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Abstract

This report present a load effect analysis of 35 railway bridges on the iron ore line
Malmbanan. Many of these bridges were originally designed for 25 tonnes axle load
or less and is currently the subject of an upgrade to 32.5 tonnes axle load. The main
aim of this study is to explore if the dynamic amplification factor can be decreased
for the new trains at a speed of 70 km/h.

Dynamic effects are often accounted for by a dynamic amplification factor of the
static response. For real trains EN 1991-2 defines ϕ′ as a dynamic impact component
and ϕ′′ as additional dynamic effects from track irregularities.

In this report the following is concluded.
• The static load effect, factored by dynamic amplification factors in design codes,

show that for spans less than 15 m the iron ore train often exceed the design
train load. The factor ϕ′′ stands for 20-35% of the total dynamic effect.

• Dynamic analyses based on moving loads show that ϕ′ is less than 5% for the
iron ore train.

• Dynamic analysis of the coupled train-track-bridge system and available track
irregularities show that ϕ′′ is less than 9% for the iron ore train. The dynamic
response is mainly governed by the track irregularities and the unsprung mass.

• For simply supported bridges between 2-15 m the dynamic factor according to
Equation 1 is proposed, with maximum value 1.14. The results are only valid
within the limitations stated in this report.

• The influence of the assumed parameters on the estimates of ϕ′′ have been
assessed in a comprehensive parametric study. The results show the importance
of track irregularities with short wave lengths but that many parameters of the
vehicle and the track is of less importance. The study also shows that a single
iron ore car is sufficient for estimating ϕ′′.

Φd,sim =
{

(930− 9L)/800 2 6 L 6 10 m
1.05 10 6 L 6 15 m

(1)

1



Contents
1 Introduction 3

1.1 The iron ore line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Train load models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Dynamic amplification factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Static load effect 5

3 Dynamic analysis 6
3.1 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.2 Natural frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3 Estimate of ϕ′ from dynamic analysis . . . . . . . . . . . . . . . . . . . . . . . . 8
3.4 Estimate of ϕ′′ from dynamic analysis . . . . . . . . . . . . . . . . . . . . . . . . 8
3.5 Proposal for dynamic amplification factor . . . . . . . . . . . . . . . . . . . . . . 9
3.6 Parametric studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

4 Bridge data 11

5 Section-forces, static analysis 13

6 Dynamic amplification factors 15

7 Results from the parametric study 16

2



1 Introduction

1.1 The iron ore line

The iron ore line Malmbanan is a 400 km long railway line between Riksgränsen and Boden in
the North of Sweden, see Figure 1. The first part of the line was opened in 1888. Much of the
iron ore is transported from the mines in Svappavaara and Kiruna to the port of Narvik and
from Gällivare to Luleå. The 35 bridges in this study was built between 1953 and 1995, often on
an older substructure. All bridges are made of concrete with spans from 2-23 m. There is one
frame bridge, 7 continuous bridges and 27 simply supported bridges. The data for the bridges
is presented in Table 4 and Table 5.

Riksgränsen

Kiruna
Svappavaara

Gällivare

Boden
Luleå

Narvik

Figure 1: Map of the iron ore line, bridges in the current study are marked with red circles.

1.2 Train load models

Relevant load models are illustrated in Figure 2 and data is provided in Table 1. Load model
F was used from the mid 1940ies until the 1970ies, when it was replaces by UIC71 and later
LM71. Load model Malm has similar layout as LM71 but with higher load amplitude. Two of
the bridges are designed for 85F which is 85% of load model F, but also including a separate
load group of 5 axles with Q = 250 kN spaced a = 1.6 m.

In this study an iron ore train set is composed by two IORE locomotives and 68 iron ore
cars using the real train load model. These cars have similar geometry as TLM3 prescribed by
TDOK 2013:0267.

Table 1: Geometry for train load models.
train type a (m) b (m) c (m) Q (kN) q (kN/m) axles

F 1.60 - - 250 85 12
Malm 1.60 0.80 - 300 120 4
IORE locomotive 1.92 3.09 9.05 300 - 6
iron ore car 1.70 0.75 5.10 325 - 4
TLM3 1.75 0.80 4.90 - - 4
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Figure 2: Train load models, top: real trains, middle: LM71 and Malm, bottom: load model F.

1.3 Dynamic amplification factors

Dynamic load effects are usually accounted for by a scale factor of the static response. For
design load models this is usually a function of the determinant length LΦ and not the speed,
e.g. Equation 2 for LM71 and Equation 3 for load model F. For real trains EN 1991-2 Annex C
gives Equation 4 which is a function of both the determinant length, the natural frequency n0
and the speed parameter α. The factor ϕ′ relates to the dynamic effects due to moving loads
and ϕ′′ relates to dynamic effects from track irregularities. These effects have been the subject
of numerous studies in the past, e.g. ORE D128 and ERRI D214 and often show a large scatter
in results. The result of the dynamic amplification factor is illustrated in Figure 3.

Φ2 = 1.44√
LΦ − 0.2

+ 0.82 , 1.00 6 Φ2 6 1.67 (2)

ΦF = 1 + 0.8 2200 + 11LΦ
2500 + 100LΦ

, ΦF ≥ 1.2 (3)

Φd = 1 + ϕ′ + 0.5ϕ′′ (4)

ϕ′′ = α

100

[
56e−(LΦ/10)2 + 50

(LΦn0
80 − 1

)
e−(LΦ/20)2

]
, ϕ′′ ≥ 0 (5)
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Figure 3: Dynamic amplification factor as function of span length and the speed 70 km/h.

2 Static load effect
The static load effect is based on the original design load model for each bridge according to
Table 4. The load is positioned in the most adverse position using influence lines and the peak
value is denoted Rdim where Mmin is midspan bending moment, Vmax the absolute value of the
support shear force and Mmax the support bending moment for frames and continuous bridges.
This value is factored with the dynamic amplification factor related to the current load model,
denoted Φdim to get the total reference load effect. The results are presented in Table 6. The
corresponding load effect is calculated for TLM3 with Q = 325 kN and the dynamic factor Φd is
based on EN 1991-2 Annex C, assuming a well maintained track and a speed of 70 km/h. The
results are presented in Table 7.

The static load ratio factor γn,static is defined in Equation 6 and plotted as function of the
determinant length in Figure 4. The results show a significant exceedance for many bridges
shorter than 15 m. As long as the load capacity of the individual bridges are not known, all
cases of γn > 1 is considered unsafe. Further effort in this report will focus on better estimates
of Φd based on dynamic analyses.

γn,static = RT LM3Φd

RdimΦdim
(6)

0 5 10 15 20 25 30
0.8

0.9

1

1.1

1.2

Figure 4: Static load ratio for train loads.

5



3 Dynamic analysis

3.1 Models

The dynamic analyses are based on a 2D model of the coupled train-track-bridge system. The
vehicle model is illustrated in Figure 5 with parameters according to Table 2. The frequencies for
the secondary system is 0.9 Hz (bouncing) and 1.2 Hz (tilting), the frequencies for the primary
system is 4.4 Hz (tilting) and 12.8 Hz (bouncing). It should be noted that the assumed param-
eters may not necessarily comply with the actual parameters for the iron ore train. However,
the response is mainly governed by the unsprung mass.

The track-bridge model is illustrated in Figure 6 with parameters in Table 3 and Table 5,
the damping of the bridges are taken from EN 1991-2. Both the rail and the bridge are modelled
using Bernoulli-Euler beam theory. A half-track model is analysed and the bridge parameters
and therefore divided by two.

mw khz

kpz
cpz

mt, Ity

kszcsz
mcz, Icy

c aa

Figure 5: Multi-body model of a single car.

L1L1 Lb

EI, m, ζ

cpv kpv

mb

ms

cfv kfv

cbv kbv

mr, EIr

cw

kw

s

Figure 6: 2D track-bridge model (not in scale).

Table 2: Vehicle parameters, half-car model.
wheel bogie car body

mw 1 000 kg mt 1 000 kg mcz 59 000 kg
khz 1 000 MN/m Ity 1 200 kg·m2 Icy 380 000 kg·m2

kpz 0.65 MN/m ksz 5 MN/m
cpz 15 kNs/m csz 100 kNs/m

Table 3: Track parameters, half track model.
rail railpad ballast subgrade

s 0.60 m kpv 70 MN/m kbv 70 MN/m kfv 75 MN/m
mr 60 kg/m cpv 30 kNs/m cbv 60 kNs/m cfv 30 kNs/m
EIr 6.08 MNm2 ms 125 kg kw 80 MN/m

mb 500 kg cw 80 kNs/m
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A sample of measured track irregularities from Malmbanan is presented in Figure 7. The
standard deviation in wave length range D1 (1-25 m) varies from 1.2 to 1.4 mm between different
available data sets. The German PSD for track irregularities follow Equation 7, with reference
parameters, also denoted German low, Av = 6.42· 10−8 m, Ωc = 0.131 m−1 and Ωr = 0.0033 m−1

with a standard deviation σ = 1.0 mm in range D1. In further studies Av is scaled with a factor
2 to obtain an standard deviation of 1.4 mm in accordance with the measured irregularities.
As comparison a standard deviation of 1.25 mm for speeds up to 80 km/h corresponds to
track quality class A according to EN 13848-6. In the present study the wave length is also
extrapolated to 0.25 m to cover higher frequency vibrations.

1/25 1/10 1/6 1/3 1/2 1 2

10-10

10-8

10-6

10-4

Figure 7: Track irregularities.

Sv = Av
Ω2

c

(Ω2 + Ω2
r)(Ω2 + Ω2

c) (7)

3.2 Natural frequency

The natural frequency of the bridges is calculated based on the model in Figure 6 but without
the track. The results are listed in Table 5 and presented in Figure 8. For bridges shorter than
8 m the beam model often overestimates the natural frequency compared to a separate study
using 3D shell models of simply supported standard deck bridges.

2 4 6 8 10 15 20 30

5

10
15
20
30
40
50

100
150
200

Figure 8: Natural frequencies according to EN 1991-2 and eigenvalue analysis of the current
bridges.
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3.3 Estimate of ϕ′ from dynamic analysis

The factor ϕ′ is calculated based on a dynamic analysis of the bridge without the track, subjected
to the iron ore train at 70 km/h. The analysis is based on moving loads where each axle is
distributed on three rail seats according to EN 1991-2. The peak section-force at midspan and
support is compared to its counterpart from a static analysis according to Equation 8. The
results are presented as function of the determinant length in Figure 9 and listed in Table 8. In
all analysis ϕ′ is less than 5%.

ϕ′dyn = Rdyn

Rstat
− 1 (8)

0 5 10 15 20 25 30
1

1.1

1.2

1.3

1.4

1.5

Figure 9: Dynamic amplification factors with ϕ′ from dynamic simulations of the iron ore train
at 70 km/h.

3.4 Estimate of ϕ′′ from dynamic analysis

The factor ϕ′′ depends on train-track interaction effects, mainly due to the unsprung mass and
the track irregularities. The randomness of the track irregularities makes is difficult to obtain a
deterministic value for each individual bridge. Instead a semi-probabilistic study is performed
using the train-track-bridge interaction model and track irregularities according to Equation 7.

The analysis is limited to simply supported bridges with span length 2-15 m and following
the upper frequency limit of EN 1991-2. The linear mass is estimated as a lower bound from
Table 5, resulting in Equation 9. Only one car of the iron ore train is analysed. For each
model and each speed a subset of 240 different track irregularities are analysed, resulting in a
total of about 40000 simulations. The target value for probability of exceedance is set to pe

= 0.05, estimated from each subset using a generalized extreme value distribution. From each
simulation the factor ϕ′′ is estimated based on Equation 10 where Rdyn is the peak response
from an analysis without track irregularities and Rdyn,ir the corresponding response from an
analysis with track irregularities.

The results are presented in Figure 10 for speeds from 10 to 70 km/h, for the bending moment
and the shear force. The results show a clear trend of increase in ϕ′′ with increased speed and
shorter span. A sensitivity analysis is performed for the vehicle model by only including the
unsprung mass. For the same set of track irregularities the difference is less than 2% for studied
cases.

m(L) = (400L2 + 4700L+ 4000)L−1 (kg/m) (9)
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ϕ′′dyn = Rdyn,ir

Rdyn
− 1 (10)

0
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Figure 10: Dynamic amplification factor ϕ′′ from dynamic simulations, pe = 0.05.

3.5 Proposal for dynamic amplification factor

The results from the dynamic simulations are summarised in Figure 11. The factor ϕ′ is based
on moving loads analysis of each of the real bridges, the factor ϕ′′ is based on a parametric study
of generic simply supported bridges, here presented as an envelope of all speeds. In both cases
the data is fitted with near upper bound functions according to Equation 11 and Equation 12.
A simplified combination of the two functions results in Equation 1. It is proposed that this
function is used for the bridges within the present study or similar bridges under the same train
load and train speed.

0 5 10 15
0

0.02

0.04

0.06

0.08

0.1

0 5 10 15
0

0.02

0.04

0.06

0.08

0.1

Figure 11: Dynamic factor ϕ′ and ϕ′′ from dynamic simulations.

ϕ′ =


0.05 2 6 L 6 4 m
(23− 2L)/300 4 6 L 6 10 m
0.01 10 6 L 6 15 m

(11)

ϕ′′ =
{

(32− 2.5L)/300 2 6 L 6 8 m
0.04 8 6 L 6 15 m

(12)
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3.6 Parametric studies

Several parameters in the present study is afflicted with large uncertainties. This has been
assessed in a parametric study comprising simply supported bridges with span length 2-20 m,
frequencies following the upper and lower bound of EN 1991-2 and track irregularities sampled
using the German PSD. In each simulation 20 track profiles were sampled. The results are
presented in Chapter 7. From the parametric studies the following is concluded.

• The estimated ϕ′′ appears directly proportional to the standard deviation of the track
irregularities for wavelengths 0.25–25 m.

• The shortest wavelengths (0.25 m – 1 m) in the track irregularities have significant impact
on the estimated ϕ′′ for the shortest bridges.

• Wavelengths above 6 m haver significant impact on the estimated ϕ′′, while wavelengths
above 25 m have relatively low impact on the estimated ϕ′′. Wavelengths 0.25 – 25 m have
therefore been used in the estimation of ϕ′′.

• A longer track model with 100 m extra track before the bridge has generally little effect
since the estimated ϕ′′ is mainly governed by the instantaneous wheel impact.

• Variation in the track stiffness has low effect on the estimated ϕ′′. Deterministic values
for the track model have therefore been used in the estimation of ϕ′′.

• An increase in the unsprung wheel mass has a relevant effect, although smaller than could
be expected. This is not studied further within this project, instead a reasonably high
wheel mass (1000 kg for half a wheel-set) is assumed.

• The difference in estimated ϕ′′ is small for the decisive bridges between a full vehicle
model and a model including only the unsprung wheel masses. Therefore, the upper
vehicle parameters need not necessarily comply with the actual vehicle parameters.

• The estimated ϕ′′ is, for the decisive bridges, higher from analyses with the 4-axle iron ore
car compared to the 6-axle locomotive. Therefore, the car is used in the estimation of ϕ′′.

• The estimated ϕ′′ is generally higher from analyses with 1 car compared to analyses with
a train set consisting of 20 cars. An estimation of ϕ′′ using a single car is therefore deemed
conservative.
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4 Bridge data

Table 4: Basic data for the bridges in the current study.
knr design load bridgetype year span (m)
2040 F beam, cont. 1970 16.0 + 19.5 + 16.0
2041 F slab, simple 1974 12.2
2042 F beam, simple 1975 6.6
2046 F beam, cont. 1970 9.0 + 2.0 + 9.0
2047 F beam, cont. 1977 16.6 + 23.0 + 23.3 + 16.6
2048 F beam, cont. 1980 22.5 + 22.5
2049 F beam, cont. 1966 9.2 + 14.6 + 9.2
2050 F beam, cont. 1965 9.7 + 16.4 + 9.7
2051 85F slab, simple 1977 6.1
2059 F slab, simple 1977 5.8
2060 Malm slab, simple 1987 9.0
2065 F slab, simple 1956 4.4
2066 F slab, simple 1964 4.6
2068 F slab, simple 1965 4.5
2070 F slab, simple 1975 6.0
2071 F slab, simple 1977 12.0
2072 Malm slab, simple 1987 15.2
2075 F slab, simple 1967 4.4
2078 Malm slab, simple 1987 12.0
2079 F beam, simple 1953 3.4
2082 85F beam, simple 1973 9.9
2083 F slab, simple 1966 5.9
2084 F slab, simple 1966 8.8
2085 F slab, simple 1977 12.0
2124 Malm slab, simple 1959 3.0
2136 Malm slab, simple 1961 2.9
2137 Malm slab, simple 1961 3.9
2138 Malm slab, simple 1959 4.9
2141 Malm frame 1978 8.0
2143 Malm slab, simple 1960 2.9
2144 Malm beam, simple 1960 3.0
2153 Malm slab, simple 1960 2.0
2224 Malm beam, simple 1991 8.0
4123 Malm beam, cont. 1995 13.0 + 19.2 + 13.0
11802 F beam, simple 1957 2.4
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Table 5: Data for dynamic analysis.
knr m (ton/m) EI (GNm2) LΦ (m) n0 (Hz)
2040 12.6 25.2 22.3 7.2
2041 9.8 12.9 12.2 12.1
2042 8.6 7.3 6.6 33.4
2046 10.4 14.1 13.0 16.8
2047 15.5 29.7 27.8 4.9
2048 15.6 29.1 27.0 4.2
2049 14.1 20.4 14.3 12.8
2050 14.0 26.7 15.5 11.9
2051 17.6 3.3 6.1 18.3
2059 6.9 3.3 5.8 32.4
2060 12.0 8.1 9.0 16.0
2065 11.9 11.7 4.4 80.5
2066 7.9 4.0 4.6 52.8
2068 8.0 3.4 4.5 50.7
2070 7.7 3.9 6.0 31.0
2071 12.5 14.7 12.0 11.8
2072 15.7 30.5 15.2 9.5
2075 8.7 3.9 4.4 54.4
2078 14.5 27.0 12.0 14.9
2079 7.1 3.0 3.4 88.5
2082 8.7 7.0 9.9 14.4
2083 8.0 5.0 5.9 35.8
2084 8.2 5.1 8.8 16.0
2085 12.0 15.3 12.0 12.3
2124 7.1 3.0 3.0 113.7
2136 7.1 3.0 2.9 121.7
2137 6.2 2.1 3.9 59.9
2138 8.0 5.0 4.9 51.8
2141 12.8 17.1 8.0 64.3
2143 7.1 3.0 2.9 121.7
2144 6.8 2.7 3.0 110.5
2153 7.1 3.0 2.0 255.8
2224 11.0 8.4 8.0 21.4
4123 21.4 65.1 19.6 10.4
11802 7.1 3.0 2.4 177.6
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5 Section-forces, static analysis

Table 6: Peak static section-forces from design train loads.
knr Mmin (kNm) Vmax (kN) Mmax (kNm) Φdim

2040 -3 562 1 536 4 662 1.41
2041 -2 795 949 1.50
2042 -853 571 1.58
2046 -1 442 1 021 1 919 1.49
2047 -5 199 1 816 6 543 1.38
2048 -6 364 1 965 7 320 1.38
2049 -1 874 1 157 2 463 1.48
2050 -2 263 1 247 2 918 1.47
2051 -726 525 1.58
2059 -669 509 1.59
2060 -1 855 870 1.24
2065 -384 401 1.61
2066 -422 416 1.61
2068 -403 408 1.61
2070 -709 525 1.58
2071 -2 716 937 1.50
2072 -4 776 1 284 1.17
2075 -384 401 1.61
2078 -3 124 1 069 1.20
2079 -231 322 1.63
2082 -1 846 771 1.53
2083 -688 517 1.59
2084 -1 513 735 1.54
2085 -2 715 937 1.50
2124 -214 350 1.36
2136 -203 341 1.37
2137 -372 434 1.34
2138 -581 525 1.31
2141 -503 806 1 004 1.25
2143 -203 341 1.37
2144 -218 350 1.36
2153 -109 259 1.40
2224 -1 492 795 1.25
4123 -4 037 1 631 4 401 1.15
11802 -122 245 1.65
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Table 7: Peak static section-forces from load model TLM3.
knr Mmin (kNm) Vmax (kN) Mmax (kNm) Φd

2040 -3 305 1 605 4 736 1.15
2041 -2 872 1 006 1.30
2042 -1 051 695 1.41
2046 -1 095 990 1 934 1.29
2047 -4 746 1 892 7 415 1.12
2048 -6 288 2 044 8 491 1.13
2049 -1 488 1 205 2 516 1.26
2050 -2 440 1 300 3 004 1.24
2051 -900 652 1.42
2059 -819 623 1.42
2060 -1 831 601 1.36
2065 -480 501 1.43
2066 -523 519 1.43
2068 -501 510 1.43
2070 -872 643 1.42
2071 -2 807 993 1.30
2072 -3 952 1 184 1.25
2075 -480 501 1.43
2078 -2 807 993 1.30
2079 -268 404 1.43
2082 -2 124 657 1.35
2083 -845 633 1.42
2084 -1 766 592 1.37
2085 -2 807 993 1.30
2124 -210 370 1.43
2136 -199 360 1.43
2137 -378 455 1.43
2138 -591 542 1.43
2141 -517 609 1 013 1.38
2143 -199 360 1.43
2144 -210 370 1.43
2153 -108 256 1.43
2224 -1 505 571 1.38
4123 -3 398 1 542 4 080 1.18
11802 -152 295 1.43
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6 Dynamic amplification factors

Table 8: Factor ϕ′ for the IORE-train at 70 km/h.
knr ϕ′Mmin

ϕ′Vmax
ϕ′Mmax

2040 0.003 0.006 0.004
2041 0.005 0.000
2042 0.022 0.020
2046 0.003 0.006 0.004
2047 0.008 0.006 0.004
2048 0.003 0.004 0.004
2049 0.003 0.008 0.010
2050 0.005 0.005 0.008
2051 0.015 0.022
2059 0.039 0.006
2060 0.008 0.006
2065 0.013 0.010
2066 0.019 0.019
2068 0.014 0.014
2070 0.029 0.021
2071 0.009 0.001
2072 0.006 0.001
2075 0.015 0.009
2078 0.004 0.000
2079 0.032 0.019
2082 0.007 0.002
2083 0.022 0.016
2084 0.008 0.006
2085 0.004 0.000
2124 0.031 0.022
2136 0.026 0.011
2137 0.051 0.013
2138 0.015 0.006
2141 0.006 0.021
2143 0.026 0.011
2144 0.027 0.019
2153 0.023 0.045
2224 0.016 0.008
4123 0.006 0.004 0.000
11802 0.023 0.018
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7 Results from the parametric study

Table 9: Influence of amplitude of track irregularities, 0.25 6 λ 6 25 m.
n0,max σ3−25m = 1.0 mm σ3−25m = 1.4 mm ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.081 0.078 0.071 0.122 0.114 0.107 1.5 1.5 1.5
5 0.039 0.038 0.040 0.056 0.055 0.057 1.4 1.4 1.4
10 0.027 0.036 0.027 0.037 0.050 0.038 1.4 1.4 1.4
15 0.022 0.030 0.017 0.034 0.044 0.024 1.5 1.5 1.4
20 0.019 0.055 0.007 0.026 0.078 0.010 1.4 1.4 1.4

n0,min

2 0.022 0.031 0.028 0.031 0.045 0.040 1.4 1.5 1.4
5 0.029 0.034 0.028 0.041 0.048 0.039 1.4 1.4 1.4
10 0.019 0.028 0.017 0.028 0.040 0.024 1.5 1.4 1.4
15 0.009 0.021 0.006 0.013 0.031 0.008 1.4 1.5 1.4
20 0.011 0.022 0.005 0.015 0.034 0.007 1.4 1.5 1.4

Table 10: Influence of amplitude of track irregularities, 1 6 λ 6 150 m.
n0,max σ3−25m = 1.0 mm σ3−25m = 0.4 mm ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.007 0.008 0.007 0.4 0.4 0.4
5 0.021 0.026 0.021 0.008 0.008 0.008 0.4 0.3 0.4
10 0.028 0.026 0.029 0.011 0.010 0.011 0.4 0.4 0.4
15 0.021 0.017 0.021 0.005 0.007 0.008 0.2 0.4 0.4
20 0.011 0.019 0.010 0.004 0.008 0.004 0.4 0.4 0.4

n0,min

2 0.015 0.019 0.016 0.006 0.007 0.006 0.4 0.4 0.4
5 0.024 0.022 0.025 0.009 0.009 0.010 0.4 0.4 0.4
10 0.020 0.016 0.021 0.007 0.006 0.008 0.3 0.4 0.4
15 0.012 0.017 0.008 0.005 0.007 0.003 0.4 0.4 0.4
20 0.011 0.015 0.007 0.004 0.006 0.003 0.4 0.4 0.4

Table 11: Influence of wave length, σ3−25m = 1.0 mm.
n0,max 1 6 λ 6 150 m 0.25 6 λ 6 150 m ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.079 0.077 0.069 4.2 4.1 3.7
5 0.021 0.026 0.021 0.042 0.044 0.043 2.0 1.7 2.0
10 0.028 0.026 0.029 0.030 0.041 0.031 1.0 1.6 1.0
15 0.021 0.017 0.021 0.021 0.036 0.020 1.0 2.1 0.9
20 0.011 0.019 0.010 0.020 0.052 0.011 1.8 2.7 1.1

n0,min

2 0.015 0.019 0.016 0.027 0.033 0.025 1.8 1.7 1.5
5 0.024 0.022 0.025 0.026 0.032 0.025 1.1 1.4 1.0
10 0.020 0.016 0.021 0.026 0.030 0.021 1.3 1.8 1.0
15 0.012 0.017 0.008 0.012 0.026 0.009 1.0 1.5 1.1
20 0.011 0.015 0.007 0.014 0.031 0.007 1.3 2.0 1.0
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Table 12: Influence of wave length, σ3−25m = 1.0 mm.
n0,max 1 6 λ 6 150 m 1 6 λ 6 6 m ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.004 0.005 0.004 0.2 0.2 0.2
5 0.021 0.026 0.021 0.003 0.007 0.004 0.2 0.3 0.2
10 0.028 0.026 0.029 0.024 0.016 0.025 0.8 0.6 0.8
15 0.021 0.017 0.021 0.020 0.008 0.015 1.0 0.5 0.7
20 0.011 0.019 0.010 0.014 0.009 0.010 1.3 0.5 0.9

n0,min

2 0.015 0.019 0.016 0.010 0.014 0.011 0.7 0.7 0.7
5 0.024 0.022 0.025 0.016 0.022 0.015 0.7 1.0 0.6
10 0.020 0.016 0.021 0.003 0.004 0.003 0.2 0.3 0.1
15 0.012 0.017 0.008 0.002 0.005 0.002 0.2 0.3 0.2
20 0.011 0.015 0.007 0.002 0.006 0.001 0.2 0.4 0.2

Table 13: Influence of wave length, σ3−25m = 1.0 mm.
n0,max 1 6 λ 6 150 m 1 6 λ 6 25 m ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.014 0.016 0.014 0.8 0.8 0.8
5 0.021 0.026 0.021 0.017 0.020 0.018 0.8 0.8 0.8
10 0.028 0.026 0.029 0.026 0.024 0.026 0.9 0.9 0.9
15 0.021 0.017 0.021 0.019 0.015 0.019 0.9 0.9 0.9
20 0.011 0.019 0.010 0.011 0.013 0.008 1.0 0.7 0.8

n0,min

2 0.015 0.019 0.016 0.017 0.017 0.018 1.1 0.9 1.1
5 0.024 0.022 0.025 0.027 0.020 0.028 1.1 0.9 1.1
10 0.020 0.016 0.021 0.016 0.014 0.017 0.8 0.8 0.8
15 0.012 0.017 0.008 0.009 0.015 0.006 0.8 0.8 0.7
20 0.011 0.015 0.007 0.007 0.012 0.005 0.7 0.8 0.7

Table 14: Influence of track length before the bridge, σ3−25m = 1.0 mm, 1 6 λ 6 150 m .
n0,max L1 = 50 m L1 = 150 m ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.017 0.017 0.016 0.9 0.9 0.9
5 0.021 0.026 0.021 0.020 0.019 0.021 1.0 0.7 1.0
10 0.028 0.026 0.029 0.032 0.023 0.033 1.1 0.9 1.1
15 0.021 0.017 0.021 0.021 0.021 0.017 1.0 1.2 0.8
20 0.011 0.019 0.010 0.022 0.013 0.016 2.0 0.7 1.6

n0,min

2 0.015 0.019 0.016 0.021 0.019 0.020 1.4 1.0 1.2
5 0.024 0.022 0.025 0.026 0.024 0.025 1.1 1.1 1.0
10 0.020 0.016 0.021 0.016 0.016 0.017 0.8 1.0 0.8
15 0.012 0.017 0.008 0.012 0.023 0.014 0.9 1.3 1.6
20 0.011 0.015 0.007 0.012 0.018 0.010 1.1 1.1 1.5
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Table 15: Influence of track stiffness, σ3−25m = 1.0 mm, 1 6 λ 6 150 m .
n0,max 1.0kpv, 1.0kbv 0.5kpv, 0.5kbv ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.020 0.020 0.020 1.0 1.1 1.1
5 0.021 0.026 0.021 0.021 0.025 0.022 1.0 1.0 1.0
10 0.028 0.026 0.029 0.031 0.027 0.033 1.1 1.1 1.1
15 0.021 0.017 0.021 0.026 0.019 0.022 1.2 1.1 1.0
20 0.011 0.019 0.010 0.012 0.016 0.011 1.1 0.9 1.0

n0,min

2 0.015 0.019 0.016 0.022 0.026 0.027 1.5 1.4 1.7
5 0.024 0.022 0.025 0.025 0.022 0.025 1.0 1.0 1.0
10 0.020 0.016 0.021 0.023 0.016 0.022 1.2 1.0 1.0
15 0.012 0.017 0.008 0.012 0.017 0.008 1.0 1.0 1.0
20 0.011 0.015 0.007 0.011 0.018 0.007 1.0 1.1 1.0

Table 16: Influence of track stiffness, σ3−25m = 1.0 mm, 1 6 λ 6 150 m .
n0,max 1.0kpv, 1.0kbv 1.5kpv, 1.5kbv ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.015 0.019 0.019 0.8 1.0 1.0
5 0.021 0.026 0.021 0.021 0.026 0.021 1.0 1.0 1.0
10 0.028 0.026 0.029 0.027 0.025 0.028 1.0 1.0 0.9
15 0.021 0.017 0.021 0.018 0.017 0.021 0.9 1.0 1.0
20 0.011 0.019 0.010 0.012 0.019 0.010 1.1 1.0 1.0

n0,min

2 0.015 0.019 0.016 0.012 0.019 0.016 0.8 1.0 1.0
5 0.024 0.022 0.025 0.024 0.022 0.025 1.0 1.0 1.0
10 0.020 0.016 0.021 0.018 0.016 0.021 0.9 1.0 1.0
15 0.012 0.017 0.008 0.012 0.017 0.008 1.0 1.0 1.0
20 0.011 0.015 0.007 0.011 0.020 0.007 1.0 1.3 1.0

Table 17: Influence of vehicle parameters, σ3−25m = 1.0 mm, 1 6 λ 6 150 m .
n0,max 1.0mw 1.5mw ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.020 0.020 0.020 1.0 1.1 1.1
5 0.021 0.026 0.021 0.022 0.026 0.022 1.0 1.0 1.0
10 0.028 0.026 0.029 0.047 0.031 0.049 1.7 1.2 1.7
15 0.021 0.017 0.021 0.030 0.020 0.028 1.4 1.2 1.3
20 0.011 0.019 0.010 0.015 0.014 0.015 1.4 0.7 1.4

n0,min

2 0.015 0.019 0.016 0.017 0.025 0.019 1.1 1.3 1.2
5 0.024 0.022 0.025 0.025 0.024 0.026 1.0 1.1 1.0
10 0.020 0.016 0.021 0.019 0.017 0.020 1.0 1.1 0.9
15 0.012 0.017 0.008 0.012 0.018 0.008 1.0 1.0 0.9
20 0.011 0.015 0.007 0.012 0.016 0.008 1.1 1.1 1.1
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Table 18: Influence of vehicle parameters, σ3−25m = 1.4 mm, 0.25 6 λ 6 25 m .
n0,max vehicle unsprung wheel ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.122 0.114 0.107 0.124 0.123 0.117 1.0 1.1 1.1
5 0.056 0.055 0.057 0.059 0.067 0.060 1.1 1.2 1.0
10 0.037 0.050 0.038 0.038 0.047 0.044 1.0 0.9 1.2
15 0.034 0.044 0.024 0.039 0.050 0.023 1.2 1.1 0.9
20 0.026 0.078 0.010 0.032 0.087 0.016 1.2 1.1 1.5

n0,min

2 0.031 0.045 0.040 0.026 0.053 0.027 0.8 1.2 0.7
5 0.041 0.048 0.039 0.027 0.050 0.025 0.7 1.0 0.6
10 0.028 0.040 0.024 0.012 0.035 0.005 0.4 0.9 0.2
15 0.013 0.031 0.008 0.008 0.036 0.002 0.6 1.1 0.3
20 0.015 0.034 0.007 0.010 0.036 0.004 0.7 1.1 0.6

Table 19: Unsprung mass models for car and locomotive, σ3−25m = 1.4 mm, 0.25 6 λ 6 25 m .
n0,max iron ore car IORE locomotive ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.124 0.123 0.117 0.063 0.069 0.068 0.5 0.6 0.6
5 0.059 0.067 0.060 0.036 0.048 0.036 0.6 0.7 0.6
10 0.038 0.047 0.044 0.016 0.030 0.017 0.4 0.6 0.4
15 0.039 0.050 0.023 0.011 0.042 0.011 0.3 0.8 0.5
20 0.032 0.087 0.016 0.027 0.046 0.012 0.8 0.5 0.8

n0,min

2 0.026 0.053 0.027 0.028 0.046 0.029 1.1 0.9 1.1
5 0.027 0.050 0.025 0.008 0.031 0.008 0.3 0.6 0.3
10 0.012 0.035 0.005 0.010 0.029 0.003 0.9 0.8 0.5
15 0.008 0.036 0.002 0.011 0.046 0.006 1.4 1.3 2.4
20 0.010 0.036 0.004 0.008 0.025 0.004 0.7 0.7 1.1

Table 20: Vary number of iron ore cars, full vehicle model, σ3−25m = 1.0 mm, 1 6 λ 6 150 m .
n0,max 1 car 20 cars ϕ′′2/ϕ

′′
1

L (m) ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax ϕ′′Mmin ϕ′′V max ϕ′′dmax

2 0.019 0.019 0.019 0.013 0.014 0.012 0.7 0.8 0.7
5 0.021 0.026 0.021 0.016 0.015 0.016 0.8 0.6 0.8
10 0.028 0.026 0.029 0.020 0.030 0.020 0.7 1.2 0.7
15 0.021 0.017 0.021 0.020 0.024 0.014 0.9 1.4 0.7
20 0.011 0.019 0.010 0.015 0.015 0.014 1.4 0.8 1.3

n0,min

2 0.015 0.019 0.016 0.012 0.017 0.012 0.8 0.9 0.7
5 0.024 0.022 0.025 0.015 0.023 0.016 0.6 1.0 0.6
10 0.020 0.016 0.021 0.012 0.019 0.012 0.6 1.2 0.6
15 0.012 0.017 0.008 0.010 0.012 0.004 0.8 0.7 0.5
20 0.011 0.015 0.007 0.008 0.014 0.005 0.8 0.9 0.7
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