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Current practical approaches used in structural health assessment programs of aerospace 
structures involve performing a fracture mechanics analysis to verify the safe life of 
structural components. The analysis typically uses several conservative assumptions 
implemented by NASA fracture control standard practices for critical structural 
components. This well-established paradigm for fracture control follows a deterministic 
approach and, in some cases, the calculations may produce overly conservative 
remaining life estimates. This paper describes the results of a study to approach the 
health assessment challenge using probabilistic methods. The probabilistic analysis 
takes the current deterministic model and identifies variables that may have a significant 
level of uncertainty associated to them. The Monte Carlo simulation method was used to 
calculate probabilities that the specified life of a component is reached and to identify 
variables whose uncertainty influence the predicted life of the structure components the 
most. The paper presents results of the proposed health assessment approach applied to 
several critical components of an aerospace structure that include connections with a 
through crack at edge of plate, and connections with a corner crack from offset hole in a 
plate supporting tension and bending loads. 
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ABSTRACT: Current practical approaches used in structural health assessment 
programs of aerospace structures involve performing a fracture mechanics analysis to 
verify the safe life of structural components. The analysis typically makes several 
conservative assumptions implemented by NASA fracture control standard practices for 
critical structural components. This well-established paradigm for fracture control 
follows a deterministic approach and, in some cases, the calculations may produce 
overly conservative remaining life estimates. This paper describes the results of a study 
to approach the health assessment challenge using probabilistic methods. The 
probabilistic analysis takes the current deterministic model and identifies variables that 
may have a significant level of uncertainty associated to them. The Monte Carlo 
simulation method was used to calculate probabilities that the specified life is reached 
and to identify variables whose uncertainty influence the predicted life of the structure 
components the most. The paper presents results of the proposed health assessment 
approach applied to several critical components of an aerospace structure that include 
connections with a through crack at edge of plate, and connections with a corner crack 
from offset hole in a plate supporting tension and bending loads. 

1 INTRODUCTION 

To assure the structural integrity of aerospace structures, typically, a health assessment 
analysis is performed following NASA fracture control standard practices for critical 
structural components (NASA 2005). This fracture control approach involves 
performing a safe-life analysis on critical structural components (those components in 
the structure in which the propagation of a pre-existing crack may lead to a catastrophic 
hazard) based on state of the art fracture mechanics principles. The safe life analysis 
must show that critical components have a life factor of at least four service lives in 
order to be considered acceptable. Guidelines to perform this type of analysis include 
the following assumptions: 1) an undetected flaw is in the most critical area and 
orientation of the structural component being analyzed, 2) all significant loading events, 
both cyclic and sustained, that the structural component will experience during ground 
and flight phases must be determined for the worst-case loads expected. The total of all 
loading events comprise one service life and 3) material properties should be nominal 
values (e.g., upper bound fracture crack growth rate data or lower bound toughness). 
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Frequently, this type of analysis produces overly conservative results, and do not 
provide quantitative information about the likelihood that the structural components will 
reach its expected life.  

This paper reports initial results of a study that explicitly takes into consideration the 
uncertainty in the geometric, materials and load variables that are used in the structural 
health assessment. The goal of the project is to provide an alternate method to aerospace 
engineers that will help them to rationally quantify the probability that a given structural 
component will not reach or exceed its specified life expectancy, and will let them 
assess the importance of each variable. Results will help to guide the decisions about 
retrofitting and/or replacement of the components analyzed. The proposed approach 
uses the deterministic models, already in use, combined with a Monte Carlo simulation 
technique to compute the probabilities that the life of a component can be reached 
before it fails. 

2 FRACTURE MECHANICS MODEL  

Figure 1 shows a typical fracture crack growth curve in which three behavioral regions 
are identified. Several popular equations, such as the Paris equation (Paris and Erdogan 
1963) and the Walker equation (Walker 1970), only model the linear region of the curve 
(Region II). A more general equation was developed by NASA to model the mean stress 
effects, threshold behavior (Region I of the curve, where very slow crack growth 
occurs), the instability asymptote (Region III, where rapid and unstable crack growth 
occurs), and fatigue crack closure effects. The equation forms the basis of the 
NASGRO® software package (SwRI 2009) used by all NASA Centers and contractors 
for fracture control analysis of space hardware, and is now known as the NASGRO 
equation. The equation is, 

                                       

(1) 

where C and n are empirical parameters describing the linear region of the curve 
(similar to the Paris and Walker models) and p and q are empirical constants describing 
the curvature in the fracture crack growth data that occurs near threshold (Region I) and 
near instability (Region III), respectively. The variable R is the stress ratio given by 
(Kmin/Kmax) and ∆K is the stress intensity range given by Kmax-Kmin. Where Kmax is the 
maximum stress intensity in the fatigue cycle and Kmin is the minimum stress intensity. 
Definitions of the crack opening function, f, the threshold stress intensity factor, ∆Kth, 
and the critical stress intensity factor, Kc, can be found in NASGRO reference manual 
(SwRI 2009). 
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Figure 1. Fatigue Crack Growth Curve. 

2.1 Crack Geometries  

Two crack geometries were selected to model the four 
connections analyzed in this study. These connections belong to two different locations 
in the space structure (referred in this paper as locations 1 and 2). The two crack 
geometries are: 1) a corner crack in a rectangular plate CC01 shown in Figure 2(a), and 
2) a quarter elliptical corner crack at hole offset in plate CC02 shown in Figure 2(b). 
The CC01 model is a quadrilateral bar with an initial crack size growing in directions a 
and c, and subject to normal, and bending stresses applied in-plane and out of plane 
directions. The CC02 connection represents quadrilateral bars with a crack growing at 
the edge of an inner hole in directions a and c.  This bar is subjected to normal (S0), 
bending (S2), and bearing stresses (S3). Table 1 shows a summary of the geometric 
dimensions for the four connections analyzed in this study.  

                        

                 (a)                                                                   (b) 

Figure 2. (a) Corner Crack in a Rectangular Plate CC01, and (b) Quarter Elliptical 
Corner Crack at Hole Offset in Plate CC02. (after SwRI 2009) 

Table 1. Geometric Parameters of CC01 and CC02 Connections. 

Connection 
Thickness (t) 
mm. 

Width (W) 
mm. 

Diameter (D) 
mm. 

Offset 
(B) 
mm. 

Initial Flaw 
(ci) 
mm. 
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1A-CC01 9.5250 131.2926 N/A N/A 2.5400 
1B-CC02 9.5250 118.7450 12.7000 31.1150 2.5400 
1C-CC02 9.5250 118.7450 12.7000 31.1150 2.5400 
2A-CC01 2.5400 37.1856 N/A N/A 0.6350 

2.2 Material Properties 

The material of connections 1A, 1B and 1C is Aluminum 2219-T851, and the material 
of connection 2A is Aluminum 7075-T7351. Table 2 shows some of the materials 
parameters and empirical constants used as inputs such as Fracture toughness K1C 
(MPa ), Yield Strength σys (MPa), material empirical constants C, n, p, q, and the 

fit parameters Ak and Bk used in the NASGRO equation (SwRI 2009).   

Table 2. Material Properties and Empirical Constants. (after SwRI 2009) 

Material ID 

K1c 

MPa
 

σys 
MP
a 

C 
 

n 
 

p 
 

q 
 

Ak 

 
Bk 

 

Al 2219-T851 L-T; 
LA 

1147.0 
365.
4 

1.029E-
11 

3.0
0 

1.0
0 

1.0
0 

1.0
0 

1.0
0 

Al 7075-T7351 S-T; 
LA 

695.0 
399.
9 

1.249E-
10 

2.5
0 

0.7
5 

0.5
0 

1.0
0 

1.7
5 

2.3 Load Spectrum 

The load spectrum typically used in a fracture analysis is composed of the different 
events that represent the worst possible anticipated loading conditions. The events 
considered in this study are liftoff, on-orbit thermal loads (reconstructed and projected), 
and on orbit mechanical loads (reconstructed and projected). In NASGRO the load 
events are defined by blocks that are made up of different number of cycles and stress 
magnitudes. Each block represents a particular type of load event. For the components 
analyzed in this study, blocks with high stress levels have a smaller number of cycles as 
shown in Figure 3.  
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Figure 3. Typical Block Spectrum with Six Steps Magnitudes. 

The components of the spectra used in this study for connections in locations 1 and 2 
are shown in Tables 3 and 4 respectively. The blocks with higher number of cycles are 
marked with an asterisk. The ULF load event for connection 2A stands for utilization 
logistic flight and AC for assembly complete load event. 

Table 3. Spectra Composition for 1A, 1B, and 1C Connections. 

Block 
Number 

Load Event 

   1 Liftoff  
   2 On-orbit Thermal Reconstructed 
   3 On-orbit Thermal Projected 

* 4 
On-orbit Mechanical 
Reconstructed 1 

   5 
On-orbit Mechanical 
Reconstructed 2 

* 6 On-orbit Mechanical Projected 

 

 

 

 

Table 4. Spectra Composition for 2A. 

Block 
Number 

Load Events 

   1 Ground Test-Mechanical 
   2  Launch -Mechanical 
   3  Reconstructed -Thermal 
* 4  Projected -Thermal 

* 5 
Reconstructed thru ULF2-
Mechanical 

   6  
Projected Post ULF2-
Mechanical 

   7 
Projected AC +1 Year -
Mechanical 

   8  Array Shake - Mechanical 

3 RANDOM VARIABLES 

The set of random variables selected for the probabilistic analysis include geometric, 
material, loads and model variables. These variables are listed in the first column of 
Table 5. Columns 2 to 5 list the deterministic values used for fracture analysis of each 
of the connections analyzed. The uncertainty in the loads was modeled using a random 
factor that scaled the magnitude of the stresses in a given block of a chosen load 
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spectrum uniformly. This factor was called the Scale Stress Factor and was identified as 
S#B#, where the number after the S refers to the type of stress and the number after the 
B identifies the block number, which is associated with a given load type.   

For the random variables considered in the probabilistic analysis, the following 
assumptions were made: 1) all variables are statistically independent, 2) the average 
value of each variable is equal to the value used for deterministic analysis (Table 5), 3) 
all variables have a coefficient of variation (COV) of 0.1, and 4) all variables have a 
Lognormal distribution (Ang and Tang 2007). 

Table 5. CC01 and CC02 Connections Mean Values. 

Connection Type CC01 CC01 CC02 CC02 
Variable  1A 2A 1B 2C 
Initial Flaw Size, ci, mm 2.540   0.6350 2.540 2.540 
Yield Strength, σys, MPa 365.40   399.90 365.40 365.40 
Fracture Toughness, K1c, 
MPa  

1147   695.0 1147   1147   

Empirical Constant, C 1.029E-11 1.249E-
10 

1.029E-
11 

1.029E-
11 

Empirical Constant, N 3.00 2.50 3.00 3.00 
Empirical Constant, p 1.00 0.75 1.00 1.00 
Empirical Constant, q 1.00 0.50 1.00 1.00 
Fit Parameter, Ak 1.00 1.00 1.00 1.00 
Fit Parameter, Bk 1.00 1.75 1.00 1.00 
Scale Stress Factor # in Block 
# 

1.00 1.00 1.00 1.00 

4 RELIABILITY ANALYSIS   

To conduct the reliability analysis of the connections the safety margin (Z) was defined 
as the ratio of the number of cycles at which the connection fails (NF) and the number of 
cycles that define one structural life (NL), thus  

Z                               (2) 

Similar studies have also used this definition of the safety margin (Riha et al. 2009). A 
component is considered failed when Z < 1. Monte Carlo simulation was used to 
compute the probability of this event. 10,000 simulations were conducted to quantify 
this probability using the NESSUS software (Tacker et al. 2006). 

The resulting cumulative density function for the safety margin Z for connection 1B is 
shown in Figure 4. This figure shows that P (Z < 1) = 0.013. 
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Figure 4. Cumulative Density Function for Connection 1B. 

 

Sensitivity of each of the random variables was assessed using NESSUS sensitivity 
analysis option.  The software computes the derivatives of the probability of failure with 
respect to the mean and standard deviation of each random variable. Figure 5 shows the 
sensitivity of each variable for connection 1B.  Critical variables are those with the 
greatest derivative value, such as S0B4 (the normal stress S0, of the mechanical 
reconstructed block 4), S0B6 and C, which show high sensitivity levels with respect to 
changes in both their mean values and standard deviations, and p that show higher 
sensitivity level with respect to its mean value than to its standard deviation. These 
results are typical to all cases studied in the sense that only four to five of the random 
variables show high sensitivity levels.    

 

Figure 5. Monte Carlo Sensitivity Analysis for Connection 1B. 
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4.1 Results for Connections CC01 

To compare sensitivities among connections only the most important variables were 
selected and summarized in Table 6. This table shows the five most important critical 
design variables, identified by the sensitivity analysis, with respect to the mean (µ) and 
the standard deviation (σ) of the variables.   

For connection 1A these are: the stress scale factor applied to the normal stresses on the 
mechanical reconstructed block 4 (S0B4); stress scale factor applied to the normal stress 
on the mechanical projected block 6 (S0B6); the initial crack size ci; and material 
constants C, and p. For connection 2A the most critical variables are: the stress scale 
factor applied to bending stresses at projected thermal block 4 (S2B4); material 
empirical constant p, and C; the initial crack size ci; and the scale factor applied to the 
normal bending stresses on Launch- Mechanical block 2 (S2B2).  

Table 6. Probabilistic Results for Connections CC01.  

Connecti
on 

Pf =p(Z ≤ 
1) 

Sensitivity 
to 
 change of 

Most Critical Variables 

1st 2nd 3rd 4th 5th 

1A 0.5020 
µ 

S0B
4 

ci 
S0B
6 

p C 

σ 
S0B
6 

S0B
4 

S0B
5 

ci S0B1 

2A 0.0122 
µ p 

S2B
4 

ci C S0B4 

σ 
S2B
4 

p ci C S2B2 

4.2 Results for Connections CC02 

Table 7 shows the five most important critical design variables, identified by the 
sensitivity analysis with respect to the mean (µ) and the standard deviation (σ) for 
connections CC02.   

For connection 1B these are: the stress scale factor applied to the normal stresses on the 
mechanical reconstructed block 4 (S0B4); stress scale factor applied to the normal stress 
on the mechanical projected block 6 (S0B6); the initial crack size ci; and material 
constants C, and p. For connection 1C the most critical variables were: the stress scale 
factor applied to the normal stresses on the mechanical reconstructed block 4 (S0B4); 
stress scale factor applied to the normal stress on the mechanical projected block 6 
(S0B6); the initial crack size ci; and material constant. C. 

Table 7. Probabilistic Results for Connections CC02. 

Connecti
on 

Pf =p(Z ≤ 
1) 

Sensitivity 
to 
 change of 

Most Critical Variables 

1st 2nd 3rd 4th 5th 

1B 0.0130 
µ 

S0B
4 

p 
S0B
6 

C ci 

σ 
S0B
4 

S0B
6 

C p ci 
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1C 0.0025 
µ 

S0B
4 

C 
S0B
6 

ci S3B4 

σ 
S0B
4 

C 
S0B
6 

S3B
4 

S0B1 

5 CONCLUSIONS  

In this study the health assessment analysis of several structural components of an 
aerospace structure was approached using probabilistic methods, providing quantitative 
information for the probability that the connections would survive one or more lives and 
to identified the variables that influence the most that probability. This exploratory 
probabilistic study showed that the reliability of the connections is a function of the 
loads and material variables mainly. Initial crack geometry appears occasionally as a 
variable of relevance. The results are highly influenced by the assumptions made to 
model uncertainty of the random variables. These assumptions will be released as 
statistical data for the random variables considered becomes available.  
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