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Simulation-Based Design of a Guided-Wave
Structural Health Monitoring System for a
Plate-Stiffener Configuration

J. C. ALDRIN, E. A. MEDINA, K. V. JATA and J. S. KNOPP

ABSTRACT

Through the use of integrated sensing and signal processing for damage detection.
_ structural health monitoring (SHM) technologies are expected to improve system life
cycle management. In particular, guided waves have been successfully utilized for
damage identification in pipes and other structures. However, the design of guided-
wave applications becomes significantly more challenging as the geometric
complexity of the structure increases. Structural components for aircraft wings,
container tanks, and other applications often have one or more substructures that
consist of plates with stiffeners. The application of both higher frequency Rayleigh
waves and lower frequency Lamb waves were considered for the inspection of a plate-
stiffener configuration for fatigue cracks, with each providing advantages and
challenges for practical application. The finite element method was used to better
understand both mode conversion and scattering characteristics associated with the
crack relative to the rib joint geometry. The multi-objective optimization scheme
coupled with a parametric numerical model is lastly discussed for SHM design
optimization in terms of maximizing the sensitivity of signal processing measures to
crack length while minimizing the significance of secondary signals due to the part
geometry and a varying material state.

INTRODUCTION

Structural health monitoring (SHM) technologies are expected to improve system
life cycle management of aircraft structures through a condition-based maintenance
(CBM) approach. Benefits include increased fleet availability, improved system
reliability as components approach failure, and lower sustainment cost due to
reductions in structural teardowns and inspection labor. Ultrasonic guided wave
methods incorporating in-situ sensors have a significant potential to interrogate a wide
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area of a structure.  Recently, guided wave applications have been successfully
implemented for the inspection of pipes. Issues of transducer design and interpreting
complex signals have been addressed through the development of analytical and
numerical models and novel signal processing methods for array data [1-3].

Many practical considerations exist for the application of ultrasonic methods using
in-situ sensors for aircraft SHM. Key challenges include distinguishing crack signals
from noise, addressing optimal placement of sensors for observability of expected
damage states, ensuring and validating the reliability of sensors over life, and
demonstrating an economic benefit for implementation. Recently for aircraft structure
applications, research efforts have begun to address novel sensor array designs [4,5],
self-calibrating approaches [6], in-situ sensor durability assessment and system
certification requirements [7]. However, there is still the significant challenge to
quantify the damage state of a structure, distinguishing mission critical defects such as
fatigue cracks, delaminations or severe impact damage from coherent noise features
present in distributed sensor signals associated with the geometric complexity of the
structure.  Potential sources for structural noise features include fastener sites,
stiffener ribs and risers, lap joints, and attached subsurface structures, In addition,
time-driven variations in the structural contact conditions at joints and fastener sites or
changes in the sealant properties will also change the dynamics of wave propagation
within a structure. Many in-situ SHM approaches are also sensitive to changes in the
dynamic, thermal, and mass loading of the structures, which can be considerable
during flight or at different bases around the world.

The obijective of this paper is to present a case study introducing one level of part
geometric complexity, the presence of stiffener ribs in panels, to demonstrate a model-
assisted design process. The use of stiffening ribs in structures can be found in a
variety of forms for many applications (Figure 1). Extruded panels with ribs are
common in many aircraft wing structures. Isogrid panels used for some space
structure applications such as the Saturn V rocket are made by machining a triangular
pattern of ribs and spaces of reduced panel thickness that provide a good compromise
between strength and weight [8]. Under poor processing conditions, the panel sections
between ribs may also vary in thickness as shown in Figure 1(b), providing a unique
challenge for guided wave methods. Quite often, ribs may be welded to a panel in the
form of a T-joint as shown in Figure 1(c). Some experimental and simulated studies
have been performed exploring the application of Lamb waves [9,10] and SH waves
[11] for the inspection of cracking at a welded rib. Lastly, some bonded joints such as
the T-peel joints also exhibit this characteristic geometry as shown in Figure 1(d).
Prior work has studied the application of lamb waves to evaluate the bond quality at
such joints [12]. The common factor for each stiffened plate geometry from the
perspective of ultrasonic scattering is the presence of (1) a fillet (or weld of irregular
morphology) and (2) the top of the rib that scatter the incident ultrasonic wave and
thus hinder the interpretation of (3) signals associated with cracks located at this joint.

Both higher frequency Rayleigh waves and lower frequency Lamb waves are
considered here for the inspection of a plate-stiffener configuration for fatigue cracks,
with each providing some promise and challenges for practical application. For cases
where the critical locations for flaw growth are well known and few in number, the
application of high frequency ultrasonic techniques may be considered. The
usefulness of angled beam shear wave, shear horizontal wave (using EMAT
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Figure 1. Plate-stiffener structures: (a) extruded panel with rib, (b) machined panel
with varying thickness, (c) welded T joint, and (d) bonded composite T-peel joint.

transducers), or Rayleigh wave techniques will depend on the nature of the crack
location and orientation. In this study, Rayleigh waves are first considered given their
capability to propagate past a joint both along the curved fillet into the rib and leak as a
creeping wave into the joint and adjacent panel section. Prior work has studied both
the propagation of Rayleigh waves on curved surfaces [13] and the scattering of
Rayleigh waves from a sharp 270° corner [14], but little work has been performed on
the problem of scattering from 270° corners with curvature beyond recent studies of
Lamb wave scattering at pipe bends [15]. Lamb waves are typically used at low
frequencies to isolate the propagating modes to the fundamental symmetric (S;) and
asymmetric (Ag) modes and thus simplify the signal interpretation problem. In-situ
sensor configurations have been presented for generating S, [4] and A, [5] modes for
interrogating an aircraft structure. Greve el al. recently presented a numerical
simulation of Lamb wave scattering in a plate girder geometry containing a crack in a
convex weld geometry [10]. In this study, the Sy mode lamb wave source propagated
from the web into the flange and welded region with direct incidence on the crack.
Related numerical studies have been performed evaluating mode conversion and the
scattering of guided waves from discontinuities in a plate including cylindrical voids
(representing corrosion) [16, 5], cracks and notches (recent) [17], steps in the plate
(such as at a lap joint), and the interface at overlapping panels [18]. However, gaps
still exist concerning a full understanding of the effect of changes in component
geometry (plate and rib thickness and height), transducer characteristics (frequency,
shape, loading profile), and signal processing parameters on the reliability to detect
cracks of various sizes and locations. To build on prior work, this study presents the
application a numerical models for rib-stiffener-crack configuration and briefly
discusses integration with multi-objective optimization methods for robust design.

NUMERICAL MODEL

Figure 2 presents a diagram of a plate-stiffener configuration with an in-situ
transducer. The FEM package, FEAP, was used to solve the 2D explicit finite element
problem [19]. Integration with Matlab was facilitated using FEAPMEX to enable full
model parameterization and facilitate optimization studies. Several crack locations
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and orientations at the rib panel interface were included in the parameterized model.
Perfectly matched layers were also implemented as absorbing boundary conditions to
reduce the size of the meshed domain and minimize solution time. For the lamb wave
study, the Sy mode generated by piezoelectric wafer sensors was used and the.
corresponding transducer dimensions were defined based on the approach proposed by
Giurgiutiu [4]. The model parameter values for the Lamb wave study are as follows:
a; = 800 mm, a; = 400 mm, as= 7.5 mm, b; = b= 5.0 mm, r; =, = 8.0 mm, b; = 50
mm, crack lengths for locations A and D were 50% through thickness, a wide pulse at
0.112 MHz (fd = 0.56 mm-MHz) was set, and the material properties of aluminum
were used. The model parameters that were modified for the Rayleigh wave study are
as follows: a;= 50 mm, a;=25 mm, a;= 8.0 mm, b; =b>= 8.0 mm, b; =20 mm, and a
short pulse at 1.5 MHz. A mesh criterion of a minimum of six elements was used
across a distance associated with the shortest wavelength (mode) present. The explicit
time step criteria was thus based on the wave speed associated with the shortest
distance between two adjacent nodes in the model.

SIMULATED STUDIES OF THE SCATTERING OF So MODE LAMB WAVE

Simulated studies were initially performed for an incident Sy mode lamb wave to
evaluate the magnitude of the reflected and transmitted modes from an unflawed rib.
Figures 3(a) and (b) present the displacement response on the top surface in the y-
direction and x-direction respectively (with the rib position identified by a dotted lines
in the center) for a series of time steps. Although the x-direction displacement will
more readily translate to the measurement response, the presentation of both
components provides greater insight into the mode conversion and scattering that
occurs at the rib. A strong S; mode and a weaker A, mode are first observed
propagating toward the rib. After the Sy mode reaches the rib, reflection and
transmission of the Sy mode and mode conversion to reflected and transmitted A,
modes are observed. Interestingly, the reflected and transmitted signals are
comparable in magnitude for both the Sy and Ay modes. There is very little
measurable response associated with the weaker incident A, lamb wave. Additionally,

Iy by
transducer
(source) .
______ =
by
absorbing ay ; . absorbing
boundary boundary
condition condition

Figure 2. Diagram of a plate-stiffener configuration with a in-situ transducer and
multiple locations for cracks.
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Figure 3. Displacement response in (a) y-direction and (b) x-direction on the top
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surface of the plate for incident Sy mode Lamb wave scattered by a rib-stiffener.

greater reverberations are found on the far side of the rib after the initial mode-
converted A, mode signal, indicating mode conversion, transmission and re-radiation
of Ay lamb waves from the vertical rib. The mode conversion phenomenon has also
been observed for other discontinuities in the plate [18-21]; however, the magnitude

of the scattered signals from a rib are quantitatively different.

Although subtracting baseline data from suspected crack data may not be practical
due to structural and environmental variations producing false indications, a difference
based method is presented here to solely demonstrate the differences in the scattered
response from a rib for various crack configurations. Figure 4 presents the changes in
displacement for the with-crack case A and D (see Figure 2) for both the x-direction

5
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Figure 4. Difference in displacement response between with-crack and no-crack
results for the following cases (a) x-direction, crack location A, (b) y-direction,
crack location A, (c) x-direction, crack location D (d) y-direction, crack location D.

and y-direction. For crack location A at the fillet edge in the plate, there is a
significant change in the reflected and transmitted Sy mode and likewise the A, mode
converted from the incident S, wave. Alternatively, for crack location D in the rib,
there are little change associated with the reflected and transmitted Sy, but most of the
changes are associated with mode conversion of A; Lamb waves that propagate into
and re-radiate from the rib. These preliminary studies provide insight into the potential
to characterize flaw location based on the scattered field.

SIMULATED STUDIES OF THE SCATTERING OF RAYLEIGH WAVE

Simulated studies were also performed exploring the scattering of higher
frequency Rayleigh waves from the rib geometry. Figure 5 presents contour plots of
the RMS displacement response for a series of select time steps. First, as the Rayleigh
wave approaches the fillet, interaction of the top surface wave with the bottom plate
surface begins. Note at higher frequencies, it is easier to consider the scattering
problem as reflections of wavefronts at boundaries as opposed to the superposition of a
large number of Lamb wave modes (at fd = 12 mm‘MHz). As the surface wave
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reaches the fillet (change in curvature), both propagation along the curved surface and
leaking into the rib are observed by the ‘creeping wave’. This physical phenomenon
also provides a mechanism for propagating energy into the shadow regions of rib for
crack detection and characterization. However as time progresses, scattered signals
are observed from the top of the rib and the far rib fillet that will hinder the
interpretation of any crack signals. Also, note that with the change in frequency, rib
height and fillet curvature will also play a significant role concerning the nature of the
scattered response. Figure 6 presents a particular snapshot in time highlighting some
of the subtle differences between the (a) no crack, (b) crack at location A, (c) crack at
location D respectively. Although there are weak features present in the images that
provide promise for crack detection for varying locations, additional work is needed to
best extract such signals with invariance to noise and environmental conditions.

CONCLUSIONS AND FUTURE WORK

This study has laid the foundation for understanding the complex ultrasonic scattering
response from common aircraft rib structures. The application of both higher
frequency Rayleigh waves and lower frequency Lamb waves were found to provide
subtle features associated with the presence and location of cracks in the neighborhood
of rib-stiffeners. Future work will focus on implementation of the parameterized
model with multi-objective optimization methods, to assess the effects of changes in
component geometry (plate and rib thickness and height), transducer characteristics

(a) 1I2.9 us :

SR q00 G0

Figure 5. RMS displacement response for an incident Rayleigh wave scattered at a
vertical rib for a series of select time steps.

Figure 6. RMS displacement response for an incident Rayleigh wave scattered at a
vertical rib with (a) no crack, (b) crack at location A, (c) crack at location D (in the
rib) for a select time highlighting differences in the scattered waves.

7



Simulation-Based Design of a Guided-Wave SHM System 1085

(frequency, shape, loading profile), environmental state (temperature, residual stress)
and signal processing parameters on the ability to detect damage of various sizes at
several locations in the structure. Prior work has explored optimization for sensor
design and placement for structural health monitoring applications [20]. The multi-
objective optimization problem will be defined to maximize the sensitivity of signal
processing measures to crack length while minimizing the significance of secondary
signals associated with the part geometry.
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