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EXECUTIVE SUMMARY

This report presents a study of the feasibility of a unified Health Usage Monitoring System
(HUMS) and damage tolerance (DT) approach for high-strength steel rotorcraft components. An
essential question of feasibility is whether components can be instrumented to monitor precrack
fatigue damage. To answer this question, a simple specimen was instrumented with sensors for
(pitch-catch) ultrasonic measurements. The instrumented specimen was fatigue tested in a
tensile testing machine. Acoustic nonlinearity was employed to quantify pre-macro-crack
initiation damage. This data was then used in a probabilistic analysis of fatigue damage. The
probabilistic fatigue damage analysis consisted of a suitably chosen damage evolution equation
to model accumulated damage, coupled with a procedure to calculate the probability of
macrocrack initiation. The probability of macrocrack initiation was evaluated using the Monte
Carlo Method with Importance Sampling. Numerical results for the probabilistic assessment of
fatigue damage for a sample problem are presented and compared with experimental results.

The report concludes that, in principle, it is feasible to develop a unified HUMS and DT
approach for rotorcraft components, but further research and development is required.
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1. INTRODUCTION.

1.1 PURPOSE.

The purpose of this study was to investigate the feasibility of a unified Health Usage Monitoring
System (HUMS) and damage tolerance (DT) approach for the continued airworthiness of
rotorcraft.

The grand vision is a long view that envisages a system of permanently installed and
continuously monitoring microsensors that detect, in real time, unacceptable material damage at
critical high-stress locations in rotorcraft components. The damage will be detected with a
known probability of detection. The evolution of material damage into a fatigue crack will be
monitored by the sensing network. This will occur until a crack of very small, but already
undesirable length, is detected and appropriate action is recommended. The evolution from
damage into a crack and the subsequent growth of the crack will also be predicted by a
probabilistic fatigue damage procedure that will use real-time sensor data to estimate the number
of cycles to critical crack formation. At prescribed intervals, the procedure will be adjusted to
reflect the current structural condition. For example, if the analytical procedure predicts a
different level of damage than what is detected by the sensors, the starting point of the analytical
probabilistic fatigue damage procedure will be adjusted to the current state. As a result, at any
time, a realistic probabilistic forecast of the lifetime of a component will be available.

In this feasibility study, a simple specimen was instrumented with sensors for active (pitch-catch)
ultrasonic measurements. The specimen was fatigue tested in a testing machine. The data from
the microsensor system was interpreted and then used in a probabilistic fatigue damage
procedure. This procedure provided statistical data on the appearance of a macrocrack, that was
then compared with measurements.

1.2 BACKGROUND.

A HUMS typically consists of permanently installed sensors and a data acquisition system. The
acquired data may be processed onboard the rotorcraft, on a ground station, or a combination of
both. The data, when interpreted by criteria based on mechanisms of failure or degradation, will
provide means to measure against defined criteria and generate instructions for the maintenance
staff and/or flight crew for intervention. This description of a HUMS is a slightly modified
version of the one given in the Airworthiness Approval of Rotorcraft HUMS (July 15, 1999),
henceforth referred to as AC-HUMS. This Advisory Circular material also describes an
approach to deal with the basic aspects of certification. These aspects are equipment
performance (AC-HUMS, section 6.1.3), data processing (section 6.3.5), data communications
(section 6.3.7), credit validation (section 7), and instructions for continued airworthiness (ICA;
sections 7.5 and 8.1.1.2).

A significant amount of work has been done in industry, national laboratories, and universities in
the area of smart structural health monitoring systems. These include the use of fiber optic
sensors, remote monitoring of electrical continuity of thin crack wires, embedded microsensors,
embedded piezoelectric sensors, and wireless condition monitoring systems. For the most part,
structural health monitoring systems (other than those based on monitoring structural vibration)



have not yet been widely deployed, and a significant amount of research remains to be completed
before such systems can be extensively applied in flight.

A unified HUMS and DT approach involves sensor development, the strategic placement of
sensors, wireless communication, interpretation of sensor data in terms of fatigue damage, and
probabilistic methods for fatigue crack initiation.

A systematic approach to reliability assessment for a structural component containing damage is
illustrated in figure 1. As can be seen from the figure, the underlying concept in developing
accept/reject criteria for a component is based on detecting and characterizing damage and
evaluating it in terms of failure mechanics and a damage growth law.

Probability of
Detection of
Damage Current Stress Damage
Extent of History Growth
D Characteristi
Measured  F—=1 amage aracteristics
Extent of
Damage
Structural Health Monitoring Failure Model
System (Damage vs Time or cycles)

Failure Probability
within preset
interval

low

Inspection and Repair at a
Maintenance Facility

Figure 1. Flow Diagram of a Structural Health Monitoring System

2. DISCUSSION.

Conventional procedures for life prediction of components subjected to fatigue are generally
based on the safe-life approach (see reference 1), coupled with Palmgren [2] and Miner [3] rules
of linear cumulative damage. In the safe-life approach for metal fatigue, life prediction is based
on data from fatigue testing of components. Components of a structure are replaced when the
probability of failure reaches a prescribed (often small) value, even though some may have a
significant remaining life. Hence, it is a conservative approach with an economic penalty. To
avoid this penalty, the DT approach is often a suitable alternative for life prediction. This



approach is especially useful when the rate of damage accumulated is well understood and can
be monitored with a technique of quantitative nondestructive evaluation. However, in certain
materials, such as high-strength steels, like those used for drive trains of rotorcraft, critical
damage in the form of a detectable crack, but very small length, often occurs late in the lifetime
of a component. When a detectable crack has developed out of microscopic damage processes, it
grows to an unacceptable length, in a time that is short compared to the total lifetime of the
component. Periodic monitoring by a condition monitoring system can, however, significantly
improve the safety of the DT approach. Particularly, if precrack damage can be monitored and
related to crack formation by an analytical fatigue damage procedure, substantial safety and cost
benefits can be gained. With this objective, a methodology to calculate the probability of
macrocrack initiation based on periodic in situ measurements is presented in this report. The
methodology essentially consists of two parts:

. A structural health monitoring system to monitor the fatigue process. In the present
approach, an acoustic second harmonic generation (see section 3.1) is used to monitor the
damage accumulated during the fatigue process.

. A probabilistic fatigue damage procedure. This takes the data from the health monitoring
system as its input and calculates the probability of macrocrack initiation as its output.
The probabilistic damage procedure consists of a suitably chosen damage evolution
equation to model accumulated damage (see section 3.2) and a procedure to calculate the
probability of macrocrack initiation (see section 3.3). The procedure to calculate the
probability of macrocrack initiation is capable of updating its forecast based on the latest
inspection data from the monitoring system.

Using this methodology, the probability of macrocrack initiation is calculated for a sample
problem taken from the literature, and the results are presented in section 3.4.

3. EVALUATION APPROACH.

3.1 ACOUSTIC SECOND HARMONIC GENERATION.

To quantify the damage accumulation in a component undergoing fatigue, it is first necessary to
relate the accumulated damage to an observable variable. The accumulated damage is caused by
changes in the microstructure of the component, which in turn introduces material nonlinearity in
the specimen. To characterize the material nonlinearity, a single frequency ultrasonic wave
generated by a transducer (generator) is transmitted through the specimen and the signal received
by the receiving transducer is analyzed. The material nonlinearity distorts the single frequency
wave and leads to generation of second and higher harmonics. As a result, the signal received at
the receiver not only consists of a component at the transmitting (fundamental) frequency, but
also second and higher harmonics whose amplitudes increase as the material nonlinearity
increases. Therefore, the material nonlinearity and the underlying accumulated damage can be
characterized by the ratio of the amplitude of the second harmonic A, to the amplitude of the
fundamental A;. This ratio is henceforth referred to as A,/ A, and is expected to increase as
damage accumulation progresses. Note that the characterization of the acoustic nonlinearity by
Aol A; (see reference 4) used here is different from the one usually found in the literature (see
reference 5).



Oqi, et al. [4] have used an electromagnetic acoustic transducer to measure A,/ A; in a specimen
undergoing fatigue. As opposed to the procedure described earlier to measure the ratio Ay/ A; ,
namely, transmit a single (fundamental) frequency wave and measure the signal amplitude at the
fundamental and the second harmonic, Ogi, et al. used a different, but analogous, procedure.
They transmitted two different signals separately into the specimen, one a resonance frequency
fr, and the other at frequency f/2. For the case when the signal was transmitted at frequency f.,
they measured the amplitude of the component of the received signal with frequency f, denoted
A1 (fr). For the case when the signal was transmitted at frequency f, /2, they measured the
amplitude of the component of the received signal with frequency f. denoted by A, (fr /2).
Observe that A, (f /2) is the amplitude of the second harmonic. Note that this procedure ensures
that both the measured signals are measured at the transducer resonance frequency f, , leading to
more accurate measurements. Ogi, et al. [4] observed that the ratio A, (fr /2) / A1 (fr) increases
nearly monotonically and shows a distinct peak at the point of macrocrack initiation (see figure
2). This suggests that the state of damage in a specimen during fatigue can be tracked by
measuring the ratio A, / A; for different cycle numbers.
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Figure 2. Typical Evolution of the Ratio A, (f+/2) / Ay (f) for 0.25 Mass % C Steel, Ns = 56000
(From reference 4)

3.2 DAMAGE MODEL.

This section presents a damage model whose evolution represents the evolution of the ratio
Az (fr12) I A1 (fr) (see section 3.1) up to the point of macrocrack initiation. The state of damage
in a specimen at a particular cycle during fatigue is represented by a scalar damage function
D(N), where N is the number of cycles. The magnitude D = 0 corresponds to no damage, and
D =1 corresponds to the appearance of the first macrocrack.

The following phenomenological model is assumed to represent the evolution of the damage
with the number of cycles
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Here, N¢ is a normalizing constant, Ac is the stress range in a cycle, . (6) is the endurance limit

when the mean stress is in a cycle 5, and m > 0 and n > O are parameters that depend on the
material and the loading conditions and are determined by correlating the evolution of the ratio

Az/A; to the evolution of D. It is assumed that r, (6) follows the Goodman relation (reference 6),
i.e.,

r(5)=r(0) {1-ij (2)
where oy is the ultimate tensile strength of the material. Assuming that Ac andc are constant

during cycling and that Ac/2 is always greater than r, (c‘s) , equation 1 can be solved to obtain

1
n+1L

D(N):l{(l— D,)"" — e (“f;ré(“))m(n +1)} (3)

Here, Dy is the damage present in the specimen at cycle No.

3.3 PROBABILITY OF MACROCRACK INITIATION.

This section describes the procedure for calculating the probability of macrocrack initiation and
is based on the model described in section 3.2. To begin, some quantities appearing in equation
1 are taken as random variables. The probability of macrocrack initiation when less than a
specified number of cycles N, is then given by

P.=1-P(D(N,)<1) (4)

From equation 3, it follows that
D(Ny)<1 (5)

implies
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From equation 6, it is observed that D(Ns) < 1 is equivalent to
Ns < Nini (7)

where

N wl  Asl2 )
N =N = (1-D, )| ———= 8
" 0Jrn+1( ) [AG/Z—I’C(G)J ®)

Note that, in a purely deterministic setting, Nin corresponds to the cycle at which a macrocrack
appears. This can be seen by setting D = 1 in equation 3 and solving for N.

The probability of macrocrack initiation can therefore be calculated as

Pra =1—Pr(D(NS)<1)
=1- Pr(NS < Nini)
= I:>r(Nini < Ns) (9)

To calculate Py given by equation 9, one first defines a limit state surface
g=N, -N; (10)

Also, let X = [X; X ... Xc]" denote the random quantities in equation 3. For example, a
problem with known constant stress cycle amplitude Ac is considered, while the quantities
I (6), Do, m, and n are considered random with known probability distribution. Then X = [X;

X2 X3 Xa1" =([r () m n Do]"). Observe that

< 0 : domain of macrocrack initiation
g(x)y = 0 : limit state surface

> 0 : safe domain.

The probability of macrocrack initiation Py, is therefore given by

ma X
g(X)<0

P = j f, (X)dX (11)

where fy(X) denotes the joint probability distribution of X. To evaluate the integrals appearing in
equation 11, the random variables are first mapped via a Rosenblatt transformation (see
reference 7) into a standard Gaussian space where the random variables denoted by U = [U; U,
... Uc ] are independent, normally distributed, and have zero mean and unit standard deviation.
The modified Hasofer-Lind, Rackwitz-Fiessler (HL-RF) algorithm described in Kiureghian and
Liu [8] is used to obtain the point closest to the origin u* on the surface g(u) = 0. In the modified
HL-RF algorithm, one adjusts the step size during each iteration to obtain a sufficient decrease in



the merit function, which is based on the first order optimality conditions. Monte Carlo
integration with importance sampling, and the sampling density centered at u* (see reference 9),
is then used to calculate the integrals in equation 11.

3.4 SAMPLE PROBLEM.

To demonstrate the application of the ideas presented here, the probability of macrocrack
initiation is calculated for a sample problem. The data, i.e., the ratio A, / A; as a function of the
number of cycles, is obtained from Ogi, et al. [4]. Ogi and his co-authors performed a rotating
bending fatigue test with a four-point bending configuration on a 0.25% C (mass) steel and
obtained the variation of the ratio A, / A; with the number of cycles (see figure 2). The yield
strength of the material is 333 MPa and is subjected to a maximum bending stress of 280 MPa.
The endurance limit of the material at zero mean stress, r (0), is assumed to be 180 MPa.

To simulate the inspection process, A, / A; is obtained from figure 2 at different numbers of
cycles with the inspection interval between the cycles getting progressively shorter. Table 1
shows the ratio A, / A; measured as a function of number of cycles (see figure 2). It is observed
that the evolution of the ratio A, / A; is not strictly monotonic during the initial stages of fatigue.
The “raw” damage is obtained by normalizing the nonlinearity measurements by the expected
maximum value of the nonlinearity, which for the given problem is taken as 3.25 x 107 (see
figure 2). The raw damage is tabulated in the third column in table 2. Note that, to be consistent
with the assumed monotonic damage evolution (see section 4), the raw damage is corrected and
tabulated as corrected damage in the fourth column in table 2.

These damage values, which are based on the experimental results of Ogi, et al. [4], are used for
two different purposes. First, the results are used to determine the statistics of parameters m and
n in equation 1. Second, the results are interpreted as damage measurements obtained by the
structural health monitoring system for input to the procedure to calculate the probability of
macrocrack initiation.

Table 1. Measured Values of the Ratio A, / A; During Successive Inspections

j Ninsp; (Ao/Ar); x 107
0 0 0

1 11,200 0.90

2 22,400 0.80

3 26,880 1.50

4 30,800 2.00

5 33,040 2.50

6 34,000 3.10




Table 2. Raw and Corrected Values of Damage During Successive Inspections

Raw Corrected Damage
J | Ninsp; Damage Dinsp;
0 0 0.28 0.28
1| 11,200 0.25 0.28
2 | 22,400 0.28 0.28
3 | 26,880 0.46 0.46
4 | 30,800 0.62 0.62
5 | 33,040 0.77 0.77
6 | 34,000 0.95 0.95

3.4.1 Prior Information.

For calculating the probability of macrocrack initiation using the experimental data presented
earlier, it is assumed that prior information regarding the parameters m and n is available. This is
a reasonable assumption if appropriate experiments were performed in the laboratory. In that
case, the statistics for m and n can be calculated by fitting the damage model to the experimental
data sets using nonlinear regression (see reference 10). Notice that, in the present case, only one
experimental data set (Dinsp;, j = 0, ..., 6) is available. To calculate the statistics for m and n,
additional data sets need to be generated. The additional data sets are generated by assuming
that, inspection cycle Ninsp;, the corrected damage has a truncated normal distribution in the
range (0, 1) with mean Dinsp; and standard deviation 0.1. The damage model is fitted to each
additional data set; i.e., m and n are calculated for each of the data sets. The statistics of m and n
are then compiled. For the current problem, the simulations suggest that m and n are dependent
parameters with means 2.9074 and 2.2295, respectively, and a coefficient of correlation equal to
0.9029. The standard deviations of m and n are found to be 0.5336 and 0.7129, respectively.

For calculating m and n using nonlinear regression, the following values are used: Ac =2 x 280
MPa, c =0 MPa, N = 10,000, and r,(0) = 180 MPa. The value of N, , which is a normalizing
constant, is assumed to be of the order of the number of cycles to failure. For this particular
problem, failure is observed at 56,000 cycles. Here, N is taken to be 10,000 cycles.

3.4.2 Calculation of Probability of Macrocrack Initiation.

The probability of macrocrack initiation is now calculated using the data given in table 2. The
procedure essentially consists of recording the inspection data at cycle Ninsp; (j = 0,1,...) and
then calculating the corresponding value of the damage Dinsp; (j = 0, 1,...). If Dinsp; < 1, then
the probability of macrocrack initiation is calculated for Ns > Ninsp;, as described in section 3.3.

For the problem under consideration, it is assumed that Ac , &, and N, are fixed quantities, while
r(0), Do, m and n are random variables. The fixed quantities Ac , &, and N are assumed to
have the same values as those used for the nonlinear regression. The random variable r¢(0) is
assumed to have a mean of 180 MPa with a standard deviation of 5.4 MPa. The random variable
Do at cycle Ninsp; is assumed to have a truncated normal distribution in the interval (0,1) with



mean equal to Dinsp; and standard deviation equal to 0.1. This distribution of Dg is consistent
with the one used to generate the statistics of m and n (see section 3.4.1). The random variables
m and n are assumed to have a joint lognormal distribution with the statistics given in section
3.4.1. Starting from the recording of the third inspection, the probability of macrocrack initiation
calculated for different cycles is given in table 3. It is seen from table 3 that the probabilistic
fatigue damage analysis procedure updates the probability of macrocrack initiation with
successive inspections.

Table 3. Calculation of Py

Cycles Pma
3" Inspection 4™ Inspection 5" Inspection 6" Inspection
Ns (Ninsp; = 26,880) | (Ninsp; =30,800) | (Ninsp; =33,040) | (Ninsp; = 34,000)

30,000 0.09304 0.00000 0.00000 0.00000
31,000 0.15548 0.02922 0.00000 0.00000
32,000 0.22702 0.21027 0.00000 0.00000
33,000 0.30400 0.39166 0.00000 0.00000
34,000 0.38180 0.54330 0.62907 0.00000
35,000 0.45845 0.66148 0.81884 0.96343
40,000 0.74368 0.93052 0.99162 0.99989

The cumulative probability distribution for macrocrack initiation with inspections is shown in
figure 3. The numbers 1 through 6 indicate the cycle numbers at which inspection is recorded.
Observe that immediately following an inspection, the probability of macrocrack initiation drops
to zero. This is because it is implicitly assumed in the probabilistic procedure that a macrocrack,
if present, will be definitely detected by the inspection procedure.

Note that for the fatigue problem described, the first macrocrack is observed at approximately
34,160 cycles (see reference 4). As seen from table 3 and figure 3, the formation of the
macrocrack is predicted very well.
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Figure 3. Cumulative Probability Distribution for Macrocrack Initiation

4. CONCLUSIONS.

The knowledge gained in this work has set the stage for health condition monitoring combining
fatigue reliability assessment and inspection methodologies for rotorcraft components. It has
also provided important guidelines on computational efficiency requirements for the reliability
assessment in relation to sensor efficacy and the processing of sensor data.

Up to this point, a methodology has been developed to predict macrocrack initiation, which has
the following features:

Use of acoustic nonlinearity to quantify damage

Heuristic damage growth law

Material/other parameters treated as random variables

Periodic measurements to assess state of damage and update state of damage
Calculation of probability of macrocrack initiation

Very promising results have been obtained for a sample problem solved using the presented
methodology.
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