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Abstract
With the recent developments in the non-destructive testing methods, the possibility to assess the changes in material
characteristics caused by the addition of admixtures, influence of temperature, and other parameters are gaining significance.
Towards this, the present work focuses on using the resonance test method for the experimental investigation. In the case of
transient dynamic analysis which involves vibrations at higher frequencies, the understanding obtained from finite element
simulations is relatively higher to that gained by conducting experiments. Hence, the present work mainly aims to analytically
model the concrete specimens as it matures during the first 28 days after concreting. Towards this, the modelling of the specimens
and the adaptation of the appropriate boundary conditions to simulate the resonance test method becomes significant. The results

of the experimental and finite element analysis are compared and found to be in good agreement.
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1. INTRODUCTION

Recently, research on test procedures that are sensitive to
minor changes in the material properties are gaining greater
significance. Such test procedures would be very useful to
investigate the concrete maturity level, monitor the concrete
setting process, influence of admixtures, freezing-thawing
effect, degradation to fire, and many others. Towards this,
the American Standards for Testing Methods has
recommended a test procedure based on directional modal
frequency’. Here, the elastic stress wave travels in the test
medium causing compression and tension wave components
along the direction of wave propagation resulting in a lamb
wave resonance.

ASTM C215" recommends the resonance test as a technique
to assess the variation in the dynamic elastic modulus. The
resonance test method uses directional modal characteristics
to evaluate the material characteristics by assessing the
dynamic elastic modulus. The test method has been
popularly used to assess the dynamic elastic modulus?,
influence of admixtures®, influence of loading®, deterioration
due to fatigue®, freezing-thawing effect®, effect of deicers on
concrete deterioration’, monitor self-healing process in
concrete®, influence of high temperature®, and many more.
The earlier research works have demonstrated that the
resonance test method is a wvery useful technique
investigating deterioration or improvement in concrete
characteristics'**.

Finite element simulations have always played a significant
role alongside the experimental investigations to understand
and validate the results with respect to the theoretical
concepts. Finite element simulations are very useful in

improving the understanding of vibration problems at higher
frequencies. Recently, the finite element modeling of the
resonance test methods has been of interest to the
researchers. Haecker et al'? have employed finite element
modeling of the microstructure of concrete to simulate the
resonance test method. Lu et al*®* employed finite element
analysis to validate the experimental program on the effect
of different types of aggregates in concrete. The present
work primarily aims at numerically simulating the resonance
test method for assessing the directional resonance
characteristics.

In the present work, it is aimed to assess the maturity of
concrete by simulating the lamb wave resonance in concrete
specimens. Towards this, two concrete mixes have been
considered. The first mix is a normal strength concrete and
the second is a high strength concrete. The results from the
experimental study have been compared validated with the
finite element simulation results. The results indicate that
the finite element analysis can be effectively used to
simulate lamb wave resonance in concrete specimens and
thus aid in assessing the maturity of the concrete for the
twenty-eight days after concreting.

2. RESONANCE TEST METHOD

Resonance test is a non-destructive evaluation method
gaining popularity for assessing the material characteristics,
especially those that changes with time. The procedure for
this test method is standardised and recommended in the
guidelines of ASTM C215". The resonance test relies on the
evaluation of the fundamental frequency along a particular
direction to evaluate the properties of the test medium in that
direction. The ASTM standard® recommends the use of
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longitudinal, transverse and torsional modal frequencies in
the fundamental mode to evaluate the dynamic modulli of
the specimen along those directions, respectively. The
fundamental frequency used in this method is different from
the more popular parameter, namely the whole body modal
frequency.

The resonance test is being carried out in two ways. The
distinction is mainly based on the type of source used to
excite the medium. In the first method, an automatic pulser
is used to impart the source waves into the test medium.
This is called the forced resonance test. The second method
is much simpler as it uses a hammer to produce the source
waves. This method is called the impact resonance test and
is being preferred over the first method for its simplicity. In
the present work, the impact resonance test has been used. A
schematic of the two types of resonance tests are shown in
Fig. 1 and Fig. 2. Even though the method used for the
generation of source waves are different, both the methods
produce the same resonant frequency. This is because the
focus is on assessing the frequency of resonance which
depends on the frequency content of the source wave and
not on it’s the amplitude.

The resonance test method is being preferably used in the
lower half of the audible frequency band, that is, between
the 100 to 10,000 Hz. The accelerometer used in this test is
sensitive to capture frequencies upto 20 kHz. Hence, tests
can be carried out covering the full range of the audible
frequency. In this test, the oscilloscope captures the
vibrations of the test specimen. The frequency analyser is
used to convert the time domain signal to the frequency
spectrum where the dominant frequency corresponds to the
fundamental mode of the test medium along the direction of
investigation. Fig. 3 and Fig. 4, respectively, show the
instrumentation and the arrangement for evaluating the
longitudinal mode using the resonance test method.

In the present work, it is preferred to use the longitudinal
resonance frequency alone for the evaluation of the dynamic
elastic modulus of the concrete medium. The dynamic
elastic modulus of the test medium can be evaluated using
the equation*

Egyn = DM(n')? (1)

In the resonance test method, one-half of the wavelength
participates in resonating the test specimen in the
longitudinal fundamental mode. This fundamental modal
frequency is related to the velocity of the wave in the test
medium by the equation

f =v/2d, .

Here, the velocity of the wave in the test medium and can be
evaluated using the equation

_ Edyn (1_0)
V= pA+0)1L—20)

®)

Thus, using the longitudinal resonant frequency the variation
in the dynamic elastic modulus can be assessed using the
resonance test method.

3. RESULTS AND DISCUSSIONS

The present work primarily aims at analytically simulating
the resonance test method. Towards this, a prismatic beam
has been considered. It is first proposed to demonstrate the
difference in the whole body and directional modal
characteristics using this problem. The analysis module used
for both the analysis is the free vibration analysis. Also, the
mesh size and the material properties have been kept
constant in these problems. But, appropriate boundary
conditions have been applied to bring out the particular type
of modal characteristics from the beam. The results of the
finite element analysis have been compared with the results
from the classical equations to validate the finite element
model. Later, the cube specimen which was considered for
experimental evaluation of the concrete maturity level has
been considered. The finite element model has been used to
model the maturity level of concrete. The finite element
results have been validated with the experimental results.

3.1 Finite Element Modeling and its Validation

Firstly, a prismatic beam of size 1.0 x 0.1 x 0.1 m is
considered to validate the finite element model and to
highlight the difference between the whole body modal
vibration and the longitudinal modal resonance
characteristics. It is assumed that the beam is made of
concrete with characteristic compressive strength of 25
MPa. The density of the concrete is taken as 2400kg/m?® and
the elastic modulus is taken as 25000 N/mm? The finite
element model has been created using a standard
commercial finite element package. The mesh size of
10x10x10mm has been chosen for the investigation. To
evaluate the whole body modal characteristics, one end of
the beam is fixed by constraining all the six degree of
freedom on that face of the beam. The finite element model
of the cantilever beam, the boundary conditions and
meshing details used for the analysis are shown in Fig. 5.
Free vibration analysis is performed to evaluate the modal
characteristics. The whole body modal characteristics are
obtained and the first three modal frequencies are found to
be 52.16, 326.89 and 915.39 Hz, respectively. The modal
shapes corresponding to the first three modes are shown in
Fig. 6. The modal frequencies obtained using finite element
analysis is compared with the Timoshenko equation in Table
1. It has been observed that the errors are very small, thus
validating the finite element model.

Now, the same prismatic beam is analysed for the
longitudinal modal characteristics. It is proposed to simulate
the test conditions in the resonance test. For this analysis,
the mesh size and the material properties are maintained a
constant. To evaluate the longitudinal modal frequencies the
free vibration analysis module in the finite element package
has been used. But the use of conventional boundary
conditions would allow the specimen model to vibrate in its
flexural and torsional modes. The need here is to evaluate
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the longitudinal modal characteristics. Towards this trials
have been carried out before arriving at the appropriate
boundary conditions for obtaining the longitudinal modal
characteristics.

In this case, the beam is constrained such that the
longitudinal mode is excited as the fundamental mode. For
this analysis, all degrees of freedom on the left face of the
beam are constrained except the translation degree of
freedom along the longitudinal axis of the beam. The four
sides along the longitudinal axis of the beam are constrained
for translation along the axis orthogonal to the face of the
beam. The boundary conditions applied on the beam is
shown in Fig. 7. Now, the beam is analysed for longitudinal
modes using free vibration analysis module. The first three
longitudinal modal frequencies have been found to be
1701.0, 3401.5, 5101.2 Hz. The first three longitudinal mode
shapes of the beam are shown in Fig. 8. From this figure, it
can be observed that the longitudinal modes correspond to
vibration characteristics of the beam dominated by
compression and elongation of the beam along its
longitudinal direction. Here too, the modes differ in the
number of nodes or points of zero displacement that occur in
the mode shape.

From Fig. 8, it can be observed that the first longitudinal
mode represents the modal resonance that occurs during the
resonance test. Henceforth, the fundamental longitudinal
mode shall be considered for further investigation. The
longitudinal modal frequencies of the beam are compared
with those from the classical Equations (2) and (3) and the
values are listed in Table 2. It can be observed that the
longitudinal modal frequency evaluated using the finite
element model is in good agreement with the classical
equations with errors less than 1%. Thus, the finite element
model is validated.

3.2 Assessment of Concrete Maturity Level using
Resonance Test Method

An experimental program has been carried out using
resonance test on two concrete mixes. The preliminary tests
on the cement, sand and coarse aggregates have been
conducted as per Indian Standard codal recommendations.
The fine aggregate used in the present work has been
observed to fall in Grade Il as per 1S-383". The coarse
aggregates confirm to the 15-383". Potable water has been
used for making the concrete. OPC cement of 53 grade
confirming to 1S-12269"° has been used. In the concrete
mixes, the first mix is a Normal Strength Concrete and the
next is a High Strength Concrete. The concrete mix has been
designed as per the 1S-10262"° and ACI 211.4RY. A few
trial mixes have been made before arriving at the final mix.
The concrete mix ratio for the normal strength concrete is
1:2.2:3.1 with water-cement ratio of 0.55. The concrete mix
ratio for the high strength concrete is 1:1.4:2.6 with w/c ratio
of 0.35 along with the CONPLAST superplasticizer of 0.7%
by weight of the cement.

For conducting the experiments, nine cube specimens of size
150x150x150mm have been cast. On each day resonance
test has been conducted on all the specimens. The average of
the resonance frequencies obtained from all the specimens
has been computed. With this the development of the
concrete maturity level has been assessed.

3.3 Finite Element Modeling of the Maturity Level
of Concrete

Now, the finite element analysis is carried out to evaluate
the resonant longitudinal frequency for different levels of
concrete maturity assessed using the experimental study. For
this, the dynamic elastic modulus of the concrete on each
day is evaluated using the longitudinal resonance frequency
for both the concrete mixes. This value of the dynamic
elastic modulus has been used in the material model in the
finite element analysis. From the experiment, the density of
NSC and HSC specimens has been found to be 2400 kg/m®
and 2450 kg/m?, respectively, and the same has been used in
the finite element analysis. Poisson’s ratio has been taken as
0.2. The longitudinal resonance frequencies obtained from
the experiment are compared with those obtained from finite
element analysis in Fig. 9 and Fig. 10 for the NSC and HSC,
respectively. It can be observed that the longitudinal
resonance frequency obtained from the experimental and
finite element studies are in good agreement. Thus, the
theoretical finite element analysis validates the experimental
investigation.

4. CONCLUSION

Evaluation of material properties and their variation is
becoming more important these days. The resonance test is a
simple test becoming popular for such investigations. The
sensitivity of the method to identify variation in the material
property using longitudinal resonance is well established in
the literature. The present work focuses on conducting the
finite element simulation of the longitudinal resonance of
the test mediums and hence validates the experimental
results.

Towards this, the work primarily focused on creating finite
element models and to identify the appropriate boundary
conditions to simulate the longitudinal resonance. In order to
make the finite element model vibrate primarily along the
longitudinal axis, the sides of the beam were constrained
against translation in the transverse direction. The
longitudinal modal characteristics have been compared with
the theoretical values to validate the finite element model.

Then, experimental studies have been carried out using two
concrete mixes, namely NSC and HSC. Cubes have been
cast using these two mixes. Resonance test was carried out
on the cube specimens. Later, the finite element model of
the cube is developed and the material properties obtained
from the experimental test have been used to evaluate the
resonance frequencies for all the 28 days for the two types
of concrete. The results of the FEA have been found to
compare well with the experimental analysis.
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NOTATIONS

v - velocity of the wave

p - density of the test medium

d; - depth of the test medium along the
direction of wave propagation

D - = 5.093 (L/d%), m™ for a cylinder, or =4
(L/bt), m™ for a prism.

D - diameter of cylinder, m,

Edyn dynamic elastic modulus

f - fundamental modal frequency

fub - whole body modal characteristics

HSC - High Strength Concrete

IS - Indian Standard

L - length of specimen, m,

M - mass of the specimen, kg,

n - fundamental longitudinal frequency, Hz,
NSC - Normal Strength Concrete

t,b - dimensions of cross section of prism, m, (t

being the dimension in the direction in which it is driven),

1]
w/c

- Poisson’s ratio of the test medium
- water-cement ratio
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Fig. 1. Schematic of Apparatus for Forced Resonance Test
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Fig. 2. Schematic of Apparatus for Impact Resonance Test
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Fig. 3. Instrumentation for the resonance test method
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Fig. 4. Experimental arrangement for capturing longitudinal resonant frequency
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(a) FE model - (b) Mesh

Fig. 5. Finite element model and meshing of the cantilever beam

v D (b) Mode 2

(c) Mode 3

Fig. 6. First three modes of the cantilever beam

Fig. 7. Boundary conditions used to evaluate the longitudinal modal characteristics
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() Longitudinal Mode 3

Fig. 8. First three longitudinal modes of the prismatic beam
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Fig. 10. Validation of the finite element model with the experimental data for HSC

Table 1. Comparison of the first three modal frequencies from FEA with classical Timoshenko beam characteristics

Finite Element | Timoshenko
Mode number Analysis (Hz) equation (Hz) Error (%)
1 52.16 51.595 1.09
2 326.89 310.23 5.37
3 915.39 819.47 11.71
Table 2. Comparison of the two types of modal characteristics of the cantilever beam with theoretical values
Mode number Longitudinal frequency (Hz) Error (%)
FEA Theoretical value
1 1701.0 1701.035 0.002
2 34015 3402.07 0.017
3 5101.2 5103.105 0.037

Volume: 04 Special Issue: 13 | ICISE-2015 | Dec-2015, Available @ http://www.ijret.org

533



