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INTRODUCTION

1.1 STRUCTURAL HEALTH MONITORING
PRINCIPLES AND CONCEPTS

Structural health monitoring (SHM) is an area of growing interest and worthy of new
and innovative approaches. The United States spends more than $200 billion each year on
the maintenance of plant, equipment, and facilities. Maintenance and repairs represents
about a quarter of commercial aircraft operating costs. Out of approximately 576 600
bridges in the US national inventory, about a third are either ‘structurally deficient’ and in
need of repairs, or ‘functionally obsolete’ and in need of replacement. The mounting costs
associated with the aging infrastructure have become an on-going concern. Structural
health monitoring systems installed on the aging infrastructure could ensure increased
safety and reliability.

Structural health monitoring is an area of great technical and scientific interests.
The increasing age of our existing infrastructure makes the cost of maintenance and
repairs a growing concern. Structural health monitoring may alleviate this by replacing
scheduled maintenance with as-needed maintenance, thus saving the cost of unnecessary
maintenance, on one hand, and preventing unscheduled maintenance, on the other hand.
For new structures, the inclusion of structural health monitoring sensors and systems from
the design stage is likely to greatly reduce the life-cycle cost.

Structural health monitoring is an emerging research area with multiple applications.
Structural health monitoring assesses the state of structural health and, through appropriate
data processing and interpretation, may predict the remaining life of the structure. Many
aerospace and civil infrastructure systems are at or beyond their design life; however,
it is envisioned that they will remain in service for an extended period. SHM is one
of the enabling technologies that will make this possible. It addresses the problem of
aging structures, which is a major concern of the engineering community. SHM allows
condition-based maintenance (CBM) inspection instead of schedule-driven inspections.
Another potential SHM application is in new systems; that is, by embedding SHM
sensors and associate sensory systems into a new structure, the design paradigm can be
changed and considerable savings in weight, size, and cost can be achieved. A schematic
representation of a generic SHM system is shown in Fig. 1.1.

Structural health monitoring can be performed in two main ways: (a) passive SHM; and
(b) active SHM. Passive SHM is mainly concerned with measuring various operational
parameters and then inferring the state of structural health from these parameters. For
example, one could monitor the flight parameters of an aircraft (air speed, air turbulence,
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FIGURE 1.1 Schematic representation of a generic SHM systems consisting of active sensors, data
concentrators, wireless communication, and SHM central unit.

g-factors, vibration levels, stresses in critical locations, etc.) and then use the aircraft
design algorithms to infer how much of the aircraft useful life has been used up and
how much is expected to remain. Passive SHM is useful, but it does not directly address
the crux of the problem, i.e., it does not directly examine if the structure has been
damaged or not. In contrast, active SHM is concerned with directly assessing the state
of structural health by trying to detect the presence and extent of structural damage. In
this respect, active SHM approach is similar with the approach taken by nondestructive
evaluation (NDE) methodologies, only that active SHM takes it one-step further: active
SHM attempts to develop damage detection sensors that can be permanently installed
on the structure and monitoring methods that can provide on demand a structural health
bulletin. Recently, damage detection through guided-wave NDE has gained extensive
attraction. Guided waves (e.g., Lamb waves in plates) are elastic perturbations that
can propagate for long distances in thin-wall structures with very little amplitude loss.
In Lamb-wave NDE, the number of sensors required to monitor a structure can be
significantly reduced. The potential also exist of using phased array techniques that use
Lamb waves to scan large areas of the structure from a single location. However, one of
the major limitations in the path of transitioning Lamb-wave NDE techniques into SHM
methodologies has been the size and cost of the conventional NDE transducers, which are
rather bulky and expensive. The permanent installation of conventional NDE transducers
onto a structure is not feasible, especially when weight and cost are at a premium such as in
the aerospace applications. Recently emerged piezoelectric wafer active sensors (PWAS)
have the potential to improve significantly structural health monitoring, damage detection,
and nondestructive evaluation. PWAS are small, lightweight, inexpensive, and can be
produced in different geometries. PWAS can be bonded onto the structural surface, can
be mounted inside built-up structures, and can be even embedded between the structural
and nonstructural layers of a complete construction. Studies are also being performed to
embed PWAS between the structural layers of composite materials, though the associated
issues of durability and damage tolerance has still to be overcome.

Structural damage detection with PWAS can be performed using several methods:
(a) wave propagation, (b) frequency response transfer function, or (c) electromechanical
(E/M) impedance. Other methods of using PWAS for SHM are still emerging. However,
the modeling and characterization of Lamb-wave generation and sensing using surface-
bonded or embedded PWAS for SHM has still a long way to go. Also insufficiently
advanced are reliable damage metrics that can assess the state of structural health with
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confidence and trust. The Lamb-wave-based damage detection techniques using struc-
turally integrated PWAS for SHM is still in its formative years. When SHM systems are
being developed, it is often found that little mathematical basis is provided for the choice
of the various testing parameters involved such as transducer geometry, dimensions,
location and materials, excitation frequency, bandwidth, etc.

Admittedly, the field of structural health monitoring is very vast. A variety of sensors,
methods, and data reduction techniques can be used to achieve the common goal of
asking the structure ‘how it feels’ and determining the state of its ‘health’, i.e., structural
integrity, damage presence (if any), and remaining life. Attempting to give an encyclopedic
coverage of all such sensors, methods, and techniques is not what this book intends to do.
Rather, this book intends to present an integrated approach to SHM using as a case study
the PWAS and then taking the reader through a step-by-step presentation of how these
sensors can be used to detect and quantify the presence of damage in a given structure.
In this process, the book goes from simple to complex, from the modeling and testing
of simple laboratory specimens to evaluation of large, realistic structures. The book can
be used as a textbook in the classroom, as a self-teaching text for technical specialists
interested in entering this new field, or a reference monograph for practicing experts
using active SHM methods.

1.2 STRUCTURAL FRACTURE AND FAILURE

1.2.1 REVIEW OF LINEAR ELASTIC FRACTURE MECHANICS PRINCIPLES

The stress intensity factor at a crack tip has the general expression
K(0,a) = Co+/ma (1)

where o is the applied stress, a is the crack length, and C is a constant depending on
the specimen geometry and loading distribution. It is remarkable that the stress intensity
factor increases not only with the applied stress, o, but also with the crack length, a. As
the crack grows, the stress intensity factor also grows. If the crack grows too much, a
critical state is achieved when the crack growth becomes rapid and uncontrollable. The
value of K associated with rapid crack extension is called the critical stress intensity
factor K. For a given material, the onset of rapid crack extension always occurs at the
same stress intensity value, K. For different specimens, having different initial crack
lengths and geometries, the stress level, o, at which rapid crack extension occurs, may
be different. However, the K, value will always be the same. Therefore, K| is a property
of the material. Thus, the condition for fracture to occur is that the local stress intensity
factor K(o, a) exceeds the value K, i.e.,

K(o,a) > K, (2)

We see that K, provides a single-parameter fracture criterion that allows the prediction
of fracture. Although the detailed calculation of K (o, a) and determination of K, may be
difficult in some cases, the general concept of using K, to predict brittle fracture remains
nonetheless applicable. The K, concept can also be extended to materials that posses
some limited ductility, such as high-strength metals. In this case, the K(o, a) expression
(1) is modified to account for a crack-tip plastic zone, ry, such that

K(o,a)=Co/m(a+ry) 3)
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where the maximum value of r, can be estimated as

1 /K,
Mo =5~ 7‘ (plane stress) (4)

1 /K,
Fro = 6_77‘/ 7‘ (plane strain) (5)

In studying the material behavior, one finds that the plane strain conditions give the
lowest value of K,, whereas the plane stress conditions can give K, values that may
range from two to ten times higher. This effect is connected with the degree of constraint
imposed upon the material. Materials with higher constraint effects have a lower K.
value. The plane strain condition is the condition with most constraint. The plane strain
K. is also called the fracture toughness K,. of the material. Standard test methods exist
for determining the material fracture-toughness value. When used in design, fracture-
toughness criteria gives a larger margin of safety than elastic—plastic fracture mechanics
methods such as (a) crack opening displacement (COD) methods; (b) R-curve methods;
(c) J-integral methods. However, the fracture toughness approach is more conservative:
it is safer, but heavier. For a complete design analysis, the designer should consider, in
most cases, both conditions: (a) the possibility of failure by brittle fracture; and (b) the
possibility of failure by ductile yielding.

1.2.2 FRACTURE MECHANICS APPROACH TO CRACK PROPAGATION

The concepts of linear fracture mechanics can be employed to analyze a given structure
and predict the crack size that will propagate spontaneously to failure under the specified
loading. This critical crack size can be determined from the critical stress intensity
factor as defined in Eq. (3). A fatigue crack that has been initiated by cyclic loading,
or other damage mechanism, may be expected to grow under sustained cyclic loading
until it reaches a critical size beyond which will propagate rapidly to catastrophic failure.
Typically, the time taken by a given crack damage to grow to a critical size represents a
significant portion of the operational life of the structure. In assessing the useful life of a
structure, several things are needed such as:

e understanding of the crack-initiation mechanism

e definition of the critical crack size, beyond which the crack propagates catastrophically

o understanding the crack-growth mechanism that makes a subcritical crack propagate
and expand to the critical crack size.

Experiments of crack length growth with number of cycles for various cyclic-load
values have indicated that a high value of the cyclic load induces a much more rapid
crack growth than a lower value (Collins, 1993). It has been found that crack growth
phenomenon has several distinct regions (Fig. 1.2):

(i) An initial region in which the crack growth is very slow
(i1) A linear region in which the crack growth is proportional with the number of cycles
(iii) A nonlinear region in which the log of the crack growth rate is proportional with the
log of the number of cycles.
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1

Region | Region I1 Region Il

Crack growth rate per cycle, da/dN, log scale

N
Stress intensity factor range, AK, log scale

FIGURE 1.2 Schematic representation of fatigue crack growth in metallic materials.

In analyzing fatigue crack growth, Paris and Erdogan (1963) determined that the
fatigue crack-growth rate depends on the alternating stress and crack length:
d
ﬁ = f(Ac,a, ©) (6)
where A is the peak-to-peak range of the cyclic stress, a is the crack length, and C is a
parameter that depends on mean load, material properties, and other secondary variables.
In view of Eq. (1), it seems appropriate to assume that the crack-growth rate will
depend on the cyclic stress intensity factor, AKX, i.e.,

da

v = &(AK) ™
where AK is the peak-to-peak range of the cyclic stress intensity factor. Experiments
have shown that, for various stress levels and various crack lengths, the data points
seem to follow a common law when plotted as crack-growth rate versus stress intensity
factor (Collins, 1993). This remarkable behavior came to be known as ‘Paris law’; its
representation corresponds to the middle portion of the curve shown in Fig. 1.2. Fatigue-
crack growth-rate laws have been reported for a wide variety of engineering materials.
As middle portion of the curve in Fig. 1.2 is linear on log-log scale, the corresponding
Eq. (7) can be written as:

da
ﬁ = CEP(AK)" (8)

where 7 is the slope of the log-log line, and Cyp is an empirical parameter that depends
upon material properties, test frequency, mean load, and some secondary variables. If the
parameter Cgp and n are known, then one can predict how much a crack has grown after
N cycles, i.e.,

a(N) = a, +/1 Cep(AK)"dN ©)

where q, is the initial crack length.
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Paris law represents well the middle portion of the curve in Fig. 1.2. However, the
complete crack-growth behavior has three separate phases:

(1) Crack nucleation
(2) Steady-state regime of linear crack growth on the log-log scale
(3) Transition to the unstable regime of rapid crack extension and fracture.

Such a situation is depicted in Fig. 1.2, where Region I corresponds to the crack
nucleation phase, Region II to linear growth, and Region III to transition to the unstable
regime. Threshold values for AK that delineate one region from the other seem to exist.
As shown in Fig. 1.2, the locations of these regions in terms of stress intensity factor
vary significantly from one material to another.

Paris law is widely used in engineering practice. Further studies have revealed several
factors that also need to be considered when applying Paris law to engineering problems.
Some of these factors are

e Influence of cyclic stress ratio on the threshold value of AK

e Difference between constant-amplitude tests and spectrum loading
o Effect of maximum stress on spectrum loading

e Retardation and acceleration effects due to overloads.

The influence of the stress ratio and threshold have been incorporated in the modified
Paris law (Hartman and Schijve, 1970)

da  Cys(AK — AKqy,)"
dN = (1-R)K,—AK

(10)

where R is the stress ratio o,,,/0.,» K. is the fracture toughness for unstable crack
growth under monotonic loading, AKyy is the threshold cyclic stress intensity factor for
fatigue propagation, and Cyg is an empirical parameter.

The difference between constant-amplitude loading and spectrum loading has been
shown to depend on the maximum stress value. If the maximum stress is held at the
same values in both constant-amplitude and spectrum loading, then the crack growth
rates seem to follow the same law. However, if the maximum stress is allowed to vary,
the spectrum loading results seem to depend strongly on the sequence in which the
loading cycles are applied, with the overall crack growth being significantly higher for
spectrum loading than for constant-amplitude loading (McMillan and Pelloux, 1967).
The retardation effects due to overloads have been reported by several investigators as
evidence of the interaction effect whereby fatigue damage and crack extension depend on
preceding cyclic-load history. An interaction of considerable interest is the retardation
of crack growth due to the application of occasional cycles of crack-opening overload.
Retardation is characterized by a period of reduced crack-growth rate following the
application of a peak load higher than the subsequent peak. The retardation has been
explained by the inference that the overload will induce yield at the crack tip and will
produce a zone of local plastic deformation in the crack-tip vicinity. When the overload
is removed, the surrounding material forces the yielded zone into a state of residual
compression that tends to inhibit the crack growth under the subsequent loads of lower
value. The crack-growth rate will remain smaller until the growing crack has traversed
the overload yield zone, when it returns to the normal value. Crack-growth acceleration,
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FIGURE 1.3 Plate (length = 2h, width = 2b), containing a central crack length of 2a. Tensile stress
o acts in the longitudinal direction.

on the other hand, may occur after crack-closing overloads. In this case, the overload
yield zone will produce residual tension stresses, which add to the subsequent loading
and result in crack-growth acceleration.

For simple geometries, the stress intensity factor can be predicted analytically. Such
predictions have been confirmed by extensive experimental testing; look-up tables
and graphs have been made available for design usage. For example, a rectangular
specimen with a crack in the middle has stress intensity factor for mode | cracking
given by

K, =Bo/ma (11)

where o is the applied tensile stress, a is half of the crack length, and B = K, /K,,. The
term K, represents the ideal stress intensity factor corresponding to an infinite plate with
a single crack in the center. The parameter BB represents the effect of having a plate of
finite dimensions, i.e., the changes in the elastic field due to the plate boundaries not
being infinitely far from the crack (Fig. 1.3). The value of the parameter 3 for a large
variety of specimen geometries can be found in the literature.

1.3 IMPROVED DIAGNOSIS AND PROGNOSIS
THROUGH STRUCTURAL HEALTH MONITORING

1.3.1 FRACTURE CONTROL THROUGH NDI/NDE

In-service inspection procedures play a major role in the fail-safe concept. Structural
regions and elements are classified with respect to required nondestructive inspection
(NDI) and NDE sensitivity. Inspection intervals are established on the basis of crack
growth information assuming a specified initial flaw size and a ‘detectable’ crack size,
Q4> the latter depending on the level of available NDI/NDE procedure and equipment.
Cracks larger than a,,, are presumed to be discovered and repaired. The inspection



8 INTRODUCTION

intervals must be such that an undetected flaw will not grow to critical size before the
next inspection. The assumptions used in the establishment of inspection intervals are

e All critical points are checked at every inspection

® Cracks larger than ag,, are all found during the inspection
e Inspections are performed on schedule

e Inspection techniques are truly nondamaging.

In practice, these assumptions are sometimes violated during infield operations, or are
impossible to fulfill. For example, many inspections that require extensive disassembly
for access may result in flaw nucleation induced by the disassembly/reassembly process.
Some large aircraft can have as many as 22 000 critical fastener holes in the lower wing
alone (Rich and Cartwright, 1977). Complete inspection of such a large number of sites
is not only tedious and time consuming, but also subject to error born of the boredom of
inspecting 20000 holes with no serious problems, only to miss one hole with a serious
crack (sometimes called the ‘rogue’ crack). Nonetheless, the use of NDI/NDE techniques
and the establishment of appropriate inspection intervals have progressed considerably.
Recent developments include automated scanning systems and pattern-recognition method
that relive the operator of the attention consuming tedious decision making in routine
situations and allow the human attention to be concentrated on truly difficult cases.
Nevertheless, the current practice of scheduled NDI/NDE inspections leaves much to be
desired.

1.3.2 DAMAGE TOLERANCE, FRACTURE CONTROL
AND LIFE-CYCLE PROGNOSIS

A damage tolerant structure has a design configuration that minimizes the loss of
aircraft due to the propagation of undetected flaws, cracks, and other damage. To produce
a damage-tolerant structure, two design objectives must be met:

(1) Controlled safe flaw growth, or safe life with cracks
(2) Positive damage containment, i.e., a safe remaining (residual) strength.

These two objectives must be simultaneously met in a judicious combination that
ensures effective fracture control. Damage-tolerant design and fracture control includes
the following:

(i) Use of fracture-resistant materials and manufacturing processes
(ii) Design for inspectability
(iii) Use of damage-tolerant structural configurations such as multiple load paths or crack
stoppers (Fig. 1.4).

In the application of fracture control principles, the basic assumption is that flaws do
exist even in new structures and that they may go undetected. Hence, any member in the
structure must have a safe life even when cracks are present. In addition, flight-critical
components must be fail-safe. The concept of safe life implies the evaluation of the
expected lifetime through margin-of-safety design and full-scale fatigue tests. The margin
of safety is used to account for uncertainties and scatter. The concept of fail-safe assumes
that flight-critical components cannot be allowed to fail, hence alternative load paths are
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Class 1 Class 2 Class 3
Single load path Single load path with Multiple load path
damage arrest capabilities redundant load path

FIGURE 1.4 Structural types based on load path.

supplied through redundant components. These alternative load paths are assumed to be
able to carry the load until the failure of the primary component is detected and a repair
is made.

1.3.3 LIFE-CYCLE PROGNOSIS BASED ON FATIGUE TESTS

The estimated design life of an aircraft is based on full-scale fatigue testing of complete
test articles under simulated fatigue loading. The benefits of full-scale fatigue testing
include:

e Discover fatigue critical elements and design deficiencies
® Determine time intervals to detectable cracking

¢ Collect data on crack propagation

® Determine remaining safe life with cracks

® Determine residual strength

¢ Establish proper inspection intervals

¢ Develop repair methods.

The structural life proved through simulation test should be longer by a factor from two
to four than the design life. Full-scale fatigue testing should be continued over the long
term such that fatigue failures in the test article will stay ahead of the fleet experience by
enough time to permit the redesign and installation of whatever modifications are required
to prevent catastrophic fleet failures. However, full-scale fatigue testing of an article such
as a newly designed aircraft is extremely expensive. In addition, the current aircraft in
our fleets have exceeded the design fatigue life, and hence are no longer covered by the
full-scale fatigue testing done several decades ago.



