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Probability Approach for Prediction of Corrosion and
Corrosion Fatigue Life

D. Gary Harlow* and Robert P. Weif
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A probability approach for life prediction is developed and illustrated through a simplified model for the pit-
ting corrosion and corrosion fatigue crack growth in aluminum alloys in aqueous environments. A method for
estimation of the cumulative distribution function (CDF) for the lifetime is demonstrated by using an assumed
CDF for each key random variable (RV). The basic aim of this approach is to make predictions for the lifetime,
reliability, and durability beyond the range of typical data by integrating the CDFs of the individual RVs into a
mechanistically based model. The contribution of each key RV is considered, and its significance is assessed.
Thus, the usefulness of probability-based modeling is demonstrated. It is noted that physically realistic parame-
ters were assumed for the illustrations. As such, the results from analysis of the model qualitatively agree quite
well with experimental observations. However, these results should not be construed to represent behavior in
actual systems. Because of these assumptions, confidence levels for the predictions are not addressed.

Introduction

PITTING corrosion and corrosion fatigue crack initiation and
growth in aluminum alloys are recognized as significant deg-

radation mechanisms that affect the reliability, durability, and in-
tegrity of both military and commercial aircraft. A quantitative ap-
proach for defining suitable inspection intervals and mandating
repairs is needed for an effective management of an aging fleet of
aircraft. Also, a comparable methodology is needed for assessing
the durability and integrity of new airframe components and struc-
tures.

Prediction of reliability or durability requires statistically accu-
rate estimates of material response for loading and environmental
conditions typically not included within available experimental ob-
servations. The desired estimates often involve extrapolations in
time by factors of 10 or more. These can be made only if the funda-
mental random variables (RVs) that affect the failure processes can
be identified and modeled by appropriate failure mechanisms.
Thus, a mechanistically based probability model for the lifetime
must be developed.

The goal of this effort is to make estimates of the lifetime of an
aluminum alloy subjected to a variety of conditions, such as temper-
ature, stress level, and frequency. It is recognized that failure can
occur by corrosion per se or by corrosion-assisted fatigue crack nu-
cleation and growth. The model here is focused on pitting and sub-
sequent corrosion fatigue crack nucleation and growth in the alloy
in an aqueous environment, for example, condensation in joints.
The contribution from each RV to the variability in lifetime is as-
sessed. The main sources of variability addressed in the illustrative
model are those from the mechanical and corrosion properties of the
alloy and the electrochemical behavior induced by the environment.
Furthermore, the role of the major deterministic variables also are
considered. These include thermal effects and loading conditions.
The significance of the deterministic and random quantities is eval-
uated by using parameter values and assumed probability distribu-
tions that are typical in experimental observations.

Development of the Model
One of the essential aspects in the development of a mechanisti-

cally based probability model is the formulation of the damage
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process. The model must contain a relatively accurate representa-
tion of the damage mechanism as a function of all of the key deter-
ministic and random variables. The damage process to be consid-
ered in this effort is pitting corrosion and corrosion fatigue in
aluminum alloys. Specifically, the model is motivated by the effect
of environment on the surface of a rivet hole in an alloy sheet,
which would be bare, that is, no cladding or protective coating. For
convenience, the damage is assumed to begin by the formation of a
corrosion pit on the rivet hole surface. As pitting corrosion contin-
ues to a critical pit size, a corrosion fatigue surface (thumbnail)
crack nucleates from it. The surface crack ultimately transitions
into a through (or through-thickness) crack that grows until some
prescribed inspection or failure criterion is realized. For modeling
convenience, the damage process is divided into three regimes, and
then the corresponding lifetime tf can be computed as the sum of
tcj9 the time required for a nucleated pit to grow and for a surface
crack to initiate from it, ttC9 the time required for the surface crack
to grow into a through crack, and tcg, the time for a through crack
to grow to a prescribed critical length, given as part of a failure cri-
terion. Thus, the time-to-failure fy-is given by the following:

(1)
The assumed model is illustrated schematically in Fig. 1. Random-
ness associated with material properties and their sensitivity to the
environmental and loading conditions are explicitly contained in
the model. However, because detailed mechanistic models for pit-
ting corrosion and corrosion fatigue are yet to be developed fully,
well-established empirical features are incorporated into the
model.

The key RV of interest in probability modeling is the time-to-
failure tf. The goal is to find the cumulative distribution function
(CDF) for tf. It is the CDF that accounts for scatter in an RV and
that allows for identification, estimation, and prediction of reliabil-
ity. Since fy-is assumed to be the sum given in Eq. (1), the task is to
find analytical expressions for tci, ttC9 and tcg and subsequently to
compute the CDF for tf.

Pitting Corrosion Model
In keeping with Kondo1 and Kondo and Wei,2 the following

simplified pit growth is assumed in which the pit remains hemi-
spherical in shape and grows at a constant volumetric rate
given by

dV 2da—— = 2na — =dt dt
MI

(2)
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Fig. 1 Schematic representation of pitting corrosion and corrosion
fatigue.

where a is the pit radius, M is the molecular weight of the material,
n is the valence, F = 96,514 C/mole is Faraday's constant, p is den-
sity, A// is the activation energy, R = 8.314 J/mole-K is the univer-
sal gas constant, T is the absolute temperature, mdIpQ is the pitting
current coefficient. It is manifest that tci can be found by simple in-
tegration of the right-hand side in Eq. (2) to be given by

(AH
(3)

where aci is the pit radius at which a crack is initiated, and a0 is the
initial pit radius.

The pit radius at which a crack is initiated aci can be expressed in
terms of the threshold driving force A£th via the crack growth
mechanism.1'2 For the sake of simplicity and computational expe-
diency, the surface crack remains semicircular in shape, and the
stress intensity factor range is given by

AAT = —KAcJnat (4)

where Ao is the far-field stress range, Kt is the stress concentration
factor resulting from the circular rivet hole, and the factor of 2.2Ac
is for a semicircular flaw in an infinite plate. Again following
Kondo,1 the surface crack is assumed to nucleate from a hemi-
spherical corrosion pit when AKS increases to A£th. The corre-
sponding crack length that satisfies this condition is easily found
to be

2.2KAaJ (5)

Consequently, the expression for tci is found by substituting Eq. (5)
into Eq. (3).

Corrosion Fatigue Model
Since the environmental effect on aluminum alloys is expected

to be at its maximum in typical aircraft applications, the standard
power law form for the corrosion fatigue growth rate (da/dN)c is
assumed to be the mechanistically based model. Thus,

ties and the contributions of microstructural and environmental pa-
rameters to that variability.

The driving force AK is considered to be of two different forms
according to whether the crack is a surface crack or a through
crack. For a surface crack, &K equals &KS given in Eq. (4), and it
remains so until the crack can be modeled as a through crack.
When the crack becomes a through crack, AK is assumed to be
equal to AKtC9 which has the following form:

(7)

where r0 is the radius of the rivet hole. Bowie3 numerically evalu-
ated FtJ(a/rQ) for ratios of a/rQ in the interval [0, 10] for an infinite
plate under uniaxial tension containing a circular hole with a single
through crack emanating from the hole perpendicular to the load-
ing axis. The numerical values can be fit empirically, to within
graphical resolution, by the function given by

F - =•* tf-\ 0.865

(a/rQ) +0.324 + 0.681 (8)

which is suitable for analytical computations. The remaining ques-
tion concerning the driving force AK is that of the transition from a
surface crack to a through crack. It is assumed that the transition
occurs at the crack length atc, which is defined by equating the ge-
ometry-dependent functions from Eqs. (4) and (7). Thus, the transi-
tion crack length atc is the solution of

™,
n

which is easily found to be

0.865
2.2/n)Kt- 0.681 -0.324

(9)

(10)

The final computation to be completed is for ttc and tcg using
Eq. (6).

First consider the computation for the time between crack initia-
tion and transition to a through crack ttc. Substituting Eq. (4) into
Eq- (6) yields a simple differential equation in that the variables a
and N can be separated, and an explicit solution can be found. As-
suming that N - w, then,

n - ic\

v(nc-2)Cc(2.2KtAo)Hc
(11)

if nc =£ 2. For aluminum alloys, typically nc + 2, and consequently
it is sufficient to only consider this case. Now consider the compu-
tation for the time between the transition to a through crack and the
final crack size. Combining Eq. (7) and (8) and substituting them
into Eq. (6) yields

-r•tevC

0.324r0 + a

S + 0.681 (J~a)
da (12)

(6)

where nc represents the mechanistic dependence, specifically the
functional dependence, of the crack growth rate on the driving
force AAT, and it is taken to be deterministic. The coefficient Cc is
assumed to be an RV that reflects the variability in material proper-

where fly-is the final crack size. The integral in Eq. (12) can be eval-
uated explicitly only when nc is an integer. This assumption will be
used for the ensuing computations. Thus, all of the random times
that comprise fy in Eq. (1) have been described, and the CDF for tf
can be computed given explicit values for the deterministic param-
eters and RVs. This model was used to demonstrate several impor-
tant modeling concepts; however, the results are based on assumed
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parameters and should not be construed as indicators of the re-
sponse in real airframe structures.

Selection of Deterministic and Random Variables
Deterministic Variables

The motivating problem for this example is the fuselage pressur-
ization-depressurization cycling of an aircraft. The detailed prob-
lem of interest is the behavior of an aluminum alloy, used for the
fuselage, near a typical rivet hole that is in an aqueous environ-
ment. Table 1 contains the list of the deterministic variables and
their values that are used in the numerical computations. Although
some of these could be considered as RVs, they are assumed to be
deterministic for this effort. Most of the values in the table are self-
explanatory; however, a few comments are in order. The values for
the frequency v are selected to represent long haul (v = 2 cycles/
day) and short haul (v = 10 cycles/day) flights. The temperature
values are selected to cover a reasonable range of operating tem-
peratures, and A// of 50 kJ/mole is a typical value for aluminum al-
loys.4 The applied stresses Aa are typical of the design stress range
for many of the aluminum alloys used in fuselages. Finally, the
value of 2.6 was selected for the stress concentration factor Kt to
reflect an experimental condition in which a specimen approxi-
mately 40 mm in width containing a circular hole of radius 3 mm
in the center undergoes uniaxial tension.

The characterization of the final crack length a^ is more difficult
because it is associated with the failure condition, the experimental
termination criterion, or the replacement or repair condition of a
component. Certainly, there are ways in which to define af so that
it is not deterministic, and indeed, these may be more suited to re-
ality. However, herein af is assumed to be deterministic. Such an
assumption corresponds to specifying an inspection limit for^.

Table 1 Deterministic parameters used in the model for an
aluminum alloy

Parameter Aluminum

Density p, gm/m3 2.7 X 106

Molecular weight M 21
Valence n 3
Activation energy AH, kJ/mole 50
Temperature 7, K 273, 293, 313
Applied stress Aa, MPa 80, 90,100
Stress concentration factor Kt 2.6
Frequency v, cycles/day 2, 10
Crack growth exponent nc 3
Radius of rivet hole r0, mm 3
Final crack size dp mm 3

Table 2 Weibull parameters used in the model for an aluminum alloy

Random variable a B y ji

Initial pit radius a0, m
Fatigue coefficient Cc,

m/cycle, (MPaVm)~3

Pitting current constant
//><,. C/s

Threshold driving force

12 5.0X1Q-7 1.5 XKT6 1.98 X10"6

8 3.5X10~10 0 3.30 X10-10

1 0.25 0.25 0.5

A^th, MPaVm 10
10
10

2.365
2.891
3.416

0.25
0.25
0.25

2.5
3.0
3.5

Random Variables
For this model, the randomness is attributed to the following

four variables: the pitting current coefficient//>0, the initial pit size
<z0, the corrosion fatigue crack growth coefficient Cc, and the fa-
tigue crack growth threshold A^Tth. None of these RVs are stochas-
tic processes, i.e., the RVs are chosen to be mechanistically and
statistically independent of time. The parameter Cc reflects vari-
ability in material properties, more specifically its resistance to fa-
tigue crack growth and environmental sensitivity. The initial pit
size aQ represents material and manufacturing quality. The fatigue
threshold AKth is also a function of the material quality. The final
RV /PO reflects the scatter associated with the electrochemical reac-
tion for pit growth.

To select an appropriate CDF for each of these RVs, extensive
experimental and statistical testing is needed. Because the CDFs
are not known, the Weibull CDF is assumed* for simplicity, for all
of the RVs. The Weibull CDF is chosen because it is sufficiently
robust to provide an adequate estimate for the statistical character
of the RVs; see Barlow and Proschan,5 for example. The three-pa-
rameter Weibull CDF is chosen and is given by

(13)F ( x ) = 1-expH^

where a is the shape parameter, y is the location parameter or min-
imum value, and P is the scale parameter. The parameters in the
Weibull CDF are related to physical quantities in the following
way: a is characteristic of the variability in the RV; [y + PP(1 + I/
a)] is the mean value JLI of the RV, where T(x) is the incomplete
gamma function; and y is the minimum value of the RV. It should
be noted, however, that the choice of the Weibull CDF is not an es-
sential feature of the model development, and in fact, any CDF
could be used.

Table 2 contains the assumed values for the parameters in each
Weibull CDF. For actual components or systems, more realistic
CDFs and parameter estimates must be obtained through accurate
experimental and statistical modeling.

Computation of the CDF for the Time to Failure
The computation of the CDF F(i) for tf is, in principle, straight-

forward since the time-to-failure is a sum of three RVs, as given in
Eq. (1). However, tci, ttC9 and tcg are functions of the underlying
RVs. The CDF for tf is found, therefore, by an application of the
standard change-of-variables theorem for multidimensional RVs.
The simplest form of the result can be found in most standard prob-
ability texts; for example, Blake.6 A more advanced treatment con-
taining engineering applications is given in Harlow and Delph.7
For completeness, the technique for computing F(f) is outlined
next.

Recall the pertinent geometrical values in Table 1. Then from
Eq. (10), atc is found to be 1.3 mm. This value for atc is in the
range of thicknesses of aluminum alloy sheets used in typical air-
craft fuselages, that is, between 1 and 2 mm. The slight difference
from the actual sheet thickness is due to the simplistic assumption
given in Eq. (9) in which the geometrical factors in the different
forms of the driving force are equated. Some of the difference may
be accounted for in the selection of the value for Kt. For example, a
decrease of only 10% in the value of Kt results in an increase of
over 30% in atc. The preceding value for atc is deemed to be accu-
rate for the following computations. Given the numerical value for
atc and a value of 3 for nc, then tcg, from Eq. (12), explicitly is

0.0532 0-00383^

3.228
(0.00478 + af)

(0.00478 + a/)

+ 44.132 arctan ( \ 4 A 6 j a f )

(14)

If the assumed value of 3 mm is inserted for dp then tcg is further
simplified to

4.987 (15)
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Substituting Eqs. (3), (5), (12), and (16) into Eq. (1) and insert-
ing the numerical values for the fixed deterministic parameters
yields an expression for tf.

= 6.064 x 1010exp (&H/RT)

[0.192Aa/A^th- 0.751]
vC c(Aa)3

(16)

In (16), notice the explicit occurrence of the four RVs and the de-
terministic parameters which assume a range of values. To sim-
plify the notation, let
Then Eq. (16) becomes

_ 6.064 x 10 exp (AH/RT) \ % %
tf - ——————£——————— I °'°

[0.192Aa/£3- 0.751]

= Cc, B2 - //> , B3 = A£th, and B4 - a0.

(17)

so that tf is a mapping from R4 into Rl, where RD represents aD-
dimensional real space. The computation of the probability density
function (PDF) for tf is, again, a straightforward application of the
change-of-variables theorem for multiple integrals in which an
augmentation is needed. The augmentation is necessary because a
change of variables requires a mapping from one D-dimensional
space into another. Let the augmented variables be defined byA^ =
tf9 N2 = B2, N3 = £3, and N4 = £4; thus, H: (Bl9 B2, 53, B4) -> (Nl9
N2, Af3, N4) satisfies the conditions of the change-of-variables theo-
rem. Since the last three components of the mapping are trivial, the
inverse of H is rather easy to compute, andBl can be found explic-
itly to be as follows:

fluence of each of these variables now can be considered collec-
tively or in turn. Similarly, the contribution of each of RV to the
variability and the overall lifetime can be assessed. Analytical sen-
sitivity studies are very useful in constructing an experimental de-
sign for an experimental test plan and in refining the assumed
mechanistic model for the failure process.

The influence of the applied stress range Ac on the predicted
distribution F(t) for the time-to-failure tf is shown in Fig. 2, for a
frequency of 10 cycles/day. The CDF is spread over a broader
range as Aa decreases, which indicates that the variability is in-
creasing. The variability shown in this figure is a reflection of the
scatter associated with all of the RVs. Another observation, which
is consonant with experimental results, is thatF(0 is stochastically
ordered in that, for fixed t, F(t) strictly decreases as Ao decreases.
In other words, for a fixed value of F(t), the random life tf de-
creases as the applied stress range increases. The median life,
which is estimated from the 50 percentile of F(t), from smaller to
larger values, differs by a factor of about 2.5 for the given range of
applied stresses. The reason for the rather abrupt and almost verti-
cal lower tail for F(t) is that there is a minimum life associated with
the assumed model. In other words, there is some amount of time
that will transpire before failure is statistically possible. Obviously,
the minimum life is a function of the applied stress. The behavior
of F(t) when v is lowered to 2 cycles/day is very similar to that
shown in Fig. 2. One difference is that the range of the median fail-
ure times is more narrow, differing by only a factor of about 2. The
only substantial difference is that the median times to failure are
now larger by a factor of about 3.

Along with the CDF for tf, Fig. 3 shows the CDF for the time-to-
initiation tci, i.e., the time of the failure process spent in pitting cor-
rosion up to crack initiation; see Eq. (3). This figure graphically
displays the contribution of the two major types of damage accu-
mulation, namely, pitting corrosion and corrosion fatigue. Notice
that the amount of scatter is roughly the same order of magnitude
for the two CDFs for fybut that it is quite large for the CDF for tci.

B, =-
[0.192Aa/N3-0.751]

v(Aa)~ 8.853 x
(18)

Likewise the Jacobian of the inverse is given by

[0.192 Aa/./V3- 0.751]
(19)

Finally, the CDF for fy-can be expressed as a fourfold integral.

F(0 =
0 0 0 0

n3, n4 ), «2, ny n4] dnl dn2 dn3 dn4 (20)

where fBl, Bv By B4 is the joint PDF for B^ B2, B3, and B4. The only
possible solution is numerical, and numerical solutions of multidi-
mensional integrals are nontrivial. Nevertheless, Eq. (20) is suffi-
ciently well behaved that standard procedures are applicable, and
the numerical accuracy is well within the model precision. For an-
other engineering application of this type of probability analysis,
see Harlow and Wei.8

Results and Discussion
The deterministic parameters such as frequency v, far-field

stress range Aa, or temperature T are often used to accelerate the
failure process to decrease the time required for testing. These are,
therefore, the key external variables for time extrapolation. The in-
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Fig. 6 Influence of the variability in the corrosion fatigue crack
growth coefficient on the CDF for the time to transition at 293 K and
90 MPa.
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Fig. 7 Influence of the mean threshold driving force on the flaw
growth during pitting corrosion and corrosion fatigue at 10 cycles/day,
293 K, and 90 MPa.
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Fig. 9 Typical scanning electron micrographs of 2024-T3 aluminum alloy before and after three-day exposure to 0.5 molar NaCl (aerated) at room
temperature.

The large variability in tci is directly attributable to the large scatter
assumed for the pitting current coefficient//^. When v = 10 cycles/
day, a large fraction, about 40%, of the median life is expended in
pit growth. When v = 2 cycles/day, this fraction drops to about
10%. Also, notice that the upper tail of the CDF for tf when v = 10
cycles/day is highly dominated by pitting corrosion. The same ob-
servation holds, but to a much lesser extent, when v = 2 cycles/day.
On the other hand, the lower tail behavior is clearly dominated by
corrosion fatigue.

Figure 4 is an example of the influence of the temperature 7",
where T varies from 273 to 313 K for v = 10 cycles/day. For the as-
sumed model, the only place in which T plays a role is in pitting
corrosion; see Eq. (3). Thus, as T varies, F(t) is affected in the
upper tail portion. This behavior is vividly reflected by the CDF
for T = 273 K whose upper tail is nearly identical to the corre-
sponding CDF for tci for probabilities above 0.75. However, the
difference between the median live of tci and tf increases as T in-
creases.. As in Fig. 3, the corrosion fatigue dominated lower tail
portion of the CDFs are virtually identical in shape, and the rela-
tively small difference in translation is due to the difference in the
temperature-dependent median values.

Since AK^ is such a critical RV for tf, through its influence on
both tci and ttc, its effect is displayed in Fig. 5. The mean for AKth
varies from 2.5 to 3.5 MPaVm. As the mean increases, the scatter
increases. Again, as in Fig. 3, the upper tail behavior of F(t) ap-
proaches the upper tail of the CDF for tci. The other striking feature
is that all of the CDFs have a nominally identical minimum life.
Even difference in the medians varies only by about a factor of 1.7.
Thus, for the given range of values for the mean of AKth, there is
not an overly abundant effect on the CDF for tf.

Another very important RV is Cc, which is directly associated
with the quality of the alloy. The role of Cc on tf is shown in Eq.
(17); however, its contribution to the overall variability in fyis dis-
played in Fig. 6. The mean of Cc is fixed for all of the cases consid-
ered, but the variability in Cc is changed. The coefficient of varia-
tion for Cc ranges from 15 to 100%. It is manifest that as the scatter
increases for Cc, the scatter also increases dramatically for tf. Fur-
thermore, the increase in scatter in Cc has an adverse effect on the
high-reliability region of the CDF for tf. That is, as the scatter in Cc
increases, the estimated lifetime at a given level of high reliability,
i.e., the lower tail of the CDF, decreases. Thus, the quality of the
alloy as reflected in Cc is crucial to high-reliability applications.

Observations
To assure that this single flaw model is physically consistent, the

rate of flaw growth for the pitting corrosion must be considerably

less than the rate of corrosion fatigue growth for times beyond the
time to initiation. Figures 7 and 8 show the mean flaw radius vs
time for the different mechanisms of growth. The linear portion of
the curve is precisely characteristic of the flaw growth via pitting
corrosion. The distinct transition results from the condition as-
sumed in Eq. (4), which is tantamount to assuming that the rate of
crack growth is greater than the rate of pit growth at crack initia-
tion. This restriction implicitly assumes that the pit must be suffi-
ciently large that crack growth is essentially instantaneous and
dominant at initiation. It should be noted, however, that this as-
sumption is valid only for certain conditions. For instance, at high
frequencies cracks may initiate from pits very early in the life, but
the rate of pitting corrosion growth may be greater than the ensuing
rate of growth for small cracks. For the example herein, the as-
sumption should be valid. Nevertheless, note that forv = 2 cycles/
day on Fig. 8 the transition is not that distinct, which implies that
the extremes for the validity of the model are being reached. The
other inflection point in the graph represents the transition from a
small crack to a through crack. When the through crack growth be-
gins, AKtc is slightly less than AKS, and consequently the flaw
growth rate is reduced a small amount. The times-to-initiation and
the times-to-failure generated by this model are at least reasonable
approximations.

Even so, the single flaw model for aluminum alloys may not be
as accurate as desired. It has been observed by Chen et al.9 that in
an aluminum alloy there is substantial interaction between corro-
sion pits during nucleation and growth; see Fig. 9. Therefore, the
proper model for pitting corrosion and crack growth must include a
nearest neighbor interaction and effect. This will be the thrust of a
future effort.

One of the most critical aspects of the mechanistically based
probability modeling is the identification of all of the variables, de-
terministic and random. Certainly, this includes an extensive de-
sign and execution of experiments to develop mechanistic models
for damage accumulation in terms of these variables and quantifi-
cation of their CDFs. Greater accuracy in modeling directly results
in greater accuracy in reliability estimations.

Summary
A probability model has been developed for pitting corrosion

and corrosion fatigue crack growth for aluminum alloys in aqueous
environments. This type of model is required for making accurate
estimates or predictions of the service life at times or loading con-
ditions that are well beyond the range that contains typical support-
ing data. This model is based on the growth of a single dominant
flaw from a pit to a small surface crack and then into a through
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crack. The flaw growth is governed by a model for electrochemical
reaction controlled pit growth in conjunction with a power law
(Paris-Erdogan) relationship for corrosion fatigue crack growth.

The probabilistic contributions from the material properties on
the times to failure were assessed as functions of applied stress,
loading frequency, and temperature. The results are qualitatively
consistent with typical observations. This effort illustrates that
probabilistic modeling is well suited for making long-term reliabil-
ity predictions. Also, it facilitates parametric analyses that are not
possible with many statistical approaches. It is apparent that the
mechanistic understanding of corrosion fatigue crack growth is
still incomplete and that the CDFs for the key RVs have not been
characterized adequately. Nevertheless, it has been shown that the
probability aspects must be integrated throughout the modeling
process. They cannot be added ex post facto to a mechanistic study
or an experimental effort. Additional research is needed to further
develop the necessary information and understanding.
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