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Fatigue of structural elements has been a major cause of many catastrophic failures of railway and high-
way steel bridge. In this research, a new stress-life damage accumulation model is proposed, calibrated
and validated using two different experimental works available in the literature. The newly proposed
model (called the VTLC, for Virtual Life Target Curves) introduces a time dimension to the conventional
S-N curves. The model has the advantage that it can simulate the effect of non-uniform fatigue loading.
The VTLC model was then verified using a case study of a riveted single-track railway bridge that was
subjected to variable amplitude loading. The numerical simulation shows that the proposed VTLC model
is capable of predicting the remaining fatigue life of the studied structural detail under variable ampli-

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Most of the available data regarding fatigue life is based on
experimental work conducted on specimens subjected to constant
amplitude cyclic loading (stress or strain). During the service life of
any structure, it is expected that the structure would be subjected
to various random loads that could have a constant- or random-
loading pattern. The current practice for quantifying the accumu-
lated damage at each stress (or strain) level, and consequently
the fatigue life of the structural element, is to use these available
constant amplitude experimental data. Unfortunately, experiments
using variable amplitude loading are expensive, time-consuming
and having much uncertainties about the in-service loading spec-
trum [1]. Moreover, variable amplitude loading is more difficult
to formulate compared to constant amplitude stress fatigue. These
constraints resulted in scarceness in research work that studies
multi-stress level fatigue. The objective of this research is to pro-
pose a simple and reliable damage model that is capable of predict-
ing the remaining fatigue life of structural steel details subjected to
variable amplitude loading.

In 1945, Miner [2] expressed the concept of damage accumula-
tion in a very simple linear trend. This rule is still the most popular
rule used due to its simplicity. Unfortunately, this damage model
has many deficiencies. This rule fails to predict the effect of load
history sequence. Experimental data indicate that the sequence
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in which various stress levels are applied has significant influence
on the fatigue behavior of materials. It is also widely known that
Miner’s damage sum to failure is greater than unity for low-to-high
tests and less than unity for high-to-low tests [3]. Another major
limitation of Miner’s rule is that it is stress-level independent, in
that its damage trend follows only one function (which is linear)
for any stress level.

Corten et al. [4] performed hundreds of experimental tests on
cold-drawn steel wires by applying different loading blocks with
different stress levels. Their experimental test program had several
series of two-stress level loading sequences repeated until failure.
They described damage in a phenomenological hypothesis that
represents the nucleation of microscopic voids which develop into
cracks. The damage is given in terms of number of damaged nuclei
and the rate of damage propagation as a power function of the
number of cycles that applies for two stress level loading blocks
histories.

With over 20 years of testing, Manson and his co-workers (e.g.
[5,6]) proposed several conceptually-different damage models,
and continuously updated them to correlate with their consider-
able test result data. Manson et al. [5] first introduced the concept
of Double Linear Damage Rule (DLDR). After which, their work was
extended to develop the concept of Damage Curve Approach (DCA)
and later the Double Damage Curve Approach (DDCA) [6]. These
models were in good agreement with experimental work in low
cycle fatigue under two loading levels. These damage models are
all load-level dependent, but do not account for the load interac-
tion effect and small amplitude cycle damage. Also determining
the Knee point (which is a new concept introduced in Manson’s
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work and represents the intersection between the two straight
lines of the bilinear curves) is a difficult procedure that could be
inconvenient for regular design procedure.

Many researchers agreed that the errors in the Linear Damage
Rule (LDR) life predictions are not necessarily due to the linear
summation of damage but due to the assumption of damage-rate
independence of loading levels [7]. Based on experimental results,
Subramanyan [8] introduced a modified damage model of several
damage iso-lines having a knee point or pivot near the fatigue limit
of the material. This approach has problems at stresses near the fa-
tigue limit due to the singularity at the knee point. Later, Hashin
et al. [9] presented a discussion of the S-N curve rotation ap-
proaches and performed analytical calculations along with experi-
mental work. The predicted results were in good agreement with
test data. Later, Leipholz [10] revived the concept of a modified
S-N curve, named S-N’ curve, which accounts for load interaction
effects.

2. Proposed damage model

The aim of the proposed damage model is to alleviate some of
the shortcomings in the previously mentioned available damage
models. The damage model will incorporate the effects of stress-le-
vel dependency and load sequence effects while still maintaining a
simple form (which is one of the main advantages of the widely
used Palmgren-Miner rule).

In this model, a phenomenological approach for estimating the
level of fatigue damage will be used. Material damage can be de-
scribed as the loss in expected life by accumulation of loading cy-
cles under certain stress levels. A new concept is proposed which
will be called the “Virtual Target Life Curves” (VTLCs). In this ap-
proach, it will be assumed that any material has a virtual (theoret-
ically infinite) expected life that is, by definition, greater than the
real failure life under constant amplitude loading. As constant
amplitude fatigue loading proceeds, this expected life reduces in
magnitude depending on the number of cycles, where the rate of
deterioration keeps changing depending on the stress level. In
cases of variable amplitude fatigue loading, some sudden jumps
of damage (and consequently corresponding loss in expected life)
will occur due to overloading effects resulting from the increase
from low stress levels to high stress levels (and vice versa). The
magnitudes of these jumps depend on the ratio of the two stress
levels. Fig. 1 shows that the concept of Virtual Target Life Curves
-in case of constant amplitude loading — will lead to the regular
S-N curve (which represents the number of constant amplitude cy-
cles that leads to failure of a laboratory tested element).
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Fig. 1. The proposed virtual target life concept.

It is important to note the difference between the proposed ap-
proach and other approaches in the literature that are based on
modifying the S-N curve. Previous approaches such as Manson'’s
early work [5] and Subramanyan [8] were based on shifting the
so-called virgin material curve as a starting point to account for
cumulative damage in cases of variable amplitude loading. Using
the term virgin material curve for the S-N curve could be misinter-
preted as this curve represents in reality the failure of the speci-
men, whereas the term virgin material implies a totally unloaded
material. In this study, a different approach is adopted; the mate-
rial is supposed to endure until it reaches a virtual target life.
The virtual life decreases as damage accumulates. The rate of de-
crease of this virtual life changes based on the loading history
(including both: stress levels and loading sequences) and depends
on the material. Fig. 2 illustrates the difference between Manson'’s
approach, Subramanyan’s approach and the VTLC approach.

The VTLC approach aims to give regular S-N curves (for con-
stant amplitude excitations) a time- or loading- history depen-
dency by making them dynamically moving according to the
damage state. Moreover, it would be useful to have the S-N Curve
as a way of monitoring the history of deterioration of a certain
component in a structure as will be shown in the case study.

2.1. Derivation

The concept of fatigue damage has always been challenging as it
is not easy to set a clear definition for damage or provide a physical
correlation to it. The VTLC approach does not use physical damage
as a failure criterion. The VTLC approach gives a different perspec-
tive for the concept of damage. It views damage rather than being
an accumulative sum of cycles up to failure, to being a concept of
accumulated loss in the expected life. Unlike the regularly used cri-
terion for failure when damage factor reaches unity, the VTLC fail-
ure criterion is reached when the accumulated number of cycles
reaches the virtual target life at a certain stress level. The new con-
cept of the virtual target life will be explained later throughout this
section.

Using S-N curves, at certain stress amplitude ¢, , the number of
cycles to failure could be determined from the following equation:

1/b i\ —1/b
(X
N = (_‘77> _ <_f> (1)
a} Ga

where b is the fatigue strength exponent and o} is the fatigue
strength coefficient of the material. Eq. (1) can be re-written as:
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Fig. 2. Difference between previous S-N curve modification approaches [5,8] and
the proposed model.
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Fig. 4. Testing loading pattern by Corten et al. [4].

log(ga) = blog(Ny) + log(ay) (2)

To construct a “Virtual Target Life” (VTL) curve from an existing S-N
curve, it will be assumed that there is another curve with slope b,,
which has to be less than b. All VTL curves are assumed to meet at
the same intercept at N=1 cycle which means the equation will
have the same constant term: log(ay). Thus, the equation for any
Virtual Target Life Curve would be:

log(aq) = b, log(Nvr) + log(ap) 3)

Therefore, the virtual target life (VTL) of a component at a certain
stress level i can be expressed by the following equation:

1/by i\ —1/byi
g; Gf
N = | = =(L 4
Y (a}) (01‘) @

The rate by which the VTLC approaches the original S-N curve is
important. Corten et al. [4] proposed a stress dependency trend that
schematically depends on the stress level following a power law. In
order to simplify the damage calculation process, the trend of the
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Fig. 5. Analytical predictions of fluctuating stress amplitude experiments with high
stress of 662 MPa using three methods: proposed VTLC, Corten [4], and Miner [2].
(Fo— Experimental results [4].)

stress dependency was chosen to be linear. However, a new factor
for excess overloading damage is introduced. Generally, the total
change in slope Ab; of a VTL curve from the original initial slope
b, at stress level i, can be expressed as:

Ab,’ = r,‘N? (5)

where a is the power chosen for the trend, N; is the total equivalent
number of accumulated cycles under stress level i and r can be
determined from:

ri = Ab,o /Nj (6)

where Ab,, is the total expected change in slope of the VTL curve in
case of constant amplitude loading and Ny is the number of cycles
needed for failure under constant amplitude loading at stress level
i

o)

where N;, N;_; are the total equivalent accumulated number of cy-
cles under the current and previous stress levels i and i — 1, respec-
tively. Ng, N5 are the number of cycles to failure under the current
and previous stress levels i and i — 1, respectively.

Thus it can be easily proved that by adding n; cycles:

Ab Ny ¢
Ab; = ri(Ni + ) = N}]:D <N‘ ! Nﬁfl - n) 8)
To make the trend linear, taking a =1 in Eq. (8)
_Aby, Np a
ab =5 <N et ©)

This equation can be formulated in terms of stress ratio

by (o (S
Ab’_Nﬁ <N'1(5ﬁ) o 1o

By using a =1, the trend will become linear as shown in Fig. 3.

In the VTLC method, the change in slope can be interpreted as
being the loss in expected life. Applying a constant amplitude load-
ing at a certain stress level should decrease the life by a well-
known value ANexpected cOrresponding to a change in slope of Ab,,
such that the moving target life curve coincides with the original
S-N curve as shown in Fig. 1.

The total change in slope Ab,, will be taken equal to the original
S-N curve slope. This assumption is verified by the experimental
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Fig. 6. Analytical predictions of fluctuating stress amplitude experiments with high
stress of 593 MPa using three methods: proposed VTLC, Corten [4], and Miner [2].
(Fo— Experimental results [4].)
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Fig. 7. Specimen for tests conducted by Jeelani et al. [12].

results and validation example that will be discussed later in the
following sections.

2.2. Overloading effect

The effect of load sequence and interaction can be dealt with
using two approaches [11]. The first approach is to account for
the effect by evaluating an additional term of fatigue damage
due to the effect of load interaction. The second approach is to ac-
count for the effect by obtaining an effective reduced fatigue life.
The method adopted in this paper combines both approaches indi-
rectly. It is important to take into account the overloading damage
that occurs due to shifting from low stress level to high stress level
(L-H). This damaging effect depends on the ratio between the two
stress levels and the current damage level. A new term Abp; is
introduced, which is the j™ additional jump in slope due to chang-
ing the stress level. This overloading term must be introduced once
the stress level changes from low stress level S, to high stress level
S1. Abp; depends on the ratio of stress amplitudes between consec-
utive blocks r, = S,/S; as in Eq. (11).

Abvo
Abpy = T (1-19) (11)

where p is a material constant that can be determined from exper-
imental results and is a function in the ratio ry,.

2.3. Proposed procedure

Assuming that the element is subjected to a loading history
with multiple stress levels, the fatigue life prediction procedure
using the VTLC approach would be as follows:

1. For each cycle block, get the total change in slope Ab; due to the
additional number of cycles n; from Eq. (10).

2. If the loading block i has a higher stress level, add the overstress
term Abp; to Ab; from Eq. (11).

3. Calculate the new virtual target life at stress level i at loading
block j from the following equation:

1
by—Ab;
O; J
f

1. Store the real total accumulated number of cycles.
2. Check that the equivalent total accumulated number of cycles
N; < NVTLU

Steps 1-5 should be repeated until the condition in step 5 is vio-
lated. Then the total life would be the last value calculated from
step 4.

If the total accumulated number of cycles is still less than the
last calculated Ny, then the tested specimen still has some fati-
gue life remaining. Next section will illustrate how to calculate
the remaining fatigue life using the VTLC method.

3. Remaining life calculations

Using the VTLC method, the life curve is being reduced as the
number of cycles keeps accumulating and increasing. This makes
the prediction of the fatigue life an iterative problem. Using any
programming script could easily calculate the remaining life. De-
spite the iterative nature of the problem, it could still be solved
using a spreadsheet by repeating steps 3-5 in the previous sub-
section using small loading blocks until reaching failure. Counting
these extra blocks and adding them up simply gives the expected
remaining life.

4. Validation
4.1. Validation Study 1

In order to validate the proposed methodology, results from an
intensive experimental investigation performed by Corten et al. [4]
were used. Over 700 steel wire specimens (which can be consid-
ered as detail category A according to AASHTO [15]) were tested
in that investigation under several stress levels and different load-
ing patterns. Corten et al. [4] studied the specimens on three
phases and noted them as Series A-C. Fig. 4 shows the loading pat-
tern used in the tests. The tests by Corten et al. [4] were particu-
larly chosen because the experimental work was thorough and
well documented.

By applying the VTLC approach procedure described in Sec-
tion 2.3, very good predictions of the experimental results were ob-
tained. Results of the proposed damage model were compared to
the commonly used Miner’s Linear Damage rule (LDR) and Corten
and Dolan’s rule. The chosen value of p for Eq. (11) for the steel
material used in Corten et al. tests was found by curve fitting to
be as follows:

p =100r% — 120r, + 36 (13)

Figs. 5 and 6 show a comparison between the results obtained using
Miner’s LDR, Corten et al.’s rule and the proposed VTLC method. It is
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Table 1

Testing stress levels and number of cycles for the tests conducted by Jeelani et al. [12].

Specimen number Cumulative Stress

Total number of cycles

Stage 1 Stage 2 Stage 3 Stage 4
Stress (MPa) Cycles Stress (MPa) Cycles Stress (MPa) Cycles Stress (MPa) Cycles
1 465 200,000 605 10,000 730 1000 800 1200 212,200
2 455 200,000 595 10,000 700 2000 875 600 212,600
3 490 10,0000 630 10,000 770 1000 840 600 111,600
4 455 200,000 700 5000 595 800 770 1700 207,500
5 490 100,000 630 10,000 560 1000 700 4800 115,800
6 420 200,000 595 5000 490 3000 700 23,900 231,900
Table 2
Comparison of results using the VTLC and Miner’s LDR.
Specimen Experimental cycles to Estimated cycles Estimated cycles VTLC/ Miner/ Error (VTLC) Error (Miner)
number failure (VTLC) (Miner) experimental experimental (%) (%)
1 212,200 211,713 211,245 0.9977 0.9955 0.23 0.45
2 212,600 212,512 212,137 0.9996 0.9978 0.04 0.22
3 111,600 110,891 110,858 0.9937 0.9934 0.63 0.66
4 207,500 206,521 205,837 0.9953 0.9920 0.47 0.80
5 115,800 115,733 112,672 0.9994 0.9730 0.06 2.70
6 231,900 231,900 213,483 1.0000 0.9206 0.00 7.94
@ 11 @ 12 @ 13 @ 14 ® 15 @ 16 17 18 19 @ 20 @
vy
a N2 N N e \E s N s T |27 P8 s 0 e M0 (30 M s T
@ 1 @ 2 @ 3 @ 4 @ 5 @ 6 @ 7 @ 8 @ 9 @ 10 @
35 L 35 L/
1 d 7 10x3.5 =35m Y
A /
Fig. 8. Structural system of the truss bridge showing the investigated member D-36 [14].
Table 3

Values reported by Kiihn et al. [14] for estimated damage from (a) 1895-1980, and (b)
1980-2000.

¢-Sk-Ag (NJmm?) n m N "

(a) For the time period 1895-1980

92.6 235,000 3 902,000 0.26053

82.8 369,000 1,261,000 0.29262

70.8 318,000 2,017,000 0.15766

64.3 18,000 2,693,000 0.00668

60.8 140,000 3,185,000 0.04396

45.9 880,000 5 9,615,000  0.09152

37.6 63,000 26,067,000 0.00242

34.7 481,000 38,939,000 0.01235

23.6 90,000 SN 0.00000

204 784,000 ) 0.00000

16.8 18,000 53] 0.00000
3,396,000 Z,'\‘,— =0.86775

x (for 1year)

(b) From 1980-2000

70.8 20,000 3 2,017,000 0.009915716

45.9 65,000 5 9,615,000 0.00676027

20.4 41,000 0o 0.00000
>"n; = 126,000 > § =0.01668

m represents the slope of the S-N curve.
n; represents the actual number of cycles.
N; represents the number of cycles to failure.

convenient to combine the uncertainty in measurements by form-
ing the ratio N/Np, which in terms of logarithm is equal to
log(N) — log(Ns;). Each set of results represents 17 tested specimens.

The round circles for each set in the figures represent the mean va-
lue, while the error range bars represent the 95% confidence limits
of the experimental results.

4.2. Validation Study 2

In order to further validate the proposed methodology, results
from a multi-stress level experimental investigation performed
by Jeelani et al. [12] were used. Fatigue tests were conducted on
a direct tension compression machine which is equipped with an
automatic hydraulic load maintainer. Six specimens made of AISC
4130 steel shown in Fig. 7. The test was done by cyclically loading
the specimens under complete reversals and under four different
stress levels in a low to high (L-H) loading pattern. Table 1 shows
testing stress levels and number of cycles per stress level for each
test.

The VTLC method was used for the life estimation using the va-
lue of p in Eq. (11) taken the same as in Eq. (13). Table 2 shows a
comparison between the experimental results and the estimations
using the VTLC and Miner’s LDR. Results using the VTLC method
showed a very good agreement with the experimental data result-
ing in better and more conservative life estimates than those ob-
tained using Miner's LDR in fully reversed loading.

4.3. Observations and conclusions

From the above results it could be seen that the proposed VTLC
approach captures different ratios of low to high (L-H) loading
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Table 4

Chronologically ordered data from Kiihn et al. [14] report.

Train passing @Y k-Ac Number of cycles
1895-1913 Cargo wagon 23.6 90,000

S 123 Locomotive 60.8 140,000

Passenger wagon 20.4 173,000
1914-1946 S$32 82.8 369,000

Cargo wagon 34.7 345,000

Passenger wagon 204 301,000
1947-1959 S 38 92.6 235,000

Cargo wagon 34.7 136,000

Passenger wagon 204 119,000
1960-1980 E 362 70.8 318,000

2E 362 64.3 18,000

Cargo wagon 459 880,000

E 320 37.6 63,000

Passenger wagon 204 192,000
1980-2000 (Yearly) E 362 70.8 20,000

Cargo wagon 45.9 65,000

Passenger wagon 204 41,000
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Fig. 9. VTL curves for the investigated member D-36 showing the deterioration in fatigue life with years (assuming the detail is Category D).

patterns with a relatively small error compared to the non-conser-
vative results obtained using Miner’s LDR rule. Miner’s LDR rule
has good predictions for loading patterns with block stress ratio
1, = S,/S1 which is very close to constant amplitude loading (close
to unity). Although the proposed VTLC method takes a linear (thus
a more simple) trend in describing damage, it has very good agree-
ment with life predictions that uses Corten’s rule. This could be
attributed to the fact that VTLC accounts for damage jumps that
are caused by overloading through the term Abp;. As such, it could
be said that the VTLC approach is a linear damage rule for measur-
ing the loss in life that incorporates nonlinear effects arising from
overloading in case of a variable fatigue loading pattern. It can be
observed that for high values of the ratio o, the predicted life using
either the Miner rule, Corten’s rule or the proposed VTLC method is
usually more conservative. This might be attributed to the crack
closure phenomenon reported by Elber [13], which can be ob-
served when the amount of high stress cycles becomes signifi-
cantly more than the low stress cycles. This complex
phenomenon could be further investigated and incorporated
through the term Abp; in future work. Also, it should be noted that

it is interesting to explore the model for case of both variable stress
and variable frequency patterns, but there was no available exper-
imental data in the literature to correlate the model with.

5. Case study

As an example for the practical application of the developed
damage model, the remaining fatigue life of a main member of a
riveted single-track railway bridge built in Croatia in 1895 was
investigated. This bridge was chosen because it was the only bridge
(available to the authors during the course of this study) that had
detailed data for its loading over about 100 years which was very
important to the study. Detailed bridge data and loading was ac-
quired from the report provided by Kiihn et al. [14]. No climate
data or corrosion data have been reported.

5.1. Geometry

The bridge is composed of two equal trusses. The structural sys-
tem of each truss is shown in Fig. 8. In year 2000, after over
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Fig. 10. VTL curves for the investigated member D-36 showing the deterioration in fatigue life with years (assuming the detail is Category C according to AASHTO [15]).

100 years of service, there was an initiative for assessment since the
bridge has reached the end of its design working life. Therefore, an
assessment was carried out to determine the residual service life of
the bridge. The actual traffic at that time has reached the maximum
capacity of the railway line. It was reported that construction of a
new railroad is expected in the future (double track) [14].

Concerning the number of locomotives and wagons involved, a
detailed explanation is provided in the report prepared by Kiihn
et al. [14]. Since the bridge has been in use for 105 years, there is
a higher probability of failure due to fatigue than due to static
overloading. Data about traffic load and about materials were ob-
tained from the railways archives. The structural system of the
main truss is shown in Fig. 8. It should be noted that each specific
structural element has a different fatigue life. The diagonal element
in the middle of the span, D-36, was estimated as the most critical
in fatigue. The highest number of cycles and the highest tensile
stress range are expected to occur in this element (ordinates of
the shear influence line have positive and negative ordinates, and
at their highest value). It was confirmed by reports of measure-
ments by Kiihn et al. [14] that the highest stress range was at this
element. Member D-36 is 5.13 m long and has a cross-section of 4L
80 x 10 with a gross area of 60.4 cm? and a net area of 52.0 cm?. It
is connected at its ends by a riveted connection using rivets 16 mm
in diameter. Detailed data on traffic such as number of trains each
year, the type of trains and tons transported yearly was collected
from the railways archives and available to do a Miner’s sum.
The analyzed element was built using rivets, which corresponds
to the detail Category D in AASHTO [15].

5.2. Formation of the stress range spectrum

On the basis of the data reported by Kiihn et al. [14], velocity
measurements were taken along with corresponding stress ranges
to calculate the dynamic amplification factor which was calculated
to be about 1.17. The total secondary stresses were practically
chosen to be 16% of the primary stresses. In that report, the
calculations were based on the net cross-sectional area of the
member D-36. The stress range spectrum for the time period from
1895 until 1980 was provided and corresponding fatigue damage
was calculated using Miner’s rule as shown in Table 3a. Another
stress range spectrum was done for each year from 1980 to 2000
and the corresponding number of crossings as shown in Table 3b.

Kiihn et al. [14] considered the studied detail having a fatigue cat-
egory D according to AASHTO [15]. Calculations showed that there
is no remaining design fatigue life at 1985. The member chosen for
the analysis cannot be considered safe anymore after 90 years of
service, although the bridge was reported to still be in service for
more than 105 years.

The data from Kiihn et al.’s report has been thoroughly investi-
gated and rearranged chronologically year by year as shown in
Table 4.

5.3. Fatigue life prediction using VTLC

By using the same detail category of the connection (category D,
AASHTO [15]) as reported by Kiihn et al., the proposed VTL curve
for this member was constructed using an initial slope equal to
double the original slope 3. By performing the procedure men-
tioned in Section 2.3 several VTL curves were plotted showing
the loss in fatigue life of the studied member (which has a detail
category D) throughout the years of service as shown in Fig. 9. In
order to evaluate the effect of the choice of the category, the pre-
dicted fatigue life considering the case where the detail would be
category C is studied. Several VTL curves showing the loss in fati-
gue life of the studied member (in case of AASHTO’s category C de-
tail) were plotted as shown in Fig. 10.

5.4. Discussion and conclusions

A fatigue critical member in railway truss bridge has been stud-
ied by Kiihn et al. [14]. In the current study, the fatigue life of the
same bridge member was investigated using the proposed VTLC
method. The VTLC predictions showed that there is no remaining
design fatigue life after year 1982, which is about 87 years of ser-
vice. This estimation is more conservative than the 90 years pre-
dicted by Kiihn et al. [14] using Miner’s cumulative damage rule.

It is important to mention that the bridge was reported to still be
in service for more than 105 years, while the VTLC estimations (as
well as those by Kiithn et al. [14]) where about 87 years as presented
in Fig. 9. This difference could be attributed to the choice of AASH-
TO’s detail category D for all riveted connections, which is —as men-
tioned before in the literature review — a lower bound for all riveted
connections that could go up to detail category C or slightly more in
some cases. If the same detail was to be considered as AASHTO’s
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category C detail, the predicted life using the proposed VTLC would
have extended to the year 2000, which corresponds to 104 years of
service life as shown in Fig. 10. This implies that there is a need to
better categorize riveted connections and further classify them into
more discrete categories.

6. Summary and conclusions

The proposed VTLCs (Virtual Life Target Curves) method pro-
vides a simple and a visually illustrative method for predicting
the fatigue life for structural steel details subjected to variable
amplitude fatigue loading. The proposed model introduces a time
dimension to the conventional S-N curves. The model has the
advantage that it can simulate the effect of non-uniform fatigue
loading and can be easily adapted to take into account the effects
of overloading. Moreover, the model is generic and is not limited
to a certain loading pattern. The proposed stress-life damage accu-
mulation model is calibrated and validated using experimental
work available in the literature. It is shown that this method is
capable of incorporating the effect of stress overloading on the fa-
tigue life predictions. The proposed VTLC model was then verified
using a case study of a riveted single-track railway bridge that was
subjected to variable amplitude loading. Given the right fatigue
category classification, the estimates of the VTLC method were
shown to provide very good fatigue life estimates.
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