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Abstract 

Most of the current research on dynamic amplification factors caused by traffic flow on 

a bridge has focused on bending moment effects. Although bending stresses often 

govern the requirements of the bridge section, sufficient shear capacity must be 

provided too. Shear stresses near the support are strongly influenced by damaged 

expansion joints and/or differential settlements between the bridge deck and the 

approach road. The latter is taken into account in this theoretical investigation to 

evaluate the dynamics associated with the shear load effect caused by heavy trucks and 

how it relates to the length of the bridge span.  
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1 Introduction 

 

Bridges are more likely to fail in bending than shear after significant plastic deformation 

has developed under excessive dynamic traffic load [1], and the most unfavourable 

scenario for bridge elements is the impact-like excitation of passing vehicles by singular 

irregularities. Brittle failure mechanisms such as shear failures are not so frequent, but if 

an accurate assessment is needed or if there are signs of cracking initiating close to the 

support, the applied shear force and structural shear strength will require immediate 

attention. Particular caution must be used when dealing with old bridge girders that may 

be lightly reinforced for shear following design specifications at the time [2].   

 

The roughness of the road profile is a major factor influencing the response of the 

bridge to a passing vehicle [3] as well as specific locations of bumps [4]. Increments 

with respect to the static response of 10% for smooth approach and deck conditions, 

20% for rough road profile with bumps and 30% for extreme conditions of high speed, 

short span (< 12m) and poor road profile are typical dynamic allowances used in the 

assessment of existing highway bridges [5]. Kim et al. [6] shows the best way of 

reducing dynamics effects due to a bump is by removing it. However, there are certain 

types of discontinuities that frequently appear on the road profile prior to a bridge, i.e., 

at the expansion joint. Either because expansion joints are frequently the weak point of 

bridges [7] and are easily damaged or because differential settlements occur between the 

bridge and the abutment, it is not rare to have a significant discontinuity at this location. 

Any step on the road surface influences the vehicle dynamics and subsequently the 
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bridge response. In [8-10], it can be seen how a single bump or ramp can be positioned 

in some critical location where the bridge response due to a moving vehicle will be of 

major significance. In [11], combinations of bump characteristic (i.e., height and length) 

and vehicle speed can result in very high dynamic effects. Despite the damping of the 

vehicle suspension that rapidly dissipates the vertical movements of the vehicle due to a 

bump, high impact forces occur near the start of the bridge [12], which are likely to 

produce high shear loading effects. 

 

Dynamic shear forces due to moving loads can be found in analytical studies [13-17]. 

However, only a reduced number of authors address the effects of dynamic shear forces 

in vehicle-bridge interaction (VBI) problems. Huang et al. [18] investigates the response 

of a horizontally curved bridge due to the crossing of a sprung vehicle model with fixed 

mechanical properties that represents the HL-93 truck as described in AASHTO 

specifications, and states that the shear forces are influenced more by higher modes of 

vibration of the bridge when compared to mid-span bending moment. In [19], this work 

is continued taking into account the road roughness and presenting simplified 

expressions for shear impact factors, being in general smaller than for bending moment. 

A similar conclusion was reached for high speed trains travelling at resonant speeds on 

Euler-Bernoulli beams [20].  

 

Bridge codes quantify the dynamic increment due to VBI through the application of a 

factor to the design static load effect. In AASHTO [21], a unique dynamic increment of 

30% is defined for any span shorter than 40m, and this dynamic increment decreases as 

span length increases for spans longer than 40m. The live-load model in AASHTO 
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LRFD [22] is made of a design truck and a design lane load, and a dynamic load 

allowance of 1.15 is specified for fatigue and fracture, and 1.33 for all other limit states 

to be applied only to the design truck. However, different values are specified for 

individual components of the bridge such as deck joints. 

 

The Eurocode [23] establishes different traffic load models with built-in dynamic 

amplification factors (DAFs) defined as the ratio of total to static load effect. The latter 

are based on dynamic factors obtained from numerical simulations and combined 

statistically with the static results to obtain the characteristic values for each load model 

[24]. For one-lane bridges, Eurocode uses smaller DAF values for shear than for 

bending moment. Up to 5m spans, there is a constant value of DAF for moment and 

shear given by 1.7 and 1.4 respectively. Then, DAF for moment decreases linearly from 

1.7 (5m span) to 1.4 (15m span), and it remains constant at 1.4 for spans longer than 

15m. DAF for shear decreases linearly from 1.4 (5m span) to 1.2 (25m span), and a 1.2 

value is employed for spans longer than 25m. For two-lane bridges up to 50 m span, 

built-in DAF values are based on a linear variation with span length L, as given by 

Equation (1), and they are the same for shear and bending moment. 

 

��� � 1.3 � 	.

�		 L  for �  50�     (1) 

 

Furthermore, an additional DAF is recommended near expansion joints, ∆φ (Equation 

(2)) and applied to all loads in the fatigue limit state.  

 

∆� � 1.3 �1 � �
���  for ∆� � 1     (2) 
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where D is the distance in meters of the cross-section under consideration from the 

expansion joint. 

 

Brüwler and Herwig [1] calculate the ultimate limit state DAF values according to two 

different failure modes, significant- and small-deformation capacity. For bending 

moments and displacements, significant deformations occur, yielding to plastic response 

of the structure and increasing the dissipation capacity of the element, inferring that no 

amplification factor is needed (DAF = 1). However, for failure modes with small 

deformation capacity, such as due to shear forces, no sufficient dissipation capacity is 

available and DAF values are suggested according to span length (Figure 1).  

 

Figure 1: Dynamic amplification factors for failure modes with small deformation [1] 

 

Shear is going to be influenced by torsion and transverse modes of vibration, which will 

become more important in skewed and curved bridges. For I-girder curved bridges with 

less than two continuous spans, span lengths between 15.24 and 60.96m, radii between 

60.96 and 304.8m and 6 or less girders, AASHTO [5] proposes DAF values of 1.3 for 

shear, 1.25 for moment in longitudinal girders, 1.40 for torsion in longitudinal girders 

and 1.20 for moments in slab. In the case of curved box girders, those AASHTO 

recommendations [5] vary with span length and radius, and DAF values are between 

1.173 and 1.215 for shear, between 1.240 and 1.320 for primary bending moment, and 

between 1.260 and 1.308 for torsion. Huang [19] uses 3D VBI models and field results 

to show that the DAFs for torsion in curved box girder bridges increase more rapidly 
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with vehicle speed than moment, shear, or deflection. However, the smaller the radius 

of curvature, the smaller the maximum allowable speed, and hence, moment, shear, and 

deflection impact factors for curved bridges are normally smaller than those 

corresponding to straight bridges. He finds AASHTO recommendations for DAF of 

shear in curved box girder bridges to be too conservative and he proposes 1.16 and 1.20 

for vertical shear and bending moment respectively. It must be noted that DAF values 

for critical loading cases of continuous structures are typically smaller than for single 

span structures. 

 

The general expressions for DAF shear at the support in Equations (1) and (2) do not 

allow for different vehicle types or conditions of the expansion joint  (larger bumps will 

cause higher impact forces and dynamic amplification of shear). The influence of the 

expansion joint and the profile on DAF is strongly related to the bridge span (In a 

critical traffic loading event, long span bridges allow for many axles simultaneously on 

the bridge, and while some of these axles may be highly excited by a bump, the 

vibrations of the remaining axles will have damped out considerably, leading to smaller 

DAFs than short span bridges). It is the aim of this paper to evaluate the DAF for shear 

at the support as function of the bridge length for single and multiple vehicle events 

travelling over smooth and rough road profiles with three conditions of the joint at the 

support: healthy, a 2cm bump and a 4cm bump. Furthermore, Weigh-In-Motion (WIM) 

records have shown that extremely heavy vehicles, such as cranes, are becoming more 

and more frequent in normal traffic [25]. As a result, these extreme vehicles appear to 

govern the critical traffic load effects of many simply supported short to medium span 
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bridge sites, and their effect on the dynamic component of the bridge response is subject 

of investigation here.  

 

This article is a substantially extended and revised version of a paper presented at Civil-

Comp [26]. In the latter, the dynamic effects of large cranes on the shear load effect in 

short to medium span bridges were compared to typical 5-axle articulated trucks using 

planar VBI models. In the current paper, the number of spans under investigation is 

increased, the analysis of shear is performed for each support independently, the 

dynamic increment of bending moment at mid-span associated to each shear result is 

included for comparison purposes, and shorter spans where the differences between 

shear and bending moment are greater are analysed in more detail. Shear and bending 

load effects are obtained for a wide range of VBI parameters varied using Monte Carlo 

simulation. The condition of the expansion joint is modelled according to inspection 

surveys and the properties of the vehicles are randomly sampled from distributions that 

adequately represent actual highway traffic.  

.  

2 Simulation Model 

 

From a static point of view, a moving load will cause highest shear and bending 

moment at the supports and the mid-pan section respectively of a simply supported 

beam. The dynamic amplification of  shear and bending stresses are calculated at these 

locations using the combined method outlined by Frỳba [13]. The coupled vehicle and 

bridge system is solved using the Wilson-θ integration scheme [27]. A description of the 

vehicle, bridge and road profile models used in the simulations follows. 
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2.1 Vehicle 

The vehicle models are represented as lumped masses joined to the road or bridge 

surface by spring-dashpot systems that simulate the suspension and tyre responses. 

Figures 2a and 2b show sketches of the 5-axle truck and crane models respectively. The 

main difference between both models is the presence of a hinge in the articulated truck 

allowing it to be more flexible than the crane. In addition, the number of axles, spacing 

and loads are different for both models. The vehicle responses are obtained using a 

planar model following Cantero et al. [28], that present the equations of motion for a 

general articulated road vehicle, with variable numbers of wheels for the tractor and 

semitrailer. Similar vehicle models have been widely used in the literature representing 

VBI with a reasonable degree of accuracy [29-31].  

    

Figure 2: Vehicle model sketch: a) 5-axle truck; b) Crane (all dimensions in m) 

 

The parameters of the 5-axle truck have been chosen to represent a typical European 

heavy truck [32, 33]. For the 9-axle crane, body masses, axle spacings and loads are 

based on crane manufacturer specifications and WIM data, while other parameters such 

as suspension and tire properties have been taken from the literature for a similar 

vehicle by Li [34] and Lehtonen et al. [35] that provide results from extensive 

experimental tests. The dynamic properties and statistical variability used in the Monte 

Carlo simulations are summarised in Table 1 for both vehicles. 

 

Table 1: Truck and crane mechanical parameters 
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2.2 Beam 

In a real 3-dimensional situation, shear will also depend on twisting moments and it is 

going to be more important at the edges and near discrete support locations than for 

other transverse locations. Nevertheless, a beam model can provide a useful insight into 

the mechanisms triggering the dynamics of shear in straight non-skewed bridges with 

predominant longitudinal bending. In this paper, the bridge is modelled as a simply 

supported Euler-Bernoulli beam of length L with an overhang of Le as shown in Figure 

3, and constant cross section and mass per unit length. Although some studies [15, 39] 

recommend the use of Timoshenko beams to take into account shear deformation, shear 

deformation is generally not very significant in typical short- and medium-span bridges 

[40] and in this case, Esmailzadeh and Ghorashi [41] show that for simply supported 

beams there is good agreement in responses for both formulations. Some researchers 

point out that shear analysis requires a large number of modes of vibration compared to 

displacement or moment to converge to the static response at the discontinuities [42-

44]. However, the approach presented by Frỳba [13] is used in this paper, where the 

stresses are calculated using the combined method, that splits the calculation into a 

quasi-static component and an inertial component, which converges to the solution 

rapidly. The quasi-static component refers to the contribution of the vehicle forces to a 

given load effect. The latter is given by the sum for all axles on the bridge of the 

products of each axle force (static + dynamic) by the corresponding ordinate of the 

influence line for the load effect being sought. The inertial component here refers to the 

contribution to load effect that comes from the bridge’s mass in motion. Only 6 modes 

of vibration are included in the VBI model presenting no significant difference when 



10 

more modes were considered. If the vehicle model consisted of moving constant loads 

(i.e., if vehicle dynamics were ignored), the quasi-static and inertial components of the 

response will be equal to the static and dynamic components respectively.   

 

Figure 3: Bridge model 

 

Table 2 summarises properties for the bridge spans tested in the simulations. These 

properties are based on bridge cross-sections made of T beams, Y beams or Super-Y 

beams depending on the bridge span [45]. Bridge responses are simulated for a total of 

53 spans (values are interpolated for those spans not included in Table 2). Young's 

Modulus of 3.5x1010N/m2 and 3% viscous damping factor (ξ, as defined by the 

logarithmic decrement of damping in Equation (3)) are adopted for all bridge spans. 

 

         
N

uun

πξ

ξ

2
ln

1
1

2

−
=

−
 (3) 

 

 

where N is the number of oscillations in free vibration between two non-consecutive 

peak displacements (un and u1).  

 

Table 2: General characteristics of the bridge models 

 

These models assume that the influence of the foundation, soil and bearing 

compressibility on the bridge response is negligible and that the superstructure can be 

analyzed in isolation from the substructure. In the case of neoprene pad supports, 
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Memory et al. [46] have found that their stiffness hardly affect the fundamental 

frequency of a beam. Therefore, the results here only refer to good foundations and well 

maintained stiff bearings.  

 

2.3 Road Profile and Damaged Expansion Joint  

The profiles are generated as a random stochastic process described by a power spectral 

density (PSD) function as specified in the ISO recommendations [47] for each spatial 

frequency Ωi and road class. Road classes can be varied from ‘A’ (very good) to ‘E’ 

(very poor), although well maintained highway pavements are assumed in this paper 

and only class ‘A’ profiles are employed.  The road surface irregularities, r(x), are 

generated as a function of distance x from the left end of the profile, using Equation (4). 

 

         
1

( ) 2 cos(2 )
N

i i i

i

r x PSD π θ
=

= ∆Ω Ω +∑  (4) 
 

 

where N is the total number of waves used to construct the road surface, ∆Ω is the 

frequency interval (∆Ω = (Ωmax – Ωmin)/N,  where Ωmin and Ωmax are 0.01 and 4 cycles/m 

respectively), and θi is the phase angle that corresponds to the spatial frequency Ωi, 

which is defined by Equation (5). 

  
 

         ( 0.5)
i min

iΩ = Ω + − ∆Ω  1 2 3...i N= , ,                (5) 

 

The PSD is directly proportional to the spatial geometric mean, which can adopt a range 

of values that depends on the selected road class. N is chosen to be 400 frequency 
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components in all simulations. The randomness of the profile is derived from the 

selected spatial geometric mean value and phases for each spatial wave/frequency. 

These parameters are sampled based on an assumed uniform distribution for both spatial 

geometric mean [from 4x10-6 to 8x10-6m3/cycle for a class ‘A’ profile] and phase [from 

0 to 2π] variables. A moving average filter (24cm long patch) is applied to the profile to 

smooth it and simulate the effect of the tire footprint. An approach length of 100m is 

also employed to excite the vehicle prior to the bridge. In the case of meeting events, the 

approach length for one of the vehicles might be greater than 100m depending on its 

speed and the meeting point of both vehicles on the bridge. 

 

The shape used to model the bump is shown in Figure 4a. For fixed width and depth 

dimensions, alterations of the bump shape do not appear to cause significant variations 

on the bridge response. In this paper, 2cm deep bumps are used to represent average 

damaged expansion joints, and 4cm is the maximum depth considered. These values are 

based on expansion joints road network surveys from Japan [48,49] and Portugal [7]. 

The bumps are located at 0.5m from bridge support to account for the usual beam 

overhang (Le in Figure 3). Figure 4b gives the profile resulting from combining a class 

A road profile and a 2cm deep bump. 

  

Figure 4: a) Damaged expansion joint (all dimensions in cm, h: bump height); b) 

Example of road profile with 2cm deep bump 

 

3 Single Vehicle Events 
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The DAFs for shear forces at the supports and bending moment at mid-span are 

analysed here for single vehicle events. First, a preliminary analysis using a constant 

load is carried out to give an order of magnitude of the DAF values when the surface is 

assumed to be smooth and vehicle dynamics are ignored. Then, the additional dynamics 

due to the influence of the road profile and bumps on vehicle sprung models and bridge 

responses are discussed. 

 

3.1 Vehicle Model based on a Moving Single Constant Force 

Using the closed form solution for a single constant load over a simply supported Euler-

Bernoulli beam [13,14], it can be shown that the DAFs for shear at supports are in some 

situations larger than for bending moment at mid-span. This phenomenon is illustrated 

in Figure 5, where frequency ratio (FR) is defined by Equation (6): 

 

 
Lf

c

12
FR =  (6) 

 

where c is the speed of the vehicle in m/s, f1 the first natural frequency of the bridge in 

Hz and L the span length in m. Dynamic peaks develop at different values of FR for 

shear and moment as a result of a critical combination of speed of the moving load, 

bridge length and frequency. 

 

Figure 5: Dynamic amplification factors versus frequency ratio due to a moving 

constant load; shear at 1st support (solid line), bending moment (dotted line), shear at 2nd 

support (dashed line)  
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Therefore, shear DAF values are distinctively different according to the support under 

consideration. The static shear load effect is the same at both end supports, but when the 

load reaches the 1st support there has been little or no time for the bridge to be 

dynamically altered. As result, dynamic factors for shear forces at first support are 

small, they show little sensitivity to changes in FR, and they tend to be slightly under 

the unit value. On the other hand, when the load leaves the beam, the system has had 

time to develop a distribution of bridge inertial forces that may result into a large total 

shear force at the 2nd support. 

 

From Figure 5, it is possible to distinguish a number of critical values of FR leading to 

peaks in the oscillating pattern of dynamic increments of shear and bending moment. 

The values of FR leading to the highest values of bending and shear are 0.37 (DAF = 

1.40) and 0.92 (DAF = 2.09) respectively. For a bridge span of 12m (7.143Hz as 1st 

natural frequency), values of FR of 0.37x2f1L and 0.92x2f1L correspond to speeds of 

228km/h and 568km/h respectively. The horizontal axis of Figure 5 can be converted to 

speed c, scaling it by 2Lf1 for a beam of length L and frequency f1 (Equation (6)). The 

DAF-speed pattern within a typical highway speed range (50 to 120 km/h) 

corresponding to a 12m bridge with f1 = 7.143Hz is illustrated in Figures 6a and 6b for 

mid-span moment and shear at the 2nd support respectively. There are a number of 

critical speeds leading to peak dynamic excitation, i.e., 56km/h (DAF = 1.05) and 

90km/h (DAF = 1.10) in Figure 6a for moment, and 82km/h (DAF = 1.04) and 111km/h 

(DAF = 1.067) amongst others in Figure 6b for shear. These values can also be obtained 

from the Figure 5, valid for any beam length. For example, the peak at 82km/h 
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corresponds to peak at a FR of 0.133. Therefore, Figure 6 is identical to Figure 5 if only 

the portion of the latter with FR values between 0.081 (50km/h) and 0.194 (120km/h) 

was represented. 

 

Figure 6: Dynamic amplification factors versus speed for a constant load moving on a 

12m bridge; a) bending moment, b) shear at 2nd support 

 

For the speed of 56km/h, the static and dynamic components of the total moment at 

mid-span of a 12m bridge are represented in Figure 7. Given that the mid-span location 

is considered, even modes have a null effect and odd modes higher than the first mode 

have a negligible influence on the dynamic component. In this figure, the static 

component reaches a peak at the same time (0.386s) as the oscillating pattern of the 

inertial component due to the 1st mode of vibration of the bridge, this matching effect 

being the cause of high dynamic excitation at this speed. The dynamic component is 

defined by a series of waves with frequency equal to that of the bridge and decaying 

amplitude with time. A similar pattern can be found for higher critical speeds, except 

that there will be a smaller number of waves and their amplitude will be larger, which 

explains the occurrence of higher dynamic amplifications. For example, Figure 6a 

shows how a DAF value of 1.05 can be obtained with a critical speed of 56km/h, while 

1.10 and 1.40 can be obtained for critical speeds of 90km/h and 228km/h respectively. 

 

Figure 7: Mid-span bending moment response of a 12m bridge due to a single constant 

load travelling at speed of 56km/h: Total bending moment (solid line), static component 

(dashed line), dynamic contribution  of inertial forces of 1st mode (dotted line) 
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Figure 8 shows the contribution to shear by component for a critical speed of 82km/h. 

The ratio of the contribution of the dynamic component to the total is similar to that 

found in Figure 7 for moment (DAF values of 1.05 and 1.04 in Figures 7 and 8 

respectively). Again, the dynamic peak is the result of the time-varying inertial 

component reaching a maximum when the load is located at the section under 

investigation (i.e., above the 2nd support, 0.527s after entering the bridge). 

 

Figure 8: Shear response at 2nd support of a 12m bridge due to a single constant load 

travelling at a speed of 82km/h; Total shear force (solid line), static component (dashed 

line),  dynamic contribution of inertial forces of 1st mode (dotted line) 

 

The contribution of the inertial bridge forces to total shear of Figure 8 is separated by 

mode of vibration in Figure 9. As for bending moment, the first mode clearly governs 

the dynamic response, and it has a time-varying sinusoidal shape of decaying amplitude.  

 

Figure 9: Dynamic contribution of inertial forces of the bridge to the shear at 2nd support 

of a 12m bridge due to a single constant load travelling at a speed of 82km/h; 1st mode 

(solid line), 2nd mode (dashed line), 3rd mode (dotted line) 

 

González et al. [50] show that a vehicle model consisting of constant forces simulating 

the static axle weights and spaced as in the real vehicle may be unable to quantify the 

true dynamic amplification as a result of the road profile and vehicle dynamics, but it 

can be used to provide reasonable estimates of critical speeds for a given vehicle 
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configuration on bridges with good road profiles. Therefore, the DAF-speed pattern 

associated with a typical 5-axle vehicle model based on constant forces with mean 

values of axle weights and spacings as defined Table 1 is illustrated in Figure 10. 

Compared to the response of a single constant force model (Figures 6a and 6b), the 

presence of several vertical forces cause considerable variations of load effects with 

speed, particularly in the case of shear at 1st support which remained almost constant in 

Figure 5. For a given bridge, DAFs can be high or low due to the constructive or 

destructive interference between the contributions of each axle, that depend on speed, 

magnitudes and spacings of the axle loads. Although it is unlikely that all axles will 

contribute with a dynamic peak to the total load effect at the same time, the action of 

some axles may be amplified by an initial vibratory condition of the bridge imposed by 

preceding axles. In this case, maximum DAF values of 1.029 for shear at the 1st support 

(at a speed of 70km/h), 1.073 for moment (at 77km/h) and 1.060 for shear at the 2nd 

support (at 109.5km/h) are evident in Figure 10 within a typical highway speed range, 

compared to maximum DAFs of 1.10 (moment) and 1.067 (shear at 2nd support) due to 

a single point load. 

 

Figure 10: Dynamic amplification factors versus speed for a 5-axle truck model 

consisting of constant loads on a 12 m bridge; shear at 1st support (solid line), bending 

moment (dotted line), shear at 2nd support (dashed line) 

 

3.2 Sprung Vehicle Models 

The models described in Section 2 are employed to analyse the influence of road 

roughness and expansion joints on the dynamic amplification of the shear and moment 
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load effects. For instance, the time histories for bending moment at mid-span and shear 

at 1st support are presented in Figure 11 for the case of a 5-axle truck (with air 

suspension) travelling at 60km/h over a 12m beam with a smooth profile and a 2cm 

deep bump (Figure 4) at the bridge entrance (Figure 3). Static component, inertial 

component due to the first six modes of vibration and total load effect are shown in the 

figure. Sudden jumps in the shear time history can be observed in Figure 11b every time 

an axle enters the bridge, and for this particular case the maximum shearing load effect 

occurs when the last axle of the 5-axle truck enters the bridge. In general, maximum 

shear forces occur when the entire vehicle is on the bridge and very close to the support, 

whereas the maximum bending moment usually takes place when the centre of gravity 

of the vehicle vertical loads is at mid-span. The load distribution between axles 

determines which truck location is most critical in the case of short span bridges where 

the vehicle wheelbase may exceed the span length. In Figure 11a, the maximum 

moment is 632.3kNm, and it occurs when the 1st axle is at 14.14m from the 1st support, 

where the inertial component due to the bridge is 51.3kNm, the static component is 

585.9kNm and the quasi-static component (= total response – inertial component) is 

581kNm (i.e., only 4.9kNm or 0.83% higher than the static component).This indicates 

that most of the dynamic component (= total response – static component) is due to the 

inertial component of the bridge. On the other hand, the maximum shear is 269.6kN and 

it occurs when the 1st axle is at 10.36m from the 1st support, where the inertial 

component is 1.95kN, the static component is 249.8kN and the quasi-static component 

is 267.65kN (i.e., 17.85kN  or 7.14% higher than the static component). In these figures, 

DAF for shear is 1.072 (269.6kN / 251.5kN) whereas DAF for bending is 1.079 

(632.3kNm / 585.9kNm), and they are larger than those obtained in Section 3.1 due to 
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the influence of the bump (In Figure 10, DAFs at 60 km/h are 0.981 and 1.05 for shear 

at 1st support and bending moment respectively). While the source of the dynamic 

increment of bending moment in Figure 11a is mostly attributed to the inertial forces of 

the bridge, the dynamic increment of shear in Figure 11b is mainly caused by the 

dynamic forces of the vehicle. 

 

Figure 11: Total (solid line), static (dashed line) and inertial (dotted line) components 

for load effects due to a  5-axle truck travelling at 60km/h on a 12m span with a 2cm 

bump; a) Mid-span bending moment; b) Shear force at 1st support 

 

Dynamic Increment (DI) is defined in Equation (7) to evaluate the influence of a 

damaged expansion joint. DAF values are compared by means of DI for similar 

situations that only differ in the presence or absence of a bump.  

 

DI � DAF�� ! � DAF"# $� !    (7) 

 

The beam stresses are going to be strongly influenced by the condition of the road 

profile and expansion joint as well as by the mechanical characteristics of the vehicles. 

For this reason the influence of the bump is studied first for a particular vehicle and a 

range of speeds (50 – 120km/h), whereas a Monte Carlo simulation is performed later to 

account for the huge variability in mechanical properties.  

 

Figure 12a presents DAF values for the three load effects under consideration due to a 

5-axle truck with the mean values specified in Table 1 over a 12m span and a perfectly 
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smooth profile. Maximum DAFs of 1.03 (at 70km/h), 1.07 (at 77km/h) and 1.06 (at 

110kmh) are obtained for shear at 1st support, moment and shear at 2nd support 

respectively. As expected, Figure 12a closely resembles Figure 10, given the relatively 

low vehicle dynamics, only induced by bridge deflection. Figure 12b presents DI due to 

a 2cm bump at the 1st support when the bridge is traversed by the same vehicle. The 

axle of the vehicle that enters the bridge suffers a big disruption by the presence of the 

bump, and it imposes a significant impact force on the bridge that produces high shear 

forces at the 1st support. However, these oscillations vanish fast and they do not affect 

the stresses at mid-span or at 2nd support to the same extent. As a result, mid-span 

bending moment and shear at 2nd support present similar values to those without bump 

(DI < 0.04).  However, the shear force at 1st support always leads to positive and larger 

DI values than the other two load effects due to the proximity of the bump. These DI 

values at the 1st support become more important for lower speeds (i.e., 0.15 for 50km/h 

compared to 0.02 for 120km/h). 

  

Figure 12: Shear 1st support (solid line), Shear 2nd support (dashed line) and bending 

moment mid-span (dotted line) due to a 5-axle truck on a 12m span with a smooth 

profile; a) Dynamic amplification factors without a bump; b) Dynamic increments due 

to a 2cm bump 

 

Up to this point, the analysis has been based on a smooth profile to analyse the 

influence of a bump on the results in isolation from the road roughness. In all remaining 

simulations, a class ‘A’ profile is assumed for the bridge surface and its approach. A 5-

axle truck with mean values of mechanical properties (Table 1) is driven over four 
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hundred 12m beams, each with a different class ‘A’ profile (randomly generated 

according to Section 2.3 to cover a range of spatial geometric means and phases). The 

DAF value is obtained for each random profile and the mean DAF is computed from the 

400 profiles and represented in Figure 13a. There are no significant differences between 

the mean results for a class ‘A’ profile (Figure 13a) and for a perfectly smooth profile 

(Figure 12a). Maximum DAFs of 1.03 (at 69km/h), 1.07 (at 77km/h) and 1.06 (at 

108km/h) are obtained for shear at 1st support, moment, and shear at 2nd support 

respectively, which closely resemble those values found in Figure 12a for a smooth 

profile. The standard deviation of the 400 profiles is represented for a range of speeds in 

Figure 13b. Standard deviation tends to increase with speed, being higher for bending 

moment than for shear. The dynamic excitation of the beam is generally more important 

for higher vehicle speeds, and hence, the scatter introduced by the road randomness also 

becomes greater. Nevertheless, the magnitude of the dispersion introduced by class ‘A’ 

profiles is generally small (maximum standard deviations of 0.030, 0.040 and 0.032 for 

shear at 1st support, moment and shear at 2nd support respectively) compared to a 

smooth profile. The analysis is repeated allowing for a 2cm bump at the 1st support that 

is superposed on each random road profile. The DI values computed from the means of 

the 400 profiles with and without bump are represented in Figure 13c. The latter is very 

similar to Figure 12b without a rough profile and it shows that for a 12m bridge, the 

bump singularity governs the vehicle/bridge response over the roughness for a class ‘A’ 

profile.   

 

Figure 13: Shear 1st support (solid line), shear 2nd support (dashed line) and bending 

moment mid-span (dotted line) due to a 5-axle truck on 12m span with a class ‘A’ road 
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profile:  a) Dynamic amplification factors (mean value) without a bump; b) Dynamic 

amplification factors (standard deviation) without a bump; c) Mean dynamic increments 

due to a 2cm bump  

 

In the figures that follow, the 5-axle truck and crane are studied independently within a 

Monte Carlo simulation scheme for 53 bridge spans and three bump depths (0, 2 and 

4cm) located at the approach, close to the first support. Vehicle parameters are varied 

within a realistic range of values (Table 1), including speed, suspension and tyre 

mechanical properties, as well as different profiles (although within the same class ‘A’) 

for each event. Figures 14a, 14b and 14c show the mean shear DAF at the 1st support, 

mean bending moment DAF at mid-span and mean shear DAF at the 2nd support 

respectively for the 5-axle truck population. Each point in the figures represents the 

average value for more than 700 events, adding up to more than 114000 simulations. 

There is a clear influence of bridge length on DAF. DAF typically decreases as the span 

increases for lengths smaller than 20m or 15m in the case of shear at 1st support or 

moment respectively. For spans longer than 20m, the mean DAF tends to remain 

constant for a specified bump depth. A distinctive feature from the results is that the 

effect of the bump is noticeable on DAF for shear at the 1st support for every span under 

investigation due to the proximity of the irregularity. However, the influence of bump 

depth on DAF for bending moment and shear at 2nd support is hardly noticeable for 

spans greater than 10m.  
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Figure 14: Mean DAF due to 5-axle truck on class ‘A’ profile; No damage (•-•-•-•-); 

2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear force at 1st support; b) 

Bending moment; c) Shear force at 2nd support 

 

Figure 15 shows the standard deviation associated with the mean values calculated in 

Figure 14. As expected, the standard deviations for a 12m bridge without a bump 

(0.038, 0.044 and 0.037 for shear at 1st support, moment and shear at 2nd support 

respectively), where both profile and vehicle properties are randomly varied, appears to 

be somewhat larger than those found in figure 13b for a range of speeds where each 

point corresponds to a population of many profiles but only one vehicle. For spans 

longer than 12m, the standard deviation is approximately 0.05. The presence of a bump 

becomes important for span lengths shorter than 12m where the standard deviation 

increases (up to a maximum of 0.141, 0.234 and 0.167 for shear at 1st support, moment 

and shear at 2nd support respectively with a 4cm bump at the 1st support) as the span 

length decreases and the bump gets deeper.  

 

Figure 15: Standard deviation of DAF due to 5-axle truck on class ‘A’ profile; No 

damage (•-•-•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear 

force at 1st support; b) Bending moment; c) Shear force at 2nd support 

 

The same Monte Carlo study is performed for a fleet of cranes, and the results for mean 

and standard deviation are presented in Figures 16 and 17 respectively. These figures 

clearly show smaller and less scattered DAF values than those found in Figures 14 and 

15 for the 5-axle articulated truck fleet. The small DAF associated with cranes is due to 
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the large static load effect, high number of wheels, high vehicle rigidity and high 

moment of inertia compared to 5-axle trucks. Another conclusion that can be extracted 

from the simulations is the similarity of mean DAF values and standard deviations 

regardless of the bump depth. The mean DAF for shear at 1st support due to cranes 

remain below 1.04 for any span and bump depth (below 1.07 for shear at 2nd support), 

and the standard deviation varies between 0.027 and 0.060 (between 0.036 and 0.072 

for shear at 2nd support). Therefore, DAF for moment due to cranes is not as sensitive to 

bridge length as DAF due to 5-axle trucks. Mean DAF for moment reaches a maximum 

of 1.153 for a 5m bridge with a 4cm bump (standard deviation of 0.096) and the mean 

DAF remains below 1.10 for any span longer than 7m (the standard deviation of DAF 

for moment associated with spans longer than 7m varies between 0.033 and 0.051). 

 

Figure 16: Mean DAF due to fleet of cranes on class ‘A’ profile; No damage (•-•-•-•-); 

2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear force at 1st support; b) 

Bending moment; c) Shear force at 2nd support 

 

Figure 17: Standard deviation of DAF due to fleet of cranes on class ‘A’ profile; No 

damage (•-•-•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear 

force at 1st support; b) Bending moment; c) Shear force at 2nd support 

 

Numerical values for the mean and standard deviation of total shear load effects due to 

the 5-axle truck and the crane are provided in Table 3 for some spans up to 15m. It can 

be seen that cranes generate smaller DAFs than the 5-axle trucks, but Table 3 shows that 
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they lead to considerably higher values of total shear given the magnitude of their axle 

forces and their closely spaced axle configurations. 

 

Table 3: Mean and standard deviation of shear force at 1st support due to single vehicle 

events 

 

The analysis of the single traffic events has shown that the differences between DAF for 

shear and DAF for bending moment are more important for shorter span lengths, and for 

a given bump depth, the DAF for shear is typically lower than the DAF for bending 

moment. Nevertheless, the design load effect of a two-lane bridge usually corresponds 

to multiple vehicle configurations, which are investigated in the following section. 

  

4 Meeting Events 

 

In the case of short span two-lane bridges (< 20m), the critical traffic loading event 

consists of two heavy trucks meeting on the bridge [51]. Meeting events involving more 

than two vehicles are relevant for longer spans, but for short spans, long vehicles’ 

wheelbase is as long as the bridge span, making it difficult to locate more than one 

vehicle per lane. Two types of meeting events have been defined to compare different 

traffic scenarios. Type I is defined as two 5-axle trucks meeting on the bridge and type 

II as a 5-axle truck meeting a crane, as sketched in Figure 18.  

 

Figure 18: Scenarios of vehicle meeting events; a) Type I; b) Type II 
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The influence of the road profile is investigated using a Monte Carlo simulation 

consisting of more than 350000 events made of 2 vehicles meeting on the bridge. For 

each event, profiles, vehicle speeds and mechanical properties and meeting locations are 

randomly varied. Additionally, 0, 2 and 4cm bump depths are considered at both ends of 

the bridge. Due to the variability in the point of encounter of both vehicles on the 

bridge, a vehicle may be leaving the bridge while the other is just entering it, i.e., 

vehicles meeting very close to the bridge support. Obviously these events do not create 

critical loading scenarios for bending moment at mid-span but they cause significant 

shear forces near the supports. For this reason, only the largest 20% of all simulated 

loading effects are used to obtain Figures 19 and 20.  

 

Figure 19 shows the mean DAF values for Type I meeting events and two bump depths. 

Note that the shear DAF in this figure refers to the support where the maximum static 

load effect is generated in each event. Obvious similarities are obtained for Type I 

meeting events and single vehicle events (Figure 14) although in general DAF values 

tend to be smaller for the meeting scenarios. In Figure 19a, as in Figure 14a, there is 

some bump influence in dynamic shear load effects regardless of the span length. On 

the other hand, bending moment at mid-span (Figure 19b) is influenced by the presence 

of a expansion joint only in the shortest spans, similarly as for the single vehicle events 

(Figure 14b). 

 

Figure 19: Mean DAF from Monte Carlo simulations due to Type I meeting events;  

No damage (•-•-•-•-); 2 cm bump depth (x-x-x-x-), 4 cm bump depth (*-*-*-*-);  

a) Shear force; b) Mid-span bending moment 
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Monte Carlo results for Type II events are analysed in terms of DI in Figure 20 and 

compared to Type I results. DI increments due to damaged expansion joints are 

generally smaller for meeting events where cranes are involved, for both load effects, 

shear and bending moment. The highest DI of 0.19 is given by DAF for moment when 

two 5-axle trucks meet each other driving over 4cm bumps at each end of a 6m span 

bridge. The same scenario causes the highest DI for shear which is 0.11. For spans 

equal or greater than 12m, DI hardly varies, and it is less than 0.01 for moment and both 

meeting events, about 0.05 for shear due to Type I, and less than 0,02 for shear due to 

Type II.  

 

Figure 20: Shear (dashed line) and bending moment (solid line) dynamic increments 

due to Type I (•) and Type II (o) meeting events; a) 2cm bump; b) 4cm bump 

 

5 Summary 

 

This paper has shown how the shear load effect is affected by bridge length and a bump 

prior to the bridge, and how extremely heavy rigid vehicles such as cranes are less 

sensitive to this irregularity than typical 5 axle articulated trucks. Equation (1) by 

Eurocode suggests a linear variation of DAF values for both bending and shear load 

effects from 1.30 (0m span) down to 1.10 (50m span) in two-lane bridges. These values 

can be more accurately defined if data on the road profile, the bridge length, the 

condition of the expansion joint and the critical traffic event expected were gathered at 

the site. For spans longer than 12m, the simulations in this paper have resulted in mean 
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DAF values that have not exceeded 1.10 regardless of the load effect or traffic event 

under investigation. For spans shorter than 12m, DAF for shear at the support has been 

found to be significantly smaller than DAF for mid-span bending. The differences 

between both DAFs strongly depend on the depth of a bump prior to the bridge and on 

the governing form of traffic load at the site. The influence of the condition of the 

expansion joint on DAF has been evaluated through a parameter, DI, that has been 

related to bridge length. For example, Figure 14 suggests a maximum mean DI of 0.18 

for shear and 0.23 for moment in the case of a single 5-axle truck, 5m span and a 4cm 

bump, but once the bridge length exceeds 20m, the DI remains smaller than 0.06 and 

0.02 for shear and bending respectively. However, the governing scenario is more likely 

to be a single crane crossing or a Type I meeting event, and for those situations DAF 

and DI values might be further reduced. Based on a road class ‘A’ with a  2cm bump at 

the expansion joint, the authors propose the following DAF values for the assessment of 

two-lane straight bridges: (a) For bending moment, a linear variation from 1.45 in a 5m 

span to 1.15 in a 12m span, and a constant value of 1.15 for medium spans longer than 

12m; (b) For shear, a linear variation from 1.20 in a 5m span to 1.10 in a 24m span, and 

a constant value of 1.10 for medium span lengths longer than 24m. If there is no sign of 

a bump at the expansion joint, then DAF can be assumed to vary linearly from 1.25 to 

1.15 for spans of 5m and 12m respectively for moment, from 1.15 to 1.10 for shear, and 

to remain constant as 1.15 and 1.10 for bending and shear respectively in medium spans 

longer than 12m. These general recommendations can be further tuned using VBI 

simulations based on experimentally validated models of the particular bridge, traffic 

loading scenario and profile under investigation. 

 



29 

6 Conclusions 

 

This paper has addressed the need of exploring the dynamics associated to the shear 

load effect. The influence of shear DAF values has been investigated by comparison of 

two vehicle configurations, a typical 5-axle truck and a crane truck, as well as meetings 

of two trucks on a bridge. Using a numerical vehicle-bridge interaction model and 

Monte Carlo simulation, a sensitivity study has been carried out for many possible 

bridge spans, speeds, vehicle characteristics, severity of damaged expansion joints and 

road profiles. A bump prior to the damage has been used to model a damaged expansion 

joint or discontinuity due to differential settlement. The results clearly show that the 

highest DAFs for shear occur in shorter spans and that they are directly related to the 

damage severity of the expansion joint. For meeting events, DAF for shear decreases 

with bridge spans up to 12m, and then, it remains approximately constant. For a given 

bump depth and spans shorter than 12m, the mean DAF for shear has been smaller than 

the mean DAF for bending moment . In the case of spans longer than 12m where two 

heavy trucks can meet, the DAF for both load effects is more similar, and it has been 

noticed that the depth of a bump prior to the bridge does not result in significant 

differences in the mid-span bending moment simulations, while the mean DAF for shear 

remains to be influenced by the bump size. Furthermore, massive rigid vehicles with a 

lot of axles like cranes, that could govern the assessment of a bridge, have been shown 

to be less influenced by large road discontinuities prior to the bridge and tend to 

produce significantly smaller dynamic increments than 5-axle trucks. Overall, the higher 

the static load effect is, the lower the dynamic amplification factor for shear forces at 

supports.  
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Figure captions 

Figure 1: Dynamic amplification factors for failure modes with small deformation [1] 

Figure 2: Vehicle model sketch; a) 5-axle truck; b) Crane (all dimensions in m) 

Figure 3: Bridge model 

Figure 4: a) Damaged expansion joint (all dimensions in cm, h: bump height); b) 

Example of road profile with 2cm deep bump 

Figure 5: Dynamic amplification factors versus frequency ratio due to a moving 

constant load; shear at 1st support (solid line), bending moment (dotted line), shear at 2nd 

support (dashed line)  

Figure 6: Dynamic amplification factors versus speed due to a constant load moving on 

a 12m bridge for; a) bending moment; b) shear at 2nd support 

Figure 7: Mid-span bending moment response of a 12m bridge due to a single constant 

load travelling at speed of 56km/h; total bending moment (solid line), static component 

(dashed line), dynamic contribution of inertial forces due to 1st mode (dotted line) 

Figure 8: Shear response at 2nd support of a 12m bridge due to a single constant load 

travelling at a speed of 82km/h; total shear force (solid line), static component (dashed 

line), dynamic contribution of inertial forces due to 1st mode (dotted line) 

Figure 9: Dynamic contribution of inertial forces of the bridge to the shear at 2nd support 

of a 12m bridge due to a single constant load travelling at a speed of 82km/h; 1st mode 

(solid line), 2nd mode (dashed line), 3rd mode (dotted line) 

Figure 10: Dynamic amplification factors versus speed for a 5-axle truck model 

consisting of constant loads on a 12 m bridge; shear at 1st support (solid line), bending 

moment (dotted line), shear at 2nd support (dashed line) 



38 

Figure 11: Total (solid line), static (dashed line) and inertial (dotted line) components 

for load effects due to a  5-axle truck travelling at 60km/h on a 12m span with a 2cm 

bump; a) Mid-span bending moment; b) Shear force at 1st support 

Figure 12: Shear 1st support (solid line), Shear 2nd support (dashed line) and bending 

moment mid-span (dotted line) due to a 5-axle truck on a 12m span with a smooth 

profile; a) Dynamic amplification factors without a bump; b) Dynamic increments due 

to a 2cm bump 

Figure 13: Shear 1st support (solid line), shear 2nd support (dashed line) and bending 

moment mid-span  (dotted line) due to a 5-axle truck on 12m span with a class ‘A’ road 

profile;  a) Dynamic amplification factors (mean value) without a bump; b) Dynamic 

amplification factors (standard deviation) without a bump; c) Mean dynamic increments 

due to a 2cm bump  

Figure 14: Mean DAF due to fleet of 5-axle trucks on class ‘A’ profile; No damage (•-•-

•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear force at 1st 

support; b) Bending moment; c) Shear force at 2nd support 

Figure 15: Standard deviation of DAF due to fleet of 5-axle trucks on class ‘A’ profile; 

No damage (•-•-•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear 

force at 1st support; b) Bending moment; c) Shear force at 2nd support 

Figure 16: Mean DAF due to fleet of cranes on class ‘A’ profile; No damage (•-•-•-•-); 

2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear force at 1st support; b) 

Bending moment; c) Shear force at 2nd support 

Figure 17: Standard deviation of DAF due to fleet of cranes on class ‘A’ profile; No 

damage (•-•-•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear 

force at 1st support; b) Bending moment; c) Shear force at 2nd support 
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Figure 18: Scenarios of vehicle meeting events; a) Type I; b) Type II 

Figure 19: Mean DAF from Monte Carlo simulations due to Type I meeting events; No 

damage (•-•-•-•-); 2 cm bump depth (x-x-x-x-), 4 cm bump depth (*-*-*-*-); a) Shear 

Force; b) Mid-span bending moment 

Figure 20: Shear (dashed line) and bending moment (solid line) dynamic increments 

due to Type I (•) and Type II (o) meeting events; a) 2cm bump; b) 4cm bump 

 

Table captions 

Table 1: Truck and crane mechanical parameters 

Table 2: General characteristics of the bridge models 

Table 3: Mean and standard deviation of shear force at 1st support due to single vehicle 

events 
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Figure 1: Dynamic amplification factors for failure modes with small deformation [1] 

 

  



Figure 2: Vehicle model sketch
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Figure 2: Vehicle model sketch; a) 5-axle truck; b) Crane (all dimensions in m)

(b)

 

(all dimensions in m) 

(a) 

(b) 
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Figure 3: Bridge model 

 

 

 



Figure 4: a) Damaged expansion joint

Example of r
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Figure 4: a) Damaged expansion joint (all dimensions in cm, h: bump height)

Example of road profile with 2cm deep bump 

(a)

(b) 

 

: bump height); b) 

(a) 
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Figure 5: Dynamic amplification factors versus frequency ratio due to a moving 

constant load; shear at 1st support (solid line), bending moment (dotted line), shear at 2nd 

support (dashed line) 
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Figure 6: Dynamic amplification factors versus speed due to a constant load moving on 

a 12m bridge for; a) bending moment; b) shear at 2nd support 

(a) 

(b) 
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Figure 7: Mid-span bending moment response of a 12m bridge due to a single constant 

load travelling at speed of 56km/h; total bending moment (solid line), static component 

(dashed line), dynamic contribution of inertial forces due to 1st mode (dotted line) 
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Figure 8: Shear response at 2nd support of a 12m bridge due to a single constant load 

travelling at a speed of 82km/h; total shear force (solid line), static component (dashed 

line), dynamic contribution of inertial forces due to 1st mode (dotted line) 
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Figure 9: Dynamic contribution of inertial forces of the bridge to the shear at 2nd support 

of a 12m bridge due to a single constant load travelling at a speed of 82km/h; 1st mode 

(solid line), 2nd mode (dashed line), 3rd mode (dotted line) 
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Figure 10: Dynamic amplification factors versus speed for a 5-axle truck model 

consisting of constant loads on a 12 m bridge; shear at 1st support (solid line), bending 

moment (dotted line), shear at 2nd support (dashed line) 
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Figure 11: Total (solid line), static (dashed line) and inertial (dotted line) components 

for load effects due to a  5-axle truck travelling at 60km/h on a 12m span with a 2cm 

bump; a) Mid-span bending moment; b) Shear force at 1st support 

(a) 

(b) 
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Figure 12: Shear 1st support (solid line), Shear 2nd support (dashed line) and bending 

moment mid-span (dotted line) due to a 5-axle truck on a 12m span with a smooth 

profile; a) Dynamic amplification factors without a bump; b) Dynamic increments due 

to a 2cm bump 

(a) 

(b) 
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Figure 13: Shear 1st support (solid line), shear 2nd support (dashed line) and bending 

moment mid-span  (dotted line) due to a 5-axle truck on 12m span with a class ‘A’ road 

profile;  a) Dynamic amplification factors (mean value) without a bump; b) Dynamic 

amplification factors (standard deviation) without a bump; c) Mean dynamic increments 

due to a 2cm bump 

(a) 

(b) 

(c) 
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Figure 14: Mean DAF due to fleet of 5-axle trucks on class ‘A’ profile; No damage (•-•-

•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear force at 1st 

support; b) Bending moment; c) Shear force at 2nd support 

(a) 

(b) 

(c) 
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Figure 15: Standard deviation of DAF due to fleet of 5-axle trucks on class ‘A’ profile; 

No damage (•-•-•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear 

force at 1st support; b) Bending moment; c) Shear force at 2nd support 

(a) 

(b) 

(c) 
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Figure 16: Mean DAF due to fleet of cranes on class ‘A’ profile; No damage (•-•-•-•-); 

2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear force at 1st support; b) 

Bending moment; c) Shear force at 2nd support 

(a) 

(b) 

(c) 
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Figure 17: Standard deviation of DAF due to fleet of cranes on class ‘A’ profile; No 

damage (•-•-•-•-); 2cm bump depth (x-x-x-x-), 4cm bump depth (*-*-*-*-); a) Shear 

force at 1st support; b) Bending moment; c) Shear force at 2nd support 

(a) 

(b) 

(c) 
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Figure 18: Scenarios of vehicle meeting events; a) Type I; b) Type II 

(a) 

(b) 
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Figure 19: Mean DAF from Monte Carlo simulations due to Type I meeting events; No 

damage (•-•-•-•-); 2 cm bump depth (x-x-x-x-), 4 cm bump depth (*-*-*-*-); a) Shear 

Force; b) Mid-span bending moment 

(a) 

(b) 
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Figure 20: Shear (dashed line) and bending moment (solid line) dynamic increments 

due to Type I (•) and Type II (o) meeting events; a) 2cm bump; b) 4cm bump 

(a) 

(b) 
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Table 1: Truck and crane mechanical parameters 

5-axle truck  Mean Std. Dev. Min. Max. Ref. 

Masses (kg) Tractor 4500 - - - [32, 

 Semitrailer 31450 - - - 36, 

 Tractor front axle 700 100 500 1000 37] 

 Tractor rear axle 1000 150 700 1300  

 Semitrailer axles 800 100 600 1000  

Suspension stiffness 

(kN/m) 

Tractor, front (air) 600 140 300 1000 [36] 

Tractor, rear (steel) 1000 100 600 1200  

Tractor, rear (steel) 2000 600 1200 3000  

Semitrailer (air) 800 200 500 1200  

Semitrailer (steel) 2500 400 2000 3000  

Suspension damping 

(kNs/m) 

 10 2 3 10 [37] 

Tyre stiffness 

(kN/m) 

Tractor, front 1500 400 1000 3000 [32, 

 Tractor, rear & 

semitrailer 

3000 800 2000 6000 38] 

Crane       

Masses (kg) Body  101700 - - - [37] 

 Axles 700 300 500 1000  

Suspension stiffness 

(kN/m) 

 8000 80000 3000 160000 [34] 

Suspension damping 

(kNs/m) 

 40 15 30 60 [34] 

Tyre stiffness 

(kN/m) 

 2000 1000 1400 3600 [35,38] 
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Table 2: General characteristics of the bridge models 

Type 
Length 

(m) 

Mass per unit 

length (kg/m) 

Second moment 

of inertia (m4) 

1st natural 

frequency (Hz) 

T beams 6 13875 0.0479 15.16 

 9 16875 0.1139 9.43 

 12 22500 0.2757 7.14 

 15 28125 0.5273 5.66 

 18 33750 0.9197 4.73 

 21 39375 1.4470 4.04 

Y beams 23 17419 1.1133 4.44 

 27 19372 1.7055 3.78 

 31 21650 2.4651 3.26 

Super-Y 

beams 

33 20952 2.9327 3.19 

37 22552 3.9425 2.84 

43 24952 5.7957 2.42 
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Table 3: Mean and standard deviation of shear force at 1st support due to single vehicle 

events 

  5-axle Crane 

  Bump depth (cm) Bump depth (cm) 

Span 

(m) 

 0 2 4 0 2 4 

5 Mean 171.78 193.79 201.7 238.5 239.25 242.81 

 St. Dev. 11.70 21.40 23.33 12.35 12.21 13.35 

7.5 Mean 185.81 208.59 217.89 327.95 331.27 331.2 

 St. Dev. 10.75 18.24 23.75 14.00 14.36 13.88 

10 Mean 221.25 237.34 241.96 394.38 396.68 397.54 

 St.Dev. 10.44 14.48 17.25 12.13 12.05 12.42 

12.5 Mean 253.88 271.44 275.35 461.98 462.31 463.76 

 St.Dev. 9.39 13.62 16.34 12.57 12.46 13.93 

15 Mean 274.15 290.79 295.4 529.12 527.77 533.09 

 St.Dev. 9.27 14.76 16.02 16.03 15.82 16.50 

 

 

 


