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Abstract:
Structural Health Monitoring (SHM) and damage detection systems are of great importance for
automotive industries specifically when novel composite materials are involved. These systems
provide useful information to evaluate structural safety and maintenance requirements. Among
various SHM systems, guided wave based SHM systems are popular due to its simplicity, cost
effectiveness and large area scanning capabilities. However, the trade-offs are essentially the
complex wave propagation and their sensitivity to stress fields. Thus, most guided wave inspections
are carried out only when the structure is non-operational.
This paper aims in understanding the behavior of guided wave propagation under varying stress
fields within isotropic materials, e.g., aluminum and quasi-isotropic composites (Glass fiber+ epoxy).
Furthermore, the effect of stress on geometric and acoustoelastic properties differences are
discussed respectively. Experimental results indicate clear changes in guided wave characteristics as
a function of increasing load/stress. This research work shows potential for a reliable and real-time
in-service health monitoring of structures.
Introduction:
Usage of composite panels and parts are rapidly growing in the construction of aerospace,
automobile and civil structures. The structural integrity and fatigue life of components are critical for
the safety of users. Eventually, the demand for Structural Health Monitoring (SHM) of these
structures are growing. SHM in literature has been defined as “acquisition, validation and analysis of
technical data to facilitate life-cycle management decisions [1].” Thus, an SHM system should have
the ability to sense critical structural parameters that reflects the structural integrality and health.
Vibrations and large deflections during normal operation of parts will result in stress that causes
damage and limit fatigue life. Thus, in-situ measurement of stress are useful in quality assessment of
these composite structures. Among various in-situ sensing techniques, lamb wave methods have
been proven reliable and cost effective [2]. Furthermore, it is advantageous to use the guided wave
transducers for stress identification that are already deployed for damage detection. This research
work aims in understanding the behavior of guided waves in isotropic (aluminum) and quasiisotropic glass fiber reinforced polymer (GFRP) materials under uniaxial loads.
There are various attempts in understanding the behavior of guided waves in stressed medium. Most
of them are based upon acoustoelastic theory [3], which refers to the change in ultrasonic wave speed
with applied or residual stresses. Pao et al. [4] and Thompson et al. [5] used bulk wave propagation
concepts to identify the applied load. Fan S. [6] used Lamb waves to estimate the applied biaxial loads.
Navneet G et al. [7] derived the dispersion relation for a bi-axially stressed isotropic plate and

explains that a homogeneous plate that is initially isotropic behaves anisotripically under applied
uniaxial load. Sang J. L. et al. [8] compares the effect of applied loads and temperature variation on
guided wave propagation.
Less research has been focused on acoustoelasticity of guided waves on composite structures
because the non-homogeneous and anisotropic properties are complex to consider. This paper will
exploit the behavior of guided waves in GFRP materials subjected to uniaxial stresses.
Theory:
Applied load to any material would cause changes in both geometric and acoustoelastic properties.
These affect the propagation of bulk and guided waves. It is important to note that temperature
change also has influence in propagation of guided waves. In the following study, the temperature is
assumed to remain constant. Applied load causes dimension change as per the strain tensor and
guided wave velocity changes on acoustoelastic effect.
When the guided waves are generated by one transducer and received at some distance away by
another, the primary effect of applied load is reflected in the time shift Δt. This shift in time Δt can
arise from the change in propagation distance d between the transducer and change in phase velocity
Cp .
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The change in distance is Δd = εd, where ε is the strain along the direction of propagation. The phase
velocity is calculated to change in other angles as
∆𝐶𝑝 = 𝜎11 [𝐾1 𝑐𝑜𝑠 2 𝜃 + 𝐾2 𝑠𝑖𝑛2 𝜃]

(2)

Where, 𝜎11 is the applied load along the direction of propagation, 𝐾1 and 𝐾2 are mode-specific
acoustoelastic constant. However, in this study only the change in phase velocity along the direction of
propagation is investigated.
Experiments:
Experimental setup:
Experiments where performed to verify the phase velocity change as a function of applied load. GFRP and
aluminum are chosen to verify and compare the phase change. A GFRP plate of dimensions 250 mm X 50
mm X 2 mm and aluminum plate of dimensions 250 mm X 50 mm X 1 mm with piezo-electric PZT
transducer attached as shown in the Fig. 1. The distance between the transducer is 150mm. The PZT has
a resonating frequency of 215 KHz. The overall experimental setup consist of MTS Machine, Oscilloscope,
Function Generator and a Computer (see Fig.1). The GFRP is made of 4 bidirectional glass fiber layers and
epoxy, processed under Vacuum Assisted Resin Transfer Molding (VARTM). It has a material properties
of Young’s modulus 26 GPA and density 1907 Kg/cm3 and the Poison’s ratio of 0.17 (The material is
assumed to be quasi-isotropic). The aluminum plate has material properties of Young’s modulus 69 GPA
and density 2700 Kg/cm3 and the Poison’s ratio of 0.33.
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Fig 1. Schematic representation and actual experimental setup
The Guided wave experiments involves four sequential steps. In Step 1, the appropriate excitation
frequency is identified. Dispersion curves for selected material are initially obtained and excitation
frequency is chosen to avoid complex wave modes. Typically, the A0 and S0 mode is excited. The selected
frequency for GFRP and Aluminum are 20 kHz. Step 2 involves selecting specific piezo-electric transducers
and attaching them to the specimen. PZTs with resonating frequency close to the excitation frequency are
attached at both the ends of the specimen (see Fig. 1). The distance between the transducers is carefully
measured. It is important to fix the receiving PZT at least 2.5 cm from the edge of the sample in order to
avoid signals from reflection at the edges. In Step 3, a MATLAB script is developed to control the waveform
generator and excite the transducer, and also record the signal form the other transducer via an
oscilloscope. The received signal depends on the applied load, material properties, specimen geometry
and distance between the transducers. Step 4 is to analyze the received signal according to Equation (1).
The time-of-flight (TOF) change is attributed to the increased traveling distance induced by the applied
load and change in acoustoelastic properties of the material. The above steps are repeated at different
load levels. Equation (1) is rearranged to calculate the change in phase velocity:
∆𝐶𝑝 =
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Results
GFRP sample:
The following section discusses the results obtained from the GFRP sample. Fig. 2a shows the excited and
received signals. Since the distance between the transducers are small the anti-symmetric and symmetric
modes are mixed as seen in the Fig. 2a. Also, the reflections from the edges make the received signal
complex. However, the TOF and amplitude between the received signals at different load level are clearly
identified in Fig. 2b.

Fig. 2a. Transmitted and Received signal under
no load

Fig. 2a. Received signals under different axial load

The received signals are processed to obtain the TOF and Amplitude (See Fig. 3a and Fig. 3b). Signals are
processed only for first few microseconds from the time of reception in order avoid reflections form the
edges. Thus, only S0 and A0 mode are considered. The phase velocity 𝐶𝑝 of A0 mode for the given material
properties and excitation frequency is 512 m/s. Fig. 3a and Fig. 3b show the TOF and Amplitude change
under different loads.
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Fig. 3a. Time of Flight for different loads
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Fig. 3b. Amplitude for different loads

Results from Fig.3 clearly show the delay in lamb waves travelling to the receiver from the transducer.
Also, the amplitudes reduce as the load increases. Furthermore, the Equation (3) is used to calculate the
change in phase velocity 𝐶𝑝 . Fig. 4 illustrates the changes in phase velocity of dominating mode (A0). It can
be identified the change in phase velocity is about 4.5 m/s for 50 Mpa load.

Fig 4. Change in phase velocity for different loads
Aluminum sample:
The same experimental and signal processing procedure is conducted for aluminum sample. The phase
velocity 𝐶𝑝 of A0 mode for the given material properties and excitation frequency is 614 m/s. The TOF and
change in phase velocity at different loads are shown in Fig. 5a and Fig. 5b, respectively. It is important to
note that the TOF for Aluminum has changed considerably in comparison to GFRP sample. Also, Fig. 5b
proves the velocity changes in Aluminum sample is relatively higher (35 m/s for 50 MPa load) compared
to GFRP sample. This change in phase velocity is due to the combined effect of geometric and
acoustoelastic changes. Considering the geometry, since aluminum has higher Poison’s ratio in
comparison to GFRP, the change in specimen thickness is relatively higher. This is one of the reasons for
higher ∆𝐶𝑝 in aluminum sample.
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Fig. 5a. TOF at different loads

Fig. 5b. Change in phase velocity at different
loads

Conclusion and Future work:
This paper investigates the effect of stress in GFRP and Aluminum tensile sample. The results from the
analysis clearly show there is a change in phase velocity for both isotropic and quasi-isotropic materials.
Under a uniaxial loading condition, guided wave responses in GFRP material is less influenced by loads in

comparison to aluminum. This study can be extended to complex loading condition and analysis of guided
waves in different directions. This study investigates only the phase velocity changes due to the combined
effects of geometric and acoustoelastic properties, a further analysis is required to understand the
individual effects.
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