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Introduction 

One of the important properties of the materials is the 
elasticity. For commonly used materials the tabulated values of 
the most applicable in engineering calculations elastic moduli are 
available in the reference books. The development of new 
materials such as composites has motivated researchers and 
scientists to look for new suitable specific techniques of 
investigation and determination of the mechanical properties [1-
7, 12].  

Usually Young’s modulus (E) is determined by static 
or dynamic tests. In static measurements during tensile or 
compressive test, the material is subjected to uniaxial stress [1]. 
The elastic Young’s modulus is determined as the slope of the 
stress-strain curve [1, 9, 10]. Dynamic methods [5–21] allow 
nondestructive rapid estimation of the elastic modulus on the 
base of different physical methods ultrasound [13] and vibration 
analysis [9-21].  

The study of the dependence of elasticity E on the type, 
shape and structure of the fillers in the composites is an 
important field of study. From the theoretical point of view, 
different models were developed to describe the relation between 
geometrical, mechanical and physical parameters of the filler and 
matrix with the macroscopic properties of composites [1, 2, 6, 
11]. It is reasonably the Young’s modulus of the composites to be 
determined both experimentally and theoretically. 

This work is part of a more general investigation on 
material characterization of epoxy resin composites containing 
glass fiber fabric. In the present study an attempt is made to try 
and choose an approach for the non-destructive characterization 
of elastic modulus of laminated composites by laboratory 
measurements. Two dynamic methods, namely, ultrasonic and 
vibration methods are applied to compare and validate the 
nondestructive techniques and to demonstrate their universality 
and advantages. 

1. Materials and sample preparation

Three glass fiber fabric laminated composite plates 
with thickness of 2 mm (GFC2), 4 mm (GFC4) and 6 mm 
(GFC6) mm were chosen for the study. The plates were 
manufactured by hot pressing the glass cloth layers, impregnated 
with thermo-reactive phenolic and epoxy types resins (Electra 
LTD, Ruse, Bulgaria) [24]. The glass fiber volume fractions were 
obtained as 35, 45, 50 % for 2, 4 and 6 mm thicknesses, 
respectively. The density of the samples was determined (mass 
was measured with high precision electronic balance, volume 
was computed by measuring the dimensions with a digital 
caliper). 

To find out the effect of material anisotropy, twelve 
test specimens were cut from the plates as illustrated in Fig. 1. 
The axis x is oriented collinear to weft and the axis z is oriented 
collinear to warp of the fabric. The geometry, stacking sequence, 
and density of each test specimen are given in Table 1.  

Fig.1.Specimens 
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Table 1. Type of materials, density, geometry, orientation 
Type 

material 
Glass  

Content, % 
Density, 
kg/m3 

Specimens Stacking 
sequence 

Thickness, 
m  
 

Width, 
m 

Length, 
m 

GFC2 35 1748 Beam1,2 0 degree 0.00187 0.02 0.160 
Beam 3,4 30degree 0.00187 0.026 0.157 
Beam 5,6 45 degree 0.00187 0.024 0.121 
Beam 7,8 90 degree 0.00187 0.025 0.105 

GFC4 45 1823 Beam1,2 0 degree 0.00389 0.025 0.153 
Beam 3,4 30degree 0.00389 0.020 0.164 
Beam 5,6 45 degree 0.00389 0.024 0.12 
Beam 7,8 90 degree 0.00389 0.025 0.105 

GFC6 50 1954 Beam1,2 0 degree 0.00595 0.020 0.160 
Beam 3,4 30degree 0.00389 0.025 0.160 
Beam 5,6 45 degree 0.00389 0.025 0.145 

 
 
 
2. Nondestructive characterization of elastic 
material properties 

 
Two dynamic methods, ultrasonic and vibration were 

applied to characterize the elastic properties of laminated 
composite specimens. All used methods were calibrated using 
reference samples with known elastic constants. 
 
2.1. Ultrasonic measurement 
 

Ultrasonic waves are mechanical stress waves 
propagating in materials and inducing small (in the order of 10E-
7 mm) elastic deformations of the material [13]. As a result, the 
ultrasonic propagation characteristics are mainly dependent on 
the elastic properties of the material.  

If an elastic wave is propagating in an isotropic semi-
infinite medium due to the application of a normal or a shear 
motion on the surface of the solid medium. According to the 
theory the displacement vector due to vibrating particles in the 
material is governed by the equation of motion. The equation of 
motion is consequence of the equilibrium equations and the 
constitutive equations between stress and strain, where the factor 
of proportionality is the elastic tensor [8,13]. Determination of 
the dynamic elastic moduli is based on the relation between 
ultrasonic longitudinal (CL) and shear waves (CS), density (), 
Young’s modulus (E) and the Poisson’s ratio ν [13]:        [   (    )   (    ) ]  (1) 

        (2) 

     (    )   (    )   (3) 

 
Fig.2. Scheme of ultrasonic measurement 

 

The experimental setup for the measurement of the 
velocities consisted of two types piezoelectric transducers (with 
x-cut and y-cut crystals for longitudinal and shear wave 
generation) operating in through transmission mode [13] and 
ultrasonic system with USB Interface [25]. The ultrasonic 
frequency used was in the range of 1,5-2  
MHz, so that the wavelength of ultrasonic waves was much 
larger than the glass fiber diameters.  

Measured values of longitudinal and shear wave 
velocities were used in Equations (1)-(3) to calculate the elastic 
modulus in transversal direction of fiber-glass plates. The 
obtained modulus refers to the whole material.    

 
 

2.2 Dynamic vibration methods 

One of the promising NDT methods is resonant 
vibration method in which the test specimen is mechanically 
vibrated in a torsional, transverse, or longitudinal vibration mode 
over a range of frequencies [9, 17-19]. Specimens like beams 
used in this method, have specific resonances that are dependent 
on the elastic modulus, material density and geometry. The 
specimens were examined by two vibration techniques based on 
free and forced longitudinal and flexural vibrations. 

Forced excitation is realized by piezoelectric or 
electromagnet actuators fed by a variable frequency generator. 
Vibrations were detected by means of a signal pickup 
piezoelectric transducer that was in direct contact with the 
specimen and was analyzed by a system consists a 
conditioner/amplifier, signal analyzer, and a frequency readout 
device. 

 In free vibration method the impulse excitation is 
produced by striking the object with a suitable hammer and as a 
pickup transducer is used acoustic microphone. The signal was 
addressed to personal computer with a sound card and processed 
by signal processing methods (Fourier transform algorithm) to 
identify the values of the natural frequencies of vibration. 
 
2.2.1. Longitudinal Vibration Test 
 

In our work were used two techniques for realization of 
longitudinal vibration method: free and forced longitudinal 
vibration. All NDT methods were calibrated using reference 
samples with known elastic properties constants. 
 
Theoretical background 
 

The standing waves are formed in the specimens as the 
results of longitudinal vibration of the sample. Generally, sound 
velocity in a specimen could be determined from Eq.4    [15, 
16,17]: 
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       (4) 
where C is sound velocity in a specimen, and f is resonance 
frequency of the first mode of vibration. The wave length λ was 
calculated from Eq. 5 : 
 λ=2l/n  (5) 
where l is the length of specimen and n is the number of 
resonance mode. According to the positions of the node and the 
two antinodes corresponding to the first mode of vibration, the 
wave length was equal to the twice of the specimen length. 
 Longitudinal elastic modulus E  is determined according to Eq. 6 
[15]:            (6) 
where K(ν) is correction factor depending on Poisson’s ratio ν of 
the composite                        (7) 

 
Free longitudinal vibration 
 

The setup for free longitudinal vibration test is shown 
in Fig. 3. Each specimen was hold from its center and was hit by 
a plastic hammer at the end of specimen. To analyze the acoustic 
response of the specimen, a microphone was positioned in the 
other side of sample. Subsequently, the response vibrating sound 
was recorded by Audacity software as a wave-format file. The 
recorded signals were analyzed by the means of Fourier 
Transform. The measurements were performed on a set of several 
different replicas of composite specimens. 
 
 

 
Fig.3 Setup of longitudinal free vibration test 

 
Longitudinal Forced Vibration Test 
 

Fig.4 presents the setup of longitudinal forced vibration 
test. The specimen was supported in the middle of its length 
between the exciting piezoactuator and receiving pick up 
piezosensor [17]. The first resonance frequency of the specimens 
was detected by oscilloscope and evaluated by digital frequency 
meter. The elastic moduli were calculated by Equation 6. 

 

 
Fig.4. Setup of longitudinal forced vibration test 

 

2.2.2. Flexural Vibration Test 

Theoretical background 
 

The relation between cantilever beam resonance and 
Young’s modulus was found by analytical modeling 
[20,21,23,24] and obtained by solving the vibration equation of a 
beam with one fixed end. Assuming that beam thicknesses and 
cross sectional area are uniform through the length, the n’th 

natural frequency of vibration is presented by the following 
expression 

 
4

2

2 AL

EIk
f n

n   (8) 

where n=1,2,3,4…. and the numbers    are 
885.7,694.4,875,1  for the first, second and third resonant 

frequencies. L is the length of the beam, E is the elastic modulus, 
I -moment of inertia, A –cross sectional area and ρ is the mass 
density of the beam. First natural frequency is obtained by the 
relation: 

4

2

1 2

875.1
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EI
f   (9) 

So, the modulus E is                          (10) 

In our work we use a model of a beam taking into 
account the additional mass at the free end. Considering the 
effective mass of a cantilever meff  and the stiffness k ,  the first 
resonance frequency is as follows [23,24]: 

effm

k
f 2

1
1  , 

3

3

L

EI
k   (11) 

The effective mass referred to the free end can be calculated by: 

m
EI

mL

L

EI
meff 359.12

3

875.1

3
4

3

3
   (12) 

If we consider the additional mass at the free end of the beam 
(  ), the total mass will be 

oeff mmM    (13) 

The fundamental natural frequency of the beam could be 
obtained by Eq.  

ML

EI
f

31

3

2

1

   (14) 

Elastic modulus can be determined by using equation (15) 
 

I

MLf
E

3

4 322   (15) 

Flexural Forced Vibration Test  

The scheme of the forced vibration test is shown in Fig. 
5. For inducing the vibration, a small magnet with mass (  ) 
was adhered to the end of the cantilever samples. The sample and 
an electromagnet and were placed appropriately. As a pickup 
transducer we used a piezoelectric transducer. The resonance of 
the sample was registered by oscilloscope when the vibrational 
amplitude of the specimen reached maximum. In this 
methodology the specimen was positioned at length L equals to 
0.1 m.  The elastic modulus of each beam was calculated by 
Eq.15. The relative accuracy of estimated modulus is less than 
5% [20].  

 
Fig.5. Scheme of flexural forced vibration setup 

 
Flexural Free Vibration Test 
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For comparing the results we used another technique 
named free flexural vibration of a cantilever. The scheme of 
setup is shown in Fig. 6.  

 
Fig.6. Setup of flexural free vibration test 

 
Each test specimen was hold from its end and was hit 

by a hammer at the free end. Acoustic response of the vibrating 
specimens was recorded by microphone, positioned in the free 
side of sample. The received signals were recorded and analyzed. 
The resonance frequencies obtained by free vibration method 
were greater than frequencies obtained by forced technique. The 
relative deviation was about 7-10% for GFC2, 1-5% for GFC4, 
GFC6. The elastic moduli were obtained by Eq. 10. 

 
2.2.3. Impulse excitation of beam with free-free 
boundary conditions 

Vibration test based on the impulse excitation of beam 
with free-free boundary conditions is adopted for the 
determination of elastic properties of composites beams [18-
20,24 ].  The schematic depiction of experimental set-up for 
measurements is shown in fig. 7. The sample was put onto two 
fulcrums at 0.224 times the total length from the ends of the 
sample. 
 

To induce a vibration in the bar, a rubber hammer was 
used to impact at the center of the sample. The sound produced 
by the vibration of the specimen was detected by means of a 
microphone. The recorded signals were analyzed and the 
resonant frequencies were obtained.  

 The Young’s modulus of a beam was calculated 
following [10,18,19]:          岾    峇 岾     峇        (16) 

 
where m, b, l and h are the mass, width, length and thickness of 
the sample, respectively, f  is the first resonance frequency in 
bending  (Hz), T is a correction factor that depends on the 
Poisson’s ratio and the dimensions of the sample [18 ]. In the 
present work, the T value was calculated using an expression Eq. 
[18].  
                              岾  峇       岾  峇  [                            ⁄                                ⁄   ] (17) 

 
Fig.7. Diagram of test apparatus 

 
The composite specimens were cut in a way allowing to obtain 
beams with different fiber orientation (Fig. 8 )  
 

                                                  

                    
a.Experiment 1   b. Experiment 2 

  

 
c. 

Fig. 8. GFC plate and orientation of specimens (a,b),GFC N-1 
beams for impulse excitation methods (c) 

 
2. Results and discussion 

 
Figure 9 shows the dependence of density of glass fiber 

composites on fiber glass content.  
Table 2 shows the averaged values of the measured velocities of 
longitudinal (CL) and shear waves (CS) as well as calculated 
Poisson’s ratio ν, Young’s modulus E and shear modulus G for 
the glass fiber composites samples. Velocities of longitudinal 
(CL) and shear waves (CS) do not depend on the material 
anisotropy. 

Figure 10 and Figure 11 present the averaged values of 
longitudinal and shear wave velocities and calculated values of 
elasticity modulus E.  
 
Table 2. Acoustic properties of the glass fiber composites, 
obtained from ultrasonic measurement  
 

Type  
CL, 

mm/s 

CS, 

mm/s 
Poisson 
ratio v 

Elasticity 
modulus 

E, Pa 

Shear 
modulus 

G, Pa 
GFC2 3.462 1.616 0.35 1.27E+10 4.57E+07 

GFC4 3.345 1.673 0.33 1.35E+10 5.09E+09 

GFC6 3.442 1.825 0.30 1.66E+10 6.48E+09 
 

 
Fig.9. Density variations of glass fiber composites on fiber glass 

content 

  
Fig.10 Averaged values of velocity of longitudinal wave and 

shear wave in GFC specimens  
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Fig.11 Averaged values of modulus E, obtained from ultrasonic 
measurements 

 
3.1. Properties of Specimens Obtained by 
Longitudinal Vibration Test 
 

By obtaining the frequency values of the first mode of 
vibration by free and forced vibration method and using Eq. 6-9, 
the sound velocities and longitudinal elasticity moduli are 
calculated. Table 3 gives the results from two methods for all 
glass fiber composite specimens depending on the orientation. 

It is found that the moduli resulting from longitudinal 
free vibration method are about 8-15 % smaller than the moduli 
resulting from the forced vibration test. An explanation could be 
found in [15]. Repeatability of NDT free vibration method was 
examined. The specimens were hit several times by hammer and 
after each impulse, the produced sound was recorded and 
analyzed. The hammer impulses have no effect on the results 
obtained in several repetitions. As an illustration the obtained 
results for the composite GFC4-1 are presented in this work. 
Figure 12 shows the obtained results for four repetitions. 
Variations in vibrating amplitude of test specimen versus time 
are shown in Fig12 a. Fig12b presents FT of the recorded signals. 
The first mode of vibration appears at frequency of 
approximately 11477 Hz for each replica. The vibration 
resonance frequency depends only on material nature and the 
first mode of vibration is detected at a relatively same frequency 
in each repetition of experiment. 
 

.  
Fig.12a. Recorded sounds of test specimen FGC4-1 

 

 

 
Fig.12b. FT of each of the four signals. 

 
 
Table 3.Longitudinal Elastic modulus obtained from the 
longitudinal vibration test 
 

Symbol 
Orientation, 

degree 

Longitudinal Elastic 
Modulus, Pa 

Free 
vibration 
method 

Forced 
vibration 
method 

GFC2-1 0 1.23E+10 1.52E+10 

GFC2-2 30 1.02E+10 1.11E+10 

GFC2-3 45 9.80E+09 1.17E+10 

GFC2-4 90 1.47E+10 1.61E+10 

GFC4-1 0 1.50E+10 1.66E+10 

GFC4-2 30 1.13E+10 1.26E+10 

GFC4-3 45 1.07E+10 1.14E+10 

GFC4-4 90 1.76E+10 1.86E+10 

GFC6-1 0 1.70E+10 1.82E+10 

GFC6-1 30 1.43E+10 1.52E+10 

GFC6-3 45 1.33E+10 1.41E+10 
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3.2. Properties of Specimens Obtained by Flexural 
Vibration Test 
 

The mechanical properties of investigated materials 
were also examined by two methods based on free and forced 
vibration testing in order to compare the techniques and assure 
the reliability of the results. The results for all composite 
specimens calculated by vibration methods are shown in Table 4. 

As it can be seen, a good agreement can be observed 
between the results. 

The discrepancies are less than 8 %. It should be 
considered that different methods cannot exactly result in 
identical values due to the theoretical assumptions and practical 
conditions.  
 
Table 4. Flexural elastic modulus obtained from the flexural 
vibration test (cantilever beams) 
 

Type 
GFC 

Orientation, 
degree 

Flexural Elastic Modulus E, Pa 
Cantilever beam 

Free vibration 
method 

Forced vibration 
method 

GFC2 0 1.50E+10 1.39E+10 

 30 1.08E+10 1.06E+10 

 45 1.08E+10 9.50E+09 

 90 1.43E+10 1.51E+10 

GFC4 0 1.33E+10 1.37E+10 

 30 1.10E+10 1.05E+10 

 45 1.01E+10 9.50E+09 

 90 1.44E+10 1.24E+10 

GFC6 0 1.44E+10 1.37E+10 

 30 1.10E+10 1.05E+10 

 45 1.02E+10 1.04E+10 
 
Figures 13a,b,c show the calculated elastic moduli E 

from ultrasonic method, longitudinal (free and forced) and 
flexural (free and forced) vibration method depending on the 
orientation of the main direction of  the warp of the glass fabric. 
It can be mentioned that in the directions of warp and weft of the 
fabric the calculated values of elastic modulus E have maximum 
and the minimum is observed approximately at 45 degrees.     

 

 

 

a  

 
b 

 

c 

Fig.13. Elastic modulus obtained from dynamic methods for 
GFC2(a),GFC4(b) and GFC6(c). 

3.3. Free bending vibrations in plains x0z and y0z 

In order to complete the vibration configurations we 
cut specimens fitted to vibrate in flexural mode in the plain xOz 
(Fig.8).  

Experiment 1 refers to bending vibration in the plain 
yOz. Experiment 2 refers to bending vibration in the plain xOz. It 
seams values of E from experiment 2 exceed the values E from 
experiments 1 (fig. 14). 

 
  Table 5. Elastic modulus obtained from impulse excitation 
method 
 

Type 
GFC 

Orientation, 
degree 

Elastic Modulus E, Pa 
 

Experiment 
1 

Experiment 
2 

GFC4 

0 1.42E+10 1.43E+10 

30 1.09E+10 1.14E+10 

45 1.01E+10 10.0E+09 

90 1.70E+10 1.58E+10 

GFC6 

0 1.54E+10 1.61E+10 

30 1.28E+10 1.31E+10 

45 1.12E+10 1.21E+10 
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a 

b 
 Fig.14. Elastic modulus in the plains y0z and x0z GFC4(a), 

GFC6(b) 

Conclusion 

This work compares different NDT techniques for 
determination of elastic modulus of glass fiber fabric laminated 
composites. 

It is found that the results obtained from longitudinal 
free and forced vibration method and those measured by flexural 
free and forced vibration tests are in a good agreement for the 
examined composites. The elastic moduli depend on the 
orientation of fiber cloth warp.  

The results confirm that the investigated glass fiber 
composites are orthotropic. The used NDT methods allow 
identification of anisotropy of material. The applied techniques 
ensure convenient, fast and accurate estimation of elastic 
properties. 
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