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A B S T R A C T

The accuracy of stress estimates in Orthotropic Bridge Decks (OBD) may be negatively impacted by the complex
load transfer and asphalt properties. Yet, accurate stress estimates are crucial for optimal fatigue verifications.
A field measurement and modelling study has been conducted to evaluate the accuracy of finite element
(FE) models. The level of detail of the FE model resembled engineering practice. Measurements comprised of
strains caused by normal flowing traffic and by single vehicles with known load. The study gave insight into
the distribution of the transverse vehicle location, dynamic vehicle–bridge deck interaction, and the asphalt
influence. Comparing with international guidelines, the prediction error of FE models of OBDs is on the edge
of acceptable.
1. Introduction

It is well known that Orthotropic Bridge Decks (OBDs) are sensitive
to fatigue cracking [1,2]. OBDs were traditionally designed for fatigue
using approximations of the nominal (i.e., far-field) stress [3]. The
Finite Element (FE) method has opened the possibility to design with
local or semi-local stress parameters that are deemed to give a more
accurate indication of the fatigue-relevant stress ranges. For this reason,
more recent studies focus on the fatigue resistance associated with
these stress parameters. Examples are fatigue resistances based on the
hot-spot stress (HSS) method [4,5], traction stress method [6,7], and
the effective notch stress (ENS) method [8,9]. Modern standards and
guidelines now also give the possibility to design or assess OBDs with
these approaches [10,11].

Application of these approaches in practical designs requires analy-
sis of the (semi–)local stresses in the deck. However, accurate stress
prediction is not straightforward because of the complicated three-
dimensional load transfer in OBDs, where the load consists of a local
load applied on a certain patch – the tyre contact surface – that
moves (rolls) over the structure. This creates significant stress gradients
in the vicinity of many fatigue-sensitive details [12–14]. The stress
is also sensitive to the transverse location of the patch [12,15–22]
and the size of the patch [23,24]. Additionally, the asphalt applied
on top of most OBDs has a temperature dependent and strain rate
dependent stiffness that causes some degree of load distribution in
longitudinal and transverse directions [13,23,25–31]. The pavement
has a large influence, particularly for weld details in or close to the deck
plate, as demonstrated in the above-mentioned studies with asphalt
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and with concrete pavement [32–35]. Dynamic interaction between
the vehicle and the structure may further affect the stress [16,36].
The resulting complicated stress distribution may cause deviations
between the actual stress in an OBD and the engineering prediction
thereof using FE models. The uncertainty in strain prediction is the
reason that Bridge-Weigh-In-Motion (Bridge-WIM) systems are usually
based on measured instead of computed influence lines [20,37–39].
Probabilistic assessments of the fatigue life are also usually based on
measured strains [28,29,40,41]. However, measurements are usually
not available in the practical fatigue verification of an OBD, which then
relies on the accuracy of the FE model.

The ratio between the actual (measured) stress and the engineering
estimate thereof is referred to as the model uncertainty (MU). MU
comprises the transfer of loads to load effects, including load schema-
tisation. Dynamic interaction is considered here as a separate variable
and hence not included in the MU. Studies are conducted to determine
the distribution of the MU for the nominal (far-field) stress in bridge
components [42] and for the HSS and ENS stress of simple and complex
details [43–46]. Results are compared with the MU in guidelines. These
guidelines provide a global MU of 0.1–0.2 and an additional MU for the
stress concentration factor of 0.05–0.2 [47,48]. Because of the unique
structure and load characteristics of OBDs as described above, their
MU may deviate from these values. The MU distribution is crucial for
estimating reliability and deriving fatigue safety factors [42,49].

The current study aims to evaluate if the MU of FE models of OBDs
is within the bounds of the MU set by guidelines [47,48], by comparing
predicted strains with measured strains in an OBD. The model contains
143-974X/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access a
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Fig. 1. Outline of the study. Measured strains resulting from single vehicle tests – with known loads – and flowing traffic are compared with predicted strains and theoretical
fatigue damage using an FE model.
assumptions, approximations and levels of detail exemplary for engi-
neering practice. Additional to the MU, the study gives insight into the
effects of temperature, dynamic interaction and the transverse location
of vehicles on the OBD response.

2. Methods and models

2.1. Outline

Electric strain gauges and temperature sensors were installed on
the OBD of a steel bridge. The gauges measured the strains while a
single vehicle with measured tyre loads crossed the bridge. To study
the sensitivities listed in Section 1, the vehicle crossed the bridge
multiple times with different values for speed, transverse location, and
temperature of the deck. Strains were also measured during normal
operation of the bridge – with flowing traffic – over a period of one
year. A FE model representative of engineering practice was created
and used to predict the strains in the OBD caused by the single vehicle
and the flowing traffic. Results of measurements and predictions are
compared. Effects of dynamics and the model uncertainty are included
in a discussion. Fig. 1 summarises the outline of the study.

2.2. Lay-out of the instrumented deck

The ‘‘Van Brienenoord’’ bridge crosses the river Maas in Rotterdam,
The Netherlands. It consists of two parallel 300 m span arch bridges,
one for each traffic direction. Each bridge accommodates two carriage-
ways consisting of three lanes, i.e., twelve lanes in total. The OBD of
the considered bridge is constructed from steel grade Fe510 (current
equivalent S355) and it consists of a 12 mm thick deck plate supported
by trapezoidal ribs with a centre-to-centre distance of 600 mm, see
Fig. 2(a) for the rib dimensions. The pavement consists of a mastic
asphalt layer with on top a porous asphalt layer with nominal thickness
of 30 and 40 mm, respectively. The actual summed thickness of the
asphalt layers was measured as 92 mm at the location of study. Sealing
sheets are applied between the two asphalt layers and between the
2

Fig. 2. Dimensions [mm] of the deck of the Van Brienenoord bridge: (a) Rib; (b)
Crossbeam (subfigures have different scales).

deck plate and the mastic asphalt. Crossbeams transfer the load from
the deck to the main girders, see Fig. 2(b) for their dimensions. The
measurements were carried out on the part of the OBD below the
right lane (‘‘slow’’ lane, accommodating most of the heavy vehicles) of
the long-distance carriageway of the bridge for traffic heading south,
relatively close to the expansion joint for entering vehicles. The lane
width is 3.3 m.

Fig. 3 shows the positions of the strain gauges. Strain gauges SG1–3
were applied in longitudinal (traffic) direction on the bottom side of
the ribs, at midspan between two crossbeams of the first regular deck
span (approximately 4.5 m from the expansion joint) and SG34/35/37
were applied at midspan between two crossbeams further away (ap-
proximately 28 m) from the expansion joint. The two groups were
applied to evaluate if the expansion joint causes an additional dynamic
effect. Each group consisted of three adjacent instrumented ribs with
the centre one closest to the centre of the right tyres of most heavy
vehicles, see Fig. 3. The three gauges allowed to evaluate the relative
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Fig. 3. Locations of the applied strain gauges (SG) (dimensions [mm]).
share of the load between the three ribs as a function of the transverse
location of the tyre. Strain gauges SG7–9 were applied in transverse
direction to the bottom of the deck, also at midspan between two
crossbeams, and approximately 25 mm from the toe of the weld with
the rib. They have a shorter influence field and they are more sensitive
to the tyre patch, transverse location and asphalt stiffness than SG1–
3/34/35/37. Strains were recorded with a frequency of 600 Hz and a
low-pass filter of 50 Hz was applied.

2.3. Description of the engineering FE model

A FE model consisting of the OBD including crossbeams and asphalt
was created using the software DIANA 9.4.4 [50]. The model was aimed
at reflecting engineering practice, not at creating the most accurate
representation of reality. It was inspired on FE models that the authors
have seen in practice for designs and assessments of OBDs.

Most studies use a detailed model for the deck, whereas the main
load bearing structure is modelled with various levels of detail, or
not modelled at all [37,51], depending on the strain levels caused by
vehicles further away from the point of interest [37,52]. The main load
bearing structure was not modelled in the current study, because a
preliminary study showed the strains in the OBD resulting from global
deflection to be negligibly small. The crossbeams were modelled as
constrained against rotation about their strong axis and against vertical
translation at their ends (i.e., restrained for rotation around the bridge
axis) to reflect the high torsional stiffness of the main girders. The
model aimed at predicting the strains at the distance of 4.5 m from
the expansion joint, see Fig. 4. Horizontal translation of the deck in
the bridge span direction was constrained at the model end opposite to
the expansion joint.

A relatively coarse mesh (see Fig. 4) consisting of thin quadrilateral
shell elements with quadratic shape function and 2x2 integration – type
CQ40S – was used for the steel structure. The steel Youngs modulus
was assumed as 210 GPa and the Poisson ratio was 0.3. The two
asphalt layers were modelled separately, each consisting of one layer
3

Table 1
Asphalt Youngs modulus [GPa] used in the model.

Asphalt Temperatures

0 ◦C 15 ◦C 30◦C

Mastic (bottom – 30 mm) 17.0 8.1 0.1
Porous (top – 40 mm) 8.8 4.3 0.1

of hexahedron solid elements with quadratic shape function and 3x3x3
integration – type CHX60. Their thickness was the nominal thickness
(70 mm). The Youngs modulus of asphalt mixtures used on OBDs
depends on the temperature, strain rate, and mixture composition [26,
30,53]. In agreement with engineering practice in The Netherlands, the
Youngs modulus was temperature dependent with values from tests on
typical asphalt mixtures applied in The Netherlands [54], but negligibly
low at ≥ 30◦C, see Table 1. The asphalt strain rate sensitivity was not
modelled, but modulus values were taken at strain rates representative
of a vehicle speed of 80 km/h because most vehicles travel close to
this speed limit. The asphalt Poisson ratio was taken as 0.35, reflecting
an average value at relevant strain rates in [55,56]. Sealing sheets were
modelled with interface elements of type CQ48I. Their traction stiffness
in normal direction was taken as 100 times the asphalt Youngs modulus
divided by their thickness of 1 mm (preventing flexibility) and it was
negligibly small in shear direction, mimicking non-composite action
between steel and asphalt. Dynamic interaction between vehicle and
structure was not modelled.

Influence lines were computed with the model for the three different
temperatures of Table 1, for seven transverse locations (with the right
tyres central above the rib of SG2, and 150, 300 and 450 mm to either
side of that rib), and for two tyre patches, namely, double patches
of 300 mm x 250 mm with 100 mm in between for the double tyre
axles and single patches of 300 mm x 330 mm for single tyre axles,
see Fig. 5(a). Following EN 1991-2 [57], the centres of the patches are
aligned in transverse direction (patch areas deviate from [57].)
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Fig. 4. Lay-out of the FE model, representative for engineering practice: relatively coarse mesh with thin quadratic shell elements for steel structure, solid elements for asphalt
layers and interface elements for sealing sheets.
Fig. 5. Tyre patches (not drawn on scale): (a) Used in the model, dimensions in mm; (b) Of the test vehicle, dimensions in Table 3. Differences in axle alignment and small
differences in patch areas exist between the test vehicle and the model.
Table 2
Measured temperatures during the single vehicle tests.

Test series Date 𝑇𝑑𝑒𝑐𝑘 [◦C] 𝑇𝑎𝑠𝑝ℎ𝑎𝑙𝑡 [◦C]

Summer day 2018–07–26 25–34 (𝜇 = 30; 𝜎 = 3.2) 34–47 (𝜇 = 40; 𝜎 = 4.5)
Summer night 2018–08–31 12–14 11–13
Winter night 2019–02–16 5–7 5–6

2.4. Single vehicle tests

Measurements were performed during the crossing of a vehicle with
measured axle loads at three dates. The air temperatures during the
three dates were different, so that data were obtained at different
stiffness values of the asphalt. The dates are referred to as ‘summer
day’, ‘summer night’ and ‘winter night’. Table 2 gives the temperature
of the top side of the asphalt, 𝑇𝑎𝑠𝑝ℎ𝑎𝑙𝑡 and the bottom side of the deck
plate, 𝑇𝑑𝑒𝑐𝑘, measured with temperature sensors. The table provides
temperature ranges and, for the summer day tests, the average (𝜇)
and standard deviation (𝜎) because the measurements required several
hours during which the temperature fluctuated significantly. The three-
axle air-suspended vehicles used in the tests differed between the
summer day/night and the winter night tests, with tyre loads 𝐹𝑡, tyre
patch length 𝑙𝑡, tyre patch width 𝑏𝑡 and axle distances 𝑑 given in
Table 3, see Fig. 5 for symbols definition. These patches deviate from
those applied in the FE model because the model was made prior to
the measurements, thereby preventing undesired prior knowledge in
generating the model. The patch area of the third axle – which will be
mainly used in the comparisons in the next section – in the model was
1.00, 1.21 and 0.98 times the patch area of the summer day tests, the
summer night tests and the winter night tests, respectively.

The vehicles crossed the bridge at speeds of 𝑣 ≈ 80 km/h at all dates
and additionally at 𝑣 ≈ 20 km/h during the nocturnal measurements
(not possible during the day due to bridge operational constraints). Two
4

Table 3
Vehicle characteristics of the single vehicle tests.

Test series 𝐹𝑡1 2𝐹𝑡2
a 𝐹𝑡3 𝑙𝑡1 𝑙𝑡2 𝑙𝑡3 𝑏𝑡1 2𝑏𝑡2 𝑏𝑡3 𝑑12 𝑑23

[kN] [kN] [kN] [mm] [mm] [mm] [mm] [mm] [mm] [m] [m]

Summer day 33.5 38.0 55.2 260 210 305 260 2 × 270 325 3.80 4.78
Summer night 31.2 48.6 51.2 250 210 275 250 2 × 250 300 3.80 6.25
Winter night 32.4 36.3 66.7 255 200 300 275 2 × 275 335 3.78 4.77

a Listed is the summed load of the two tyres of the right side of the double-tyre axle.

additional measurements were carried out with a still standing vehicle
(𝑣 = 0 km/h) during the winter night. Each crossing was repeated
several times with different transverse location of the vehicle. The
location was measured using an action camera, a GPS-based system
and a laser during the summer day, summer night and winter night
tests respectively, where the latter systems were deemed more accu-
rate. The test programme hence covers the relevant parameters speed,
temperature and transverse tyre location.

2.5. Flowing traffic measurements

Strains and temperatures were measured during one year of bridge
operation. Peak and trough values were determined from the strain
history and processed with a rainflow counting algorithm to obtain
strain spectra. The number of heavy vehicles, 𝑁𝑂𝑏𝑠, was taken as the
number of vehicles with at least one tyre load exceeding a threshold
value. The transverse location of that same tyre was estimated by
the ratio of strains between SG1–3, using an algorithm described in
Appendix.

Strains were also predicted with the FE model of Section 2.3 for
the vehicles of a Weigh In Motion (WIM) database described in [58].
The WIM station is located approximately 40 km away from the bridge,
with several highway junctions in between. The distributions of load
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Fig. 6. Measured and predicted strains, 𝜀, of SG2 of one of the summer day tests (𝑣 = 80 km/h). The three axles are clearly visible. The model overestimates the strains for the
first and third axle but underestimates the strains for the second axle.
Table 4
Number of axles 𝑛𝑎𝑥, axle loads 𝐹𝑎𝑥, axle distances 𝑑𝑎𝑥, and fraction of vehicles for
long distance traffic 𝑓 , of the five vehicles comprising FLM4.
𝑛𝑎𝑥 [–] 𝐹𝑎𝑥 [kN] Axle typea 𝑑𝑎𝑥 [m] 𝑓 [–]

2 70; 130 S; D 4.5 0.20
3 70; 120; 120 S; D; D 4.2; 1.3 0.05
5 70; 150; 90; 90; 90 S; D; S; S; S 3.2; 5.2; 1.3; 1.3 0.50
4 70; 140; 90; 90 S; D; D; D 3.4; 6.0; 1.8 0.15
5 70; 130; 90; 80; 80 S; D; S; S; S 4.8; 3.6; 4.4; 1.3 0.10

a S = single tyres (two tyres per axle); D = double tyres (four tyres per axle).

and vehicle composition are deemed representative but the number of
heavy vehicles may deviate between the bridge and the WIM database.
The number of heavy vehicles of the WIM database was therefore
scaled to match 𝑁𝑂𝑏𝑠. An algorithm previously developed and validated
against strain measurements on a bridge [58] was used to run the
array of axles of the WIM database over the influence field computed
with the FE model. Each of the vehicles was assigned a transverse
location and an asphalt temperature according to either literature-
based or measured distributions. Because a limited number of influence
lines was computed, linear interpolation was applied for the transverse
location and quadratic interpolation was applied for the temperature
(exponential interpolation was also considered and it gave almost iden-
tical results). Rainflow counting was applied to derive the strain range
histogram from the resulting strain history. Additional to the WIM
database, strains were simulated for Fatigue Load Model 4 (FLM4) of
the European standard EN 1991-2 [57]. FLM4 consists of five vehicles
of different configuration, axle load, and quantity, see Table 4. This
load model has been developed for details with short influence lines,
relevant for OBDs.

The measured strain ranges were transferred to stress ranges by
multiplying them with the Youngs modulus of 210 GPa. This is deemed
appropriate because the stress state is (close to) uniaxial for all strain
gauge locations. The measurement and the prediction of the full year
flowing traffic were compared in terms of theoretical fatigue damage
𝐷. This damage was determined using the linear damage accumulation
rule of Palmgren and Miner [59,60] and an assumed bi-linear S–N curve
with slope parameters typical for welded details:

𝐷 =
𝑛
∑

𝑖=1
1∕𝑁𝑖 (1)

log10(𝑁𝑖) =

{

12.30 − 3 log10(Δ𝑠𝑖∕MPa) if Δ𝑠𝑖 ≥ 74MPa
16.04 − 5 log10(Δ𝑠𝑖∕MPa) if Δ𝑠𝑖 < 74MPa

(2)

where 𝑛 is the total number of cycles and 𝑁𝑖 is the number of cycles to
failure of a cycle 𝑖 with stress range Δ𝑠𝑖. This S–N curve describes FAT
class 100 with a knee-point at 5 ⋅ 106 cycles. The actual FAT class of
5

OBD details generally differs from the value considered [11], but the
influence is limited (provided the actual FAT class does not deviate too
much) because the results are presented in terms of ratio of damage
between computed and measured strains.

3. Results of single vehicle tests

3.1. Measurements

As an exemplary result, the red curve in Fig. 6 presents the recorded
strain 𝜀 of SG2 during one of the summer day tests, where 𝑥 is the
distance between the front axle and the expansion joint. The transverse
location of the centre of the right tyre of the rear axle was measured
as 𝑦 = 27 mm from the centre of the rib. The peaks caused by the three
axles are clearly distinguishable.

The maximum strain recorded for the rear axle of each test (for
the three dates, the two vehicle speeds and all transverse locations)
is considered hereafter. The dots in Fig. 7 present the ratio between
this strain for SG1–3 and the tyre load as a function of the measured
transverse location. The following observations are made:

• The share of each rib in transferring the load depends on the
transverse location.

• The temperature also influences the distribution of load between
the ribs. Higher maximum strains are measured at high temper-
ature compared to low temperature for the decisive transverse
location. This demonstrates the influence of the temperature-
dependent asphalt stiffness: the load is more equally distributed
between the three ribs at low temperature (high asphalt stiffness),
whereas a single rib transfers a major fraction of the load at high
temperature.

• A moderate difference in strain results between the crossings at
low speed and at high speed. The crossings at 𝑣 = 80 km/h give a
slightly lower strain than at 20 km/h for the same temperature
and transverse location. This observation applies close to the
expansion joint (Fig. 7) and further away from it (Fig. 8). A
similar observation of lower strains measured at higher vehicle
speed was made in [61–63], which is at least partially caused by
the strain rate sensitivity of the asphalt stiffness. This is further
confirmed with the still-standing vehicle, which gives a higher
maximum strain compared to the crossings at 𝑣 = 20 km/h and
80 km/h at the same temperature (green filled symbols).

The red curves in Fig. 9 present the recorded strains of SG9 –
deck plate in transverse direction – of four summer day tests with
different transverse locations. Because of their local nature, the strains
significantly depend on the transverse location; stress peaks may even
change sign. Figs. 10 and 11 give the minimum and maximum strains
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Fig. 7. Maximum strain divided by tyre load for SG1–3 according to the tests (dots) and the model (curves): (a) SG3; (b) SG2; (c) SG1. A clear influence of the tyre transverse
location 𝑦, temperature 𝑇 , and vehicle speed 𝑣 is observed. The model predicts higher maximum strains for the decisive transverse location, possibly due to an underestimation
of the asphalt or sealing sheet shear stiffness.
Fig. 8. Maximum strain divided by tyre load for SG34/35/37 according to the tests: (a) SG37; (b) SG35; (c) SG34. The trends are the same as for SG1–3 (Fig. 7). The strains at
high vehicle speed are slightly lower compared to low speed.
of SG7–9 of all tests. The large influence of temperature is caused by
the increased flexibility of the deck at increased temperature. The same
quantitative trends are observed as for SG1–3, but the influence of
temperature (i.e., asphalt stiffness) is larger for SG7–9.

3.2. Model prediction

The two black curves in Fig. 6 present the predicted strains for
the two closest computed transverse locations using the model. The
predicted strains are in qualitative good agreement with the tests, but
there are quantitative differences. The model predicts a higher strain
compared to the test for the single tyre front and rear axles, but a
lower strain for the double tyre traction axle. The underestimation of
strain of the double tyre axle is caused by transverse alignment of the
centres of single and double tyre axles in FLM4, Fig. 5(a), causing a
much larger width for double tyre axles compared to single tyre axles.
The axle width difference is smaller for the test vehicle, Fig. 5(b), and
6

for most vehicles, [24]. Consequently, one of the tyres is running over
the rib of SG2 in the test whereas the two tyres are located either side
of that rib in the model.

The curves in Fig. 7 present the predicted peak strains of the rear
axle. The maximum predicted peak strains over all transverse locations
are higher and the load is less equally distributed between the ribs
compared to the tests. Likely explanations are a too low asphalt stiffness
or sealing sheet shear stiffness in the model. A sensitivity study to these
aspects is given below.

Model results are also added to Figs. 9–11. The predicted strains
are in qualitative good agreement with the tests. Both tests and model
predict a non-linear trend between minimum strain and temperature,
where the minimum strains during the winter night and summer night
tests are marginal compared to the strains during the summer day
tests. However, the quantitative differences between measurements and
model are larger for SG9 (deck plate) than for SG2 (rib bottom).

The smaller predicted influence of asphalt stiffness compared to the
test may be due to uncertainty in the asphalt Youngs modulus, the
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Fig. 9. Measured and predicted strains 𝜀 of SG9 of four summer day tests with different transverse locations (𝑣 = 80 km/h): (a) 𝑦 = 45 mm (model 0 and 150 mm); (b) 𝑦 = 440 mm
(model 300 and 450 mm); (c) 𝑦 = 215 mm (model 150 and 300 mm); (d) 𝑦 = −525 mm (model -500 mm). The results are in qualitative good agreement. The strains are sensitive
to the transverse location.
Fig. 10. Minimum strain divided by tyre load for SG7–9 according to the tests (dots) and the model (curves): (a) SG9; (c) SG8; (d) SG7. The minimum strains at high temperature
are much higher than at other temperatures.
difference between the nominal and the measured asphalt thickness
(ℎ𝑎 = 70 mm and 92 mm, respectively) and/or the shear stiffness of the
sealing sheets, which influences the composite action [31]. Variants of
the FE model were made to evaluate the sensitivity to these properties:

• The nominal asphalt thickness (70 mm) was replaced with the
measured thickness (92 mm), assuming that the ratio of thickness
of the two asphalt layers is as for the nominal case.

• The nil shear stiffness of the sealing sheets was replaced with a
shear stiffness equal to that of the asphalt (real stiffness expected
in between the two variants [26]).

The results of the predictions with these variants showed that the
strains are insensitive to the asphalt thickness and sealing sheet stiffness
at a temperature of 30◦C, when the asphalt stiffness is negligible: the
maximum variation in strain was less than 1% and 8% for SG2 and
SG9, respectively. Additional local FE models were constructed with
more elements over the asphalt thickness, confirming the insensitivity.
A larger influence on strain was found at lower temperatures, especially
for SG9, but the effect on total fatigue damage of strain ranges at low
temperatures is marginal, as will be demonstrated in the next section.
7

4. Results of the traffic flow measurements

4.1. Distributions of temperature and transverse location

The previous section demonstrated that the strain depends on tem-
perature and transverse location of the tyre. Simulating traffic flow
therefore requires the distributions of these variables for the entire
traffic volume. These distributions are estimated from the strain gauge
measurements with the algorithm in Appendix.

The annual number of vehicles on the slow lane estimated with
that algorithm and with at least one single-tyre axle load 𝐹𝑎𝑥 exceed-
ing 45 kN or 60 kN was 0.94 million or 0.45 million, respectively.
The former number is used as an estimate of the annual number of
heavy vehicles 𝑁𝑂𝑏𝑠. Predictions with the influence lines of the two
measured locations and the WIM database demonstrate that the latter
group causes between 90% and 95% of the total theoretical fatigue
damage. Fig. 12(a) provides the Probability Density Function (PDF) of
the estimated (strain gauge (Appendix based) vehicles with 𝐹𝑎𝑥 > 60 kN
as a function of the temperature at which they were recorded. The
distribution using the temperature at the top of the asphalt (solid curve)



Journal of Constructional Steel Research 214 (2024) 108459J. Maljaars et al.
Fig. 11. Maximum strain divided by tyre load for SG7–9 according to the tests (dots) and the model (curves): (a) SG9; (b) SG8; (c) SG7. The effect of temperature is less
pronounced as compared to the minimum strain (Fig. 10).
Fig. 12. Probability Density Functions (PDF) of vehicles with 𝐹𝑎𝑥 > 60 kN estimated from the flowing traffic measurements: (a) As function of temperature, showing a larger
high-temperature tail for the asphalt compared to the steel deck; (b) As a function of the transverse location, with EN 1991-2 [57] giving a narrower distribution.
is comparable to that using the deck plate temperature (dashed curve),
but it has a larger tail with high temperatures. This is attributed to solar
radiation; a similar influence as obtained here is reported in [28]. The
solid curve in Fig. 12(b) provides the PDF of vehicles with 𝐹𝑎𝑥 > 60 kN
as a function of the estimated (strain gauge based) transverse tyre
location. This distribution has a standard deviation 𝜎 = 185 mm and
a skewness of 0.5. Ignoring the skewness, a Laplace distribution gives
a reasonable fit of the data (denoted with (185 mm). The dashed black
curve in the same figure gives the frequency of transverse location in
100 mm bins according to EN 1991-2 [57] (right ordinate). This distri-
bution is significantly narrower – 𝜎 = 100 mm – than the measurement
(dashed red curve, representing the measurement in bins).

4.2. Measured stress range spectra

Fig. 13(a) presents the stress range spectra of the year-around
flowing traffic measurement of SG2. The spectra are grouped in bins
of asphalt temperature. Fig. 13(b) gives the same data but normalised:
the cumulative number of cycles is divided by the recorded number of
8

vehicles at the same temperature range. As expected, higher tempera-
tures cause larger stress ranges. This is more pronounced for the deck
plate strain gauge SG9, see Fig. 13(c) (same temperature sensor).

4.3. Damage based on measurement and FE prediction

The theoretical fatigue damage is predicted to evaluate the impact
on fatigue, with the procedure explained in Section 2.5. Fig. 14 gives
the resulting damage values for SG2 and SG9. Whereas the damage
varies approximately linearly with temperature for SG2, the damage for
SG9 is dominated by the high temperatures. The damage contribution
of a vehicle at 50◦C is 4 orders of magnitude higher than that of the
same vehicle at −10◦C for SG9 and 1.5 order of magnitude – still
significant – for SG2.

The theoretical damage was also determined using the influence
fields determined by the FE model, as explained in Section 2.5. Table 5
presents the ratio between the theoretical damage predicted with the
model – using different assumptions – and the theoretical damage using
the measured stress spectra. The cases are ordered from the simplest
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Fig. 13. Stress range spectrum: (a) stress ranges 𝛥𝑠 versus cumulative number of cycles 𝑁𝑐𝑢𝑚 for SG2; (b) 𝛥𝑠 versus cumulative number of cycles divided by the number of heavy
vehicles 𝑁𝑐𝑢𝑚∕𝑁𝑜𝑏𝑠 for SG2; (c) 𝛥𝑠 versus 𝑁𝑐𝑢𝑚∕𝑁𝑜𝑏𝑠 for SG9. A vehicle causes higher stress ranges at high temperatures than at low temperatures.
Fig. 14. Theoretical, average damage per heavy vehicle and per temperature bin relative to average damage per heavy vehicle: (a) linear scale; (b) semi log scale. The damage
at 50◦C is orders of magnitude larger than that at −10◦C for SG9.
Table 5
Ratio between predicted damage using the FE model 𝐷𝐹𝐸 and the theoretical damage
using measured strains of the flowing traffic 𝐷𝑚𝑒𝑎𝑠.

Load modela Temperature Transverse location 𝐷𝐹𝐸∕𝐷𝑚𝑒𝑎𝑠

SG2 SG9

FLM4 ≥ 30◦C Most adverse 16 74
FLM4 ≥ 30◦C EN 1991-2 [57] 9.3 51
FLM4 ≥ 30◦C Measured (Fig. 12(b)) 8.8 42
FLM4 Measured (Fig. 12(a)) Measured (Fig. 12(b)) 5.5 2.9
WIM data Measured (Fig. 12(a)) Measured (Fig. 12(b)) 1.3 0.7

a Number of vehicles scaled to match the measurement: 0.94 million annually.

engineering approximation to closest to reality. The table shows that
the damage ratios reduce accordingly, with the latter values closest
to unity. The table further demonstrates the large influence on the
fatigue damage of all three parameters. Note that FLM4 contains a
level of conservatism, required to meet the reliability level set in the
Eurocodes [42].

5. Discussion

5.1. Estimates of temperature and transverse location

Table 5 demonstrates the importance of the temperature and the
transverse location. Measurements of temperature and transverse loca-
tion are usually not available for practical designs or assessments. One
then must rely on data from standards or literature.
9

As a simplification of the temperature-dependent asphalt influence,
some authors do not explicitly model asphalt but assume a disper-
sion of tyre patches through the asphalt layer with a slope of 1 to
1 [21,22]. The model in the current study demonstrates that this is
too optimistic at high temperatures. Detailed FE models of asphalt
on OBDs [64,65] confirm this finding. An accurate fatigue damage
prediction therefore requires a prediction of the number of vehicles as
a function of temperature. Several authors have provided estimates of
the steel temperature distribution, but the application is usually limited
to one bridge (or regional climate). As an exception, [64,66] propose
a model for the distribution of heavy vehicles over temperature, based
on the annually and daily fluctuating air temperature and radiation.
The black solid curve in Fig. 15(a) provides the PDF resulting from
this model. Compared to the measurements (red curves), the model
prediction appears not accurate; it overestimates the fraction of vehicles
at high temperatures. The grey dashed and dotted curves give the air
temperature 𝑇𝑎𝑖𝑟 during the year of study and the average of the years
2010–2020, respectively, as measured by the Dutch meteorological
institute in the bridge region [67]. The two grey curves are in close
agreement, indicating that the year of study has mean air temperatures.
These curves are close to the dashed red curve, i.e., the number of
vehicles per temperature of the deck plate can be estimated from the air
temperature distribution. However, radiation increases the upper tail
of the asphalt temperature distribution and it should be accounted for
to prevent non-conservative verifications. Differences between bridges
may be present due to variations in the temperature-dependent asphalt
properties, the composite action related to the sealing sheet stiffness,
the actual versus the nominal asphalt thickness, but also due to its age,
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Fig. 15. PDF of vehicles with 𝐹𝑎𝑥 ≥ 60 kN compared with distributions by others: (a) As a function of temperature, where De Jong [64] overestimates the fractions at high
temperatures; (b) As a function of the transverse location, with large differences between studies.
Fig. 16. Summed strains at the rib bottoms: (a) SG1–3 during summer night; (b) SG1–3 during winter night; (c) SG34/35/37 during summer night; (d) SG34/35/37 during winter
night. Except for subfigure (d), the average summed strain is higher at 20 km/h than at 80 km/h, attributed to dynamic interaction between OBD and vehicle.
because ageing increases asphalt stiffness [68], whereas asphalt fatigue
may reduce it [69]. Comparing the studies [13,15,23,25–31,70], the
influence of temperature reduces (or is even negligible) for thicker deck
plate and thinner asphalt layers and vice versa.

With respect to the transverse location, most studies assume a Gaus-
sian distribution with a standard deviation either taken from standards
or measured and ranging between 150 and 275 mm [36,41,71–73]
(denoted as  (150–275 mm)). Yan et al. [51] uses a different dis-
tribution, with a distinct peak and heavy tails. Blab [74] proposes
a Laplace distribution with a standard deviation between 100 and
200 mm ((100–200 mm)). Fig. 15(b) gives the range of distributions,
showing large differences between studies. Using the algorithm in Ap-
pendix, this study reveals that the distribution correlates with axle load.
A subset with 45 kN ≤ 𝐹𝑎𝑥 ≤ 60 kN gives a multi-mode distribution
with a larger standard deviation than the subset 𝐹𝑎𝑥 > 60 kN (210 mm
versus 185 mm). The relatively narrow distribution of the latter subset
is attributed to the uniformity in axle width for heavy vehicles and
to asphalt rutting, causing heavy vehicles to automatically follow the
track. The dependency on the vehicle load of the transverse location
distribution has not been recognised by the studies mentioned above
and it might be a cause of the large variation in standard deviations
reported.

5.2. Dynamic vehicle–bridge interaction

The influence of vehicle speed on OBD strains appears non-
negligible. Section 3.1 already showed the effect of the strain rate de-
pendency of the asphalt Youngs modulus. Fig. 16 provides the summed
maximum strains of the rear axle of the single vehicle tests of SG1–3
10
and SG34/35/37, respectively, as a function of the transverse location.
In addition to scatter, the figure demonstrates a lower summed strain
at high-speed compared to low-speed crossings, except for subfigure
(d). This is not likely the result of asphalt stiffness, because the asphalt
contributes only marginally to the elastic section modulus of the bottom
of the ribs in longitudinal direction. Dynamic interaction between the
vehicle and the OBD appears important. The deck vibrates due to
vehicle crossing and with the vehicles used in the tests, it appears
that the troughs of the vibrations coincide with the peaks of the
static part of the response. This is observed both at low and at high
speed, but the deck vibrations are larger at high speed, Fig. 17. The
observation applies to all studied temperatures. As for the rear axle,
the vibration troughs coincide with the peaks for the front axle but it
is the opposite for the traction axle, which is an additional explanation
for the underestimation of the strain of that axle with the model in
Fig. 6. These findings are expected to be vehicle and speed specific.

Similar to the current study, strains in OBDs were measured during
crossings of known vehicles at different speed in [21,22,37,61–63,70].
The strain differences between low and high-speed crossings ranged
between negligible and > 20%. The effects were either attributed to
asphalt stiffness or to dynamic interaction, but not to both causes,
which makes it difficult to separate their contributions. However, the
collected data from literature and the current study make clear that the
dynamic amplification is a random factor that is different per crossing
axle.

The harmonic vibration of the deck at crossings with 𝑣 = 80 km/h
has an amplitude of maximum 0.15 times the peak strain for the
location 4.5 m from the expansion joint (and approximately half the
value for the location 28 m from the expansion joint). The correspond-
ing Coefficient Of Variation (COV) of the amplification is 0.15∕

√

2 =
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Fig. 17. Measured strains of two single vehicle tests with harmonic vibration highlighted: (a) at 𝑣 = 20 km/h; (b) at 𝑣 = 80 km/h. Red dots represent identified troughs of the
harmonic vibration and blue dots are intermediate troughs estimated from periodicity. The estimated blue troughs coincide with the rear axle peaks of the static response.
−
p
t

b
1
b
v
m
s
v

e
c
i
(

a

0.10. This is used as an estimate of the dynamic factor. Its influence
on the fatigue damage is estimated by multiplying each stress range
predicted with the model and the WIM database with a random factor
following a lognormal distribution with a mean of 1 and the COV of
0.10. The resulting fatigue damage is only 8% higher than the damage
without the random factor. This is equivalent to a constant dynamic
amplification factor applied to all stress ranges of 1.02. The factor is
much smaller than the dynamic amplification factor of 1.2 implicitly
incorporated in FLM4 of EN 1991-2 [57] and the additional factor
of 1.08 at 4.5 m from the expansion joint. The factor of 1.75 and
its reduction to 1.15 for details other than joints – provided justified
by proof – as given in AASHTO [75] also appears conservative for
fatigue design of OBDs. Finally, the amplification factors following from
this and other measurement studies are smaller than estimates from
computer simulation in [16,36].

5.3. Model uncertainty (MU)

The MU is estimated by dividing the measured strain of the single
vehicle tests by the predicted strain using the FE model for the same
scenario (temperature, load and transverse location). To separate the
MU and the dynamic effects, the measured strains are first corrected
by subtracting the estimated harmonic vibration (with an amplitude of
15% of the peak value). It then appears that the engineering model is
able to predict the strains with reasonable accuracy: the MU is between
0.75 and 1 for most of the measurements with relatively high strain
ranges. Additional data are available from other OBD studies, with the
MU obtained from their data in a similar way as here:

• The MU based on 24 measurement locations was 0.98 on average
with a SD of 0.04 in [76].

• The model underestimated the strain with approximately 10%
in [26] for the lowest vehicle speed (giving the highest strain
level), but the deviation was larger for higher speeds.

• In [36], the stress at the rib bottom was 2 MPa lower in the tests
compared to the model, adding up to a MU of 0.87 because of the
low stress level. The deck plate strains were significantly different
in that study, attributed to the absence of asphalt in the FE model.

• Liu et al. [28] show a good agreement between measured and
predicted strain, but it is unknown if the example given in their
study is representative of all data.

• Zhu et al. [21] report a good agreement between test and model,
but numbers are not given.

However, some of these studies used more detailed models than typ-
ically observed in engineering practice, or they used data that are
generally not available to engineers (such as the stiffness properties
of the specific asphalt mixture applied). In addition, it is unknown if
models in these studies were adjusted after the measurement, based
on its results. Further, the effect of dynamics – which is considered
11
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separately here – is unknown for studies without crawling vehicle tests.
This makes that the data should be treated with caution.

Despite these unknown factors or shortcomings, as a general trend,
the MU data of the current study and that of the literature are close
to the bounds of the MU distributions set in international guidelines.
The JCSS probabilistic model code [47], as an example, recommends
a MU with a mean of 1 and a standard deviation of 0.1 for global
stress, further multiplied with a second MU with a mean of 1 and a
standard deviation of 0.2 for hot-spot stress. The model deviations of
OBDs are larger than those of other fatigue-sensitive (bridge) structures,
see Section 1, attributed to the complicated load transfer in OBDs.
However, as pointed out by the large differences in damage in Table 5,
engineering assumptions for asphalt stiffness, temperature, transverse
location, and load model are usually conservative, causing conservative
damage estimates.

6. Conclusions

Strains predicted with an engineering FE model have been com-
pared with measured strains in an OBD. The measurements were car-
ried out with a single vehicle with known load at various temperatures
and transverse location and with flowing traffic during one year of
normal bridge operation.

The asphalt significantly influences the strains in the OBD for the
two measured details. It causes the load to be shared between adjacent
ribs (relevant to the rib bottom) and it influences the deck plate bending
stiffness between the rib webs (relevant to the rib-to-deck weld). The
asphalt stiffness depends on temperature and strain rate. For the deck
of study (deck plate thickness of 12 mm, nominal asphalt thickness of
70 mm), the average theoretical fatigue damage caused by a vehicle
is more than 15 times higher at 𝑇𝑎𝑠𝑝ℎ𝑎𝑙𝑡 > 40◦C compared to 𝑇𝑎𝑠𝑝ℎ𝑎𝑙𝑡 <
5◦C for the rib bottom location. This ratio is even > 104 for the deck
late location. The ratios will be lower for thicker deck plates and
hinner asphalt surfaces.

The transverse location of the fatigue relevant, heavy vehicles can
e approximated by a Laplace distribution with a standard deviation of
85 mm. This distribution is narrower than that of all vehicles, caused
y asphalt rutting and the uniform transverse wheel distance of heavy
ehicles. The distribution incorporated in the Eurocode fatigue load
odels appears too narrow and the distributions used in most other

tudies are too wide, the latter attributed to ignoring the influence of
ehicle load.

Deck vibrations caused by vehicles amplify or reduce the static load
ffect. The effect can be considered as a random load factor with a mean
lose to 1. The constant dynamic amplification factor of 1.2 implicitly
ncorporated in the Eurocode fatigue load models is too conservative
however, conservatism is required for meeting sufficient reliability).

Strains in an OBD can be predicted with reasonable accuracy using
n engineering FE model. The MU is close to the bounds set by

nternational guidelines for a given load scenario and asphalt stiffness.



Journal of Constructional Steel Research 214 (2024) 108459J. Maljaars et al.

n
w
s

H
c
m
e

C

(
S
–
S

D

c
i

D

A

A

m
p
o
c
e
t
a
d
a
C
t
t
s
p
t
3
a
i
j

t
W
w
s
l
2
I
s
d
o
t
i
e

S
S
v
t
s
3
n
a
d
t
l

Fig. A.18. Time intervals between passing axles of the raw WIM database. A negligible
umber of vehicles have a time interval smaller than 𝛥𝑡 = 0.8 s with their predecessor,
hereas the interval between the first and last axle of a single vehicle is almost always

maller than 𝛥𝑡 = 0.8 s.

owever, the damage prediction highly depends on the engineering
hoices of asphalt stiffness, transverse location distribution, and load
odel. Engineering assumptions usually result in conservative damage

stimates.
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ppendix. Algorithm for the transverse location

To compensate for the influence of thermal expansion, the 10-
inutes mode of the strain was subtracted from the strain signal
rior to rainflow counting. Whereas this had a negligible influence
n the strain spectra, it implied that axles of heavy vehicles were
learly distinguishable by peaks (or troughs) in the strain histories. To
stimate the number of heavy vehicles 𝑁𝑜𝑏𝑠, an algorithm is needed
hat determines if a peak (or trough) is related to the first axle of

new vehicle or caused by a subsequent axle of a single (already
etected) vehicle. To this end, the time intervals between subsequent
xles passing the WIM station were evaluated. Fig. A.18 gives the
umulative Distribution Function (CDF) of the time intervals between
he first axles of subsequent vehicles (black) and between the first and
he last axle of each vehicle (grey). A criterion of 𝛥𝑡 = 0.8 s between
ubsequent peaks (or troughs) was applied to distinguish the first axle
er vehicle from other axles: more than 99% of the vehicles has a
ime interval with their predecessor exceeding 0.8 s, whereas less than
% of the vehicles have a time interval between the first and last
xle exceeding 0.8 s. Raw WIM data were used for the time intervals,
mplying that the data contain both normal speed and low speed (traffic
am) crossings.

Subsequently, a criterion is required to determine if a peak (or
rough) in the signal belongs to a heavy vehicle. The first axle of the

IM-recorded heavy vehicles with a speed larger than 30 km/h – for
hich the WIM data are reliable – has a mean axle load of 58 kN with a

tandard deviation of 11 kN. The 90% exceedance fraction of the axle
oad of the first axle is 45 kN. This axle load – hence a tyre load of
2.5 kN – was used to distinguish heavy vehicles from other vehicles.
rrespective of temperature and for almost all transverse locations, the
um of the strains of SG1–3 per unit tyre load of the first axle as
etermined with the single vehicle tests (Section 3.1) is 4.6 ⋅ 10−6/kN
r slightly higher. A peak in the signal was therefore associated with
he front tyre of a new vehicle if the time interval with the previous
dentified vehicle exceeds 0.8 s and if the sum of the strain of SG1–3
xceeds 105 ⋅ 10−6.

The transverse location was estimated by the ratio of strain of
G1–3. The single vehicle tests during the winter night described in
ection 3.1 were used to establish the relationship because the trans-
erse location of the vehicle was recorded more accurately in these
ests compared to the summer tests. Fig. A.19(a) gives the ratio of
train of each of the gauges SG1–3, 𝜀𝑖, and the average strain of SG1–
, 𝜀𝑎𝑣, as a function of the recorded transverse location of the winter
ight tests, revealing a clear correlation between the strain gauge ratios
nd the location. Based on this, the algorithm given in Fig. A.20 was
eveloped for estimating the transverse location. Fig. A.19(b) provides
he estimated location using the algorithm, 𝑦𝑝𝑟𝑒𝑑 , and the measured
ocation, 𝑦, of all tests. A high coefficient of determination results: 𝑅2 =
Fig. A.19. Estimate of the transverse location: (a) Relation between measured transverse location and relative strains of gauges SG1–3, used to establish the algorithm of Fig. A.20;
(b) Measured transverse location versus transverse location predicted with the algorithm of Fig. A.20. A high coefficient of determination equal to 𝑅2 = 0.99 results.
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Fig. A.20. Flowchart to predict the transverse location, where 𝑡𝑐𝑢𝑟 and 𝑡𝑝𝑟𝑒𝑣 are the times of the current and previous peak, respectively.
.99. The distribution of the transverse location of the flowing traffic
as determined for vehicles crossing at a deck temperature between
.5◦C ≤ 𝑇 ≤ 7.5◦C, similar to the winter night tests and amounting to
0% of 𝑁𝑜𝑏𝑠.
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