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Abstract. The fatigue cracks initiate and propagate in the Armored Vehicle Launch Bridge (AVLB)
components, especially like the splice doubler angle, splice plate, and bottom chord, due to the cyclic
loading by repeated AVLB-launchings and tank-crossings. In this study, laboratory fatigue tests were
conducted on six aluminum 2014-T6, four aluminum 7050-T76511, and four ASTM A36 steel compact-
tension specimens to evaluate the crack growth behavior of the materials used for the components. The
experimental results provide the relationship (Paris Law) between crack growth rate, da/dn, and stress
intensity range, AK, whose material dependent constants C and m can later be used in the life estimation
of the components. Finite Element Method (FEM) was used to obtain the stress intensity factor, K, of the
components with cracks. Because of the complexity of loading conditions and component geometry,
several assumptions and simplifications are made in the FEM modeling. The FEM results, along with the
results obtained from laboratory fatigue tests, are then utilized to estimate critical crack length and
remaining life of the components.

Keywords: AVLB sub-components; fatigue crack growth; stress intensity factor; finite element method;
remaining fatigue-life estimation.

1. Inroduction

The Armored Vehicle Launch Bridge (AVLB), which has been used in the field since the early
1960’s, is a folding scissors-type bridge and is a component of M48 or M60 launcher, riding atop
the vehicle. The AVLB itself is constructed primarily of aluminum alloy and is rated for normal
crossing of Military Load Classification (MLC) 60 loads at a maximum span of 18.3 m (60 ft.)
(Cho 1994). According to the Preventive Maintenance Checks and Services (PMCS) in the
engineering technical manual by the department of the U.S. Army (1990), the AVLB suffers various
types of damage to its components, such as fatigue, shear, bending damages, etc. In general, these
types of damage occur simultaneously in a component, leading to difficulty of analyzing component
failure.

The splice doubler angle, the splice plate, and the bottom chord are reported especially susceptible
to fatigue damage. These components are subjected to cyclic loadings by repeated AVLB-launchings
and tank-crossings over the bridge. The application of cyclic loading to the components, especially
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those with defects, causes cracks to initiate and subsequently propagate. These cracks need to be
detected and repaired before they rapidly grow to reach their critical stage of propagation;
otherwise, the failure of components can occur, which may result in the failure of the entire AVLB.
Aluminum 2014-T6 has been used to manufacture these three components of the AVLB located at
West Virginia University (WVU). Additionally, aluminum 7050-T76511 has been used for the splice
doubler angle and bottom chord of the upgraded AVLB (MLC 70), and ASTM A36 steel for the
splice plate of the upgraded AVLB. This study is focused only on these components and materials.

During the fatigue cracking process, the stress intensity factor, K, can be used to indicate the
stress levels of the components. There are many factors contributing to the estimation of the
remaining life of the components. These include the number of cycles required to initiate a crack,
the critical crack length, the geometry of the component, the applied stress range and its loading
rate, the effect of an aggressive environment on fatigue crack growth rate, and the remaining
residual stresses (Chen and Fultineer 1996). Several previous studies have been conducted to
present the fatigue crack growth behavior of various aluminum alloys (Clark and Wessel 1967,
Crooker 1971, Gan and Weertman 1981, Kermanidis and Pantelakis 2001) and steels (Barsom 1971,
Parry et al. 1972, James 1972, Roessle and Fatemi 2000). Particularly, several articles are written
pertaining to the fatigue crack propagation in complicated geometric features. The fatigue crack
propagation in a prismatic specimen having a square cross section and a drilled hole at its center
has been investigated (Dhondt 2005). The crack is assumed to initiate from the outer surface and
propagate towards the hole under the tensile forces applied at both ends of the specimen. Its
numerical analysis reveals that as soon as the crack crosses a discontinuity (hole), it results in
locally increasing K values and accelerated crack propagation. Cracks often initiate from the
mechanical joints, such as bolted, riveted, or pinned joints, because of the stress concentration and
contact pressure, and the fatigue crack growth path from the mechanical joints has been predicted
by the maximum tangential stress criterion using the Mode T and Mode II stress intensity factors
(Heo and Yang 2002). The fatigue crack propagation, especially in the riveted lab-joint, has been
studied as well, and it reveals that the fatigue crack appears to initiate, in most cases, from the
locations around the rivet-hole where the highest tensile concentration occurs depending on the
amount of fastener clamping and level of applied load (Iyer ef al. 2005).

The objective of this study is to estimate the critical crack length and remaining life of the three
critical sub-components of the AVLB, and to establish acoustic emission (AE) signal characteristics of
the materials used for the components; however, due to the length restriction of this paper, the AE part
of this study has been discussed in another article (Chen and Choi 2004). The results of this study will
eventually help to develop a damage assessment expert system, which can be used to determine the
structural integrity of the AVLB. In addition, the effect of the loading parameters, such as loading
frequency and ratio, on the crack growth rate of different materials is investigated in this study.

The scope of this paper includes the fracture mechanics approach to conduct laboratory fatigue
tests and Finite Element Method (FEM) to obtain the stress intensity factor, K, of the components
with cracks, based on Linear Elastic Fracture Mechanics (LEFM). The FEM results, along with the
results obtained from laboratory fatigue tests on aluminum 2014-T6, are then utilized to evaluate the
critical crack length and remaining life of the AVLB sub-components. The information used in
modeling is based on an AVLB located at WVU. Two more materials, aluminum 7050-T76511 and
ASTM A36 steel, which are used for the critical components of an upgraded AVLB, are also
fatigue-tested in the laboratory. The compact-tension specimen is adopted for the fatigue tests of
each material. The experiments are conducted at the load ratios, R, of 0.1 and 0.5.
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2. Experiments
2.1 Preparation of specimen

Six aluminum 2014-T6, four aluminum 7050-T76511, and four ASTM A36 steel compact-tension
specimens were prepared in accordance with the standard dimensions in the standard ASTM E647-
95. All similar specimens were cut by following the L-T combination of crack plane and growth
direction in a rectangular section of the material. The thickness of the specimen for each material
type was the same as that of the corresponding AVLB component. Table 1 lists the mechanical
properties of these materials, and Fig. 1 illustrates the specimen dimensions. Each specimen was
prepared introducing a machined notch, which facilitates obtaining ideally sharp cracks. The details

Table 1 Mechanical properties of materials tested

Mechanical properties

Material E G o, Ky,

(Pa) (Pa) v (Pa) (MPa /m)
Aluminum 2014-T6 724 x 10° 27.6 x 10° 0.33 413.7 x 10° 250
Aluminum 7050-T76511  71.0 x 10° 26.9 x 10° 0.33 517.1 x 10° 44O
ASTM A36 Steel 200 x 10° 772 x 10° 0.29 358.5 x 10° 99

(DASM HANDBOOK 1990.
@Hamstad and McColskey 1999.
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Fig. 1 Standard compact-tension specimen
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a,=20.32 mm
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Loading Hole Centerline

Fig. 2 Details of notch and notch tip

Table 2 Initial crack length and loading specifications for each specimen (AL1: Aluminum 2014-T6, AL2:
Aluminum 7050-T76511, ST: ASTM A36 steel)

Initial Pop Loading
Specimen Material crack length ”’(’ﬁN)”’“x Load ratio, R frequency
(mm) (Hz)
ALI#1 Aluminum 2014-T6 30.7 0.534/5.34 0.1 1.5
ALI1#2 Aluminum 2014-T6 27.9 0.534/5.34 0.1 1.5
AL1#3 Aluminum 2014-T6 27.7 0.534/5.34 0.1 4
ALI1#4 Aluminum 2014-T6 41.2 2.67/5.34 0.5 1.5
AL1#5 Aluminum 2014-T6 30.2 2.67/5.34 0.5 1.5
AL1#6 Aluminum 2014-T6 31.8 2.67/5.34 0.5 4
AL2#1 Aluminum 7050-T76511 314 0.490/4.90 0.1 1.5
AL2#2 Aluminum 7050-T76511 26.8 0.490/4.90 0.1 1.5
AL2#3 Aluminum 7050-T76511 27.8 2.45/4.90 0.5 1.5
AL2#4 Aluminum 7050-T76511 27.6 2.45/4.90 0.5 1.5
ST#1 ASTM A36 Steel 26.9 0.490/4.90 0.1 4
ST#2 ASTM A36 Steel 27.0 0.490/4.90 0.1 4
ST#3 ASTM A36 Steel 282 3.11/6.22 0.5 4
ST#4 ASTM A36 Steel 272 3.11/6.22 0.5 4

of the notch and its tip are given in Fig. 2. In addition, the nomenclature to identify each specimen
is shown in Table 2.

2.2 Instrumentation and experimental procedures

All specimens were tested in the load-controlled mode of an INSTRON model 1331, which is a
closed-loop loading system with a load cell enabled to sustain the maximum load capacity of 97.86 kN
(22 kips). The specimens were subjected to cyclic tension-tension loading in the sinusoidal wave
shape.

Two different crack propagation gages, the TK-09-CPA02-005/DP and TK-09-CPC03-003/DP
(Measurements Group, INC), were used to monitor the crack propagation in the specimens during
this study. Both consisted of 20 resistor strands connected in parallel. The breaking of strands due to
the crack propagation caused stepped increases in resistance of the gage. These increases in
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resistance then caused voltage increases in the parametric for the crack gage signal being received
by the data acquisition system (SPARTAN). The distances between the strands are 0.51 mm (0.02 in.)
and 2.03 mm (0.08 in.) for the TK-09-CPA02-005/DP and TK-09-CPC03-003/DP, respectively. The
data acquisition system was directly connected with a MTS model 407 controller.

The fatigue precracking was conducted on all the specimens to obtain ideal sharp cracks. The
length of fatigue precrack (ay; initial crack length) longer than 5/16 was achieved following the
ASTM E 647. Then, the crack gages were attached on the specimens and connected to the data
acquisition system as previously described. The fatigue tests were conducted under sinusoidal cyclic
tension-tension loading (Table 2). Two different load ratios, R, of 0.1 and 0.5 were applied to each
type of specimen to investigate the effect of load ratio on fatigue crack growth; R = ratio of the
minimum to maximum load (P,,,/P,.).- The effect of loading frequency on fatigue crack growth
was also studied for aluminum 2014-T6 specimens. Additionally, Table 2 shows the initial crack
length for each specimen at which the experimental data began to be collected and analyzed.

3. Experimental results and discussion
3.1 Fatigue crack growth

The stress intensity factor, K, characterizes the magnitude of the stress field ahead of an ideally
sharp crack in a linear-elastic and isotropic material. For the compact specimen, the stress
intensity factor, K, in Mode I (opening mode) can be calculated by the following equation
(Dowling 1999):

P
= F —; = ]
K (a)tﬁ a )

a
b
where P = magnitude of the applied load; a = crack length; b = width of the specimen; and ¢ =
thickness of the specimen. The factor F(«), which is a dimensionless function depending on the
geometry and loading configuration for the compact specimen, is as follows (Dowling 1999):

Fa) = 2+ 9D (0886 + 4.64a- 133207 + 14720 ~5.60") (alb>0.2) )
(1-a)
Since this K concept is based on the LEFM theory, the crack lengths used in this study should
satisfy an overall limit on use of the LEFM, which is given in Eq. (3).

2
a, (b—a),h> j-‘r (g) (LEFM applicable) 3)

where o, = yield stress; and / = half the specimen height.

Using the crack gage signals, a plot of voltage vs. number of loading cycles for each specimen
tested was made. The data of crack length and number of loading cycles were then obtained from
the plot points where the voltage jumped up. Fig. 3 shows the plot of the crack length vs. number
of loading cycles for AL1#1. To obtain the crack growth rates, da/dn, from the plot of the crack
length vs. number of loading cycles data, the straight-line slopes between the data points were used.
The crack growth rate for the interval ending at data point numbered j was then
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Fig. 3 Plot of crack length vs. loading cycles for AL1#1
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where n = number of loading cycles. The corresponding stress intensity range, AK, for the interval
was calculated from the average crack length, ay,.

Cl+a_|‘ _am,‘ _n-+ﬂ-_|
aavg = %: aavg - bg’ navg - % (5)
AP
(AK)j = AKavg = F(aavg)_ (6)
t/b

where AP = P,,. — P,,- The relationship between da/dn and AK for each specimen tested was
established and plotted on a log-log scale as shown in Fig. 4.

The effect of cyclic loading frequency on the crack growth rate was established from the results
of fatigue tests on aluminum 2014-T6 specimens subjected to two different loading frequencies, f,
of 1.5 and 4 Hz. Fig. 4(a) shows that the crack growth rates were not affected by the loading
frequencies. It is also shown in Rolfe and Barsom (1977) that there was no effect of cyclic
loading frequency on the crack growth rates for ASTM A36 steel under the loading frequencies
of 0.1 to 50 Hz. Both of the above results were obtained under a benign room-temperature
environment.

In general, it is known that the effect of R on the crack growth rate is more pronounced for more
brittle materials, and variations in R from 0 to 0.2 have little effect on most materials in the mid-
growth rate region where the relationship between the crack growth rate and stress intensity range is
linear on log-log scale (Dowling 1999). Fig. 4 illustrates that an increase in the load ratio, R, from
0.1 to 0.5 caused the crack growth rates for a given stress intensity range to be larger, especially for
the aluminum specimens. Since the data from the specimens that were made of the same material
and tested under the same R lay quite close to the single line as shown in Fig. 4, the data were
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Fig. 4 Crack growth rate vs. stress intensity range: (a) Aluminum 2014-T6 specimens, (b) Aluminum 7050-
T76511 specimens, (c) ASTM A36 Steel specimens
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Table 3 Experimentally obtained C and m in the Paris Law

Data regions for linear regression

Load ratio,

Material R AK daldn C m
(MPa ./m) (x107° mm/cycle)

Aluminum 0.1 8.51~28.47 78~7,883 4.15x10°8 3.51
2014-T6 0.5 5.04~13.90 18~1,238 5.18x107° 3.72
Aluminum 0.1 11.88~37.99 194~8,161 1.02 x 1077 3.01
7050-T76511 0.5 6.73~21.88 64~2,036 236 %1077 2.90
ASTM 0.1 11.46~44.97 3.7~927.0 2.48x 10710 3.98
A36 Steel 0.5 8.16~27.03 2.8~111.4 5.12%x 107 3.03

combined into a group to calculate the experimental constant C and m in the Paris Law (Eq. (7)) for
a combination of the material and R.

X = cKy” ™
n

where C, m = material dependent constants. This equation represents a straight line at intermediate
values of AK on the log-log plot.

The fitted line on the log-log plot of the crack growth rate vs. stress intensity range for each
combination of material and R used is also shown in Fig. 4, and the values of C and m from the
fitted line are listed in Table 3. The fitted lines lie on the mid-growth rate regions containing the
data changing linearly. The data ranges on which the linear regression was conducted are listed in
Table 3 as well. The results for aluminum 2014-T6 and 7050-T76511 specimens show that the
slope, m, of the fitted line for each material stays fairly constant regardless of R, while the intercept,
C, of the fitted line increases with increasing R. However, in the case of ASTM A36 steel, the
results show that the slope, m, is not constant for varying R, and the R effect seems much stronger
at the low growth rate than at the high growth rate. According to Dowling (1999), mild steel and
other relatively low-strength, highly ductile, structural metals exhibit only a weak R effect in the
mid-growth rate region, but exhibit a strong R effect in the slow-growth rate region. This fact, as
well as using different P, loads (4.90 kN for R=0.1 and 6.22 kN for R=(0.5), may contribute to
the results of the current ASTM A36 steel specimens. Several references (Barsom 1971, Crooker
1971, Rolfe and Barsom 1977, Gan and Weertman 1981) show the plots of the crack growth rate
vs. stress intensity range for various high-strength aluminum alloys and ferrite-pearlite steels such as
aluminum 2014-T6, 7050-T76511, and ASTM A36 steel. The experimental results (Fig. 4) obtained
in our study are comparable to the results from these references. A recent fatigue study of
aluminum 2024-T3 (Kermanidis and Pantelakis 2001) also shows a range of crack growth rate
similar to our results under constant stress amplitudes.

To calculate the values of C and m for various R values, an empirical equation has been
introduced by Dowling (1999).

C = G

= s m=m ®
(] —R) 1(1-7)
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Table 4 Predicted values of C and m at various R

Aluminum Aluminum

Load 2014-T6 7050-T76511 ASTM

ratio (7= 0.90) (7=0.52) A36 Steel

(R)

C m C m C m

0 3.99 x 107 3.61 8.83x 107 2.96 — —
0.1 4.15x 107 3.61 1.02 x 1077 2.96 248 x107'° 3.98
0.2 434 %107 3.61 1.21 x 1077 2.96 — —
0.3 457%10°8 3.61 1.46 x 1077 2.96 — —
04 4.84 %1078 3.61 1.82x 1077 2.96 — —
0.5 5.18x 1078 3.61 2.36 x 1077 2.96 5.12x107° 3.03
0.6 5.64x 1078 3.61 3.24x 1077 2.96 — —
0.7 628 x 107 3.61 4.87 x 1077 2.96 — —
0.8 732 %107 3.61 8.65 x 1077 2.96 — —
0.9 9.50x 1078 3.61 231x10° 2.96 — —

(1) The values of m for aluminum 2014-T6 and 7050-76511 in Table 4 was obtained by averaging the
experimentally obtained slope (m) at R=0.1 and R = 0.5 listed in Table 3.

(2) The values of C should be used with units of MPa./m and mm/cycle, and those in shaded cells were
experimentally obtained.

where C;, m; = intercept and slope on the log-log plot of the Paris Law for the special case of
R =0, respectively; and y = constant for the material. This equation is established by the fact that
the straight lines for various R on the log-log plot of the crack growth rate vs. stress intensity range
lie quite parallel to each other (Kim and Mubeen 1981, Dennis 1986). Substituting the
experimentally obtained values of C and m (=m;)at R=0.1 and R=0.5 for each material into
Eq. (8) provided two equations for each material. By solving the two equations with respect to C;
and y, the values of C; and y for each material were obtained. In this process, the value of m; for
each material was assumed to be a constant value by using the average value of the experimentally
obtained slopes (m) at R=0.1 and R=0.5. Substituting the obtained values of C;, m;, and ¥ for a
given material into Eq. (8) then provided an equation to approximately predict the values of C and
m at various R. Table 4 shows the predicted values of C and m at various R for each of aluminum
2014-T6 and 7050-T76511. As can be seen in the preceding results, the crack growth rate for a
given material is a function of AK and R. The value of C in Table 4 represents the effect of R on
the crack growth rate. Since the slope, m, for ASTM A36 steel has very different values at R= 0.1
and R= 0.5 as shown in Table 3, Walker’s equation could not be applied for this material.

3.2 Life estimation of tested specimens

The life for a crack growth can be expressed in terms of the number of cycles and calculated by
solving the following equation.

Ny = n;—n; = J'fdn = J{(@)da ©
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The number of cycles, n; required for the crack to propagate from an initial crack length, a;, at
cycle number, 7, to a final crack length, ag at cycle number, n; can be found by solving Eq. (9).
The remaining life of each specimen at a given crack length to a, was calculated by substituting the
corresponding values of C and m for raw data listed in Table 3 into Eq. (9) and was plotted to be
compared with its experimental result; this calculated remaining life is presented as theoretical
remaining life in Fig. 5, which shows two representative comparisons for the cases of AL1#2 and

ALT#S5.
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As can be seen in Fig. 5, it was found for each specimen that there was discrepancy between the
experimental and theoretical remaining life. This is caused by the use of the values of C and m as
given in Table 3, which were obtained from an integrated plot of the crack growth rate vs. stress
intensity range for a combination of different materials and R values. For AL1#2, the theoretical
remaining life at g; = 27.94 mm (1.1 in.) to a,= 71.93 mm (2.832 in.) is about 148,000 cycles, and
this is about 12,000 cycles longer than the experimental one. In this case, it can be said that the
theoretical remaining life is about 9% higher than the experimental (or real) remaining life for
AL1#2. In the other case of ALI#5, the theoretical remaining life at @; = 30.23 mm (1.19 in.) to a,
= 70.41 mm (2.772 in.) is about 520,000 cycles, about 25,000 cycles shorter than the experimental
value. Therefore, for this specimen, using the theoretical remaining life is about 5% more
conservative in predicting the experimental (or real) remaining life. The error in the cases of the
other specimens was within the above percentage range.

4. FEM calculation and results

The J-integral is to generalize the strain energy release rate, G, in case that the nonlinear material
behavior is dominant due to the large amount of plasticity in the vicinity of crack tip, to which
LEFM can not be applied. By idealizing elastic-plastic behavior as nonlinear-elastic, the J-integral is
proved to be able to handle the practical problems occurring beyond the limits of LEFM (Rice
1968). Shih et al. (1986) introduced the domain integral method that is relatively simple and
accurate to evaluate J numerically with rather coarse finite element meshes. This domain integral in
2-D problem is called the area integral. When the plastic zone is negligibly small (LEFM), the J
value is equivalent to the strain energy release rate, G, and is able to be related to an equivalent
value of K under Mode I as follows.

K, = JJJE  (Plane Stress) (11)

K, = /1*] £ (Plane Strain) (12)
-V

where K, = stress intensity factor estimated by using J value.

The singularity at the crack tip in linear elastic problem can be produced by certain element-node
configuration. The 8-node quadrilateral isoparametric element, which is a second-order element, is
usually used in 2-D crack problems. The elements around crack tip should be modified to exhibit
1/J/r singularity, suitable for linear elastic problems. This method of creating singularity in
quadratic isoparametric element was introduced in detail by Barsoum (1976). Using a finite element
simulation program, ABAQUS, the compact-tension specimens with different crack lengths were
modeled to obtain .J values at different crack lengths so that these .J values were compared with
equivalent values of K from Eq. (1). As a result, K; values agree well with K values from Eq. (1)
(Fig. 6), and hence the above approach to create the singular elements is proved to be reliable. The
details of this FEM modeling can be found in Choi (2000).

4.1 Simplified FEM models of AVLB sub-components

The simplified 2-D modeling in LEFM standpoint was conducted for three critical sub-
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components, which contain a number of rivet-holes. It was assumed in the modeling that the crack
initiates from the rivet-hole where the stress concentration takes place, and only the cracked rivet-
hole and its adjacent uncracked rivet-holes were considered in the modeling rather than all rivet-
holes. Under the plane stress condition, a series of models with different crack lengths was
constructed for each component in order to obtain the J values, from which the stress intensity
factors were then calculated using Eq. (11); with the 1/ singularity, even though the J values
obtained under the plane stress and the plane strain are different from each other, the K, values
converted by using their corresponding equations (Egs. (11) or (12)) become equal. The materials
and geometric dimensions for the modeling were based on the components of the AVLB at WVU.
The geometric dimensions of these components are shown in Choi (2000).

4.1.1 Simplified splice doubler angle FEM model

The splice doubler angle, which is made of aluminum 2014-T6, has twelve rivet-holes in a row in
both the flange and the web (Figs. 7(a) and (b)). Since the type of stressing the component and the
magnitude of load through each rivet-hole were unknown, several assumptions for those were
established in the modeling to simulate the stress distribution around the crack tip. In addition to the
assumptions, geometric simplifications were adopted in 2-D. The assumptions and simplifications
are as follows: (1) The component is subjected to tensile loads; (2) The crack initiates from a rivet-
hole in the flange, where the stress concentration occurs. In addition, this crack initiates only at the
rivet-hole edge close to the edge of the flange and propagates only toward the edge of the flange
(not toward the web); (3) The 2-D simplified model, which is based on the angle L102 mm x
102 mm x 6.4 mm (L4 in. x4 in.x0.25in.), is 406.4mm (16in.) long. Fig. 8(a) shows the
dimensions of the simplified model; (4) Three rivet-holes, a cracked middle hole and two uncracked
adjacent holes, are included in the model to consider the geometric effect of the adjacent holes on
the stress distribution around the cracked hole. The cracked middle hole between two other
uncracked holes is centered in the longitudinal direction of the model; (5) The stress of 55.16 MPa
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Fig. 7 AVLB components’ schematic details (unit of dimension: in.; 1 in. = 25.4 mm): (a) Splice doubler
angle flange view, (b) Splice doubler angle front view, (c) Bottom chord front view, (d) Bottom chord
flange view

(8,000 psi) is assumed to be uniformly applied to both ends of the component. From the
assumption, the applied total load (P) to the flange is calculated such that 33,375 N =55.16 MPa
x 95.25 mm x 6.35 mm (7,500 Ib = 8,000 psi x 3.75 in. x 0.25 in.). The load is then applied to the
model through the holes; and (6) The stress of 55.16 MPa is uniformly applied to both ends of the
web of the model to consider the load applied through the holes in the web.

The model was simulated for three different critical cases of applying the load to the holes in the
flange. These three critical cases are pictorially described in Fig. 9. In this figure, the total load is
distributed and applied to each hole in terms of stress; o= P/(2 - r - f), where r = radius of the hole
and ¢ = thickness of the flange. As a matter of convenience, the cracked middle hole was numbered
as #1, the hole below as #2, and the hole above as #3 in the figure.
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Fig. 8 Dimensions of simplified models: (a) Splice doubler angle (L102 mm x 102 mm x 6.4 mm), (b) Splice
plate (thickness: 6.4 mm), (c) Bottom chord (L127 mm x 127 mm x 9.5 mm)

The simplified models with thirteen different crack lengths were simulated to obtain .J values at
the different crack lengths. The models were created by using the 8-node quadrilateral isoparametric
elements under the plane stress condition. Twelve 1/./r singular elements were created adjacent to
the crack tip in order to simulate the singular strains and stresses that dominate the vicinity of the
crack tip in case of LEFM. Two J-integral domains surrounding the crack tip were set in this
modeling. The overall J-integral domain has a size of 16.51 mm (0.65 in.) in the x-direction and
38.1 mm (1.5 in.) in the y-direction. Shown in Fig. 10 is the FE mesh of the simplified splice
doubler angle model having a crack length of 12.7 mm (0.5 in.).

The stress intensity factors, K, were calculated from obtained ./ values by using Eq. (11). The
stress intensity factor was then plotted versus crack length for three loading cases as shown in
Fig. 13(a). As expected, it can be seen in this figure that Case 1 and Case 3 are presented by the
lower and upper boundary plots, while Case 2 by the intermediate plot; considering the
superposition principle for LEFM problems, it is reasonable that Case 2 approximately shows the
intermediate state between Case 1 and Case 3.

According to the material property reference (Table 1), the plane strain fracture toughness, K.,
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Fig. 9 Three critical cases of applying load to rivet-holes in flange for simplified model of splice doubler
angle: (a) Casel, (b) Case2, (c) Case3

2
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Fig. 10 Simplified splice doubler angle FEM model mesh

which is the smallest fracture toughness value which can be used for other thickness to have a
conservative estimation, is about 25 MPa./m (23 ksi./in.) for aluminum 2014-T6. With this K.,
the crack length, a., which is critical for brittle failure, can be predicted for the simplified splice
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Fig. 12 Three critical cases of applying load to rivet-holes in flange for simplified model of bottom chord:
(a) Casel, (b) Case2, (c) Case3

doubler angle model as shown in Fig. 13(a). The critical crack length, a., corresponding to the K,
value of 25 MPa./m (23 ksi.fin)) was determined at about 27.33 mm (1.076 in.), 27.74 mm
(1.092 in.), and 28.09 mm (1.106 in.) for Case 1, Case 2, and Case 3, respectively. As a reference, it
was reported in Chen and Choi (2004) that for aluminum 2014-T6 specimens, a major jump in AE
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count rate was found when K value at P,,,, reached about 30 MPa./m (27 ksi ﬁ) at which point
a drastic increase in crack length growth was also observed. This K value is slightly higher than the
K. for aluminum 2014-T6. Therefore, the critical crack lengths obtained from the K. in this study
can be considered conservative.

In Fig. 13(a), it can be seen that the level of the stress intensity factors drastically increases in the
short crack length region, slightly increases or even decreases in the intermediate crack length
region, and then gradually increases as the crack reaches the boundary of the model. The slight
increase or decrease of the stress intensity level in the intermediate crack length region would cause
the fatigue crack growth rate to decrease in this region.

In addition, since this model is conducted based on LEFM, if a loading level changes by
multiplication of a scalar, its K, value also changes by multiplication of that scalar; its ./ value
changes by multiplication of the square of that scalar. Within the LEFM limit, the K at a certain
loading level of interest can be thus obtained by multiplying the K, value by a scalar (multiplier),
which is calculated by dividing the loading level of interest by the loading level used in this
simulation.

4.1.2 Simplified splice plate FEM model

The splice plate, which is also made of aluminum 2014-T6, has two columns and twelve rows of
rivet-holes along the longitudinal direction. Several assumptions and simplifications for loading and
geometry were adopted in modeling the component in 2-D: (1) The tensile loads (or stresses) are
symmetrically applied to the component with respect to its longitudinal centerline; (2) The crack
initiates only at the rivet-hole edge close to the edge of the component and propagates toward the
edge of the component (not toward the adjacent rivet-hole). Since the component geometry and
loading configuration are symmetric with respect to the longitudinal centerline, it is reasonable to
assume that the crack initiates simultaneously from both rivet-holes composing a row and
propagates toward both edges of the component at a crack growth rate; (3) Three rows of rivet-
holes are considered in this problem so that the geometric effect of the adjacent holes on the stress
distribution around a cracked hole can be included in the result. The row of cracked middle holes
between two other rows of uncracked holes is centered in the longitudinal direction of the
simplified model as shown in Fig. 8(b). The simplified model is 406.4 mm (16 in.) long, 266.7 mm
(10.5 in.) wide, and 6.4 mm (0.25 in.) thick; and (4) Since the splice plate is overlapped with the
splice doubler angle, the load of 33.36 kN (7,500 Ib), which is assumed to be applied to the flange
of the simplified splice doubler angle FEM model, is also applied to the half-symmetric splice plate
FEM model through the holes.

The simplified models with seventeen different crack lengths were simulated to obtain J values
for three different critical cases of applying the load to the holes; these three cases are equivalent to
those for the simplified splice doubler angle FEM model and are pictorially described in Fig. 11.
The same scheme of creating the elements adjacent to the crack tip, as previously mentioned, was
adopted in the modeling. Fig. 13(b) shows the plots of the stress intensity factor vs. crack length for
three loading cases.

As can be seen in Fig. 13(b), K, does not reach the K. for aluminum 2014-T6, about 25 MPa ./m
(23 ksi ﬁ), within the considered crack length range of 0 to 40.64 mm (1.6 in.). Therefore, the
critical crack length (a.) can not be obtained within the range. Under the applied load of 33.36 kN
(7,500 Ib), the K. can be reached beyond the crack length of 40.64 mm (1.6 in.), since K gradually
increases as the crack reaches the boundary of the model.
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4.1.3 Simplified bottom chord FEM model

The bottom chord, which is made of aluminum 2014-T6 in the shape of angle, has nine rivet-holes
in both the flange and the web (Figs. 7(c) and (d)); the holes in the flange were in a straight row
while two holes in one end of the web were offset. The assumptions and simplifications for loading
and geometry adopted in modeling the bottom chord in 2-D are the same as those for the splice
doubler angle except for the followings: (1) The 2-D simplified model, which is based on the angle
L127 mm x 127 mm x 9.5 mm (L5 in. x5 in. X 0.375 in.), is 406.4 mm (16 in.) long. Fig. 8(c)
shows the dimensions of the simplified model; and (2) The stress of 55.16 MPa (8,000 psi) is
assumed to be uniformly applied to both ends of the component. From the assumption, the applied
total load to the flange is calculated such that 61,744 N =55.16 MPa x 117.48 mm % 9.53 mm
(13,875 Ib = 8,000 psi x 4.625 in. x 0.375 in.). The load is then applied to the model through the
holes.

Fig. 12 shows three different critical cases of applying the load to the holes for the simplified
splice doubler angle FEM model, which has twelve different crack lengths, and Fig. 13(c) shows the
plots of the stress intensity factor vs. crack length for three loading cases. Under the given
assumption and simplification, the critical crack length (a.) corresponding to the K. of 25 MPa./m
(23 ksi ﬁ) was determined at a value of about 20.96 mm (0.825 in.) for all the loading cases

(Fig. 13(c)).
4.2 Life estimation of AVLB components

Using the experimental and FEM results, the crack growth of each AVLB component was
estimated in terms of the number of cycles. Egs. (9) and (10) can be used for the life estimation.
Based on the FEM results shown in Fig. 13, the trend equation of the stress intensity factor versus
crack length was obtained for each loading case. A typical trend equation of stress intensity factor
in terms of crack length for the simplified bottom chord model (Case 2) is shown in Fig. 14; the
equations for the other models and loading cases can be found in Choi (2000). Since the FEM

40

35 | K, =-8E-07a®+0.0001a°-0.0046a* + 0.1011a° - 1.0934a + 5.5282a + 10.466
r-squared value = 0.9988
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Fig. 14 Fitted curve and equation of stress intensity factor versus crack length for simplified bottom chord
FEM model (Case2)
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results were also obtained under the LEFM assumption, the stress intensity range, AK,, can be
simply obtained at a certain load ratio, R, as shown in the following equation.

AKJ = KJ,maX_KJ,min = (] _R)Kj,max = (11?_ ])KJ,min (13)

The remaining life of each simplified FEM model from an initial crack length (¢;) of 1.27 mm
(0.05 in.) to a final crack length (a,) was calculated and plotted versus the crack length for each
loading case, as shown in Fig. 15. Under R = 0.1, the trend equations from the FEM results were
substituted into the K . term in Eq. (13), and the obtained AK, equations were then substituted
into Egs. (9) and (10). The C = 4.15E-8 and m = 3.51, which were experimentally obtained from
aluminum 2014-T6 specimens at R = 0.1, were used in this calculation as well; since the C and m
for aluminum 2014-T6 with the thickness of 6.35 mm (0.25 in.) were not available from the
experimental results, the available C' and m for the thickness of 9.53 mm (0.375 in.) were instead
used in this calculation for the simplified splice doubler angle and splice plate FEM model.

For the life estimation of simplified splice doubler angle FEM model, the critical crack length, a.,
for each loading case was used as its final crack length, a. These final crack lengths were 27.33 mm
(1.076 in.), 27.74 mm (1.092 in.), and 28.09 mm (1.106 in.) for Case 1, Case 2, and Case 3,
respectively. The remaining lives from an initial crack length of 1.27 mm (0.05 in.) to these final
crack lengths were predicted as about 46,600, 36,500, and 29,000 cycles for Case 1, Case 2, and
Case 3, respectively. For the simplified splice plate FEM model, a crack length of 40.64 mm (1.6 in.),
at which the FEM simulation for the model was lastly conducted, was chosen as its final crack
length (ay) for all the loading cases, since the critical crack length (a.) was not obtained within the
range of crack length where the FEM simulation was conducted. The remaining lives from an initial
crack length of 1.27 mm (0.05 in.) to a final crack length of 40.64 mm (1.6 in.) were predicted as
about 202,900, 145,700, and 111,400 cycles for Case 1, Case 2, and Case 3, respectively. For the
simplified bottom chord FEM model, the critical crack length (a.), which is about 20.96 mm (0.825
in.) for all three loading cases, was used as its final crack length (/). The remaining lives from an
initial crack length of 1.27 mm (0.05 in.) to the final crack length were predicted as about 20,500,
15,500, and 11,600 cycles for Case 1, Case 2, and Case 3, respectively. If R = 0.5 were applied to
the calculation following the above procedure, the remaining lives of all the simplified FEM models
would be longer than those using R = 0.1.

To help understand the life estimation procedure previously explained, an example life estimation
is additionally conducted for the simplified bottom chord FEM model. This life estimation is based
on the assumption that 6.206 MPa (900 psi) and 62.06 MPa (9,000 psi) are alternately applied to
both ends of the component as the fatigue cyclic load (R = 0.1), and Case 2 is the governing
loading case. Since the assumed maximum stress level is 62.06 MPa (9,000 psi),

K max = Kjap00 = 1.125 X K 4900 (14)

where K o900 = K equation under the applied stress level of 62.06 MPa (9,000 psi); and K goo0 = K
equation under the applied stress level of 55.16 MPa (8,000 psi). Using the K g000 €quation and the
K. of 25 MPa./m (23 ksi M) for aluminum 2014-T6, the critical crack length, a., is predicted to
be 16.15 mm (0.636 in.). The remaining life from the g, of 1.27 mm (0.05 in.) to the a; (= a.) of
16.15 mm (0.636 in.) is then estimated at about 8,600 cycles (Fig. 15(c)), which is much shorter
than the 15,500 cycles obtained using the maximum stress level of 55.16 MPa (8,000 psi).
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4.3 FEM discussion

The FEM results were obtained under LEFM assumptions. Therefore, the use of K, equation
should take the LEFM limitations into account. If the K, values obtained are less than K. (or K.),
the FEM results are acceptable. In addition, the K, equation is established only for the first mode
(Mode I; opening mode) of deformation.

Fatigue crack propagation for the real structure is affected by many parameters such as fatigue
load level, load-time history, structural geometry, and the environment. Therefore, it is often difficult
to predict fatigue crack propagation in service. In the FEM analyses conducted here, some of these
parameters were simplified or even ignored, and substituted with some assumptions leading to a
fairly tentative result. Even though there are many simplifications, the results provide a first-order
estimation for the critical crack length or remaining life of the structural components, which may
become useful in a very complicated AVLB damage detection situation. In order to provide more
confidence in the estimation, the fatigue tests on the critical AVLB components need to be
conducted under real loading conditions in the future.

5. Conclusions

From the laboratory fatigue tests, the relationship between da/dn and AK was developed to
provide C and m values for each combination of material and load ratio. It was found in the
relationships that an increase in R ratio from 0.1 to 0.5 caused the crack growth rate for a given
stress intensity range to be larger, especially for the aluminum specimens. Based on the
experimentally obtained C and m values, the C and m values at various R were predicted. Using the
C and m values, the theoretical (or predicted) remaining lives of the specimens tested were
estimated within a margin of error of £9%. In addition, the C and m values obtained here provide
the essential data for further fatigue-crack-related studies on the same materials and thicknesses.

The FEM was used to calculate the stress intensity factor as the crack grows in the AVLB
structural sub-components. Using the C and m values, together with certain assumptions of loading
configuration and loading sequence on the sub-components, the proposed finite element method was
found to be a feasible tool for estimating the critical crack lengths and the remaining lives of the
AVLB sub-components.

The remaining lives of the sub-components subjected to a cyclic loading with a maximum stress
level of 55.16 MPa (8,000 psi) and a load ratio (R) of 0.1 were estimated. Three loading cases were
applied to a simplified model of each sub-component to examine the effects of the stress
distribution from the rivet-holes. The relationship between K, and crack length was first established
from the FEM results. The remaining life of the sub-component up to the critical crack length was
then estimated by using the C, m and K. values. From the simplified splice doubler angle and
bottom chord FEM models, the remaining life from an initial crack length of 1.27 mm (0.05 in.) to
the critical crack length is predicted to be in the ranges of about 29,000 to 46,600 cycles and about
11,600 to 20,500 cycles, respectively. From the simplified splice plate FEM model, the remaining
life from an initial crack length of 1.27 mm (0.05 in.) to a final crack length of 40.64 mm (1.6 in.)
is predicted to be in the range of about 111,400 to 202,900 cycles.
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