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Introduction

I T is becoming increasingly apparent that the development
of supersonic/hypersonic vehicles such as the NASP cannot

become a reality until the fatigue problem under severe aero-
dynamic, acoustic, and thermal environment is solved. Fur-
thermore, with an increasing use of light-weight materials such
as fiber-reinforced composites, metal matrix composites, and
various intermetallic compounds, there is an urgent need for
improved analytical methods for nonlinear response and sonic
fatigue predictions.

The proposed NASP concept involves operations at sub-
sonic, supersonic, and hypersonic speeds. Thus, aerodynamic,
acoustic, and thermal loadings should be considered for var-
ious phases of flight.

In the early stages of the takeoff, the aft surface thermal
protection systems will be in the near field of the engine
exhaust noise. As the speed of the vehicle increases, the effect
of engine exhaust noise (except in the near vicinity of exhaust
nozzles) will decrease, and at Mach 1 and higher speeds the
acoustic loads are expected to become negligible. However,
at supersonic and hypersonic speeds, the fluctuating surface
pressures due to convecting turbulent boundary layer will
become significant. In addition, local impinging shocks on the
structural surface could induce severe dynamic loads.

Supersonic/hypersonic vehicles will be subjected to severe
surface temperatures exceeding SCOOT.1'4 Structural surface
components and control devices can be expected to behave
in a highly nonlinear fashion with respect to both geometry
and materials.4^8 No reliable analytical procedures have yet
been developed which could handle these complexities and
give meaningful results that are useful for the design of these
vehicles.

The thermal surface protection systems of aircraft struc-
tures are usually constructed from discretely stiffened panels
and stiffened shells. A typical discretely stiffened panel is
shown in Fig. 1. Due to anticipated high-surface temperatures
of advanced supersonic/hypersonic vehicles, multi-wall and/
or multilayer constructions might need to be utilized for the
design of thermal surfaces. High-cycle fatigue failures have
occurred in discretely stiffened surface panels with the ma-
jority of cracks appearing in the near vicinity of the stiffening
element.5'13 Thus, proper dynamic interaction between the
panel and various stiffening elements should be taken into
account when calculating the nonlinear response of the surface

panels. A single bay panel with clamped or simple support
boundary conditions might provide reasonable estimates on
deformations,14'23 but the predictions of principal stresses of
a discretely stiffened panel by a single panel model could be
unrealistic. Since fatigue damage is controlled by local stress
conditions, accurate stress predictions are essential for fatigue
life estimates.

A time domain Monte Carlo-type approach has been suc-
cessfully applied to a variety of problems of a linear and
nonlinear nature with complex random inputs.24'33 Utilizing
the nonlinear time domain stress response solutions and fa-
tigue information from constant amplitude coupon tests, pre-
liminary fatigue damage models have been constructed. The
adverse thermal conditions could result in degradation of
strength, stiffness, and fatigue life. In addition, thermal in-
plane loads could induce buckling and "snap through" type
vibrations of surface panels. The time domain procedures
could account for these effects in the general formulation of
the total response problem.

General Features of Time-Domain Method
For structural dynamic problems of nonlinear/probabilistic

nature where close form or effective approximate solutions
are not possible, the time domain Monte Carlo method could
provide a feasible approach to construct practical solutions.
The recent advent of high-speed digital computers has made
this procedure a useful and effective method. To illustrate the
basic features of the time domain approach, consider a gen-
eralized form of a second-order nonlinear equation

X N(Xij9 *,) = Ftj(t) (1)

where XfJ are the components of generalized coordinates, a;,-,
are the natural frequencies of a linear system, f/y are the var-
ious modal damping coefficients, N is the nonlinear system
operator, and Ftj(t) are the generalized random forces. Con-
tinuous nonlinear systems governed by partial differential
equations can be discretized using modal solutions and rep-
resented as a system of nonlinear ordinary differential equa-
tions in a similar fashion as Eq. (1).

The time domain Monte Carlo method consists of three
basic steps: 1) realizations of random inputs, Ftj(t), are gen-
erated utilizing simulation procedures of random processes;
2) the equations of motion [Eq. (1)] are solved numerically
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for each realization of Fti(t)\ and 3) statistical moments, dis-
tributions, crossing rates and other needed quantities of the
response processes Xfj(t) are computed from ensemble av-
erages. For the cases where the ergodicity condition is ap-
plicable, the ensemble statistics can be replaced with temporal
averages thereby saving computation time. The Monte Carlo
procedure can be further extended to problems with random
system coefficients (material properties, geometric condi-
tions, etc.).

Mission Requirements and Local Aerodynamic/
Acoustic Surface Conditions

The first objective is to identify the various flight environ-
ments that the aerospace plane would experience through its
useful design life and construct local surface pressure models
that are consistent with the present time domain approach.
Then, composite space-time surface pressure realizations that
are acting on the structural thermal protection systems are
developed.

The present day approach to predict structural response
and fatigue life is based on linearized models and a single
surface-pressure profile for which a partial damage is calcu-
lated. Then, linear superposition procedures are utilized to
obtain the total fatigue damage. However, due to anticipated
nonlinear response of surface panels, prediction of structural
reliability and fatigue life of high-performance supersonic/
hypersonic aircraft requires that a composite random surface
pressure spectra be constructed. These aircraft are designed
to perform a variety of missions for different aerodynamic
flight regimes. Therefore, response calculations and fatigue
life estimates of the surface structures should reflect the dif-
ferent mission profiles since drastic changes in local flow and
acoustic conditions could be induced. To account for these
conditions, typical composite surface pressure spectra which
combines the different mission profiles and operational con-
straints should be developed.

The local surface pressure distribution is needed for the
entire vehicle (or regions of most severe aerodynamic, acous-
tical, and thermal loading) so that response calculations and
fatigue estimates for a particular structural component of the
thermal surface protection system can be accomplished. Typ-
ical categories of random surface pressure that a structural
component might be exposed are power plant noise, turbulent
boundary-layer flow, oscillating, and impinging shocks. To
simulate the required realizations of generalized random forces
FfJ(t) corresponding to these surface pressures the cross-spec-
tral densities of the local pressures are needed.34 Empirical
and experimental information is readily available to charac-
terize the turbulent flow and power plant noise.35~44

The various segments of surface pressure acting on a critical
structural component could include stationary, nonstationary,
Gaussian, and nonGaussian characteristics. The statistical
quantities such as the expected mean value, root mean square
(rms), probability distribution, crossing rates, peak exceed-
ances, spectral energy associated with the simulated individual
surface pressure segments, and the entire composite spectra
(single mission and multimissions) will need to be determined.
In addition, there are regions on the flight vehicle where the
local surface pressure is produced by a combination and
interaction of various sources such as the turbulent flow,
impinging shocks, and acoustic noise from engine exhaust.
These random surface pressures need to be combined proba-
bilistically to produce a generic simulated surface pressure
model.

Simulation of Stationary-Homogeneous
Multidimensional Random Processes

The random sample functions of pressure p(x, y, i) with a
zero mean can be generated utilizing simulation procedures
of stationary Gaussian random processes and fast Fourier

transforms (FFT) techniques.24'26-34 Then, p(x, y, t) can be
simulated by the series

p(x, y, t) = Re

where

Aiir = [2Sp(kv, k2i, (3)

(t)ijr are the realized values of independent random phase an-
gles uniformly distributed between 0 and 2ir, Re indicates the
real part, and the values of spectral density Sp are selected at
wave numbers klh A:2/, and frequencies cor. The A/q, A/c2, and
Ao> are the wave number and frequency intervals, respec-
tively.

The numerical details and the limitations of simulating a
multidimensional random process can be found in Refs. 24
and 34. It is expected that for a number of flight segments
and specific local flow conditions, surface random pressures
will be simulated in the form of Eq. (2). As the need arises,
Eq. (2) can be simplified to two- or one-dimensional cases to
meet the physical/computational constraints.

Simulation of Nonstationary and Nonhomogeneous
Random Pressure

When a surface pressure is idealized as a stationary and
Gaussian vector process, the mean value vector and the cross-
spectral density function matrix completely characterizes the
random process. However, for rapid spatial or time changes
in local aerodynamic and acoustic conditions, a stationary-
homogeneous idealization could lead to significant errors when
estimating structural response and accumulated damage.

Various forms of nonstationary random process models have
been proposed.45"62 These nonstationary models can be clas-
sified into two categories. One category consists of a class of
time domain models such as filtered Poisson processes52'53 and
data-based nonstationary processes.51 The other consists of
frequency domain models based on the generalized spec-
trum,55'56 the instantaneous spectrum,57'58 and the evaluation-
ary spectrum.46"50'60'61 The general difficulties associated with
these frequency domain models are that they characterize the
nonstationary processes in terms of modified forms of the
mean square spectral density which is not particularly ame-
nable to nonstationary conditions. Furthermore, such a fre-
quency domain representation limits the analysis to linear
response and systems with deterministic and time-invariant
material properties.

A nonstationary model called "data based" has been con-
structed in the time domain on the basis of observed records.51

The model is written in the form of the inversion of the Fourier
transform of the original record (the first kind) or of its
periodic-symmetric extension (the second kind) with ran-
domly shifted phase angles. This model lends itself to a tract-
able implementation of Monte Carlo analyses for structural
dynamic applications. The data based nonstationary model
has been mainly applied to simple one-dimensional uses, and
the accuracy of simulation is strongly dependent on an ade-
quate data base.

For the time domain analysis of nonlinear problems for
NASP applications, an amplitude modulated nonstationary
and nonhomogeneous random process can be introduced

X(x, y, 0 = G(JC, y, t ) - p ( x , y, t) (4)

where G(x, y, t) is a modulating function of space-time and
p(x, y, t) is a stationary and Gaussian random pressure sim-
ulated by Eq. (2). The G(x, y, t) is usually a deterministic
function equal to zero outside of the space (0, X0), (0, Y0),
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and time (0, T0) intervals in which AT0, Y0, and T0 are the
bounds of the simulated processes. An amplitude modulated
process has been used for a number of linear and nonlinear
applications.45'62 To model the nonstationary characteristics
of a random surface pressure, a suitable and useful form of
the modulating function G(;t, y, t) is

G(x, y, t) = F(x, y)[exp(-c10 - exp(-c2f)] for t > 0

0 for t < 0
(5)

where F(x, y) is selected to represent gradual changes of
surface pressure distribution. By a suitable choice of constants
c1 and c2, G(;t, y, t) can be made to resemble an envelope of
short time duration burst of surface pressure. It should be
noted that the variation of G(JC, y, t) is much slower than that
of the sample function p(x, y, t). To account for possible
random variations in the modulating function G(;t, y, t ) , a
procedure can be developed to assign distributions functions
to the shape parameters of G(x, y, t) and simulate pressure
realizations X(x, y, t) compatible with the Monte Carlo anal-
ysis method.

Simulation of NonGaussian Random Pressure
The nonGaussian random process can be constructed by

performing a nonlinear transformation on a simulated Gauss-
ian process as given by Eqs. (2) or (4). For many engineering
applications, this is a highly economical procedure to include
the nonGaussian characteristics observed in reality. For ex-
ample, a symmetric nonlinear transformation could be of the
form34

Y(x,y,t) = (6)

where y > 0 and sgn(jt, y, t) is used to adjust the sign of the
simulated process p(x, y, t). Other forms similar to Eq. (6)
can be used to perform a nonlinear transformation on the
simulated random process in order to match the nonGaussian
characteristics of the localized surface pressure that is acting
on the flight vehicle.

Aerodynamic and Mechanical Loads Acting on
Surface Panels

In addition to random surface pressures produced by
boundary-layer turbulent flow and engine exhaust noise, there
are various other dynamic input sources that are acting on
the thermal surface panels. Depending on local flow and geo-
metric conditions, these inputs could have a significant effect
on structural response and alter the fatigue life of a structural
component. These include nonsteady aerodynamic pressure
(supersonic and hypersonic flow), cavity pressure, impinging
localized shock waves, parametric in-plane excitations, pres-
surization, and aerodynamic/engine exhaust heating.

Nonsteady Aerodynamic Pressure
It has been demonstrated by numerous investigations that

convecting high-speed flow (supersonic/hypersonic) could
induce large nonlinear vibrations (flutter) of surface pan-
ejs 26-28,63,64 Exact-type formulations of the nonsteady aero-
dynamic pressure lead to nonlinear integro-differential equa-
tions for structural vibrations, thereby complicating the
numerical solution procedure.65 However, for high-speed
supersonic (Mach number larger than 1.6) and hypersonic
flow, a piston theory aerodynamic approximation can be used
to represent the nonsteady aerodynamic pressure.63'64 For most
applications of panel flutter, a linearized form of the piston
theory has been used to represent the nonsteady surface flow
pressure. However, for the cases where vibrations of the struc-
tural surface are nonlinear, the interaction between the con-
vecting flow and the vibrating structure might need to be
modeled by a nonlinear aerodynamic/structural system.

Cavity Pressure
Cavity (or backup pressure) effects develop on a structural

panel if the acoustic enclosure underneath the panel has finite
dimensions. The general solution for cavity pressure involves
solving a three-dimensional acoustic wave equation with a
vibrating flexible boundary (surface panel).65 This type of
formulation leads to a set of nonlinear integro-differential
equations. Useful approximations can be obtained for deep
and shallow cavities.27'65 A deep cavity has no significant effect
on structural response, while a shallow cavity could have a
large influence on response of surface panels.68-69

Pressurization
The main effect of pressurization is to increase stiffness of

a structural surface. Furthermore, pressurization induces out-
of-plane bending, resulting in a significant static mean stress
value and earlier initiation of buckling.

Aerodynamic/Engine Exhaust Heating
The high-speed surface flow friction drag induces large ther-

mal effects on surface structural components. In addition, hot
gases from engine exhaust could produce intense thermal con-
ditions in the aft portion of the vehicle. Surface heating pro-
duces large thermal stresses and large in-plane loads which
could lead to thermal buckling and snap through type response
of surface panels.32-33-66'67

The result is a significantly shorter fatigue life of surface
thermal protection panels. New composite materials are now
being developed to withstand these intense thermal condi-
tions. In addition, active cooling might need to be imple-
mented at some locations to protect the interior components
of the vehicle.

Governing Equations of Motion and Nonlinear
Response of Surface Panels

The thermal surface protection systems of NASP type ve-
hicles will be constructed from a variety of structural com-
ponents such as plates, stiffened panels, multiwall/multilay-
ered designs, etc. The basic structural component which reflects
the key dynamic characteristics is a discretely stiffened panel.
Such a panel is shown in Fig. 1. For response and fatigue
analysis, it is pertinent to select a structural model which
contains the main structural features of the actual surface
panel. Furthermore, this model should be capable of simu-
lating the local stress field, and it is tractable mathematically
and numerically. A discretely stiffened subpanel system might
be selected which is taken to be clamped or simply supported
along two boundaries (frame supports) and stiffened by stiff-
eners in the span wise direction y (dotted line in Fig. 1). This
structural model should give a reasonable estimate of local
stresses at critical locations marked by an x in Fig. 1. Exper-
iments tend to indicate the fatigue cracks usually appear at
these locations.5~9-10~13 Furthermore, the selected stiffened
panel should be compatible with the experimental models to
be tested at various government, industrial, and university

ACOUSTIC PRESSURE

TURBULENT
FLOW

l/ / / / //H/// / / 7TL/ / / / /

INPLANE LOADS

Fig. 1 Stiffened surface panel.
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facilities in order to validate analytical response and fatigue
life predictions.

The proposed time domain Monte Carlo method requires
a formulation of the governing equations of motions in the
space-time domain. Tests on aircraft panels2'10"13 and antici-
pated severe aerodynamic, acoustic, and thermal loads for
the supersonic-hypersonic vehicles1'3'39"44 indicated that non-
linear large deflection theories are needed to properly model
the vibrations of these panels. Analytical formulations on
nonlinear vibrations are available for single isotropic/ortho-
tropic/composite plates,14"23 isotropic double walls,30-31 and
isotropic discretely stiffened panels.32'33 The majority of these
formulations are limited to isothermal conditions, single-mode
approximations, no transverse shear and simple input pres-
sures such as band limited Gaussian white noise. Research is
now being conducted to extend these procedures to discretely
stiffened composite panels which will include geometric non-
linearities, transverse shear, thermal effects, and other load-
ing conditions described earlier. Utilizing Newton's second
law, compatibility requirements of inplane strains, von Kar-
man nonlinear strain-displacement relations, and thermoelas-
tic conditions for large deformations, the nonlinear coupled
partial differential equations can be developed.

In the development of analytical formulations for linear/
nonlinear response, a damping model needs to be selected.
The energy dissipating mechanisms which contribute to damp-
ing are very complex and depend on many factors.70-71 How-
ever, damping plays a very significant role in controlling linear
or nonlinear response. Most analytical formulations for linear
or nonlinear analysis tend to model damping as a linear pro-
cess. However, for large deformations and structures at ele-
vated temperatures, such a linear damping representation might
not be adequate.70 Nonlinear damping models have been in-
troduced to study the response of thin panels by time domain
simulation.72

The solution to the governing nonlinear partial differential
equations of the thermal surface panels can be developed
using the finite element method or modal Galerkin-like pro-
cedure. Even though the finite element method provides a
realistic method in solving geometrically complex problems,
the time domain approach requires a very large memory stor-
age capacity and extensive computation time. Since the non-
linear time domain solutions by the finite element routines
are based on the marching sequence in time, i.e., nonlinear
space distributed solutions are developed for each time in-
crement, computation time and costs become prohibitive even
for a small number of response realizations. The Galerkin-
like procedure provides a much faster and less costly alter-
native, but it limits the analysis to simplified geometric con-
figurations. The results presented in this article are based on
the Galerkin-like method. After the required statistical in-
formation on nonlinear stress response is known, a fatigue
damage model can be constructed.

Fatigue Life Prediction Methodology
The ultimate objective is to develop analytical models of

predicting fatigue life of thermal surface protection structures
subjected to a severe input environment that the NASP will
experience through its service life. This involves construction
of fatigue damage models that are consistent with the time
domain methods developed. The determination of fatigue
damage in composite and intermetallic materials is a very
complex and fast-changing area of technology. In what fol-
lows, a preliminary fatigue damage model based on data from
constant amplitude coupon tests and analytical predictions of
the total number of stress peaks per unit time and stress peak
distribution is developed. The key elements in this procedure
are detailed local stress state and reliable cumulative damage
rules for nonlinear and nonGaussian random stress ampli-
tudes. The present research and design efforts for fatigue life
estimation are basically proceeding along two lines: 1) stress-

type cumulative damage theories, and 2) fracture mechanics
(crack growth) approach.

The fracture mechanics theories are nonlinear and deal with
the stress intensity at the crack tip rather than the continuum
state stress used in the cumulative damage approach. Even
though significant gains have been achieved in damage esti-
mation by fracture mechanics, there are many deficiencies
such as proper models for random load spectra, predictions
for crack initiation, accounting for material and manufactur-
ing imperfections, and reliable knowledge of two- or three-
dimensional stress field states at the crack tip. For composite
and intermetallic materials, the fracture mechanics models
seem to be in early stages of development.78 In addition, the
stress response of surface panels to random pressure is dom-
inated by relatively high frequencies in the range of 100-1000
Hz. Thus, the crack growth stage for high-cycle fatigue might
be very short as compared to the crack initiation stage (before
a crack can be measured and assigned an initial crack size in
the crack growth model). In the present time domain ap-
proach, it is possible to incorporate the stress response time
histories in the crack growth models and then estimate the
damage on a cycle-by-cycle basis.

The earliest method of fatigue analysis based on constant
amplitude fatigue tests is the Palmgren-Miner74 cumulative
damage model

(7)

in which ni represents the actual number of cycles at a given
stress level, and N; is the number of total cycles at which
failure occurs at the same stress level. Miner has proposed
that the quality D = I is at failure.

Various tests75"79 indicate that the range for D is from about
0.3-3. To improve on fatigue life predictions, cumulative
damage theories which incorporate the nonlinearity of the
damage rate80-81 and "stress interaction" effects82"88 have been
proposed. Furthermore, the large scatter of experimental data
in fatigue tests has led to the general conclusion that fatigue
damage is a random process. Numerous research efforts have
been devoted to treating the fatigue damage as a stochastic
model where the key random parameters are loading and
material response to stress cycles.89"94 More recently, a more
refined cumulative damage rule for constant amplitude cycling
and stochastic modeling of fatigue damage has been proposed
in Ref. 95. For the constant amplitude cumulative damage,
an interaction function is introduced which accounts for the
effect of the frequency of high-low/low-high cycle of transi-
tions. The stochastic model of fatigue damage is a function
of random quantities such as loading and material properties.
Damage is described in the form of a probability distribution
function in which FD(JCZ) is the probability that Dt> 1, for
given xt.

The nonlinear nature of the stress response leads to a
nonGaussian distribution of stress amplitudes. Analytical
expressions to predict fatigue damage for nonGaussian re-
sponse are available only for a few limited cases.52-96"98 A
starting point in developing a damage theory that is consistent
with the present time domain approach for nonlinear/nonGauss-
ian response is to utilize fatigue data from coupon testing.
Size and mean stress effects, imperfections, local stress-strain
relations of the material at bonds, connections, rivets, etc.
could be built into the model utilizing experimental and em-
pirical information. The stress vs the number of cycles rela-
tionship can be written as

= BIN (8)

where S is a fixed stress amplitude for constant amplitude
loading, N is the number of stress cycles until failure at a
stress level S, and A and B are material constants which are
also temperature-dependent. Due to a very large scatter of
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fatigue data, these constants are often modeled as random
variables leading to a stochastic damage prediction model.
However, at the present time, these material constants are
taken as deterministic quantities.

Stress response under random surface pressure loading is
a random quantity and the application of the Palmgren-Miner
theory must be broadened to account for the random stress.
This can be achieved by letting the number of cycles n(Si)
represent the number of peaks at the stress level S^ Following
Ref. 52, it can be shown that for a stationary response the
expected damage can be written as

E[D(r)] = rE(D) =
E(MT

B \S\*Pl(S) dS (9)

where E(MT) is the expected total number of peaks from
t = 0 to t = r. The fatigue life 7} of a structural component
is the time duration for the total damage to reach unity, i.e.

D(Tf) = (10)

For the time domain approach, E(MT) and pf(S) needed
in Eq. (9) are computed directly from the stress response time
history. Such an approach has been used in Refs. 23, 32, and
33 to obtain preliminary guidelines of fatigue damage pre-
diction of simple titanium panels to random loads. This pro-
cedure can be generalized to predict expected damage of more
realistic surface protection structures, composite designs, and
complex mission spectra inputs as previously described. In
addition, the effects of thermal loading is reflected in the form
of material property changes, fatigue relationship as described
in Eq. (8), total expected number of peaks E(MT), and peak
distribution pf. Preliminary results presented in Refs. 32 and
33 indicate that thermal loads could have a drastic effect on
the nonlinear stress response and fatigue damage. Improved
analytical models to account for thermal effects not only on
the global scale of surface structural components but also on
a local scale (concentrated "hot spots") will be an important
area of future fatigue damage research.99"101 The expected
damage calculated from Eq. (9) provides the basic statistical
information on the average life of a structural component.
Due to randomness of the damage prediction model, other
statistical quantities might need to be computed to assess the
degree of variability of the predicted fatigue damage.52 Fur-
thermore, as the experimental data on response and fatigue
of composite and other materials under severe acoustic/ther-
mal loading become available, the preliminary damage model
given in Eq. (9) might need to be updated to reflect the realism
of fatigue life prediction.

Numerical Results
To illustrate the application of the time domain approach

for solution of nonlinear problems, several typical examples
that are compatible with the theory developed are selected.
These include a discretely stiffened panel and an orthotropic
composite panel. The displacement and stress response so-
lutions are given in Refs. 23 and 33.

Discretely Stiffened Panel
The numerical results are presented for a typical discretely

stiffened titanium panel. The panel is assumed to be stiffened
with two stiffeners in one direction at equal distances, and
simply supported at the frames and outside edges. The di-
mensions of the panel are Ll = L2 = L3 = 8.2 in., /j = 20
in., and h = 0.06 in. (see Fig. 1). The panel and the stiffeners
are made from 6A1-4V titanium material with p = 0.000414
Ibrs2/in.4 (material density), E = 16.0 x 106 psi (modulus
of elasticity), G = 6.2 x 106 psi (sheer modulus), v = 0.34

(Poisson's ratio), and a = 4.6 x 10~6 in./in./°F (thermal
expansion coefficient). The geometric properties of the stiff-
eners are given in Ref. 33. The modal damping coefficients
were taken as

where damping for the fundamental mode fu = 0.02. The
modes and modal frequencies were calculated using a transfer
matrix procedure.52

The input to the panel is taken to be uniformly distributed
truncated Gaussian white noise with input pressure spectral
density

Sp(a) = (p§/Acw)10Spmo 0 < a < 27T x 500
- 0 otherwise

(12)

where pQ is the reference pressure, p0 = 2.9 x 10~9 psi, Aw
is the selected bandwidth (Aw = 27r) and SPL is the sound
pressure level expressed in decibels. The simulation of the
random input pressure was obtained using the one dimen-
sional form of Eq. (2) with the spectral density given in Eq.
(12). The displacement and stress response time histories cor-
responding to this input are given in Fig. 2. These results
correspond to the upper surface and the center of the panel.
At 120 dB input (147 dB overall), the response of the panel
reaches a transition point between linear and nonlinear so-
lutions as illustrated in Fig. 3. For larger input levels, response
becomes highly nonlinear invalidating the linear solution.

The "oil canning" or snap through phenomenon is observed
when studying the dynamic response with thermal effects
present. As the temperature of the panel rises above the
ambient temperature, in-plane compressive stresses are in-
duced in the panel. As the temperature increases, compressive
thermal stresses produce thermal buckling of the panel. If the
panel is loaded by a random pressure of small magnitude, the
panel vibrates about the buckled state. If this random pressure
is large enough, it may cause the panel to snap through from
one position to the other. This kind of phenomenon is fre-
quently observed in experimental tests.66-67 The panel under-
goes snap through vibrations under certain combined thermal
and acoustic loads as illustrated in Figs. 4 and 5. Such a
response behavior would have an adverse effect on fatigue
life of those panels.

Response probability density histograms, peak distribu-
tions, total number of peaks per unit time, and threshold

120 dB

.30 .36

Time, sec
.42 .48

Fig. 2 Response time histories of displacement and stress.



VAICAITIS: SONIC FATIGUE 15

a) AT=0°F

137 147 153 157 159 161 163 165 167

Overall sound pressure level, dB

Fig. 3 Linear and nonlinear rms displacement response.

b) AT=ioo°F

C) AT=200°F

a) 110 dB d) AT=300°F

Time, sec

b) 120 dB

Time, sec

C) 130 dB

.3 -4 .5
Time, sec

Fig. 4 Stress response time histories for average temperature rise Ar
= 50°F.

crossing rates can be obtained from the response time his-
tories. Figure 6 shows the probability density histograms and
peak distributions for the nonlinear stress processes. For com-
parison, a Gaussian density function is given with each prob-
ability density histogram and a Rayleigh distribution with each
histogram of peak distribution. It can be observed from these
results that for high-pressure inputs, the response is no longer
Gaussian and the peak distribution does not follow the Ray-
leigh distribution. It should be noted that the Rayleigh dis-
tribution is shifted by the amount of mean stress.

0 .1 .2 .3 « 4 .5 .6 .7 - 9

Time, sec

Fig. 5 Stress response time histories for a 130-dB sound pressure
input.

2 .30
•d

rt .20
4»
0,

Rayleigh

-4.0 -3.0 -2.0 -1.0 0
Magnitude/cr

Fig. 6 Probability density and peak distribution histograms of stress
at AT1 = 200°F and noise input of 130 dB.



16 VAICAITIS: SONIC FATIGUE

STRESS-YY (xlOOO psi)

-300
0.1 0.60.2 0.3 0.4 0.5

TIME (seconds)
Fig. 7 Linear stress response time history of a composite panel at
150-dB input.
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Fig. 8 Nonlinear stress response time history of a composite panel
at 150-dB input.

Composite/Orthotropic Panel
Nonlinear response calculations were obtained for A-S/3501

Graphite/Epoxy composite panel.23 The single panel is taken
to be simply supported on all four edges. The overall dimen-
sions are L^ = 8.2 in.,'/! = 20 in. and h = 0.0416 in. The
basic lamina constitutive properties are obtained from 0-deg
lamina elastic properties with Et = 18.6 x 106 psi, Et = 2
x 106 psi, Glt = 0.8 x 106 psi, vlt = 0.31 and p = 0.0001302
\bf-s2/in.4 The stress response time histories, calculated at the
middle of the panel and z = h/2, are shown in Figs. 7 and 8
for linear and nonlinear cases. The input is 150 dB (177 dB
overall) uniformly distributed random pressure. These results
indicate that the linear prediction provides unrealistic values.
Note also that the mean value for nonlinear stress is not zero.
Thus, the use of linear strain-displacement relationship is not
applicable for high levels of acoustic loading. The probability
density histograms, peak distributions, and crossing rates for
nonlinear response show highly nonGaussian characteristics.23

Additional results on nonlinear response of composite panels
with thermal effects included can be found in Ref. 102.

Fatigue
Preliminary fatigue damage estimates are obtained for a

stiffened titanium panel.32'33 For linear and narrow band stress
response, expected fatigue damage can be calculated in closed
form from where the distribution of stress peaks pf(S) is ap-
proximated by a Rayleigh distribution. However, for the non-
linear stress response, only the histograms of peak distribution
are available and Eq. (9) is evaluated numerically. The ex-
pected total number of peaks E(Mt) are 303, 422, and 616
peaks/s for 120-, 130-, and 140-dB sound pressure inputs,
respectively. These sound pressure levels correspond to a con-
stant spectral level for frequency range of 0-500 Hz. The
expected total number of peaks E(MT) for linear response is

232 peaks/s. The time to failure at which E[D(r)] = I is 23,268
h (linear response at 120 dB spectral level input), 144,700 h
(120 dB), 1845 h (130 dB), 45.4 h (140 dB) for the nonlinear
response analysis. These results indicate that fatigue life could
be underestimated by a large amount if linear response anal-
ysis is used.

Conclusions
A time domain method can be used to solve a variety of

problems of a nonlinear nature. It is anticipated that response
of thermal surface protection systems of high-speed aircraft
such as the NASP will be nonlinear under severe aero-
dynamic, acoustic, and thermal loading. The various simpli-
fied linear theories and Gaussian inputs commonly used to
predict dynamic response and fatigue life of structural com-
ponents would not be meaningful in the design of the thermal
surface protection systems for a supersonic/hypersonic vehi-
cle. The nonlinear response in nonGaussian and peaks do not
follow a Rayleigh-type distribution. New fatigue damage models
need to be developed to accommodate the nonGaussian re-
sponse characteristics.

References
Williams, R. M., "National Aerospace Plane: Technology for

America's Future," Aerospace America, No. 11, 1986, pp. 19-22.
2Mixon, J. S., and Roussos, L. A., "Acoustic Fatigue: Overview

of Activities at NASA Langley," NASA TM-89143, April 1987.
3Murrow, H. N., and Powell, C. A., "Hypersonic Loads and Re-

sponse Workshop," NASA Langley Research Center, Hampton, VA,
Oct. 1989.

4Ellis, P. A., "Overview—Design of an Efficient Lightweight Air-
frame Structure for the National Aerospace Plane," AIAA/ASME/
ASCE/AMS/ASC, 30th SDM Conf., AIAA Paper 89-1406, Mobile,
AL, April 3-5, 1989.

5Jacobson, M. J., "Advanced Composite Joints: Design and Acoustic
Fatigue Characteristics," Air Force Flight Dynamics Lab., TR-71-
126, Wright-Patterson AFB, OH, 1972.

6Holehouse, L, "Sonic Fatigue Design Techniques for Advanced
Composite Aircraft Structures," Air Force Wright Aeronautical Lab.,
TR-80-3019, Wright-Patterson AFB, OH, April 1980.

7Soovere, J., "The Effect of Acoustic/Thermal Environments on
Advanced Composite Fuselage Panels," Journal of Aircraft, Vol. 22,
No. 4, 1985, pp. 257-263.

8Soovere, J., "Dynamic Response and Acoustic Fatigue of Stiff-
ened Composite Structures," Second International Conf. on Recent
Advances in Structural Dynamics, Southampton, England, UK, Inst.
of Sound and Vibration Research, Univ. of Southampton and Flight
Dynamics Lab., Wright-Patterson AFB, OH, 1984.

9Rudder, F. F., Jr., and Plumblee, H. E., Jr., "Sonic Fatigue
Design Guide for Military Aircraft," Air Force Flight Dynamics Lab.,
TR-74-112, Wright-Patterson AFB, OH, May 1975.

10Wentz, K. R., and Wolfe, H. F., "Development of Random
Fatigue Data for Adhesively Bonded and Weldbonded Structures
Subjected to Dynamic Excitation," Journal of Engineering Materials
and Technology, Vol. 100, Jan. 1978, pp. 70-76.

HJacobson, M. J., "Sonic Fatigue Design Data for Bonded Alu-
minum Aircraft Structures," Air Force Flight Dynamics Lab., TR-
77-45, Wright-Patterson AFB, OH, June 1977.

12Van der Heyde, R. C. W., and Wolfe, N. D., "Comparison of
the Sonic Fatigue Characteristics of Four Structural Designs," Air
Force Flight Dynamics Lab., TR-76-66, Wright-Patterson AFB, OH,
Sept. 1976.

13Van der Heyde, R. C. W., and Smith, D. L., "Sonic Fatigue
Resistance of Skin-Stringer Panels," Air Force Flight Dynamics Lab.,
TM-73-149-FYA, Wright-Patterson AFB, OH, April 1974.

14Mei, C., and Wentz, K. R., "Large Amplitude Random Re-
sponse of Angle-Ply Laminated Composite Plates," AIAA Journal,
Vol. 20, Oct. 1982, pp. 1450-1458.

15Wentz, K. R., Paul, D. B., and Mei, C., "Large Deflection
Random Response of Symmetric Laminated Composite Plates," Shock
and Vibration Bulletin, Bulletin 52, May 1982, pp. 99-111.

16Mei, C., "Response of Nonlinear Structural Panels Subjected to
High Intensity Noise," Air Force Wright Aeronautical Lab., TR-80-
3018, Wright-Patterson AFB, OH, March 1980.

17Mei, C., and Wolfe, H. F., "On Large Deflection Analysis in
Acoustic Fatigue Design," Random Vibration-Status and Recent De-
velopments, edited by I. Elishakoff and R. H. Lyon, The Stephen



VAICAITIS: SONIC FATIGUE 17

Harry Crandall Festschrift, Elsevier, London, 1986, pp. 279-302.
18Mei, C, and Paul, D. B., "Large Deflection Multimode Re-

sponse of Clamped Rectangular Panels to Acoustic Excitation," AIAA
Journal, Vol. 24, April 1986, pp. 643-648.

19Mei, C., and Prasad, C. B., "Effects of Large Deflection and
Transverse Shear on Response of Rectangular Symmetric Composite
Laminates Subjected to Acoustic Excitation," AIAA/ASME/ASE/
AHS 28th SDM Conf., AIAA Paper 87-0933, Monterey, CA, April
1987.

20Sathyamoorthy, M., and Chia, C. Y., "Nonlinear Vibration of
Anisotropic Rectangular Plates Including Shear and Rotatory Iner-
tia," Fibre Science and Technology, Vol. 13, 1980, pp. 337-361.

21Sathyamoorthy, M., and Chia, C. Y., "Effects of Transverse
Shear and Rotatory Inertia on Large Amplitude of Anisotropic Skew
Plates, Part I—Theory, Part II—Numerical Results," Journal of
Applied Mechanics, Vol. 47, No. 1, 1980, pp. 128-138.

22Prasad, C., and Mei, C., "Effects of Transverse Shear on Large
Deflection Random Response of Symmetric Composite Laminates
with Mixed Boundary Condition," AIAA/ASME/ASCE/AHS/
ASC, 30th SDM Conf., AIAA Paper 89-1356, Mobile, AL, April
1989.

23Vaicaitis, R., and Arnold, R. R., "Time Domain Monte Carlo
Approach for Nonlinear Response and Sonic Fatigue," AIAA 13th
Aeroacoustics Conf., AIAA Paper 90-3938, Tallahassee, FL, Oct.
1990.

24Shinozuka, M., and Jan, C. M., "Digital Simulation of Random
Processes and Its Applications," Journal of Sound and Vibration,
Vol. 25, No. 1, 1972, pp. 111-128.

25Shinozuka, M., and Wen, Y.-K., "Monte Carlo Solution of Non-
linear Vibrations," AIAA Journal, Vol. 10, No. 7, 1972, pp. 37-40.

26Vaicaitis, R., Jan, C. M., and Shinozuka, M., "Nonlinear Panel
Response from a Turbulent Boundary Layer," AIAA Journal, Vol.
10, No. 7, 1972, pp. 895-899.

27Vaicaitis, R., Dowell, E. H., and Ventres, C. S., "Nonlinear
Panel Response by a Monte Carlo Approach," AIAA Journal, Vol.
12, No. 5, 1974, pp. 685-691.

28Vaicaitis, R., Jan, C. M., and Shinozuka, M., "Nonlinear Panel
Response and Noise Transmission from a Turbulent Boundary Layer
by Monte Carlo Approach," AIAA 10th Aerospace Science Meeting,
AIAA Paper 72-199, San Diego, CA, Jan. 1972.

29Vaicaitis, R., "Acoustic Fatigue—A Monte Carlo Approach,"
AIAA/ASME/ASCE/AHS 28th SDM Conf., Paper 87-0916, Mon-
terey, CA, April 1987.

30Hong, H. K., and Vaicaitis, R., "Nonlinear Response of Double
Wall Sandwich Panels," Journal of Structural Mechanics, Vol. 12,
No. 4, 1984-85, pp. 483-503.

31Vaicaitis, R., and Hong, H. K., "Noise Transmission Through
Nonlinear Sandwich Panels," AIAA 8th Aeroacoustics Conf., AIAA
Paper 83-0696, Atlanta, GA, April 1983.

32Vaicaitis, R., and Choi, S. T., "Sonic Fatigue of Stiffened Struc-
tures," AIAA/ASME/ASCE/AHS 29th SDM Conf., Williamsburg,
VA, 1988.

33Choi, S. T., and Vaicaitis, R., "Nonlinear Response and Fatigue
of Stiffened Panels," Probabilistic Engineering Mechanics, Vol. 4,
No. 3, 1989, pp. 150-160.

34Shinozuka, M. (ed.), Stochastic Mechanics, Vols. I and II, Dept.
of Civil Engineering and Engineering Mechanics, Columbia Univ.,
New York, 1987.

35Maestrello, L., "Radiation from and Panel Response to a Super-
sonic Turbulent Boundary Layer," Journal of Sound and Vibration,
Vol. 10, No. 2, 1969, pp. 261-295.

36Coe, C. F., and Chyu, W. J., and Dods, J. B., "Pressure Fluc-
tuations Underlying Attached and Separated Supersonic Turbulent
Boundary Layers and Shock Waves," First Aeroacoustics Conf., AIAA
Paper 73-996, Seattle, WA, Oct. 1973.

37Vaicaitis, R., and Dowell, E. H., "Response of Space Shuttle
Surface Insulation Panels to Acoustic Pressure," Journal of Spacecraft
and Rockets, Vol. 14, No. 12, 1977, pp. 739-746.

38Bull, M. K., "Wall-Pressure Fluctuation Associated with Sub-
sonic Turbulent Boundary Layer Flow," Journal of Fluid Mechanics,
Vol. 28, Pt. 4, 1967, pp. 719-754.

39Howe, J. R., "Spatial and Temporal Properties of Fluctuating
Pressures on Re-Entry Vehicles," Air Force Flight Dynamics Lab.,
TR-76-32, Wright-Patterson AFB, OH, March 1976.

40Ungar, E., Wilby, J. F., and Bliss, D. B., "A Guide for Esti-
mation of Aeroacoustic Loads on Flight Vehicle Surfaces," Air Force
Flight Dynamics Lab., TR-76-91, Wright-Patterson AFB, OH, Feb.
1977.

41Laganelli, A. L., and Howe, J. R., "Prediction of Pressure Fluc-
tuations Associated with Maneuvering Re-Entry Weapons," Vol. I,

Air Force Flight Dynamics Lab., TR-77-59, Wright-Patterson AFB,
OH, July 1977.

42Langanelli, A. L., "Development of an Aeroacoustic Method-
ology to Evaluate Heatshield Material Performance," Air Force Wright
Aeronautical Lab., TR-81-3179, Wright-Patterson AFB, OH, Feb.
1982.

43Langanelli, A. L., "Prediction of the Pressure Fluctuations on
Maneuvering Re-Entry Weapons," Air Force Wright Aeronautical
Lab., TR-83-3133, Wright-Patterson AFB, OH, Feb. 1984.

^Pozefsky, P., Blevins, R. D., and Langanelli, A. L., "Thermo-
Vibro-Acoustic Loads and Fatigue of Hypersonic Flight Vehicle
Structures," Air Force Wright Aeronautical Lab., TR-89-3014, Wright-
Patterson AFB, OH, Feb. 1989.

45Vaicaitis, R., "Nonlinear Panel Response to Non-Stationary Wind
Forces," Journal of the Engineering Mechanics Division, Vol. 101,
No. EMD4, Aug. 1975, pp. 333-347.

46Priestley, M. B., "Evolutionary Spectra and Non-Stationary
Processes," Journal of the Royal Statistical Society, Vol. 27, No. 2,
1965, pp. 204-237.

47Howell, L. J., and Lin, Y. K., "Response of Flight Vehicle to
Non-Stationary Atmospheric Turbulence," AIAA Journal, Vol. 11,
No. 3, 1973, pp. 2201-2207.

48Fujimori, Y., and Lin, Y. K., "Analysis of Airplane Response
to Non-Stationary Turbulence Including Wing Bending Flexibility,"
AIAA Journal, Vol. 11, No. 3, 1973, pp. 334-339.

49Shinozuka, M., "Random Processes with Evolutionary Power,"
Journal of the Engineering Mechanics Division, Vol. 96, No. EM4,
Aug. 1970, pp. 543-545.

50Hammond, J. K., "On the Response of Single and Multidegree
of Freedom Systems to Non-Stationary Random Excitations," Jour-
nal of Sound and Vibration, Vol. 7, No. 3, 1968, pp. 393-416.

51Shinozuka, M., Ishikawa, H., and Mitsuma, H., "Data-Based
Non-Stationary Random Processes," Proceedings of the ASCE Spe-
cialty Conference on Probabilistic Mechanics and Structural Reliabil-
ity, Tucson, AZ, Jan. 1979, pp. 39-43.

52Lin, Y. K., Probabilistic Theory of Structural Dynamics, Krieger,
New York, 1976, pp. 332-337.

53Shinozuka, M., Wai, P., and Vaicaitis, R., "Simulation of a
Filtered Poisson Process," TR 6, Grant NSF-GK-327271X, Columbia
Univ., New York, March 1976.

54Solomos, G. P., and Spanos, P-T. D., "Oscillator Response to
Non-Stationary Excitation," Journal of Applied Mechanics, Vol. 51,
Dec. 1984, pp. 907-912.

55Caughey, T. K., "Non-Stationary Random Inputs and Re-
sponses," Random Vibrations, edited by S. H. Crandal, Vol. 2, MIT
Press, Kansas City, MO, pp. 66-84.

56Roberts, J. B., "On the Harmonic Analysis of Evolutionary Ran-
dom Vibrations," Journal of Sound and Vibration, Vol. 2, No. 3,
1965, pp. 336-352.

57Liu, S. C., "Time-Varying Spectra and Linear Transformation,"
Bell Systems Technical Journal, Vol. 50, No. 7, 1971.

58Mark, W. D., "Spectral Analysis of the Convolution and Filtering
of Non-Stationary Stochastic Processes," Journal of Sound and Vi-
bration, Vol. 11, No. 1, 1970, pp. 19-63.

59Mark, W. D., "Power Spectral Representation of Non-Stationary
Random Processes Defined over Semi-Infinite Intervals," Journal of
the Acoustical Society of America, Vol. 59, No. 5, 1976, pp. 1184-
1194.

^Priestly, M. B., "Design Relations for Non-Stationary Pro-
cesses," Journal of the Royal Statistical Society, B28, No. 1, 1966,
pp. 228-240.

61Priestly, M. B., "Power Spectral Analysis of Non-Stationary Ran-
dom Processes," Journal of the Royal Statistical Society, Vol. 6, No.
1, 1967, pp. 86-97.

62Yang, J.-N., "Simulation of Random Envelope Processes," Jour-
nal of Sound and Vibration, Vol. 21, No. 1, 1972, pp. 73-85.

63Dowell, E. H., Aeroelasticity of Plates and Shells, Noordhoft
International, Leydon, The Netherlands, 1975.

^Dowell, E. H., and Ilganov, M., Studies in Nonlinear Aeroelas-
ticity, Springer-Verlag, New York, 1988.

65Dowell, E. H., "Transmission of Noise from a Turbulent Bound-
ary Layer Through a Flexible Plate into a Closed Cavity," Journal
of the Acoustical Society of America, Vol. 46, No. 1, 1969, pp. 238-
252.

66Jacobson, M. J., and Maurer, O. F., "Oil Canning of Metallic
Panels in Thermal-Acoustic Environments," AIAA 6th Aircraft De-
sign, Flight Test and Operation Meeting, AIAA Paper 74-982, Los
Angeles, CA, Aug. 1974.

67Ng, C. F., "The Influence of Snap-Through Motion on the Ran-
dom Response of Curved Panels to Intense Acoustic Excitation,"



18 VAICAITIS: SONIC FATIGUE

Proceedings of the Third International Conference on Recent Advances
in Structural Dynamics, Air Force Wright Aeronautical Lab., TR-
88-3034, Wright-Patterson AFB, OH, July 1988, pp. 617-627.

68Zavodney, L. D., and Nayfeh, A. H., "The Response of a Single
Degree-of-Freedom System with Quadratic and Cubic Non-Linear-
ities to a Fundamental Parametric Resonance," Journal of Sound and
Vibration, Vol. 120, No. 1, 1988, pp. 63-93.

69Zavodney, L. D., Nayfeh, A. H., and Sanchez, N. E., "The
Response of a Single Degree-of-Freedom System with Quadratic and
Cubic Non-Linearities to a Principal Parametric Resonance," Journal
of Sound and Vibration, Vol. 129, No. 3, 1989, pp. 417-442.

70Soovre, J., and Drake, M. L., "Aerospace Structures Technol-
ogy: Damping Design Guide Volume I—Technology Review, Vol-
ume II—Design Guide, Volume III—Damping Material Data," Air
Force Wright-Patterson Aeronautical Lab., TR-84-3089, Wright-Pat-
terson AFB, OH, Dec. 1985.

71Proceedings of Damping '89, Vols. I-III, Wright Research and
Development Center TR-89-3166, West Palm Beach, FL, 1989.

72Robinson, J., "The Influence of Nonlinear Damping on the Ran-
dom Response of Panels by Time Domain Simulation," AIAA 12th
Aeroacoustics Conf., AIAA Paper 89-1104, San Antonio, TX, April
1989.

73Rizzi, S., "A Frequency Based Approach to Dynamic Stress
Intensity Analysis," AIAA/ASME/ASCE/AHS/ASC 32nd SDM Conf.,
AIAA Paper 91-1176, Baltimore, MD, April 1991.

74Miner, M. A., "Cumulative Damage in Fatigue," Journal of
Applied Mechanics, Transactions of the American Society of Me-
chanical Engineers, Vol. 12, 1945, pp. A159-A164.

75Hilberry, B. M., "Fatigue of 20 4-T3 Aluminum Alloy Due to
Broad-Band and Narrow-Band Random Loading," Ph.D. Disserta-
tion, Iowa State Univ. of Science and Technology, Ames, IA, 1967.

76Ikegami, R., "The Fatigue of Aluminum Alloys Subjected to
Random Loadings," Ph.D. Dissertation, Univ. of California, Berke-
ley, CA, 1969.

77Brown, G. W., and Ikegami, R., "The Fatigue of Aluminum
Alloys Subjected to Random Loading," Experimental Mechanics,
Vol. 10, Aug. 1970, pp. 321-327.

78Lucke, J., and Brown, G. W., "Prediction of Fatigue Lives of
2034-T3 and 6061-T6 Aluminum Alloys Under Broadband Random
Loading," U.S. Dept. of Commerce, SCL-CR-710175, Washington,
DC, 1971.

79Swanson, S. R., "Random Load Fatigue Testing: A State of the
Art Survey," Materials Research and Standards, Vol. 8, No. 4, 1968,
pp. 10-44.

80Marco, S. M., and Starkey, W. L., "A Concept of Fatigue Dam-
age," Journal of Applied Mechanics, Transactions of the American
Society of Mechanical Engineers, Vol. 76, 1954, pp. 627-643.

81Corten, H. T., and Dolan, T. J., "Cumulative Fatigue Damage,"
Proceedings of the International Conference on Fatigue of Metals, IME
andASME, New York, 1956, pp. 235-246.

82Freudenthal, A. M., and Heller, R. A., "On Stress Interaction
in Fatigue and a Cumulative Damage Rue," Journal of Aerospace
Science, Vol. 26, No. 7, 1959, pp. 431-442.

83Grover, H. J., "An Observation Concerning the Cycle Ratio in
Cumulative Damage," Symposium on Fatigue of Aircraft Structures,
American Society for Testing and Materials, STP-274,1960, pp. 120-
124.

84Manson, S. S., Fresche, J. C., and Ensign, C. R., "Application

of a Double Linear Damage Rule to Cumulative Fatigue," Fatigue
Crack Propagation, American Society for Testing and Materials, STP-
415, 1966, pp. 384-412.

85Miller, K. J., and Zachariah, K. P., "Cumulative Damage Laws
for Fatigue Crack Initiation and Stage I Propagation," Journal of
Strain Analysis and Engineering Design, Vol. 12, 1977, pp. 262-270.

86Marin, J., "Simple Stress Fatigue Properties—Varying Ampli-
tudes," Mechanical Behavior of Engineering Materials, Prentice-Hall,
Engelwood Cliffs, NJ, 1962, pp. 197-204.

87Hasin, Z., and Rotem, A., "A Cumulative Damage Theory of
Fatigue Failure," Material Science Engineering, Vol. 34, 1978, pp.
147-160.

88Freudenthal, A. M., and Gumbel, E. J., "Physical and Statistical
Aspects of Fatigue," Advances in Applied Mechanics, Vol. 4, Aca-
demic Press, New York, 1956, pp. 117-158.

89Wirching, P. H., and Light, M. C., "Fatigue Under Wide Band
Random Stresses," Journal of the Structural Division, Vol. 106, No.
ST7, 1980, pp. 1593-1607.

9()Hashin, Z., "Statistical Cumulative Damage Theory for Fatigue
Life Predictions," Journal of Applied Mechanics, Vol. 50, 1983, pp.
571-579.

91Crandall, S. H., Mark, W. D., and Khabbaz, G. R., "The Var-
iance in Palmgren-Miner Damage Due to Random Vibration, Pro-
ceedings from the 4th U.S. National Congress of Applied Mechanics,
Vol. 1, Berkeley, CA, June 1962, pp. 119-126.

92Bendat, J. S., "Probability Functions for Random Responses:
Prediction of Peaks, Fatigue Damage and Catastrophic Failures,"
Measurement Analysis Corp., NASA CR-33, April 1964.

93Parzen, E., "On Models for the Probability of Fatigue Failure
of a Structure," NATO AGARD Rept. 245, May 1959.

94Bogdanoff, J. L., "A New Cumulative Damage Model," Journal
of Applied Mechanics, Vol. 45, 1978; Pt. I, pp. 246-250; Pt. II, pp.
251-257; Pt. Ill, pp. 733-739.

95Kutt, T. V., and Bieniek, M. P., "Cumulative Damage and Fa-
tigue Life Predictions," AIAA Journal, Vol. 26, No. 2, 1988, pp.
213-219.

96Winterstein, S. R., "Non-Normal Responses and Fatigue Dam-
age," Journal of Engineering Mechanics, Vol. Ill, No. 10, 1985, pp.
1291-1295.

97Winterstein, S. R., "Nonlinear Vibration Models for Extremes
and Fatigue," Journal of Engineering Mechanics, Vol. 114, No. 10,
1988. pp. 1772-1790.

98Jensen, J. J., "Fatigue Damage Due to Non-Gaussian Re-
sponses," Journal of Engineering Mechanics, Vol. 116, No. 1, 1990,
pp. 240-246.

"Koval, L., and Jong, C., "Effect of a Hot Spot on the Strain
Response of an Acoustically-Loaded Plate," AIAA 12th Aero-
acoustics Conf., AIAA Paper 89-1099, San Antonio, TX, April
1989.

1(X)Hetnarski, R. B. (ed.), Thermal Stresses Vol. 1, North-Holland,
Amsterdam, 1986.

1(HThorton, E., Odon, J., Tworzydlo, W., and Youn, S., "Thermo-
Viscoplastic Analysis of Hypersonic Structures Subject to Severe
Aerodynamic Heating," AIAA/ASME/ASCE/AHS/ASC 30th SDM
Conf., AIAA Paper 89-1226, Mobile, AL, April 1989.

102Vaicaitis, R., and Kavallieratos, P., "Nonlinear Response and
Sonic Fatigue of High Speed Aircraft," DGLR/AIAA 14th Aero-
acoustics Conf., DGLR/AIAA Paper 92-02-133, May 1992.


