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Abstract. Extremely heavy vehicles are becoming more common on European highways due to the increasing demand 
for transport of heavy goods. These vehicles require permits from the road authorities to travel over a specified route. 
The authorities must ensure the bridge infrastructure remains safe when traversed by these very heavy vehicles and an 
escort is typically used to reduce loading in long-span bridges. In the case of short- and medium-span bridges, the close-
ly spaced axle’s forces of cranes form a critical traffic load configuration that must be carefully assessed before granting a 
permit. In this paper, the parameters of a 3D vehicle-bridge interaction model are varied using Monte Carlo simulation 
to find the dynamic increment in the bridge response due to large cranes. A number of bridge spans, simply supported 
and fixed, and road conditions (with and without a damaged joint prior to the bridge) are tested and the bridge response 
is compared to conventional 5-axle trucks. 
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1. Introduction

Previous research has shown that site-specific traffic mod-
elling allows more accurate bridge assessments and large 
reductions in characteristic loading effects calculation 
compared to deterministic load models found in design 
codes (O’Connor, Eichinger 2007). Recent improvement 
in Weigh-in-Motion (WIM) technology provide the road 
authorities with the tool necessary for assessing bridges 
on existing road networks (OBrien et al. 2008a). The fre-
quency of extremely heavy vehicles is becoming increas-
ingly important, with gross weights in excess of 100 tonnes 
being recorded daily at some sites (OBrien et al. 2008b). 
These vehicles are either large (mobile) cranes with very 
closely spaced axles or low loaders with much longer 
wheelbases. Even though they could be expected to have 
special permits and escort vehicles, they are found mixed 
with normal traffic and travelling close to the speed limit. 
There are a lot of theoretical investigations and experi-
mental records on bridge dynamics due to traffic, but 
they are mainly focused on normal vehicle types such as 
2- or 5-axle trucks (Harris et al. 2007; Lee et al. 2009). 
The aim of this paper is to address the bridge dynamics 
induced by crane type vehicles and how they compare to  
5-axle articulated trucks for a variety of span lengths and 
road conditions. This information is of relevance to the 
road authorities giving permits to special heavy vehicles 
to drive along a specified route, and they must ensure that 
bridges will not suffer damage due to the passage of these 

abnormal traffic loads. This investigation focuses on the 
dynamic contribution of daily max crane-trucks using 
WIM records. Although most of the analysis is related to 
simply supported bridges, the dynamics of frame structure 
bridges with fixed supports are also discussed. The latter 
can be assumed to be an approximation for short spans 
of an integral form (culvert type). The possibility of a lo-
cal damage adjacent to the expansion joint is considered 
here due to their frequent occurrence prior to the bridge 
(Kim et al. 2004; Lima, Brito 2009). Monte Carlo simula-
tion is applied to the parameters of a 3D vehicle-bridge 
interaction (VBI) model to obtain bending moment ef-
fects for a wide range of vehicles with different mechanical 
characteristics, pavement conditions, expansion joints and 
bridge spans.

2. Selection of vehicle configuration

Vehicle data was recorded using a WIM system near Woer-
den in the Netherlands in 2005. There are 77 weekdays for 
which a full record is available, giving a total of 546 448 
measured vehicles. Photographs from a roadside camera 
provided useful evidence to support the identification and 
classification of vehicle types. A significant feature of the 
gathered data is the high population of extremely heavy 
vehicles – cranes and low loaders – with a total of 892 ve-
hicles in excess of 70 t, daily occurrences of vehicles over 
100 t, and a recorded max of 165 t. Low loaders are charac-
terized here by a group of closely-spaced axles at the front 
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masses joined to the road or bridge surface by spring-
dashpot systems, as shown in Fig. 2. Each axle is repre-
sented as a rigid bar with lumped masses at both ends that 
correspond to the wheel and suspension masses.

The general equation of motion to be solved for each 
vehicle is given by Eq(1):

	 ,  	 (1)

where Mv, Cv and Kv – the vehicle mass, damping and stiff-
ness matrices respectively; zv – a vector containing the 
degrees of freedom of the vehicle; vector Fv(t) contains 
the external forces applied to the system (Cantero et al. 
2010). As cranes do not include a hinge, they are a spe-
cial case of Fig. 2 with multiple tractor axles but no trailer. 
The vehicle model assumes constant speed, a tyre-ground 
point contact, vertical vehicle forces and linear stiffness 
and damping elements. Similar vehicle models have been 
widely used for modelling VBI (Green, Cebon 1995). Lon-
gitudinal wheel spacing, axle load distribution and speed 
of the vehicle models being tested are directly obtained 
from the recorded WIM data (Table 1), whereas 2 m trans-
verse wheel distance is assumed. Tables 2 and 3 give other 
parameters adopted from the literature and the statistical 
variability assumed for their use in Monte Carlo simula-
tions. For the 5-axle trucks, the type of drive suspension 
was assumed to be: air for 10% of the vehicles and steel for 
the remaining 90%; whereas an even distribution of air to 
steel suspension was assumed for trailer axles. Values of 
the suspension parameters are based on the analysis of 61 
heavy vehicle suspensions by Fu and Cebon (2002). Tyre 
stiffness for drive and trailer wheels on 5-axle trucks is 
doubled, since articulated vehicles usually present double 
wheel configurations on these axles. The moments of in-
ertia are calculated assuming a uniform mass distribution 
along the vehicle. The standard deviation of speed was in-
creased with respect to recorded WIM values by 1.24 and 
1.65 for 5-axle trucks and cranes respectively to cover for a 
wider range of speeds.

of the vehicle, followed by a gap of about 10 m and another 
group of axles at the rear. On the other hand, all axles on 
cranes are closely-spaced, and this concentration of weight 
over a much shorter wheelbase tends to produce higher 
bending moments on short to medium span bridges. Fig. 1 
shows an example of a 5-axle truck and a typical crane. 
The 9-axle crane-truck in Fig. 1b has a gross vehicle weight 
(GVW) of 110.6 t and a wheelbase of 14.85 m. Cranes are 
frequently accompanied by vehicles carrying ballast which 
have gross weights and axle layouts that are very similar to 
the cranes. 

The WIM data was employed to obtain the mid-span 
static bending moment for four bridge spans (7.5; 15; 25 
and 35 m), and daily max for 5-axle articulated truck and 
crane loading events were stored. This led to eight different 
lists of 77 vehicles, for which the mean and standard devia-
tions of the main recorded properties are shown in Table 1. 
These lists of 77 vehicles will be studied dynamically using 
a VBI model described in the section that follows.

3. Vehicle-bridge interaction model

3.1. Vehicle models
The 3D vehicle model used in this study consists of two 
major bodies, tractor and trailer, represented as lumped 

Fig. 2. General vehicle model: a ‒ side elevation; b ‒ cross-
section

a

b

a

b

Fig. 1. Examples of recorded vehicles: a ‒ 5-axle truck; b ‒ large 
(mobile) crane

Table 1. Overview of vehicles characteristics large (mobile) 
cranes

	 5-axle trucks Large cranes
μ σ μ σ

Number of axles 5.00 0.00 7.23 2.15
Gross vehicle weight, 
103 kg 49.87 3.72 84.34 19.40

Axle load, 103 kg 9.97 0.74 7.53 2.28
Min axle spacing, m 1.34 0.05 1.47 0.16
Axle spacing, m 3.07 0.14 1.90 0.17
Max axle spacing, m 5.77 0.57 2.94 0.75
Wheelbase, m 12.30 0.58 11.89 4.35
Speed, km/h 85.47 3.70 79.69 5.67
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Table 2.  5-axle trucks parameters and variability 

Mean value, μ Standard deviation, σ Min Max Reference
Tractor sprung mass, kg 7000 1000 5000 9000 Harris et al. (2007)
Steer axle mass, kg 700 100 500 1 000 Harris et al. 

(2007); 
Fu and Cebon 

(2002); 
Kirkegaard et al. 

(1997)

Drive axle mass, kg 1000 150 700 1 300

Trailer axles masses, kg 800 100 600 1 000

Moments of inertia 
increase, % 0 25 –50 50

Steer suspension 
stiffness, N/m 300 × 103 70 × 103 150 × 103 500 × 103

Fu and Cebon 
(2002)

Drive suspension 
stiffness (air), N/m 500 × 103 50 × 103 300 × 103 600 × 103

Drive suspension 
stiffness (steel), N/m 1 × 106 300 × 103 600 × 103 1.5 × 106

Trailer suspension 
stiffness (air), N/m 400 × 103 100 × 103 250 × 103 600 × 103

Trailer suspension 
stiffness (steel), N/m 1.25 × 106 200 × 103 1 × 106 1.5 × 106

Suspension viscous 
damping, Ns/m 5 × 103 2 × 103 3 × 103 10 × 103 Kirkegaard et al. 

(1997)

Tyre stiffness, N/m 735 × 103 200 × 103 500 × 103 1.5 × 106
Harris et al. 

(2007); 
Wong (1993)

Tyre damping,  Ns/m 3 × 103 1 × 103 2 × 103 10 × 103 Kirkegaard et al. 
(1997)

Fifth wheel distancea, m 0.65 0.10 0.50 1.30 Harris et al. (2007)
Suspension offsetb (steer 
and trailer axles), m 0.10 0.05 0.08 0.30

Kirkegaard et al. 
(1997)Suspension offset (drive 

axle), m 0.50 0.05 0.35 0.60

Note: a  ‒ gap between the articulation and rear axle of tractor;  b  ‒ distance between the wheel and the suspension support on the axle

Table 3. Crane type vehicles parameters and variability

Mean value Standard deviation Min Max Reference
Axle mass, kg 700 300 500 1000 Harris et al. (2007)
Moments of inertia increase, % 0 25 –50 50
Suspension stiffness, N/m 4 × 106 80 × 106 3 × 106 160 × 106

Li (2005)
Suspension damping, Ns/m 20 × 103 7.5 × 103 15 × 103 30 × 103

Tyre stiffness, N/m 1 × 106 500 × 103 700 × 103 1.8 × 106
Lehtonen et al. 

(2006); 
Wong (1993)

Tyre damping, Ns/m 5 × 103 3 × 103 2 × 103 10 × 103 Lehtonen et al. 
(2006)

3.2. Bridge model
The bridge is modelled as an orthotropic thin plate follow-
ing Kirchhoff ’s plate theory using the finite element tech-
nique for rectangular C1 plate elements with four nodes 
(Rowley 2007). The element has four degrees of freedom 
at each node, namely one vertical displacement, two rota-
tions and one torsion, adding up 16 degrees of freedom 
per element. Compared to the standard Kirchhoff plate el-
ement, this plate element contains one additional degree of 
freedom per node, included to prevent the discontinuity of 

the slope along the edge of the elements. Bridges with two 
boundary conditions are analysed: simply supported and 
fixed ends. The thickness and density of the plate elements 
are adjusted to represent the second moment of area and 
the distribution of mass of a typical bridge cross-section 
for each span under investigation. Five different concrete 
bridges have been modelled and their properties are listed 
in Table 4. Typical values of Young’s modulus in the lon-
gitudinal direction of 3.5 × 1010 N/m2, Poisson’s ratio of 
0.2, and a width of 11.3 m are assumed in all of them. The 
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properties for the shorter spans (7.5 and 15 m) are repre-
sentative of solid slab decks made of inverted T beams and 
in-situ concrete according Tarmac 2009: Prestressed Beams 
Technical Guide. The properties of the longer spans (25 and 
35 m) are based on beam-and-slab constructions, and they 
are modelled as orthotropic plates. The fundamental fre-
quencies are found in agreement with those recorded in 
experimental observations (McLean, Marsh 1998). A 3% 
damping was applied to all modes of vibration.

The general equation of motion of a particular plate 
bridge model is given by Eq (2): 

	 , 	 (2)

where Mb, Cb and Kb – the mass, damping and stiffness 
matrices respectively; zb(t) – a vector defining the motion 
of the plate nodes; Fb(t) contains the external forces ap-
plied to the bridge finite element model (Rowley 2007).

3.3. Road profile
The road profile is generated as a stochastic process de-
scribed by a power spectral density functions defined by 
ISO 8608:1995 Mechanical Vibration ‒ Road Surface Pro-
files  ‒  Reporting of Measured Data together with the in-
verse fast Fourier transform method described by Cebon 
and Newland (1983). Road classes A (very good), B (good) 
and C (average) are investigated in this paper. The profiles 
are passed through a moving average filter to emulate the 
tyre contact patch (Harris et al. 2007). An expansion joint 
is integrated within this road profile. When the expansion 
joint is assumed to be in a healthy state, then, the road pro-
file remains unaltered. But when the expansion joint is as-
sumed to be damaged, it is modelled as a bump of a total 
width of 30 cm: a 10 cm length of gradual decrease down to  
2 cm, a constant depression of 2 cm for another 10 cm 
and then, 10 cm of increase in height until reaching the 
road level (González et al. 2009). The 2 cm bump depth 
has been chosen following average values from expan-
sion joints surveys on road networks from Japan (Kim et 
al. 2004) and Portugal (Lima, Brito 2009). These bumps 
are located at 0.5 m from bridge support to account for 
the usual beam overhang. Fig. 3 gives the profile resulting 
from combining a sample class B road profile and a 2 cm 
deep bump.

Fig. 3. Example of randomly generated class B road profile 
carpet combined with 2 cm bump

3.4. Dynamic interaction algorithm 
An iterative procedure is employed to implement the in-
teraction between the vehicle moving at constant speed 
and the bridge given an uneven road profile (Green, Ce-
bon 1995). The steps involved in the iterative procedure 
are as follows:

calculate vertical forces −− Fv(t) for each vehicle due to 
motion over road profile using Eq (1); 
calculate vertical displacements of bridge (−− zb(t)) 
due to vehicles forces (Fv(t)) using Eq (2);
add bridge deformations (−− zb(t)) to the original pro-
file elevations (r(t));
recalculate vertical forces (−− Fv(t)) for the new profile 
(zb(t)+ r(t));
repeat steps 2 to 4 until a tolerance value is −−
reached.

In this paper, the stopping criterion is given by the 
relative difference in bending moment between two con-
secutive iterations becoming less than or equal to 0.1 %. 
Typically the solution takes 3 or 4 iterations. Note that 
this iteration process comprehends the complete solution 
in time for vehicle and bridge models for each iteration, 
whereas other alternative iterative procedures perform ite-
rations stepwise (Green, Cebon 1995), searching for the 
tolerance value in every integration time step. The VBI al-
gorithm described here was implemented using MatLab 
software. Each model, vehicle and bridge, can be solved in-
dependently and by means of different numerical integra-
tion schemes. The direct integration method Newmark-β 
is used to calculate vehicle responses over profiles. The pla-
te displacements due to the external loads are calculated 
by means of the exponential matrix method and approxi-
mating the forcing function as a piecewise linear function 
that leads to an explicit integration formula. The results of 

Table 4. Bridge models properties

Span,  
m

Boundary 
condition

Thickness,  
m

Density,  
kg/m3

Transversal 
Young’s 

modulus,  
N/m2 

1st longitudinal 
natural 

frequency,  
Hz

1st torsional 
natural 

frequency,  
Hz 

7.5 Simply supp. 0.45 2 400 3.50 × 1010 14.02 19.06
7.5 Fixed 0.45 2 400 3.50 × 1010 31.91 34.97
15 Simply supp. 0.85 2 400 3.50 × 1010 6.59 13.92
25 Simply supp. 1.40 1 800 1.40 × 1010 4.40 12.02
35 Simply supp. 1.80 1 400 1.25 × 1010 3.24 11.66
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the algorithm employed here were found to compare fa-
vourably with other alternative VBI procedures (González 
et al. 2008), and it was selected because of its computatio-
nal efficiency. 

4. Monte Carlo simulation

In this section, single vehicle events and meeting vehicle 
events are studied separately for bidirectional traffic bridg-
es. Each lane is 3.65 m wide with additional 2 m kerbs. 
Vehicles travel over a min road approach of 100 m before 
entering the bridge. Fig. 4 shows the paths of the wheels 
on the structure together with the location of the expan-
sion joints.

Static and total bending moments are studied at 3 
points along mid-span marked in Fig. 4. Dynamic ampli-
fication factor (DAF) is used to quantify the increase in 
load effect due to VBI and it is defined as the ratio of max 
total bending moment to max static bending moment ta-
ken into account the 3 points under investigation (i.e., the 
point holding the max moment may vary depending on 
the traffic loading event). 

4.1. Single vehicle events
The loading effects of the 77 different daily max vehicles 
(Section 2), for 2 vehicle types (5-axle trucks and cranes) 
are analysed for 4 simply supported spans (Table 4) with 2 
expansion joint conditions (healthy and damaged). Mon-
te Carlo simulation is used to cover for the large variabili-
ty in dynamic properties of a vehicle. Over 300 000 single 
vehicle events are simulated to characterise the mid-span 
bending moment statistically. The vehicle parameters 
are randomly sampled from normal distributions while 
maintaining the values within reasonable thresholds (Ta-
bles 1‒3). The road profiles are also randomly generated 
based on PSD functions recommended by ISO 8608:1995. 
Mechanical Vibration ‒ Road Surface Profiles ‒ Reporting 
of Measured Data for road classes A, B and C. The typical 
values of air and steel suspensions used for 5-axle trucks 
in the Monte Carlo simulation leads to the DAF values for 
a road class B shown in Fig. 5. Air suspensions originate 
smaller and less disperse dynamic effects on the bridge 
than steel leaf spring suspensions as expected given the 
“road-friendly” nature of softer suspensions according 
SAMARIS 2006: Guidance for the Optimal Assessment of 
Highway Structures.

Fig. 6 compares the mean DAF value for each of the 
77 articulated trucks and 77 cranes being tested when dri-
ven over a class B surfaces. It can be seen that 5-axle trucks 
generally generate higher dynamics as result of their ligh-
ter GVW and larger axle spacings. These results are found 
in agreement with prior experimental findings in SAMA-
RIS 2006 and ARCHES 2009: Assessment and Rehabilitati-
on of Central European Highway Structures.

Fig. 7 shows the standard deviation associated to the 
mean values in Fig. 6. This standard deviation appears to 
be smaller for crane type vehicles. Therefore, DAF is not 
only typically lower for crane-trucks than 5-axle trucks, 
but also less scattered.

Fig. 6. Mean DAF for vehicles over class B profiles and healthy 
expansion joint. Results for each span are surrounded within 
corresponding curve (dashed line)

Fig. 4. Plan view of bridge showing wheel paths (           ), expan
sion joints ( ) and moment locations under study ( )

Fig. 5. DAF for 5-axle trucks on simply supported 25 m bridge 
for class B road profiles and no bump prior to the bridge for 
trailer air ( ) and steel ( ) suspension

Fig. 7. DAF standard deviation for vehicles over class B profiles 
and healthy expansion joint. Results for each span are included 
in corresponding curve (dashed line)
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The dynamic increment (DI) due to the presence of a 
damaged expansion joint is defined here as the difference 
in DAF between the presence of a 2 cm bump due to defect 
in joint (Section 3) and the absence of a bump. Fig. 8 pre-
sents DI due to the bump for 5-axle trucks and cranes over 
class B road surfaces and four spans. Results show that the 
bump only has relevant influence on the mid-span ben-
ding moment of the shortest span (7.5 m), in particular 
for 5-axle trucks. The difference in DI values between ar-
ticulated trucks and cranes for the 7.5 m span is due to the 
longer wheelbases and pitch moments of inertia of cranes, 
thus being affected very little by local discontinuities on 
the pavement.

Similar trends in mean (µ) and standard deviation 
(σ) of DAF values are obtained for other road classes and 
expansion joints, and they are summarized in Table 5. As 
expected and indicated in DIVINE 1998: Dynamic Interac-
tion between Vehicles and Infrastructure Experiment, DAF 
increases with road roughness more significantly for shorter 

spans and 5-axle trucks. Only for 7.5 m spans the effect of a  
2 cm bump on DAF is relevant, and it is equivalent to have 
a poorer road class condition than the PSD may indicate. 
For longer spans than the 7.5 m bridge, the influence of the 
2 cm bump is not so important. It must be noted that in 
some special combinations of vehicle properties and road 
profile, the bump may have a favourable load effect that 
reduces the mid-span moment.

Cranes may govern the assessment of traffic load ef-
fects in short to medium simply supported bridges due to 
its large GVW distributed within very closely spaced axles. 
The results in this section have shown that the DAF asso-
ciated to cranes is considerably smaller and also less scat-
tered than the DAF associated to the more common 5-axle 
truck. 

Cranes may govern the assessment of traffic load ef-
fects in short to medium simply supported bridges due to 
its large GVW distributed within very closely spaced axles. 
The results in this section have shown that the DAF asso-
ciated to cranes is considerably smaller and also less varia-
ble than the DAF associated to the more common 5-axle 
truck. 

4.2. Meeting events 
Two or more heavy trucks can also meet on a two-
lane bridge leading to a critical traffic loading scenario 
(González et al. 2008). Three types of meeting events are 
modelled here to compare different traffic scenarios. Type 
I is defined as a typical situation of two heavy 5-axle trucks 
meeting on a bridge, type II refers to a 5-axle truck meet-
ing a crane (that could be avoided if appropriate escort is 
provided), and type III refers to an unlikely and hypothet-
ical two-crane event. Over 180 000 meeting events were 
generated using Monte Carlo simulation for a variety of 
spans, profile classes, expansion joints, meeting types, ve-

Table 5. Mean (μ) and standard deviation (σ) for DAF results from Monte Carlo simulation of single vehicle events

Span, m Vehicle type Standard 
value

No bump 2 cm bump
Profile class

A B C A B C

7.5
5-axle

μ 1.048 1.072 1.146 1.096 1.112 1.171
σ 0.043 0.075 0.151 0.070 0.096 0.162

Crane
μ 1.052 1.058 1.091 1.059 1.067 1.097
σ 0.036 0.052 0.098 0.037 0.054 0.096

15
5-axle

μ 1.036 1.048 1.086 1.035 1.045 1.082
σ 0.032 0.056 0.103 0.033 0.055 0.097

Crane
μ 1.021 1.030 1.057 1.020 1.028 1.057
σ 0.021 0.035 0.066 0.021 0.036 0.067

25
5-axle

μ 1.034 1.047 1.095 1.033 1.048 1.094
σ 0.031 0.045 0.084 0.030 0.046 0.087

Crane
μ 1.024 1.038 1.078 1.023 1.037 1.078
σ 0.021 0.035 0.067 0.022 0.037 0.067

35
5-axle

μ 1.040 1.064 1.129 1.041 1.067 1.133
σ 0.033 0.053 0.102 0.033 0.055 0.103

Crane
μ 1.025 1.046 1.099 1.027 1.049 1.105
σ 0.023 0.042 0.084 0.025 0.043 0.084

Fig. 8. Bump dynamic increment for vehicles on class B roads
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hicles, vehicle characteristics and meeting locations on 
the bridge. Fig. 9 shows the average DAFs for two vehicles 
meeting on a 25 m bridge. There is a clear trend of decreas-
ing dynamic excitation with increasing static load effect.

Table 6 presents mean and standard deviations of 
DAF values for all meeting events. The dynamic excitation 
increases with road roughness for every span and meeting 
event type, although DAF values are smaller for those me-
eting event involving heavier vehicles. These conclusions 

are consistent with previous experimental by SAMARIS 
2006 and ARCHES 2009, and simulated results (González 
et al. 2008). The influence of the bump in meeting events 
is in general much smaller than for single vehicle events 
(Table 5); and as for single events, it is only important for 
the 7.5 m span.

4.3. Influence of the bridge boundary conditions
All bridges in previous sections were simply support-
ed (SS), however, a significant proportion of short span 
bridges are frame constructions with a deck behaviour 
close to fixed end structures. For this reason, simulations 
are carried out here restraining rotations at both ends of 
the 7.5 m span bridge, and the results are compared to 
those obtained for the simply supported case for a road 
class B (Section 4.1). In the case of fixed-fixed (FF) bridges 
there is significant bending moment at mid-span, as well 
as at the supports, and both DAFs are evaluated. Fig. 10 
presents the mean DAF values for each single vehicle event 
separated in terms of bridge boundary condition (SS and 
FF), section under consideration (mid-span and support) 
and vehicle type (5-axle or crane truck). It can be seen 
how fixed structures prevent large dynamic oscillations, 
and DAF values found in fixed structures are considerably 
smaller than in the simply supported case. Furthermore, in 
the fixed structure, the DAF values and load effects at mid-
span are generally smaller than at the supports.

Table 6. Mean (μ) and standard deviation (σ) for DAF results from Monte Carlo simulation of meeting events

Span, m Meeting type Standard 
value

No bump 2 cm bump
Profile class

A B C A B C

7.5

type I
μ 1.024 1.034 1.071 1.069 1.074 1.093
σ 0.031 0.045 0.099 0.051 0.057 0.098

type II
μ 1.025 1.032 1.056 1.050 1.054 1.070
σ 0.029 0.042 0.074 0.040 0.051 0.081

type III
μ 1.030 1.032 1.054 1.036 1.041 1.057
σ 0.031 0.040 0.070 0.029 0.039 0.068

15

type I
μ 1.024 1.029 1.049 1.023 1.025 1.041
σ 0.028 0.041 0.069 0.027 0.045 0.074

type II
μ 1.022 1.026 1.048 1.021 1.026 1.044
σ 0.020 0.033 0.057 0.020 0.030 0.056

type III
μ 1.020 1.025 1.040 1.018 1.023 1.041
σ 0.019 0.030 0.053 0.017 0.028 0.053

25

type I
μ 1.023 1.030 1.061 1.027 1.032 1.053
σ 0.023 0.033 0.059 0.022 0.035 0.056

type II
μ 1.022 1.030 1.055 1.024 1.030 1.053
σ 0.016 0.026 0.050 0.017 0.026 0.048

type III
μ 1.020 1.028 1.051 1.020 1.027 1.049
σ 0.016 0.026 0.045 0.016 0.025 0.047

35

type I
μ 1.028 1.042 1.077 1.030 1.043 1.080
σ 0.024 0.040 0.070 0.024 0.038 0.072

type II
μ 1.022 1.036 1.066 1.024 1.035 1.072
σ 0.016 0.029 0.056 0.019 0.030 0.057

type III
μ 1.021 1.033 1.065 1.023 1.033 1.062
σ 0.016 0.026 0.048 0.018 0.028 0.049

Fig. 9. Average DAF values for meeting events over 25m span 
bridge without bump. Arrows indicate the range where specified 
meeting event types apply
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Fig. 11 compares the mean DAF values obtained for 
single and meeting vehicle events on a 7.5 m bridge with 
class B road roughness and two boundary conditions. 
DAF values decrease as load effect increases, being the fi-
xed bridge less sensitive to dynamic amplification than the 
simply supported structure.

4.4. Max total moment on the bridge
The max total bending moment due to a moving sprung 
model on a simply supported beam does not necessarily 
occur at mid-span (Cantero et al. 2009). A simple way to 
evaluate the difference between the actual largest bending 
moment (anywhere in the bridge) and the mid-span bend-
ing moment, is as a percentage of the latter, denoted here 
as γ. Fig. 12 presents γ values using the results of Monte 
Carlo simulation for types I and II meeting events. Even 
though large percentages are observed, the values decrease 
considerably with increasing static load. Similar trends are 
observed for other span lengths and traffic events. 

5.  Conclusions

This paper has investigated the dynamic amplifica-
tion of the bridge response due to the passage of 5-axle 
trucks and cranes for short to medium span lengths. 
Past investigations on the total response of 5-axle 

trucks have found that the heavier the truck mass, 
the larger the total load effect but generally the small-
er the increase in dynamic amplification. The passage 
of a crane is a far more critical loading situation than a  
5-axle truck for a single span due to its heavier and more 
concentrated load, but the dynamic amplification of a 
bridge caused by a crane has not received sufficient atten-
tion in the literature. The results in this paper have shown 
that the large mass and rigid configuration of the crane 
leads to a small dynamic excitation of the bridge com-
pared to the articulated 5-axle truck. The crane is also less 
sensitive to damaged expansion joints than the 5-axle ar-
ticulated truck. Four bridge span lengths have been tested 
(7.5; 15; 25 and 35 m) and the influence of a local discon-
tinuity due to a defect of the expansion joint has only been 
significant for the shortest span. Similar conclusions have 
been reached when considering two trucks meeting on the 
bridge; however DAF values for meeting events are gener-
ally smaller than for single vehicle events. Therefore, an 
accurate assessment of bridge safety  regarding the cross-
ing of a bridge by a large crane, should take into account 
an appropriate dynamic factor for a crane-type vehicle in 
single vehicle situations or meeting events.

For well maintained road surfaces (classes A and B), 
simulations suggest a DAF reference value of 1.05 when 

Fig. 12. Gamma values on 25 m span

type I events type II events

Fig. 10. Comparison of mean DAFs for 7.5 m span bridge and 
class B profile without bump

Fig. 11. Average DAF values for 7.5 m span bridge, subdivided 
into different vehicle fleets and meeting events (class B and no 
bump)
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assessing large cranes crossing simply supported spans 
between 7.5 and 35 m. This value of DAF can be defined 
more accurately based on the exact vehicle/s involved 
in the critical loading scenario under investigation, the 
bridge and the profile. If there was a damaged expansion 
joint, some additional dynamic allowance should be added 
for spans shorter than 15 m. Eurocode EN 1991-2 Actions 
on Structures – Part 2: Traffic Loads on Bridges necessari-
ly uses conservative DAF values of 1.27, 1.24, 1.2 and 1.16 
built in the traffic model  for two-lane 7.5, 15, 25 and 35 
m bridge spans respectively to cover for a wide range of 
scenarios. These DAF values are higher for one-lane brid-
ges, where the Eurocode applies 1.625 to the traffic load 
model for a 7.5 m span length, and 1.4 to the models for 
15, 25 and 35 m span lengths. This paper has shown that 
these values proposed by the Eurocode can be considera-
bly smaller in a situation of low dynamic excitation, such 
as a large crane travelling on a very good road profile over 
a short span bridge. 

When the response at mid-span section is taken as 
reference in simulations or measurements, it must be tak-
en into account that it may not be the section holding the 
highest bending moment. Therefore, the DAF results at 
mid-span should be increased by a small percentage that 
tends to decrease rapidly with increasing static load effect. 

It has been shown that the boundary conditions of a 
bridge play a fundamental role in its dynamic allowance. 
The bending moments of a 7.5 m frame structure bridge 
with fixed supports has resulted in considerably smaller 
DAF values than those associated to a 7.5 m simply sup-
ported bridge. Therefore, if the structure is fully restrained 
at the supports, the section at the support has shown to be 
a more critical location than the mid-span section, both 
statically and dynamically. 
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