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Abstract

For the fatigue design of steel railway bridges in Europe, the European standards
EN 1991-2 and EN 1993-2 provide a factored Load Model ‘71, called the lambda
model. The stress range in the fatigue detail of study should be determined with
this model. Engineers can easily verify their structural design for fatigue by com-
paring this stress range to the fatigue reference strength of the detail.

This paper compares the load effect caused by the lambda model with the load effect

of actual trains measured with ‘Weigh In Motion’ systems during 7 years at 81 lo-
cations in the rail network of The Netherlands. Locations with heavy loads are se-
lected and their load effects in terms of stress ranges and fatigue damage are de-
termined for various influence lines, including one, two and three span beams with
spans ranging between 1 and 150 m. The design (i.e. elastic section modulus) is
optimized such that the calculated fatigue damage using the damage accumulation
rule of Palmgren Miner equals 1 for a 100 years design life for these locations. This
elastic section modulus is compared to the elastic section modulus obtained by de-
signing according to the lambda model.

LTNO, Delft, The Netherlands
2 Eindhoven University of Technol-
ogy, Eindhoven, The Netherlands

Improvements are proposed to the lambda model based on this comparison, such
that the resulting design gives a reasonable agreement with the design based on
measured loads, while maintaining the current ease of use of the lambda model.
Uncertainties such as possible changes in axle loads and train speeds in future are
taken into account.
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1 Introduction

Fatigue is an important design driver for steel and compo- Mpmin ~ AM7;1 = Mgy — Miin
site steel-concrete railway bridges. A proper fatigue design
requires knowledge about the fatigue resistance of the de-
tails in a bridge, knowledge about the fatigue loads, and a
sufficiently detailed structural model to estimate load ef-
fects (i.e. stress ranges) from loads. This paper is about
the fatigue loads on railway bridges.

Figure 1 Application of LM71 to determine AM,,.

area). This range is subsequently multiplied with a number
of factors. The multiplicative factors are a partial factor
Yrr, @ dynamic factor (DAF) ¢ and a load effect factor A:

Fatigue is induced by rail traffic. The European standard ® = \/1%4—40.2 +082but1<o <167 (1)
EN 1991-2 [1] provides two load models for the fatigue

design of steel and steel-concrete brides. The most simple A = min(A1 42454, Amax) (2)
of these two, which is further referred to as lambda model, _ . 1/m, (3)
is the subject of the current paper. The load in this model A = (T/(25 - 10°[tonnes]))

(LM71) is composed of four 250 kN concentrated loads A5 = (t/100[yr])¥/™> (4)
spaced 1.6 m, and a uniformly distributed load of 80 kN/m . o m,

away from these concentrated loads. The largest bending A, = (ns +(1—-ny) (A/Z;) -y (A::z) 2) (5)

moment range AM,, (or shear force range) is computed as
the difference in moment when applying LM71 on the pos-
itive and the negative parts of the influence line (Fig. 1).
The stress range Acg,,; is the bending moment (or shear
force) range divided by the section modulus (or shear

where L, is the span (with some correction [1]), T is the
annual summed mass of all trains at the track, m, is the
slope parameter of the long-life part of the S-N curve, t is
the design life, ng is the fraction of traffic that crosses the
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bridge simultaneously in bridges accommodating two traf-
fic directions, Agy,, is the stress range resulting from LM71
on both tracks, and Ag; and Ac, are the stress ranges re-
sulting from LM71 on the single track. 4, is a calibration
factor that is dependent on the influence line shape and
span and A,,,, is @ maximum value related to the fatigue
limit that is not adopted further in this paper. The resulting
factored stress cycle must be equal to or smaller than the
design fatigue resistance at 2:10° cycles, Aa¢/yu;:

Ao7,yppA® < Ao /Yuy (6)

This lambda model has been established decades ago.
Train traffic has changed significantly since that time.
Hence, there is a need to verify the appropriateness of the
load model for todays and future traffic. In order to do so,
a comparison is made in this paper between the load
model and actual measured loads obtained through Weigh
In Motion (WIM). Possible improvements of the load model
are highlighted based on the results.

2 Methods and models

WIM appears suited for axle load data of actual traffic [2-
5]. WIM systems are installed on almost all tracks in the
railway network in The Netherlands. Out of these, 81
tracks are selected for which an almost complete dataset
is available over the period of study, 2012 to 2019 (i.e.
before the corona pandemic). The characteristics per track
differ significantly, with an annual transported mass vary-
ing between 2 and 32 million tons per year per traffic di-
rection. The data and the theoretical fatigue damage of
each track are described, analysed and visualised in [6].
Based on that analysis, five tracks are selected which are
heavily fatigue-loaded but differ significantly in traffic
characteristics such as number of axles and fraction of
cargo traffic. High speed track is not considered in this
work due to a limited amount of available data. The design
required for the traffic of these five tracks is compared to
the design with the lambda model.

The following calibrations and modifications to the lambda
model are studied here, where the asterisk symbol indi-
cates a change to [1]:

AG71Ver@* (422 A3 44" A5™) < Ao /yuys (7)

- Factor 1, is calibrated for a large number of influence
lines using the WIM data, with the procedure outlined
below. It is displayed as a function of the span instead
of a component-specific corrected span as in [1].

— The DAF of Annex D in [1], Eq. (8), is applied instead
of Eg. (1) because a comparison with measured data
in [7-9] shows that Eq. (8) gives a reasonable upper
bound. Factor ¢* uses Eq. (8-9) but with v replaced by
v* - the speed of the single LM71 train - where v* is
calibrated to capture the DAF of trains in the WIM
data, each having their own speed v [m/s].

—  Factor 1,” uses Eq. (5) but with a modified fraction of
simultaneous traffic n,* instead of n,;, where ny* is cal-
ibrated to capture the damage contribution of the sim-
ultaneous crossings of the actual traffic.

— A trend factor A" is introduced that considers (possi-
ble) future changes in traffic load.

p=1 +% + 0.14exp(—Lg’/100[m?]) (8)
v/160 [m/s] ifLp<20m

K= v/[m/s] ) 9

{—47.16 (L g/ [m])0408 ifLyp>20m (9

Software, validated with measured strains in [10], is ap-
plied in which the WIM-recorded array of axles with their
intermittent (measured) distances is pulled over an influ-
ence line and the stress history is recorded, using a trial
section modulus (or shear area). A rainflow counting pro-
cedure is applied to obtain all stress ranges Ag; from the
stress history. S-N curves with three sets of parameters
are considered (Eq. (10) and Table 1) - in accordance with
[11] but without a cut-off limit because such a limit has
not been proven to exist [12-13]. The fatigue damage D is
determined using the linear damage accumulation rule of
Palmgren-Miner (Eq. (11)). The elastic section modulus
W,, (or shear area) of the influence line is subsequently
optimized such that D =1 over 100 years. The procedure
is outlined in Fig. 2, Steps 1 - 5. Fig. 3 shows the influence
line shapes considered. The spans considered range be-
tween 1m < L < 150 m for each shape.

N = {ND(AO'D/AO'i)ml if Ao; = Aoy
=

Np(Acp /D)™ if Ad, < Ad (10)
D= 1N (11)
L
Table 1 S-N curve parameters following [11] but without cut-off.
Set Np m, m,
1 5106
107
3 2:10°

1. Generate axle array (WIM)||2. Run array over influence line || 3. Rainflow
F; Fs F3F,

}Fjil ) R Fl lv - o counting
ll L i L vy L A \L{{AO&
t
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log(Ao)
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log(N) no es,
Figure 2 Outline of the procedure to calibrate 4,".
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Figure 3 Influence lines considered and their designation (I - VII).

The factor A" is calibrated such that a design with it gives

85U9017 SUOLULLIOD AR 3|gedljdde 8y Ag pausenoh ae sajoiie YO '8sn JO sa|n. 10} Ak 8U1juO AB|IM UO (SUORIPUOI-pUe-SLUBH /WO A3 | 1M ALeiq 1pul|uo//:SANY) SUOIIPUOD Pue SIS L 8} 89S *[€202/2T/2T] U0 Ateid i auljuo 48| ‘spue sy aueiy0D Ag 929z eded/z00T 0T/10p/wod As 1M Arelq 1 puluo//Sdny Loy papeoiumod ‘v-€ ‘€202 'GL0L605C



2536

the same W, as required for the WIM database per track,
see Fig. 2 Step 6. The largest required factor over the
tracks of study is selected. Subsequently, the speed v* of
LM71 is calibrated by repeating Steps 1-5 where each axle
load in the WIM database is multiplied by Eq. (8) using a
speed v = v, + 5.6 [M/s]. The increase of recorded speed
Ve With 5.6 m/s = 20 km/h reflects the expectation that
the maximum allowed speeds will increase in the near fu-
ture. (The maximum allowed speed of cargo and passen-
ger trains on most tracks in The Netherlands is currently
80 km/h and 140 km/h, respectively.) Using Eq. (8-9)
again, the single speed v* of LM71 is calibrated such that
the corresponding factor ¢* equals W,,,/W,;, where W,,
is the elastic section modulus of Step 5 with each axle
multiplied with ¢ using v.

Fraction n; is determined by considering the simulations
with dual track, using locations where WIM databases are
available for both traffic directions. The influence lines of
the two tracks are taken identical per simulation. Factor A;
is then determined as:

Wel,z

1=
* T 2wy,

(12)
where W, , is the required elastic section modulus giving
a damage of 1 (Steps 1-5 in Fig. 2) if loaded by the joint
WIM databases of the two traffic directions. Subsequently,
n; corresponding to 1, is determined using Eq. (5).

Evaluating a number of WIM databases for a long period,
it appears that the axle loads have increased and the num-
ber of axles have reduced in the last two decades. These
findings agree with the qualitative information available
about European railways form UIC statistics [14]. The re-
duced number of axles is most likely related to a replace-
ment of 6 axle cargo wagons by 4 axle cargo wagons and
a larger distance between bogies in passenger trains. As a
conservative approximation, a negative trend on the num-
ber of axles is not considered. Based on the WIM data-
bases, an annual increase factor on the axle load is taken
of f;; =0,8%, but with a maximization to the allowable
maximum axle load of Fy, ma = 250 kN. A future change in
legislation on the maximum axle weight is thus not con-
sidered. The axle load in year y, F,,,, can then be defined
as follows:

Fax,y = min(Fax : (1 +ftr(y - yo))rFax,max) (13)

where F,, is the measured axle load and y, is the year of
measurement. Eq. (13) is applied to all axles in the WIM
database. Parameter 3 is then determined as:

(14)

The value of W, is the value that follows from Step 5 of
Fig. 2 for the axle array simulated with F,, , and the value
of A, is determined with Eq. (3) using T = ¥ F,,,,/g, where
g is the gravity acceleration. Hence, it is the purpose that
the effect of the increased annual mass following from the
trend is considered through 2,.

3 Results: modifications to the lambda model

3.1 Calibration of 1"

Fig. 4 shows the computed values for 4," as a function of
span L (abscissa) and influence line shape (legend, refer-
ring to Fig. 3) for S-N curve 2 (Table 1). The left-hand
graph gives the envelope of cargo only tracks and the
right-hand graph gives the envelope of mixed (i.e., cargo
and passenger) tracks. The span of influence line III is
multiplied with a factor of 0.4 in agreement with [1]. As a
reference, the factor 4, according to [1] is added (black).

25 ——1I 25 ——1
L I J I
o 11 (0.4) e T (0.4)
2 & \\ ° 2 L.
2 v
*‘.," _ v
: ;'_1 5 \ VI
< 3 Vil
1 :
05 .
1 J 0 L L L Lol
1 100 1 10 100

10
Lim]

Figure 4 Calibrated values for 1," (influence lines I - VII) for S-N curve
2, for cargo only track (left) and for mixed traffic track (right).

Fig. 4 shows that 1, varies significantly over span and in-
fluence line shape. The shape dependency is caused by the
gross representation of actual traffic by LM71, with fixed
axle distances and axles embedded in a distributed load.

Comparing cargo only tracks with mixed traffic tracks, it
appears that the former require higher factors for 1," ex-
cept for some influence lines with spans between 10 and
25 m. The larger distances between bogies of passenger
trains cause their load effect to be larger in this span
range. Double deck trains with their high axle loads con-
tribute more than other passenger train types to the fa-
tigue damage.

Fig. 4 also indicates that A, according to [1] does not give
an upper bound of all influence lines for short spans (L <
20 m). However, this does not necessarily mean that the
current lambda model is unconservative, because [1] uses
(a) a corrected span for some specific details and (b) a
dynamic amplification factor expected to be conservative
for short spans. This is elaborated in Section 4.
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Figure 5 Calibrated values for 1," (influence lines I - VII) for S-N curve
3, for cargo only track (left) and for mixed traffic track (right).

The results for S-N curve 1 are similar to that of S-N curve
2. It requires 9% lower factors 1," for L <3 m compared
to S-N curve 2 and this fraction reduces to 1% for L > 40
m. Hence, the results of Fig. 4 can conservatively be used
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for S-N curve 1. Fig. 5 gives the results for S-N curve 3.
This S-N curve requires lower values for 1, compared to
the other two S-N curves for short spans (L <10 m), but
higher values for long spans (L =40 m).

3.2 Calibration of v*

The calculations show that the dynamic amplification fac-
tor ¢* appears almost independent of the S-N curve and
the shape of the influence line, but it depends on the traffic
type. The dots in Fig. 6 give the results of the simulations
using Eq. (8). The figure shows that the variation of ¢*
between influence lines is small for cargo only tracks,
probably because the variability of speeds between trains
is small in these tracks. The variation is slightly larger for
mixed traffic tracks.

13 elell oIl oIV V o VI o VII 13 ol II-III.IV VeVieVI

125 125 [ 08y \;EQ-H)
T12 N\ eEa() 12
s \ . 8.
N ¢" Eq. (6) %
LR Il 115 | =140 kmh
| RO y \
A vr=00 kmih : N
y \
1.05 Ve, 105
1 Lo WG 1 L A
1 10 100 1 10 100
L[m] L[m]

Figure 6 Calibrated values for ¢* (influence lines I - VII) for cargo only
track (left) and for mixed traffic track (right).

Eq. (8) results into a good match with the data if adopting
v*= 90 km/h and 140 km/h for cargo only and mixed traf-
fic, respectively, i.e. 10 km/h and 20 km/h lower than the
future maximum allowed speeds. This is indicated with the
solid curves in the figure.

The dashed curves reflect the standard procedure of the
current lambda model in [1], i.e. Eq. (1). A large difference
is observed between the two methods. As already men-
tioned, the former procedure gives a better resemblance
of measured data in [6-8] and it is therefore considered
an improvement of the lambda model.

3.3 Calibration of n,*

The dots in Fig. 7 present the results of 1; as determined
with Eq. (12) - i.e. using the WIM data - for S-N curves 2
(left) and 3 (right) for mixed traffic tracks. The values in-
dicate that the effect of simultaneous crossings increases
with increasing span, up to a span of 20 or 50 m. The black
lines represent the calculation of 1} using Eq. (5) - i.e. the
lambda model - where the fraction n, is replaced by n} and
where n} is calibrated such that A, provides an upper
bound of the calculated effects. As shown in the figure,
this results in simultaneous fractions n; = 0.03 and 0.001 for
S-N curves 2 and 3, respectively. The fraction of S-N curve
1 is deemed equal to that of S-N curve 2. These results
are obtained from WIM systems installed at dual track.
However, the cargo trains are generally and on average
heavier in one of the two directions, because of freight
transport in one direction and empty trains in opposite di-
rection. This may change in future because of a pressure
for increased efficiency. A second set of simulations is
therefore run where the traffic of both directions is taken
equal to that of the heaviest loaded direction. If this would

have been applied as-recorded, the axle loads of the two
tracks would pass at exactly the same time, which is un-
realistic. For this reason, the database for one of the di-
rections is shifted in the second set of simulations, see Fig.
8, where the distance of 1 km is selected as larger than
the longest influence line and the longest trains. It appears
that the second set indeed requires slightly larger simul-
taneous fractions of n; = 0.04 and 0.004 for S-N curves 2
and 3, respectively.

065 r o) v avi oV oV 080 [ o) GV wvI oV eVl
. Ea.(6), n=0.03
5 Y - Ea.(), n"=0.001
060 055 =
. ° [ ] o
'S L]
055 \ L Lol L Lol 050 L Lol L L)
1 10 100 1 10 100
L m] Lm]

Figure 7 Calibrated values for n; (influence lines I and 1V - VII) for S-
N curve 2 (left) and S-N curve 3 (right).

1stdirection
2"direction HL L ;‘,i VoW b U oW

Figure 8 Modified WIM database for 2" direction.

The current value in [1] of ny = 0.12 appears conservative,
even though 12% appears close to the actual number of
simultaneous crossings in the WIM databases. The lower
calibrated value of nj is related to the low probability of
two very heavy trains crossing simultaneously (that would
contribute considerably to the fatigue damage), since the
load model assumes crossings of trains of the same type
and weight. Note that the calibrated values for n; are not
representative for locations with a large number of still-
standing trains, such as stations.

3.4 Calibration of ;"

The axle load trend effect is evaluated using Eq. (14). Figs.
9 and 10 give intermediate results, by providing the re-
quired increase in elastic section modulus for the artificial
case that the trends on the individual axles in y = 2050 ap-
ply for the entire life, i.e. as if the axle weights in the years
2023 to 2123 are at the level of 2050.

13 13
_125 _125 ’
- - $ LLE R ]
<12 8 L 12§ g8l '
~ b a \
§1.15 §1.15
5 . s 5
214 e 211
3 o J
= =
1.05 1.05
ol oll IV oV VI oVl el ell oIV oV oVl VI
1 Ll R WY ) 1 Lol Lo raul
1 10 100 1 10 100
Lm] Lm]

Figure 9 Required increase in elastic section modulus if the trend over
50 years would apply during the entire life for S-N curve 2, for cargo
only track (left) and for mixed traffic track (right).
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Figure 10 Required increase in elastic section modulus if the trend
over 50 years would apply during the entire life for S-N curve 3, for
cargo only track (left) and for mixed traffic track (right).

The largest trend factor is observed for influence line V
with L = 15m loaded by mixed traffic. Additional calcula-
tions are carried out for this case using other timespans,
in each case with axle weights increased with the trend in
the last year. These intermediate results are displayed
with black dots in Fig. 11. The results of these calculations
are subsequently used to determine the lambda trend fac-
tor A; considering the contribution of the trend for each
year. Two variants are considered:

— The trend is applied for the entire design life of 100
years: black curve in Fig. 11. The same effect on the
damage as obtained with the black curve is created
when using a constant value of A = 1.28 (rounded to
1.3) for S-N curves 1 and 2 and A = 1.33 (rounded to
1.35) for S-N curve 3. This resulting value comprises
the worst case combination of influence line shape and
span and it is therefore considered as conservative.

— The trend is applied for the first 50 years and main-
tained constant thereafter: grey curve in Fig. 11.
Background of this variant is that trends for determin-
ing static (ULS) loads in [1] are determined for a pe-
riod of 50 years only. The same effect on the damage
is created when using a constant value 1; =124
(rounded to 1.25) for S-N curves 1 and 2 and At = 1.27
(rounded to 1.3) for S-N curve 3.

= 15 = 15

5 = -
X 14 e T 14 S
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yv% 0 25 50 75 100 yy, O 25 50 75 100

Figure 11 Elastic section modulus increase determined for various
years assuming constant traffic throughout the design life for Influence
Line V with L =15 m, for S-N curve 2 (left) and S-N curve 3 (right).
Values f;, refer to Eq. (13).

The resulting A; factors are relatively large. A more in-
depth study is required to more realistically estimate
trends and simulate trend effects.

4 Discussion: comparison of the current lambda
model with the new proposed model

To study the accuracy of the current lambda model in [1],
the following ratios are considered:

DAy
Py
@ A

N
21725

r= and rs= (15)

The difference between the ratios is that the latter includes
the (uncertain) trend factor on the axle loads. Both ratios
consider a bridge with one track only. A ratio > 1 indicates
the model in [1] is conservative compared to the data and
a ratio <1 implies it is unconservative. Figs. 12 and 13
give the results for S-N curve 2 and 3, respectively, where
the left ordinates give r and the right ordinates give r;s.
These results for S-N curve 2 are also representative for

S-N curve 1.

2 11.6 2 =1.6
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Figure 12 Accuracy of the lambda model in [1] expressed through
ratios r and rs for S-N curve 2, for cargo only track (left) and for mixed
traffic track (right).
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Figure 13 Accuracy of the lambda model in [1] expressed through
ratios r and rs for S-N curve 3, for cargo only track (left) and for mixed
traffic track (right).

As indicated before, the lambda model in [1] and the
model proposed here cannot be compared one-to-one for
each influence line because the model in [1] uses a cor-
rected span for some structural components. (This is also
the reason why Influence Line III is not shown.) Nonethe-
less, the large fluctuation of r and rs for different spans
and influence line shapes indicates that the lambda model
in [1] is not so accurate for the design of structures in the
tracks of record. Ratio r is equal to or larger than 1 for
most spans and influence lines, but it can be very con-
servative (even more than a factor of 2) for specific influ-
ence lines such as a multispan beam. Section 3.1 explains
the cause of this. The European standard for concrete
bridges, EN 1992-2 [15], gives different sets of 1, for in-
fluence lines of single span beams, end fields of multispan
beams, intermediate fields of multispan beams and sup-
port regions of multispan beams. Such a distinction
matches well with the variation of 2; for different influence
line shapes in Figures 4 and 5 (obviously with different
lambda values than those in EN 1992-2 [15]).

The lambda model in [1] appears unconservative for many
influence lines if considering r;. Even though the trends
considered here are uncertain, this demonstrates that the
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lambda model in [1] is not suited if any change in (aver-
age) axle load appears in future.

It should be noted that the model requires a certain level
of conservatism to account for uncertainties, e.g., in the
approximation of the influence line by practitioners [10,
16]. Applying a similar procedure as in [16], the updated
lambda model proposed here requires a partial factor on
the load side of yrr = 1.1 to obtain reliabilities in line with
the recommended values in EN 1990 [17] (in addition to
the recommended partial factors on the resistance side in

[11]).

The analyses are based on WIM data of the Dutch railway
network. The proposed model needs to be checked with
data from tracks of other European countries. However,
large differences are not expected because the Dutch
cargo traffic is predominantly cross-border and the type of
passenger trains are similar in most European countries.
High speed track is not considered in the updated model.
Considering the train type and speed differences with ‘nor-
mal’ track, a study dedicated to high speed track is rec-
ommended.

5 Conclusions

Based on a comparison with extensive WIM databases,
this paper studies the adequateness of Eurocode’s lambda
model for the fatigue design of steel or steel-concrete rail-
way bridges. It appears that the model is not accurate; it
can be conservative or unconservative depending on the
shape and the span of the influence line and the develop-
ment of traffic over time. The model can be improved by
modifying the train(s) that is (are) used in the model. In
lack of such a proposal, this paper presents 1," values as
a function of the influence line shape and span. Further, it
is proposed to use dynamic amplification factors of Annex
D of [1] using a vehicle speed of v*= v,,,, — 10 km/h for
cargo only track and v*= v, — 20 km/h for mixed traffic
track, where v,,,, is the maximum allowed speed (includ-
ing expected changes in future). In case of dual track
bridges, the fraction of simultaneous crossings with LM71
is calibrated as n,* = 0.04 for S-N curves with slope param-
eters m; =3 and m, =5 and n,* = 0.004 for S-N curves with
my; =5 and m, =9. Finally, a factor A; is introduced that
accounts for trends in axle loads and a method is devel-
oped to calibrate it based on a certain (estimated) annual
increase in average axle load.
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