequencies were estimated for the slab.

3. ANALYTICAL METHOD

3.1 Formulas for Predicting Modulus of
Elasticity

Generally, the modulus of elasticity increases
with increasing the compressive strength of
concrete. The Ec for normal weight concrete
(NWC) as recommended by ACI 318-14, can be

assumed as
E, = 4700 /f'c )
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Where Ec is in MPa and f' _is, the compressive
strength of based on cylinder test at 28-days,
expressed in MPa

In the range of normal compressive strength,
BS 8110 recommends that the modulus of
elasticity is approximately related to the
compressive strength by

E, = 5500 \/E 3)
Ym

Where Ec in MPa, Fcu is, concrete compressive
strength based on cube test at 28-days, in MPa

and vy, is partial safety factor, which is 1.5.
Various empirical relationships between static
and dynamic moduli of elasticity were proposed
by different researchers. The simplest of these,

proposed by Lydon and Balendran (1986) is
E. = 0.83E4 (4)

Where both Ec and Ed are expressed in GPa.
While the British testing standard BS 8110
Part 2 provided the following empirical
equation; It important to mention that both
moduli are expressed in GPa.
E. = 1.25E4 — 19 (5)

Where both moduli (Ec and Ed) are in GPa.
However, Eqg. (5) does not apply for the
lightweight aggregate concrete or concretes that
contain more than 500 kg/m?® of cement.

3.2 Formulas  for Natural
Frequencies

Predicting

The analytic closed-form formula for
calculating the angular natural frequencies of a
plate with the uniform cross-section under
different boundary conditions is widely available
in the literature (Blevins, 2001). The natural
frequency of vibrations of the plate is denoted by

A2 D
=— |— 6
on =77 [, (6)
Or

A? D
= — 7
fn Zn-l-b\/; )

Eh3

D= 12(1-v2) 8

The RC slab having a length (£), width(b),
thickness (h), Poisson ratio v, and the mass
density per unit area of plate (u = ph); natural
circular frequency for n mode, in rad/sec (wn);
natural frequency for n mode, in Hz (fn); and
natural frequency factor, dimensionless ().

4. RESULTS AND DISCUSSIONS

It should be emphasized that the testing
sequence in this study was considered. For
example, for the concrete cube specimens, the
compressive strength  testing was firstly
performed to estimate the Fc. Subsequently, Ec
and Ed were obtained. Whereas, for the RC itself,
the dynamic testing was conducted to estimate
the Ed and check the reliability of the technique.
The calculation sequence was reversed to see if
it would significantly affect the results.

Initially, a standard compressive strength was
performed on the three (100x100x100mm) cubes,
for each group, to determine the actual
compressive strength of the mix used in this
experimental work. The target concrete
compressive strength of cubes at 28 days was 30
MPa, whilst, the actual strengths for groups 1
and 2 were 29.47 MPa and 29.15 MPa
respectively. The average cubes concrete
compressive of the two groups was 29.31MPa.
This cubes average is converted to cylinder
specimens average by multiplying 0.8 value (BS
1881: Part 120), which was approximately
became 23.45 MPa. The static modulus of
elasticity of concrete was calculated from the
compressive strength of concrete cylinders,
using Equation 1, and it was 22.75 GPa. The
dynamic modulus of elasticity of used concrete,
using the Equation 4, was 27.42 GPa. From the
static modulus of elasticity, the dynamic
modulus of elasticity of the concrete specimens,
which represented the properties of the slab.

Subsequently, the RC slab specimens
themselves were tested dynamically under free-
free boundary conditions. For both 1 and 2
groups of slabs. After performing the dynamic
test at least five times to ensure the repeatability
of the results and to eliminate the noise, the data
was acquired, magnified and converted from
time domain to frequency domain. As
aforementioned that using MATLAB software
the FRF of groups 1 and 2 was calculated and
plotted, as shown in Figure 4, 5 and 6,7,
respectively.
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Fig. (5): Experimentally measured natural frequencies of defected slab;.
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Fig. (7): Experimentally measured natural frequencies of defected slab,.

From the peaks of magnitude of FRF, natural
frequencies, of the intact and defected RC
specimens are individually determined and
shown in Table 1, for group 1 and 2 respectively.
However, the averaged natural frequencies of

Table (1): Experimentally measured natural

intact and defected slabs are shown in Figure 8.
The difference between each natural frequency
of intact and defected slabs are depicted in Table
2, and graphically represented in Figure 9.

frequencies of intact and Defected Slabs.

Slabs 1 and Intact Defected Slabs 3 and Intact Defected
2 4
F1 (Hz) 238 204 F1 (Hz) 236 190
F2 (Hz) 370 314 F2 (Hz) 366 298
F3 (Hz) 590 492 F3 (Hz) 570 460
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Fig. (8): Average natural frequencies of intact and defected slabs.

Table (2): Average of Experimentally measured natural frequencies of Slabs.

Slabs Intact (avg.) Defected Reduction (Hz)
(avg.)
F1 (Hz) 237 197 40
F2 (Hz) 368 306 62
F3 (H2) 580 476 104
120
100
—
N
L =0
>
e 60
S
g 40
=
s 20
=
g 0
1 2 3

Mode shapes

M natural frequency reduction of each mode =

Fig. (9): Reduction of natural frequencies between intact and defected slab.

In the Table 2, the compared measured
natural frequencies of intact and defected slabs
are compared. It is observed that there is an
obvious decrease in natural frequencies of the
three modes of vibrations, which is attributed to
the defect and decreasing in the stiffness of the
RC slabs. The change of natural frequencies
increases with increasing the mode number. The
reduction of natural frequencies of defected slabs
with respect to the intact slabs increases due to
decreasing the stiffness of the concrete material,

as shown in Figure 9. The reasonable change
between experimental natural frequencies of
intact and defected slabs was obtained, using
impulse excitation. As a consequence, the impact
hammer technique is capable of precisely and
reliably identifying the property and more
specifically the natural frequencies of the RC
slabs in this study.

After obtaining the reliable results using such
dynamic technique, the first mode natural
frequency of intact slabs, which was extracted
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from the first peak of FRF, is employed in
Equations (6-8) to calculate the dynamic
modulus of elasticity as reported in Table 3. The
static modulus Ec and concrete compressive

strength of cylinders Fc were back-calculated
considering that we have a slab subjected to a
dynamic test with a free-free boundary condition.

Table (3): Concrete compressive strength and modulus of elasticity.

Technique Fc MPa Ec GPa Ed GPa
Concrete compressive Strength 23.45 22.75 27.42
Impact Hammer 22.33 22.21 26.76

From the obtained results, it is clear that the
Ed using the first technique, compressive
strength of concrete, is about 2.4 % higher than
Ed using the second method, impulse excitation
technique. This means that the testing sequence
did not significantly affect the measured Ed and
Ec for the concrete used in this study. As a
results using impact hammer under free-free
boundary conditions is highly recommended for
laboratory testing purposes. This technique is
important to be performed on the specimens
themselves, when the concrete compressive
strength of cubes or cylinders is forgotten to be
cast with the specimens, or when the cubes or
cylinders does not have the same curing of the
main specimens. However, using impact hammer
under free-free boundary conditions is almost
impossible for this test to be achieved in practice.

5. CONCLUSIONS

Presented  experimental research  was
conducted on four RC concrete slabs. Two
different  experimental  techniques  were
conducted, namely impulse excitation method
using the hammer, and standard compression test.
Both techniques were used for the determination
of Young’s modulus of RC specimens, Ec and
Ed. The main advantage of the dynamic Young’s
modulus determination using the first technique
which allows for testing of the same specimen
rather than preparing the concrete cubes or
cylinders. In some cases, the upper and lower of
the specimen are not flattened that will cause
acquiring inaccurate results, static loading, or the
static and dynamic Young’s moduli. Furthermore,
it cannot be firmly guaranteed that the members
and the concrete specimens have exactly the
same ingredients during casting, or have exactly
the same curing process. Therefore, impact
hammed is the choice to be performed in such
cases.

The natural frequencies are decreased with
inducing defects in RC slab specimens, using
dynamic technique. Also, the estimated Ed from
the impact hammer for samples in the two
aforementioned  exposure  groups  showed
significant changes. The results show that using
impact hammer under free-free boundary
conditions is highly recommended for laboratory
testing purposes. It is capable of precisely and
reliably identifying the property and more
specifically the Ed, Ec and Fc of the RC slabs in
this study. However, using impact hammer under
free-free  boundary conditions is almost
impossible for this test to be achieved in practice.

From the obtained results, it is clear that the
Ed using the first technique, compressive
strength of concrete, is about 2.4 % higher than
Ed using the second method, impulse excitation
technique. This was achieved by performing
static and dynamic testing for calculating Ed. It
is found that the testing sequence did not
significantly affect the measured results for the
obtained Ed in this study.
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