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Abstract

Composite (steel-concrete) ladder-decks represent one of the most com-
mon solutions in road bridges nowadays. In these structures the Service-
ability Limit State (SLS) of vibrations is traditionally ignored or roughly
addressed by means of simple static deflection-based approaches, inherently
assuming that the vibrations are controlled by the fundamental longitudinal
mode. This work demonstrates that a wide range of high-order vibrational
modes, involving the transverse flexure of the slab between longitudinal gird-
ers, govern the accelerations recorded in the deck and inside the vehicles. In
addition, a new methodology for analysing the vehicle-bridge interaction is
proposed, including the approaching platforms, the transition slabs, and the
bridge joints. The results suggest that the riding comfort for vehicle users
is specially affected by direct effects on the wheels, like the road roughness
and possible construction misalignments at the bridge joints, as well as low-
frequency vibrations coming from the deck in short or slender bridges. The
filtering effects resulting from the average of the response in time and in
space when calculating the root mean square acceleration are also explored,
and new design parameters are provided. In addition, several structural fea-
tures (such as the depth and spacing of the longitudinal and transverse steel
beams, the thickness of the concrete slab, and the stiffness of the cantilever
cross beams at the diaphragm sections) have been studied, and a set of new
design criteria have been established. It has been demonstrated that the
transverse flexibility of the deck (specially influenced by the support condi-
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tions and the slab thickness) is critically important for the users’ (pedestrians
and vehicle passengers) comfort, as it controls the aforementioned high-order
vibrational modes which govern the dynamic response.
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vehicle-bridge interaction; roughness; comfort criteria; bearings

1. Introduction1

Modern road bridge designs tend to be lighter and slenderer. As a re-2

sult, vibrations have become more of a concern in bridge design. A realistic3

approach to assess the vibration induced by traffic loading is not currently4

available. Traditionally, the limitation of the superstructure vibrations in5

the design of road bridges has been indirectly performed by limiting the de-6

flection under statically applied live-loads [1]. This approach dates back to7

the early 1930s when more rigorous dynamic analyses were not available, and8

it is based on the general agreement that the accelerations are proportional9

to the deflections. Today, static methods to assess the structural vibrations10

represent the most common design approach due to their simplicity and tra-11

dition, but they are widely criticised [1, 2, 3]. Already in 1958, a survey12

committed by the American Society of Civil Engineering (ASCE) evidenced13

no clear structural basis for the deflection limits and highlighted the need to14

reexamine them [4]. More importantly, vibration criteria for serviceability15

limit states should be derived by considering human perception rather than16

simply structural performance [5]. The vertical acceleration sensed by users,17

and not the live load deflection of the deck, governs their perception to vi-18

brations, being the most important parameter affecting discomfort [1, 2, 6].19

As an attempt to estimate the vertical acceleration in the deck from its dy-20

namic deflection, different pseudo-static methods have been proposed [3, 7].21

However, the deflection-based methods inherently assume that the structure22

is controlled by the fundamental mode of vibration. This was proved wrong23

in slender under-deck cable-stayed bridges [8], as well as in high-performance24

steel multi-girder bridges [9], and it is evidenced again for conventional com-25

posite ladder-deck girders in the present work.26

In conventional short and medium span road bridges the most important27

source of vibration is the traffic live load, in particular heavy vehicles. Most28

of the research works to date ignore the vibrations perceived by the people29
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inside the vehicle as they seldom notice the bridge vibration [7]. However,30

in highway bridges pedestrians are not normally expected to walk along the31

bridge and therefore the only users are those inside the vehicles. People32

in the vehicles could feel discomfort if they are stationary, as observed by33

Oehler [10], or circulating at reasonable velocities through pavements with34

poor maintenance [8]. The simplest dynamic analysis to obtain the time-35

history acceleration record is to model the vehicle action as point moving36

loads. Nevertheless, this simplified approach has important shortcomings:37

(1) the effect of the pavement roughness cannot be included and it is very38

important for the vibration assessment [8, 11, 12, 13], (2) the vibration in the39

vehicle and its interaction with the deck is ignored, and (3) the hammering40

effect caused by the initial bounce of the vehicle on its suspension when41

crossing the deck joint at the abutments, which represent a major source42

of vibrations, is not captured. The most rigorous way to account for these43

three effects is to represent the Vehicle-Bridge Interaction (VBI) by means44

of a Multi-Degree-Of-Freedom (MDOF) system of the vehicle and its contact45

with the deck surface through the wheels [8, 11, 14].46

Pavement irregularities in VBI models are included as vertical displace-47

ment records imposed on the vehicle wheels that represent the roughness48

profiles. These profiles are usually generated by means of a zero-mean sta-49

tionary Gaussian random process through an inverse Fourier transformation50

based on a Power Spectral Density (PSD) function [12, 13, 15]. The Motor51

Industry Research Association report in 1969 [16] introduced one of the first52

attempts to describe the road roughness through an idealisation of the PSD53

function. Today, the recommendations of ISO 8608 [17] are broadly employed54

to define the PSD function. It is essential to select realistic values for the55

lower and upper cut-off frequencies (n1 and nN respectively), as well as for56

the frequency resolution (∆n). The majority of the research works employ57

an upper cut-off frequency of nN = 10 cycle/m [11, 18, 19], as an attempt to58

indirectly take into account the filtering effect of the vehicle wheels. There59

are more rigorous ways to explicitly consider this effect, for example defining60

the wheel contact surface [20] or a rigid disk model that accounts for the real61

wheel dimensions [8, 21]. Previous research works usually consider the lower62

cut-off frequency as n1 = 0.01 cycle/m. However, for bridge applications63

Henchi et al. [22] recommend roughness profiles related to the span of the64

bridge (L) so that n1 = 1/(2L), which is supported by the surfacing proce-65

dure. The frequency resolution is not usually reported but several authors66

[14, 22] adopt: ∆n = 1/Lprof , where Lprof is the total length of the profile.67
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Several direct and indirect factors influence the pedestrian perception of68

vibration when crossing a bridge [23, 24, 25, 26]. Some of these factors are69

subjective and consequently admissible vibration limits vary widely among70

individuals, which makes the establishment of realistic comfort criteria as71

challenging as urgently needed. Among these factors, the exposure time is72

significantly important. It is evident that the level of vibration that users can73

accept as admissible is much higher if the exposure time is shorter, as it was74

measured by Griffin and Whitham [27]. The first acceleration-based comfort75

criteria were based on peak acceleration limits [3, 28], which is questionable.76

Due to the hammering effect of the vehicle when it enters and leaves the77

bridge, high vertical acceleration peaks have been measured by [29] at the78

deck nearby the girder ends, far exceeding any admissible limit. In addition,79

the peak accelerations associated with uncomfortable levels in some labora-80

tory tests result in unrealistically severe evaluations in buildings, which is81

not correlated with observation [30]. The results obtained in the present pa-82

per point at the same direction. The majority of the comfort criteria used83

historically are based on maximum Root Mean Square accelerations, much84

simpler to evaluate experimentally than the peak value:85

aRMS(t) =

√
1

T2 − T1

∫ T2

T1

[a(t)]2dt (1a)

RMS = max[aRMS(t)] (1b)

where a(t) is the acceleration record, T1 and T2 are respectively the begin-86

ning and the end of the interval in which the Root Mean Square acceleration87

(aRMS) at the instant t is obtained. The maximum Root Mean Square accel-88

eration, simply referred to as RMS, is obtained as the maximum aRMS(t) in89

the complete length of the acceleration record.90

Although comfort criteria based on RMS like Irwin’s [24] are widely em-91

ployed, there is a general lack of information on how to define the boundaries92

of the interval (T1 and T2), specially for traffic-induced vibrations. When93

considering buildings under wind-induced excitations normally the RMS is94

obtained over periods of twenty to sixty minutes. Nevertheless, it seems95

unreasonable to consider that pedestrians are constantly engaged in either96

walking or standing on the bridge [24]. An averaging time of one second97

(i.e. ∆t = T2 − T1 = 1s) has been proposed for building walkways without98

vehicular traffic [31].99
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Most of the applications to VBI models are focused on the impact factors100

due to the traffic action in different types of structures [13, 14]. Few research101

works on comfort analysis pay attention to the influence of the bridge charac-102

teristics on the SLS of vibrations, providing clear recommendations on how to103

limit excessive accelerations. Moghimi and Ronagh [29] observed the strong104

increment of vibrations in a multi-girder composite deck when the stiffness105

of the neoprene supports is unreasonably low. These authors suggested a106

minimum girder depth d = L/20 to limit the vibrations based on the Irwin’s107

comfort criterion for storm conditions. Khan [2] also suggested that shallow108

beams with small d/L ratios are likely to result in higher deflections and109

cause excessive vibrations. More recently, Nassif et al. [9] observed that in-110

creasing the slab thickness is more efficient in reducing the peak accelerations111

than increasing the deck depth. The majority of these studies are focused112

on the response of the bridge under the action of a single vehicle. Very few113

studies consider also the vibration in the vehicle cabin and even less account114

for the effects of the vehicle wheels crossing the bridge joints. Cai et al. [32]115

observed the importance of transition slab settlements on the traffic-induced116

bridge deflections by means of simple permanent shifts in the roughness pro-117

file, without detailing the articulation of the bridge joints. Unfortunately,118

the acceleration in the vehicle was not reported.119

This work is focused on three different aspects:120

1. The methodology for the analysis of bridges under traffic loads. The pa-121

per presents a general framework of VBI analysis to realistically include122

the hammering effects of the vehicles. The flexibility of the transition123

slab, the rotation and levelling errors at the bridge joints and the ef-124

fect of the supports are included in the model, as well as the pavement125

roughness profiles filtered by the vehicle wheels at these locations. The126

influence of the exposure time on the comfort assessment is discussed,127

and a new design parameter to account for the acceleration in the entire128

footpath surface is proposed.129

2. The vibrations perceived by pedestrians and vehicle users in composite130

bridges. A benchmark case-study that represents this bridge typology131

for short and medium spans is proposed. The key importance of high-132

order vibrational modes is observed in the accelerations of the deck,133

discouraging the traditional deflection-based approaches. The number134

of vehicles to be included in the analysis, the critical road lanes and135

the effect of the pavement maintenance are explored from the point of136
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the bridge users’ comfort.137

3. The definition of design criteria for this bridge type to fulfill the SLS138

of vibrations. In order to define a whole structural-type and obtain ap-139

plicable design recommendations (in Section 7.4), multiple geometrical140

and mechanical parameters have been modified from the benchmark141

problem. Among them, the support conditions, the slab thickness, the142

girder depth, the slab cantilever slenderness, the main span and the143

spacing and the depth of the transverse beams.144

2. Framework of vehicle-bridge interaction analysis145

A general methodology to perform VBI analyses is proposed here, ac-146

counting for the realistic response of the vehicles before, during and after147

crossing the bridge. To this end, the numerical model is not only limited to148

the bridge and the vehicle but it is extended to the approaching platforms,149

transition slabs and bridge joints. The proposed analysis framework shown in150

Figure 1 relies upon the accurate definition of the bridge and vehicle’s mass,151

damping, stiffness, and their interaction in a Finite Element environment. It152

is therefore directly applicable to any type of bridge and vehicle. The three153

stages of the methodology are described in the following paragraphs.154

Stage 1 (pre-processing): Independent pavement roughness profiles are155

generated with different cut-off frequencies at the bridge and the approaching156

platforms to represent the different paving stages. After this, the profiles are157

connected at the bridge joints (assumed planar), where possible construction158

levelling errors can be introduced by vertical shifts of the bridge profile (δc159

in Figure 1(b)). Finally, the filtering effect of the wheel-size is introduced160

by applying the disk-model [21] to the total pavement profile, describing the161

transition of the wheels between the approaching platforms, the bridge joints,162

and the deck (Figure 1(b)). Further details about the generation and filtering163

of the roughness profiles are included in Section 6.164

Stage 2 (analysis): Firstly, the self-weight of the vehicle and the perma-165

nent load of the bridge is statically applied, ensuring the contact between the166

vehicle wheels and the platform surface. Secondly, a constant velocity (v)167

is applied to the vehicles in the dynamic analysis, with each wheel following168

the defined roughness profile. The vehicle is modeled as a multibody system169

with 7 DOF [8, 11]. The model is able to capture the vehicle pitch, roll170

and heave rigid body motions, as well as the flexibility and damping of its171

tyres and suspensions. The vehicle interacts with the transition slab and the172
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bridge due to their flexibility, and the forces transmitted by the tyres depend173

on the bridge (or the platform) deflection and the dynamic response of the174

vehicle. The result is a nonlinear coupled system of differential equations175

that can be expressed in matrix form as:176

[
Mv 0
0 Mb

]{
ẍv

ẍb

}
+

[
Cv 0
0 Cb

]{
ẋv

ẋb

}
+

[
Kv 0
0 Kb

]{
xv

xb

}
=

{
fGv
0

}
+

{
fCv
fCb

}
(2)

where M, C and K are respectively the mass, damping and stiffness ma-177

trices. Subscripts ‘b’ and ‘v’ refer to the bridge (or the platforms) and the178

vehicle, respectively. fGv is the external force vector in the vehicle due to its179

self-weight, fCv is the force vector in the vehicle resulting from the interaction180

with the bridge, and fCb represents its counterpart in the structure, obtained181

by the action and reaction principle. Since the position of the vehicles is time-182

dependent, the interaction is solved numerically in time-domain as described183

in Figure 1. At every instant ti, the position of each wheel (represented by184

nodes) and the contacting surfaces of the deck (or the platform) are identified.185

Next, the kinematic relations are set up to enforce the contact and obtain186

the interaction forces (fCv and fCb ) using the augmented Lagrange method.187

The model accounts for a possible loss of contact between the deck and the188

tyres (not observed in the analyses) but not for lateral sliding effects in the189

wheels. The coupled equations of motion in Eq. (2) are directly integrated190

at every step time by means of the implicit HHT algorithm [33] implemented191

in Abaqus [34]. The step time employed in the analysis after the first vehicle192

accesses the bridge is fixed as 0.001s in agreement with previous research193

works [14, 32]. This value allows for the accurate description of dynamic re-194

sponses with frequencies below 50Hz (maximum frequency of interest for the195

deck vibration [11, 14, 19] and the vehicle vibration [35] in comfort studies)196

and the precise definition of the roughness profile in the range of velocities197

considered (60-120km/h). Rayleigh damping is implemented in the struc-198

ture, with a 0.5% ratio [36] fixed for the 2 and 35Hz frequencies, ensuring199

that the damping is kept in the range [0.3, 0.8]% for the relevant vibrational200

modes of the studied bridge (Section 4).201

Stage 3 (post-processing): After finishing the analysis, the RMS of the ver-202

tical acceleration in the whole deck surface and the vehicle is post-processed203

for a given value of the averaging time (∆t = T2 − T1) in Eq. (1). The204

influence of ∆t is discussed in Section 5, and some guidance is provided to205

select this value. The procedure is repeated for each roughness profile and206
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the average and standard deviations of the RMS are obtained. Regarding207

the response of the bridge, a new design parameter RMSd,c that represents208

the acceleration level in the entire surface of the footpath is defined as:209

RMSd,c =

∑
j

AjRMSj∑
j

Aj

(3)

in which Aj is the area adjacent to the jth-node of the deck and RMSj is the210

corresponding RMS acceleration at that node, obtained with expression (1).211

3. Reference case and initial studies212

3.1. Composite ladder-deck reference bridge213

A reference 40m-span simply supported composite bridge has been used214

for this work. The steel - concrete composite deck has two longitudinal215

edge beams (spaced s = 10m) connected transversely by cross beams equally216

spaced (stb = 3m). The bridge is designed to hold two traffic lanes (3.5m217

wide) with two lateral sidewalks. Figure 2 includes all the relevant dimen-218

sions. The in-situ concrete slab (25cm thick) is cast over permanent form-219

work (6cm thick). As a consequence of the lack of continuity between precast220

planks in longitudinal direction, the formwork adds weight but does not col-221

laborate in resisting loading in longitudinal direction. The longitudinal gird-222

ers have been defined using the preliminary steel-concrete composite bridge223

design charts provided by [37, 38], which are widely employed by designers.224

These have been established according to the relevant Eurocodes [36, 39].225

The transverse beams have been defined following [38]. The steel employed226

is S355 J2 and the concrete C40/50 (EN 1992 [40]). The total mass of the227

deck is 738.2 tones.228

The supports in the reference case-study are POT bearings according to229

the ‘classical’ layout for simply supported bridges [41] depicted in Figure 3(a).230

It is important to distinguish between the Sidewalk 1 (over transversely fixed231

POT bearings) and 2 (over transversely free POT bearings) in Figures 2 and232

3 as they will present a markedly different vibration. The distance between233

the center of the supports and the girder end is L′ = 0.4m (see Figure 4),234

leading to a total length of the bridge deck Lt = 40.8m.235

The bridge joints that connect the slab of the deck and the approaching236

platforms are defined by surface elements that allow for the free movement of237
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Figure 2: Dimensions of the deck cross-section (abutment level) and Load Cases considered
in the study in terms of the vehicle eccentricity, e. The numerical values are included for
the reference cross section.
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Figure 3: Plan view of the POT support schemes proposed by [41] that have been employed
in this study. (a) ‘Classical’ layout, (b) Statically Determinate layout (referred as SD) and
(c) Statically Determinate layout with separate components (referred as ‘separate SD’).
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both sides and provide continuity on the surface in which the wheel contact238

is defined. The length of the joint is Lj = 0.3m (see Figure 4).239

The length of the approaching platform used by the vehicle before access-240

ing the bridge (Platform 1 in Figure 4) is defined for each vehicle velocity241

in order to ensure that it arrives to the bridge without significant residual242

movement caused by the application of the self-weight in the first step of243

the analysis. The length of the exit platform (Platform 2) is defined also244

in terms of the vehicle velocity so that the complete acceleration histories245

are at least ten seconds long, starting when the vehicle enters the bridge.246

This provides the Direct Fourier Transform (DFT) of the accelerations with247

enough precision in the low frequency range.248
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Figure 4: Elevation of the bridge and the approaching platforms, including a convoy of
eight vehicles equally spaced a distance Sv, running at a velocity v. In the case represented
the exit of the ith-vehicle coincides in time with the entrance of the vehicle i + 2 (Sv =
(Lt + Lv)/2), where Lv = 4.73m is the distance between the vehicle wheel axes.

Different aspects of this bridge are modified in the following sections in249

order to perform the parametric analyses, being described when appropriate.250
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3.2. The numerical model251

The deck steel beams have been defined as three dimensional ‘beam’ ele-252

ments rigidly connected to the shell elements representing the concrete slab.253

The beam elements are defined in the level of the centroids of the longitu-254

dinal girders, whereas the shell elements are located in the mid-plane of the255

in-situ concrete slab, accounting for the offset created by the thickness of256

the permanent formwork. This model has been tested versus a second model257

where the beams are defined through shells, obtaining very similar results.258

Therefore, the former model has been used for the rest of the study avoid-259

ing an unnecessary additional computational time. The connection between260

the concrete and the steel beams is assumed perfect, hence considering that261

the shear studs transmit completely the shear force in the interface with-262

out adding any deformation. This hypothesis is considered reasonable in the263

linear range, which is to be expected in the SLS analysis conducted in this264

study.265

The vehicle considered in the study is the HA20-44 truck defined by266

the American Association of State Highway and Transportation Officials267

(AASHTO) specifications [11]. It is specially relevant for the assessment268

of the Serviceability Limit State (SLS) of vibrations since it could combine269

both heavy weight (18.6 tones, i.e. 182.5kN) and high velocities (up to 120270

km/h). The frequencies (f) and damping ratios (ξ) of the first vibrational271

modes of the vehicle MDOF system are as follows: (Mode 1) Body roll,272

f1,v = 0.83Hz, ξ1,v = 34%; (Mode 2) Body pitch, f2,v = 0.92Hz, ξ2,v = 52%;273

(Mode 3) Body pitch and heave, f3,v = 1.14Hz, ξ3,v = 29%. Further details274

of the vehicle model are reported in [8, 11, 14],275

3.3. Initial studies276

A number of initial studies have been conducted in order to ensure the ac-277

curacy of the numerical model and to minimise the traffic-induced vibrations.278

The following points summarise the main conclusions of these studies:279

• A simple two-dimensional beam model representing the longitudinal280

flexure of the bridge has been developed, describing the vehicle action281

with moving loads. The maximum acceleration obtained is significantly282

lower (0.1m/s2) than in the corresponding VBI analysis. Nonetheless,283

the results obtained with the simple beam model are questionable as it284

does not capture the transverse flexure of the slab between longitudinal285

beams, which is dominant as it will be demonstrated later. The beam286
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model also ignores the pavement roughness, the hammering effect of287

the vehicle, its mass and its interaction with the bridge. This initial288

study verified the need of the three-dimensional FEM of the bridge.289

• The bridge self-weight deformation increases the traffic-induced accel-290

erations by 8%. Therefore, a precamber (conventionally used in bridge291

construction) that cancels this initial deformation has been considered292

in all the analyses.293

• At both support sections of the deck the transverse beams are extended294

(maintaining the same section) to hold the cantilevers of the concrete295

slab, as represented in Figure 2. This solution is not usually employed296

in the conventional design proposed by [37, 38] but the vibrations in the297

sidewalk ends are reduced by 53%, as discussed in Section 7.2. These298

cantilever steel beams are only included at the diaphragm sections.299

• The influence of the transition slab and the abutment’s vertical stiff-300

ness on the hammering effect of the vehicle, when it accesses or leaves301

the bridge, has been considered. A detailed FE model (with contin-302

uum elements) representing the embankment and the abutment with303

different soil types was defined. Following this initial investigation, the304

vertical stiffness of the approaching platforms close to the bridge deck305

has been defined from this model (in a length of 15m) and employed306

in the vertical springs of the VBI model (see Figure 4).307

4. Influence of the vehicle location across the bridge deck308

In this section, vehicles with different eccentricities are considered (see309

Figure 2), circulating at 90 km/h over a perfect pavement (without rough-310

ness). Load cases II, IIb, III, and IIIb represent normal loading scenarios.311

Load case I has been introduced as a symmetrical reference case, whereas312

Load case IV has been introduced to consider a hypothetical 3-lane highway313

bridge without pedestrian walks.314

The study of the most contributing modes of vibration is presented first in315

Figure 5 through the Discrete Fourier Transform (DFT) of the time-histories316

of acceleration at different points of the deck for Load Case II. It is clear317

from this figure the reduced contribution of the first vibrational modes in318

comparison with the large participation of high-order modes (between 18 and319

50Hz) that involve the transverse flexure of the concrete slab. This result320
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questions the accuracy of traditional deflection-based methods to assess the321

SLS of vibrations in conventional composite decks, as the response is not322

dominated by the first mode of vibration. Acceleration-based methods based323

on three-dimensional FE analysis seem to be essential to assess the comfort in324

these conventional bridges. As expected, at locations closer to the abutments325

the participation of the first vibrational mode (2Hz) is less appreciable. Close326

to the girder ends, the vibration on the sidewalks is governed by modes with327

local transverse flexure of the slab (e.g. Mode 3 in Figure 5). This mode328

of vibration is in turn very sensitive to the possible transverse movement of329

the supports and it gives large importance to the selection of bearings, as330

discussed later.331

A
Mode 1: 2.0Hz

Mode 3: 3.7Hz

Mode 1

Mode 2: Torsion

Mode 3

Mode 5

B
C

D

Point A;

Point B;

Point C;

Point D;

Mode 15

50Hz

'Slab' modes

Mode 15: 18.1Hz

Mode 21

Mode 21: 24.3Hz

Mode 5: 7.1Hz

Figure 5: Frequency content of vertical acceleration at different points of the deck. The
shape of relevant modes of vibration is included, along with the reference points and the
support conditions in transverse direction. Load Case II. Perfect road. v = 90km/h.

Figure 6 presents the peak acceleration recorded along the edges of the332

sidewalks and across the deck width. It is remarkable that the dynamic333

response of the deck is governed by the transverse response of the slab and334

not by the longitudinal bending. This is suggested by two facts: (1) the335

almost constant vibration along the deck, with very small accelerations over336

the steel beams (instead of increasing towards midspan, as it would happen337

if the response would have been dominated by the first mode of vibration),338

and (2) the larger accelerations when the vehicle runs with such eccentricities339

that the load is applied at locations where the relevant modes have larger340

deformation (i.e. larger in load case I than in load case IV). Previous research341
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works found that vehicles with maximum eccentricity increase the vibrations342

in bridges in which the global torsional response was found to be important343

[8, 29]. The interesting result presented in this work adds generality to344

the previous outcome: the vehicle path that maximises the vibrations in345

the deck is the one that runs over the areas with maximum deformation346

in the governing vibrational modes. In the bridges studied in this paper,347

this position is centered (Load Case I). The section at the first span-octave348

(X = L/8 = 5m) included in Figure 6(b) is typically critical in terms of349

vertical accelerations due to the participation of the 21-th vibrational mode350

represented in Figure 5. The acceleration recorded at the deck centreline is351

much higher than in the footways, however pedestrians are not expected to352

use that part of the bridge and the vehicle suspension filters the vibration353

perceived by the vehicle users. It is noticeable that the peak acceleration354

in the Sidewalk 2 (over transversely free POT supports) is around 2.5 times355

higher than in the opposite sidewalk.356

Sidewalk71
(on7POT7fixed7Uy7)

Sidewalk72
(on7POT7free7Uy7) BS754007limit:70.77m/s2

Wright7&7Walker7(1971)7limit:72.54m/s2

BS754007limit:70.77m/s2

Wright7&7Walker7(1971)7limit:72.54m/s2

(a)

Abutment
X = 0m

Span octave
X = L/8 = 5m

Midspan
X = L/2 = 20m

Sidewalk 1 Sidewalk 2

(b)

Figure 6: Peak acceleration when the vehicle crosses the bridge with different eccentricities.
(a) along the sidewalks (edges), (b) across the deck width at different sections. The
maximum acceleration limits established by Wright and Walker [3] and BS 5400-2 [28] are
included. Perfect road. v = 90km/h.

For a given absolute vehicle eccentricity, the accelerations are 20-30%357

larger when the vehicle is located closer to the sidewalk supported on trans-358

versely free POT bearings (Sidewalk 2) (compare Load Cases II and IIb, or359
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III and IIIb, in Figure 6(a)). In addition, as a consequence of the longitudinal360

asymmetry of the boundary conditions in the classical configuration of POT361

supports in Figure 3(a), the peak accelerations in the footways recorded in362

Load Case II when the vehicle crosses the bridge in opposite direction, i.e.363

from right to left, are 15% smaller.364

The acceleration in the truck has been recorded both in its centre of mass365

as well as in the cabin (3.153m ahead), where it has been observed that366

the vehicle pitch could increase the peak vibration by a factor of 2. It has367

been also distinguished between the acceleration sensed by the driver and368

the passenger, separated 0.6m from the mid-plane of the vehicle. However,369

the difference in the vibration at both points is almost negligible (less than370

1%) in all the cases studied in this work. Therefore, from hereafter, the371

vibration of the vehicle will be referred exclusively to the driver. It has been372

also observed the small influence (up to 4%) of the vehicle eccentricity on the373

accelerations perceived by the driver (from 2.20 to 2.29m/s2 in Load Cases I374

and IV respectively).375

Although the critical scenario in terms of deck vibrations is given by the376

centered vehicle (Load Case I), this is not considered a normal scenario. Load377

Case II, with the vehicle centered on lane 1, will be therefore considered in378

the rest of the study.379

5. Influence of the RMS averaging time, the comfort criteria, and380

the convoy length.381

The peak acceleration limits established by Wright and Walker [3] (alim =382

2.54m/s2) and BS 5400-2 [28] (alim = 0.5
√
f1 = 0.7m/s2, where f1 = 2Hz is383

the fundamental frequency of the bridge) are exceeded more than 2.75 and384

10 times respectively in Figure 6(a). However, this is not correlated with385

observation because the case-study represents a very conventional type of386

bridge in which users’ complains are not frequent [10], as reported by [1].387

It becomes apparent that comfort criteria based on peak accelerations are388

questionable as they are caused by single peaks mostly related to the ham-389

mering effect of the vehicle entrance and exit. The majority of the research390

works process the acceleration history using an averaging period, ∆t, equal391

to T2 − T1 in the calculation of RMS in expression (1). However, very few392

studies explain the reason to select a particular value of ∆t.393

It is clear that ∆t should depend upon the user characteristics. The394

question that needs to be addressed is the capacity of the pedestrians, or395
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the vehicle users, to feel short-duration acceleration pulses and the lower du-396

ration that the user is able to perceive. The use of the peak acceleration397

(∆t = 0s) is questionable in comfort analysis. In order to shed some light on398

this important effect, Figure 7 presents the influence of the averaging time399

(∆t) on the calculation of the RMS employing expression (1). The aRMS(t)400

is obtained considering the interval of accelerations recorded before the time401

t at which it is measured: T1 = t − ∆t and T2 = t. The strong reduction402

of the RMS by increasing ∆t is clear from this figure. With the averaging403

time recommended by [31], equal to one second, the RMS acceleration is404

around 3.5 times smaller than the corresponding peak value. The discom-405

fort limits observed by Griffin and Whitham [27] for different exposure times406

are also represented in Figure 7. These results were obtained for acceler-407

ations histories with several vibration frequencies (4, 8, 16 and 32Hz) but408

the influence of the excitation frequency is not significant. Only the result409

for 16Hz is included in Figure 7, which is close to the vibration frequency410

with maximum contribution in the structural response (18.1Hz, see Figure411

5). The maximum RMS acceleration that can be tolerated increases strongly412

by reducing the exposure time. This is an important effect ignored by the413

most common comfort criteria employed in bridges [24, 28]. These criteria414

fall extremely on the safe side in this case, leading to over design and to the415

non consideration of solutions that could be perfectly viable. Considering a416

conventional velocity of 90km/h, the RMS obtained with ∆t = 1s leads to417

maximum accelerations in the sidewalks that are within the comfort limits418

observed by Griffin and Whitham. Research studies on bridge users’ comfort419

in relation to the exposure time are needed. For the rest of this work, the420

RMS acceleration with an averaging time ∆t = 1s is presented (unless the421

opposite is stated) as it seems to be supported by previous research [27].422

Three critical averaging periods in the footways RMS acceleration curves423

can be identified in Figure 7:424

(1) if the averaging interval is smaller than the analysis step-time (∆t <425

0.001s) the maximum RMS acceleration is exactly the peak accelera-426

tion, as the averaging interval only captures the acceleration recorded427

at each time (a(t)),428

(2) for larger intervals the averaging time covers both the peak and the429

adjacent smaller values in the acceleration record, strongly reducing430

the RMS until the averaging time is long enough to include two con-431

secutive peaks. If the dynamic response were dominated by only one432
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Figure 7: Maximum RMS acceleration in terms of the averaging time (∆t) for three vehicle
velocities at Point D (midspan on Sidewalk 2). Perfect road. Load Case II. The colored
band represents the tenth and ninetieth percentiles in the comfort experiments conducted
by Griffin and Whitham [27], which is centered on the mean value.
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mode of vibration, the time between consecutive peaks would be half433

of its period. In this bridge, several slab vibrational modes are domi-434

nant. Nevertheless, considering the most influencing bridge mode (f15435

= 18.1Hz) leads to ∆tp = 1/(2f15) = 0.028s, for which a second relative436

peak in the RMS curves can be identified,437

(3) as the interval gets larger, several acceleration peaks and valleys in-438

duced by the vehicle are involved in the RMS average and therefore its439

value decreases at a slower rate. However, this trend changes when the440

averaging period is able to capture both the entrance and the exit of441

the vehicle, i.e. ∆tb = (Lco + Lt)/v, where Lco is equal to the length442

of the vehicle (Lv), or the length of the convoy when several vehicles443

are considered (see Figure 4). When the averaging time is larger than444

∆tb it always includes free vibrations in the signal and the structural445

damping contributes to the rapid decrement of the RMS.446

Note that ∆tb depends upon the vehicle velocity whereas ∆tp is an in-447

herent property of the structure. It has been observed that the mentioned448

values of ∆t influence the RMS at different points of the deck, being the449

decrement of the RMS with the averaging time stronger at the points of the450

deck close to the abutments, specially for very small values (∆t < ∆tp). This451

could be explained by the large and localised acceleration pulses introduced452

by the vehicle at the entrance and the exit of the deck (hammering effect).453

Regarding the attenuation of the RMS registered inside the vehicle, the same454

trends described above were observed. However there is no significant decay455

for ∆t < 0.1s. The influence of ∆tb is stronger in the attenuation of the RMS456

in the vehicle as the free vibration captured for larger averaging periods are457

rapidly damped by the vehicle suspension.458

When several in-line trucks are crossing the bridge (see Figure 4), the ac-459

celerations are increased as represented in Figure 7. The continuous entrance460

of vehicles makes the attenuation of the RMS with the averaging period less461

pronounced than in the case with only one vehicle. In order to explore more462

in detail the influence of the number of vehicles in the accelerations recorded463

on the sidewalks, Figure 8 presents the RMSi acceleration by fixing the av-464

eraging intervals T1 and T2 in expression (1) to the instants associated with465

the entrance and the exit of the ith-vehicle, as it is depicted in Figure 4. In466

this case the distance between vehicles is defined so that the ith-vehicle is467

at the span centre when the front axis of the (i+ 1)th-vehicle just arrives to468
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the bridge (see Figure 4). This yields an unreasonably short time between469

vehicles for the highest velocity (0.68s for 120km/h) but it is considered in470

order to maximise the dynamic effects. Nevertheless, it has been observed471

that for the range of reasonable velocities considered (60-120km/h) resonance472

effects in the bridge are not to be expected due to the high-order dominant473

frequencies of the response. When a convoy of eight vehicles is considered,474

the successive entrance of trucks increases the vibration recorded along both475

sidewalks as expected. However, the increment is more pronounced for the476

initial vehicles. The increment from seven to eight vehicles is almost negli-477

gible (compare RMS 6 and 7). This loading scenario, with convoy of eight478

heavy vehicles, has a very small probability of occurrence. Nevertheless, it479

has importance to show how the RMS accelerations are multiplied by almost480

2.5 when a convoy of vehicles of these characteristics is considered. The incre-481

ment in accelerations is considerably higher at span-quarters and midspan,482

specially on the Sidewalk 1, due to the larger contribution of Mode 15 (see483

Figure 5) and other slab modes.484
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1

Figure 8: RMSi accelerations (see Figure 4) along the edges of the sidewalks when one or
multiple (up to eight) vehicles cross the bridge with the minimum spacing Sv = (Lt+Lv)/2.
Load Case II. Perfect road. v = 90km/h.

Just as the acceleration should be averaged in time, it should be also av-485

eraged in space in order to avoid conditioning the design of the bridge due to486
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a localised exceedance of the vibration limits on the sidewalks. Accordingly,487

the ‘design’ RMS acceleration in Eq. (3) is defined for this purpose and the488

results presented in the following. The sum in Eq. (3) is extended along489

an averaging area, whose study is beyond the scope of this work. For com-490

parison purposes, the area has been extended to the entire sidewalk in this491

study and simply referred hereinafter as ‘design’ RMS acceleration: RMSd,c.492

It has been computed for convoys of trucks crossing the bridge at 60, 90 and493

120km/h. Two different spacings between consecutive vehicles (Sv) have494

been considered: the aforementioned minimum distance Sv = (Lt + Lv)/2495

and Sv = 2v +Lv (with v in m/s) derived after considering the conventional496

minimum safety time of 2 seconds between the front axis of a vehicle and497

the rear axis of the vehicle ahead. Figure 9 synthesises the results by pre-498

senting the ratio of the design RMSd,c acceleration obtained for the convoy499

and that for only one vehicle. It is clear that the acceleration increases as500

successive vehicles cross the bridge. Nevertheless, the vibration increases at501

a higher rate for the first two or three vehicles (see inflexion points in Figure502

9) and it is attenuated for the rest. The acceleration RMS 3, which involves503

the participation of the first 4 vehicles, represents 81 - 89% of the design504

RMSd,c acceleration on the sidewalks observed with the convoy of 8 vehicles.505

Similar values have been observed for peak accelerations at midspan. When506

the spacing between vehicles is larger the increment of acceleration with suc-507

cessive vehicles decreases. This was to be expected as the free vibrations508

between the entrance of vehicles are mitigated by the structural damping. In509

the limit, when the distance between vehicles tends to infinite, the vibration510

tends to be the one obtained in the case with only one vehicle. It is clear511

the importance of considering realistic traffic loading (in relation to vehicle512

types, weights, speeds and spacings), not just one single heavy vehicle, in the513

assessment of the SLS of vibrations. This leads to further research to be able514

to define realistic loading scenarios for different road types. For the rest of515

the paper, only one vehicle crossing the bridge at 90km/h is considered here-516

after as the purpose of this work is to study the influence of different features517

on the vibration of ladder-deck bridges, not to check the SLS of vibrations518

of any specific structure.519
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Figure 9: Ratio between the design RMS acceleration (RMSd,c) averaged for both side-
walks with one and multiple vehicles. The integration intervals involved in the RMS
calculation are defined in Figure 4. Load Case II. Perfect road.

6. Influence of the road roughness and the construction levelling520

errors at the bridge joints521

In this section, the pavement roughness is included by means of imposed522

displacement profiles in the vehicle wheels. The road roughness is gener-523

ated to match the Power Spectral Density (PSD) function for different road524

categories (A, B and C). The process is homogeneous and Gaussian with525

zero mean, based in the inverse Fast Fourier Transform. The profile r(x) is526

obtained by adding successive sinusoidal functions within the range of fre-527

quencies of interest:528

r(x) =
N∑
k=1

√
2Gd(nk)∆n cos (2πnkx+ θk) (4)

in which x is the position of the point where the profile is defined, nk is the529

spatial frequency [cycle/m], N is the number of frequencies included, n1 and530

nN are respectively the lower and upper cut-off frequencies, ∆n is the fre-531

quency resolution, θk is a random phase angle uniformly distributed from 0 to532

2π, and Gd(nk) is the PSD function [m3/cycle]: Gd(nk) = Gd(n0)(nk/n0)
−2

533

[8, 12, 13, 32] (where n0 = 0.1 cycle/m is the reference frequency). The value534

of the PSD function at the reference frequency defines the road category. The535

22



following values in m3/cycle are employed in this study: Gd(n0) = 16× 10−6536

for road A (very good quality), Gd(n0) = 64×10−6 for road B (good quality),537

and Gd(n0) = 256 × 10−6 for road C (regular quality). With the objective538

of introducing potential construction levelling errors between both sides of539

each bridge joints, the entire roughness profile is generated in three inde-540

pendent sections: one for each of the two access platforms, and one for the541

bridge deck. The upper cut-off frequency is nN = 30 cycle/m (higher than542

the traditional value of 10 cycle/m) to account for the possible influence of543

high-order frequencies and the realistic filtering effect of the wheels with the544

disk model. The lower cut-off frequency is n1 = 0.01 cycle/m on the platform545

and n1 = 1/2L on the bridge deck, in order to take into account the bridge546

span (L) on the low-frequency roughness. As suggested by Coussy et al.547

[18], the selected cut-off frequencies multiplied by the maximum and mini-548

mum speeds chosen for the vehicle (60-120km/h) determine a time frequency549

interval [0.167-1000]Hz that should contain the frequencies attached to the550

problem, i.e. the important frequencies of the bridge and the vehicle [1-551

50]Hz. The distance between consecutive points in the profile is ∆r = 8mm,552

which allows for enough precision in the definition of the high-order spatial553

frequencies of the roughness profile. The frequency resolution is ∆n = n1554

[17]. After the generation of the roughness profiles they are connected at555

both sides of the bridge joints, assumed perfectly planar, and the disk model556

[8, 21] is used to filter the complete profile.557

By modifying the random phase angle θk, two different sets of 10 indepen-558

dent profiles are generated for the wheels at both sides of the vehicle (spaced559

2.05m transversely). Consequently, we assume the spatial correlation be-560

tween the roughness of the road to be negligible in transverse direction. In561

the following results, the mean value of the RMS acceleration obtained by562

applying each roughness profile is reported. The standard deviation is also563

included graphically as colored bands centered in the mean value in order to564

provide information on the dispersion of the results with different profiles.565

Figure 10 shows the maximum RMS acceleration along the sidewalks of566

the bridge for different pavement qualities. The ideal case of a perfectly flat567

surface is also included for comparison. It is clear that the vibration of the568

deck is increased by lowering the pavement quality. Table 1 presents the peak569

and maximum RMS accelerations sensed by the vehicle driver and by the570

pedestrians along the sidewalks for different cases. This table also summarises571

the design RMSd,c acceleration on the sidewalk presented in expression (3).572

The RMSd,c on Sidewalk 2 is increased by 4% when the perfectly flat road573
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surface is changed to a real pavement with very good quality (road A). If the574

surface is deteriorated from road A to road B, the design RMSd,c acceleration575

on Sidewalk 2 increases around 10%. Finally, the increment of acceleration576

from road B to C (regular road) is around 30%. Similar increments of the577

dynamic response for roads with successively worse quality were reported578

by Deng and Cai [13] for multi-girder concrete bridges. By exploring the579

accelerations across the deck width it was verified that the pavement quality580

affects more the vibration of the deck at locations not used by pedestrians,581

such as those between longitudinal girders, and specially at these areas close582

to the abutments. From Table 1, it is also remarkable that the vertical583

RMS acceleration sensed by the vehicle users is two times higher if the road584

quality is regular (road C), in comparison to the result obtained in roads585

with very good quality (road A). Considering the governing frequencies in586

the vehicle response (vertical modes around 1Hz), Griffin [42] suggests that587

RMS accelerations above 2m/s2 can be regarded as uncomfortable for the588

driver and passengers. When the vehicle velocity is 90km/h, if the road589

quality is regular (type C), this limit would be exceeded.590

Sidewalk 1

Sidewalk 2
Perfect road

Perfect road

Figure 10: Maximum RMS acceleration along the sidewalks (edges) for different pavement
qualities. Load Case II. v = 90km/h.
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Construction misalignments in the bridge joint can trigger the hammering591

effect of the vehicle. This has been studied by means of different offsets in the592

roughness profiles between the platforms and the bridge, connected by means593

of a ramp at the joint. For the road A roughness it has been observed that the594

influence of the joint construction errors in the registered accelerations on the595

sidewalks is negligible, provided that they are kept under 10mm (maximum596

misalignment considered). However, the vibrations perceived by the driver597

and the passengers increase by approximately 15% when the joint error is598

10mm, in comparison with the reference case in which the joint is perfectly599

horizontal. The construction errors at the bridge joint affect more the vehicle600

response than the structure. This is because the supports are located only601

0.4m away from the joint and therefore the impact due to levelling errors is602

transmitted rapidly to the bearings, whereas the vehicle can only transform603

this impact into vibration. For the rest of the paper, the joint is assumed to604

be perfectly horizontal (i.e. with no construction error).605

7. Influence of the main bridge parameters606

There are several design choices involved in conventional ladder-deck607

bridges. The objective of this section is to explore their impact on the vi-608

brations sensed by users and to propose design recommendations. All the609

results presented are those for a typical well-maintained pavement (road A)610

with no construction levelling error at the bridge joints, considering one truck611

crossing the structure at 90km/h and centered on Lane 1 (Load Case II).612

7.1. Bearing typology613

The three POT configurations included in Figure 3 have been studied and614

compared in Figure 11, along with an additional configuration in which all615

the supports are completely fixed in longitudinal and transverse directions616

(referred as ‘Fixed’ in Figure 11(b)). Furthermore, an additional design solu-617

tion using Laminated Elastomeric Bearings (LEB) is explored and presented618

in Figure 11. For this case, circular LEB supports with 450mm diameter and619

57mm thickness (41mm thick elastomer and four 4mm thick steel plates)620

have been designed according to EN 1337-3 [43]. The horizontal and verti-621

cal stiffness of LEB supports is represented in the model by elastic springs.622

The neoprene material properties are G = 0.9MPa and E = 2000MPa (G623

and E are the shear and Young’s modulus respectively). The increment in624

stiffness related to fast dynamic actions is usually considered by multiplying625
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these two values by a factor of 2. The influence of the LEB properties on626

the registered accelerations has been explored by considering three different627

scenarios: (1) reference value (G = 0.9MPa and E = 2000MPa), (2) dynamic628

value (G′ = 2G, E ′ = 2E), and (3) a stiffer value to account for potential629

scenarios with very low temperature (G′ = 4G, E ′ = 4E).630

RMS accelerations on Sidewalk 1 are approximately 70% larger when LEB631

supports are used instead of POT bearings (classical configuration) (see Fig-632

ure 11(a)). This important increment in the acceleration is observed along633

the whole sidewalk, leading to a 50% larger RMSd,c on Sidewalk 1 (see Table634

1). The effect is caused by the smaller restrain to lateral movements of the635

LEB supports located close to Sidewalk 1, in comparison to the POT con-636

figuration (where the movements were fully restrained). The accelerations637

on Sidewalk 2 are very similar, as the lateral movements are allowed in both638

cases. These results are consistent with those conclusions drawn in Section639

4. In addition, the strong participation of a vibrational mode with 15.8Hz640

frequency (see Figure 12(a)), which involves the flexure of the slab and the641

longitudinal girders, is responsible for the increment in deck accelerations642

with LEB supports. With the ‘classical’ POT configuration, the first slab643

mode with significant contribution (18.1Hz) does not activate the longitudi-644

nal flexure of the steel girders. Moreover, with LEB the response in both645

sidewalks is similar because the bridge is symmetric in transverse direction646

(but not the loading). The value of the stiffness of the LEB, within the647

range considered for this study, does not affect the RMS acceleration in the648

first quarters of the span. Nevertheless reductions down to 30% are found at649

midspan (Sidewalk 1) for the most flexible supports considered.650

Moghimi and Ronagh [29] concluded that LEB supports that are too651

flexible in vertical direction increase notably the accelerations in the deck.652

The present study has found that, while LEB increase the accelerations, it653

is mainly due to the reduction of the lateral stiffness, when being compared654

with POT bearings, although vertical and lateral stiffness are related. Fig-655

ure 11 shows how the largest changes in the RMS accelerations are due to656

the changes in the transverse stiffness of the bearings (see change in Figure657

11(b) from the fixed to the classical POT bearing schemes). This is again658

related to the fact that the bridge is vibrating as a slab that spans the trans-659

verse distance between longitudinal girders. The statically determinate (SD)660

POT configurations (Figures 3(b) and 3(c)) increase the acceleration by ap-661

proximately 30% on Sidewalk 1, in comparison with the classical solution (see662

Figure 11(b) and Table 1) due to a larger participation of the first slab vibra-663
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tional mode (17 Hz). The statically determinate POT scheme with separate664

components also lead to an increment in accelerations near the abutments,665

due to the lower frequency of the first slab mode (13Hz, instead of 18.1Hz as666

in the classical configuration).667
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Figure 11: Maximum RMS acceleration along the sidewalks (edges) for different support
schemes. (a) LEB supports, (b) POT supports. ‘SD’ stands for Statically Determinate
configuration in the POT scheme (Figure 3). Road A. Load Case II. v = 90km/h.

In the solution with sliding POT supports, the friction forces at the PTFE668

sheet could lock the bearing movements, and make it behave as a ‘fixed’ POT669

bearing, if such restraining forces were larger than those reaction forces de-670

veloped in a fixed POT bearing. Figure 13 shows that, while the longitudinal671

(X) movement of the supports is clearly allowed, the lateral (Y ) forces in672

the fixed POT bearing can be almost resisted by means of friction forces, i.e.673

theoretical free movements in the transverse direction would be restrained674

by friction. Some authors [44] have suggested this blocking effect in POT675

bearings to justify unexpected values in dynamic load tests. The results of676

this work confirm this phenomenon, which would in turn lead to a reduc-677

tion of the vibration on the sidewalks. From hereafter, the results with the678

classical POT configuration are discussed, adopting the conventional design679

assumption that the sliding bearings release the movement, regardless of the680

friction forces developed.681

Regarding the comfort in the vehicle, fixed POT supports reduce the682

vibration in the cabin by 20% in comparison with all the transversely free683
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Figure 12: Frequency content of the vertical acceleration of the Sidewalk 1 at midspan
for different structural features that affect the response in: (a) transverse direction and
(b) longitudinal direction. The reference case is a 40m-span bridge with classical POT
support configuration, slab thickness ts = 310mm and cantilever length Lc = 1.6m. Load
Case II. Road A, road profile No. 1. v = 90km/h.

m = + 0.03

m =   0.03

m = + 0.03m =   0.03

Figure 13: Orbit of the ratio between the horizontal reaction in longitudinal (RX) or
transverse direction (RY ) and the vertical reaction (RZ) in one of the supports. Model
with completely fixed POT bearings. The PTFE coefficient of friction (µ = ±0.03) is
included [45]. Road A, road profile No.1 . Load Case II. v = 90km/h.
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POT configurations considered.684

7.2. Structural features with influence on the transverse stiffness: slab and685

transverse beams morphology686

The vibration of the bridge is influenced by the transverse stiffness of the687

deck, as it is governed by vibrational modes involving the flexure of the slab688

and the transverse beams. Here, four aspects have been explored due to their689

close relation to the transverse stiffness of the deck: (1) the slab thickness ts,690

(2) the depth of the transverse beams dtb, (3) the spacing between transverse691

beams stb, and (4) the transverse spacing between longitudinal girders (s).692

The results are summarised in Table 1.693

The slab thickness strongly affects the mass and the transverse stiffness694

of the deck. Three different thicknesses have been considered in this study:695

ts = 200, 310 (reference case) and 400mm (all including the 60mm thick696

formwork). Note that ts = 200mm is an extreme case included here only for697

comparison purposes. By increasing the slab thickness the vibrations sensed698

by pedestrians on the sidewalks are strongly decreased as it is observed in699

Table 1. This result is in agreement with [9]. By doubling the slab thickness700

(from 200 to 400mm) the mass of the deck is increased by 45% and the701

RMSd,c is reduced up to 2.3 times on Sidewalk 2 (supported on transversely702

free POT bearings) and 1.9 times on Sidewalk 1. The study of the maximum703

RMS accelerations across the deck width shows that the slab thickness affects704

more the vibrations on the cantilevers (where sidewalks are located) than705

those at locations between the longitudinal girders. To explain this effect,706

the DFT analysis on the vibration at midspan (Sidewalk 1) is presented in707

Figure 12(a). With the thinnest slab (200mm), the vibration is increased708

specially due to the contribution of a vibrational mode with 14.1Hz that709

involves mainly the deformation of the slab cantilevers but not the part of the710

slab between longitudinal girders. Therefore, a slab thickness below 300mm711

(including formwork) would not be recommended in light of the vibrations712

recorded on the deck.713

The transverse beams are normally designed with workable I sections in714

which the depth depends upon the depth of the longitudinal girders and the715

spacing between them. The following transverse beams depths have been ex-716

plored: dtb =750mm (reference value), 1000mm and 1250mm. The maximum717

accelerations along the sidewalks for these three cases are reported in Table718

1. The design RMSd,c acceleration on Sidewalk 2 can be slightly reduced with719

larger transverse beams. However, the influence of the transverse beams is720
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localised near the abutments and the RMSd,c in Table 1 conceals this local721

effect. At both ends of Sidewalk 2 the vertical RMS acceleration is reduced722

by 50% when the transverse beam depth is increased from 750 to 1250mm.723

The conventional spacing between transverse beams in ladder-type com-724

posite decks ranges from 3 to 4m. In order to have a broad view of the725

influence of this design parameter, the following values are considered: stb =726

2.5, 3, 3.5 and 4m. The results presented in Table 1 suggest that by reduc-727

ing the number of transverse beams (i.e. by increasing their spacing) the728

RMS acceleration recorded on the sidewalks slightly increases. The maxi-729

mum RMS acceleration along the Sidewalk 2 for a 4m spacing is 27% larger730

than that for a 3m spacing. However, the design RMSd,c acceleration is only731

increased by 11%. Using the slab thickness to reduce the deck vibration is732

more efficient than modifying the transverse beams, although there is an im-733

pact on the deck self-weight that must be considered. In addition, increasing734

the depth of the transverse beams (dtb) is more efficient than reducing their735

spacing (stb). Reducing the spacing will increase the number of beams and it736

will also increase the construction costs due to the increment in the number737

of connections.738

The relative length of the cantilevers Lc (and consequently the spacing739

between longitudinal beams, s) has been modified in order to consider dif-740

ferent configurations of the transverse section (maintaining its total width741

constant). Three different cantilever lengths have been explored: Lc = 1.6m742

(reference case), 2.0m and 2.5m, which configure cantilever slenderness of743

ts/Lc = 1/5.2, 1/6.4 and 1/8 respectively. Figure 14 presents the maxi-744

mum RMS acceleration across the deck width at several sections along the745

deck for different cantilevers. Larger cantilevers reduce the transverse span746

between longitudinal girders, resulting in smaller RMS accelerations in this747

area. However, the vibration tends to increase in the cantilevers. This is748

due to the stronger contribution of vibrational modes (with 10.2Hz for the749

dominant mode, see Figure 12(a)) that only involve the flange flexure. The750

effect of large cantilevers is specially important at the support sections, where751

increasing the cantilevers from 1.6 to 2.5m reduced the RMS acceleration at752

the centreline by 25% and increased it on Sidewalk 2 by 45%. In order to753

limit the vibration on the sidewalks, specially at locations close to the abut-754

ments, it is suggested to locate the longitudinal girders as close as possible755

to the center of the sidewalks. In this case, the conventional spacing of the756

longitudinal girders in the cross section represented in Figure 2 resulted opti-757

mal from the point of view of the SLS of vibrations. If larger cantilevers are758
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provided, they should be connected at the abutment sections to diaphragms759

that reduce their transverse flexibility.760

Abutment
X = 0m

Span octave
X = L/8 = 5m

Midspan
X = L/2 = 20m

Sidewalk 1 Sidewalk 2

Lc

ts

Figure 14: Maximum RMS acceleration across the deck width at different sections for
different cantilever lengths. The width corresponding to the sidewalks is highlighted in
gray. Road A. Load Case II. v = 90km/h.

The transverse cantilever beams supporting the slab flanges at the sup-761

port sections (which were considered in all the analyses performed so far, as762

mentioned in Section 3.3) significantly reduce the vertical accelerations on763

the sidewalks in the first five meters of the deck length. Table 1 presents764

the peak and maximum RMS accelerations in the case with, and without,765

the end transverse cantilever beams at the support sections. When the end766

cantilever beams are displayed, the maximum RMS acceleration is reduced767

by 14% and 53% on Sidewalks 1 and 2 respectively. Although the RMSd,c ac-768

celeration on the sidewalks is almost unaffected by the end cantilever beams,769

the strong reduction of vibration at the deck ends (on the sidewalk supported770

by transversely free POT bearings) justifies the utilisation of these members.771

In addition, it has been observed that extending the cantilever beams in772

the entire bridge length does not appreciably improve the vibrations on the773

sidewalks as the response along the bridge, outside the support area, is dom-774

inated by the slab response between girders, and not by flange vibrational775
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modes. Therefore, it is recommended to extend the transverse beams to the776

complete width of the deck only at the support sections.777

The structural features analysed in this subsection do not significantly778

affect the vibrations in the vehicle cabin. This is so because they affect the779

high-frequency response, controlled by slab modes, which is rapidly filtered780

by the vehicle suspension.781

7.3. Structural features with influence on the longitudinal stiffness: longitu-782

dinal beam depth and span length783

In this section different structural aspects are modified in order to ex-784

plore the design limits in which the longitudinal bending of the deck between785

supports becomes dominant. Maintaining the same span length (40m), the786

depth of the deck (d) was modified by simply varying the depth of the longi-787

tudinal steel girders. In this case the plates are not re-designed to facilitate788

comparison. The following deck depths (including the 0.31m depth corre-789

sponding to the concrete slab and formwork thickness) have been explored:790

d = 2.31m, d = 2.06m (reference case), d = 1.64m and d = 1.34m. The791

resulting slenderness ratios are d/L = 1/17.3, 1/19.4, 1/24.3 and 1/30.0 re-792

spectively, which fall in the range of values employed in standard practice793

(ratios around 1/20 are more common). Figure 15 shows that the smaller794

the depth-to-span ratio, i.e. the larger the deck slenderness, the larger the795

acceleration on the sidewalks. On Sidewalk 1 the design RMSd,c acceleration796

is increased by approximately 40% and 80% by increasing the reference deck797

slenderness to d/L = 1/24.3 and d/L = 1/30 respectively (see Table 2). The798

frequency content of the acceleration record at midspan (Sidewalk 1) in Fig-799

ure 12(b) illustrates how the response of the most slender deck (d/L = 1/30)800

is influenced by a dominant mode of vibration involving longitudinal bending801

of the beams (in addition to transverse flexure of the slab) and having lower802

frequency (12.4Hz versus 18.1Hz). In agreement with Nassif et al. [9], it is803

observed that the increment of the girder depth reduces the accelerations due804

to the stiffness increment. Nevertheless, increasing the girder depth is less805

efficient than increasing the slab thickness, as it also adds mass. In addition,806

it has been observed that there is a certain depth of the deck beyond which807

the vibrations cannot be further reduced by increasing the stiffness of the808

longitudinal girders. This slenderness has been found to be around 1/20 in809

ladder-deck composite bridges, and it coincides with the value proposed by810

Moghimi and Ronagh [29] for multi-girder bridges. The comfort of the vehi-811

cle users can be significantly affected by the deck slenderness (see Table 2).812
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Sidewalk 1 Sidewalk 2 Driver
Case Sub-Case Peak RMS RMSd,c Peak RMS RMSd,c Peak RMS
Road Perfect 2.20 0.74 0.33 5.45 1.28 0.49 2.22 1.10
quality A 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16

B 2.34 0.85 0.39 5.36 1.46 0.56 3.34 1.31
C 3.06 1.11 0.54 5.60 1.73 0.72 5.85 2.30

LEB G 3.57 1.12 0.52 4.18 1.16 0.52 2.39 1.14
properties 2G 4.90 1.22 0.56 4.93 1.27 0.56 2.39 1.15

4G 5.37 1.20 0.51 4.66 1.25 0.52 2.40 1.15
POT Classical 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16
configuration SD 3.57 1.16 0.49 5.73 1.36 0.53 2.40 1.16

Separate SD 5.73 1.07 0.47 5.20 1.25 0.54 2.44 1.16
Totally fixed 1.81 0.50 0.24 1.56 0.47 0.24 2.13 0.97

Slab 200 (140) 4.41 1.75 0.69 15.31 2.67 0.94 2.35 1.12
thickness 310 (250) 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16
ts (*) [mm] 400 (340) 2.30 0.76 0.36 4.49 0.97 0.40 2.51 1.21
Transverse 750 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16
beam depth 1000 2.35 0.76 0.35 5.81 1.33 0.47 2.42 1.17
dtb [mm] 1250 2.82 0.81 0.36 4.64 1.20 0.46 2.45 1.17
Transverse 2.5 2.69 0.80 0.36 6.96 1.68 0.53 2.40 1.16
beam spacing 3.0 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16
stb [m] 3.5 2.99 0.87 0.36 5.69 1.71 0.56 2.41 1.16

4.0 2.56 0.81 0.34 6.57 1.68 0.57 2.39 1.15
Cantilever 1.6 [1/5.2] 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16
length 2.0 [1/6.4] 3.09 1.10 0.40 5.61 1.54 0.48 2.41 1.16
Lc (**) [m] 2.5 [1/8.0] 2.69 0.84 0.40 7.56 1.39 0.53 2.45 1.17
Cantilever No cantilevers 2.42 0.87 0.36 6.75 2.02 0.49 2.41 1.16
beams End cantilevers 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16

Table 1: Accelerations for different pavement roughness and features that affect the trans-
verse flexure of the bridge. Units in m/s2. The mean values are presented. (*) The slab
thickness ts includes the 6cm thick permanent formwork and the structural thickness of the
slab appears in parenthesis. (**) The cantilever slenderness, ts/Lc, appears in brackets.
Load Case II. v = 90km/h.
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By increasing the deck slenderness from 1/19.4 to 1/30 the RMS acceleration813

sensed by the vehicle users is 2.5 times larger, and exceeds the admissible814

limit of 2m/s2 suggested by Griffin [42]. Figure 12(b) shows that vibrational815

modes with lower frequencies, closer than those of the vehicle (around 1Hz),816

have more contribution in the response of the slender deck. This explains817

why, in this case, the vehicle suspension is less effective in reducing the ac-818

celeration that goes from the bridge to the vehicle cabin.819

Sidewalk 1

Sidewalk 2

Figure 15: Maximum RMS acceleration along the sidewalks (edges) for different depth to
span ratios (d/L) considering the same 40m bridge, and for different spans (L) considering
the same d/L = 1/19.4. Road A. Load Case II. v = 90km/h.

Finally, different span lengths have been considered, re-defining the longi-820

tudinal girders according to the same design criteria [37, 38] and slenderness821

ratio (d/L = 1/19.4) used for the reference case. Figure 15 shows that the822

accelerations at midspan on Sidewalks 1 and 2 for a 20m-span bridge are re-823

spectively 4 and 2 times larger than those in a 40m-span bridge. This was to824

be expected due to the significant reduction in the deck mass (53% smaller).825

The DFT analysis of the acceleration at midspan in Figure 12(b) shows that826

in the model with 20m span the response is dominated by two types of vi-827

brational modes that were not observed in the reference bridge with 40m828

span: (1) a low-frequency mode of vibration with differential longitudinal829

flexure of the steel girders (4.5Hz), and (2) multiple high-frequency vibra-830
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tional modes (above 25 Hz) with deformation mainly in the slab cantilevers.831

The participation of the longitudinal flexure in the 20m-span bridge can be832

observed in the shape of the maximum RMS accelerations registered along833

Sidewalk 1 (Figure 15), increasing from the abutments to the span. The de-834

sign RMSd,c acceleration on Sidewalk 2 is above 1m/s2 (see Table 2), which835

is the discomfort limit established by [27] for exposure times of 1s (Figure 7).836

Therefore, it is likely that the vibration induced by the 18.6t truck will result837

in discomfort of pedestrians in the 20m-span bridge. Moreover, small bridges838

normally employ LEB and this could further increase the accelerations on the839

deck as illustrated in Figure 11(a). The lower frequency content of the deck840

vibration may also explain why the RMS acceleration sensed by the vehicle841

driver is increased 28% by reducing the span length from 40 to 20m. The ac-842

celerations in the bridge with 60m span are smaller on the sidewalks than in843

the model with 40m, decreasing the RMSd,c acceleration by 26% and 20% on844

Sidewalks 1 and 2 respectively (see Table 2). The observations of Deng and845

Cai [13] point to the same direction as they found that the dynamic effect of846

the vehicle on the bridge decreases as the bridge span length increases up to847

a certain length. However, it should be noticed that the larger the bridge,848

the larger the likeness of having additional vehicles, and this could lead to849

larger accelerations as discussed before.850

Sidewalk 1 Sidewalk 2 Driver
Case Sub-Case Peak RMS RMSd,c Peak RMS RMSd,c Peak RMS
Deck 1/17.3 2.42 0.73 0.34 5.54 1.36 0.52 2.05 0.96
slenderness 1/19.4 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16
d/L 1/24.3 3.53 1.18 0.49 6.10 1.66 0.61 3.79 1.85

1/30.0 4.19 1.35 0.62 6.35 1.67 0.69 5.87 2.87
Span length 20 7.71 2.35 0.98 10.84 2.84 1.12 2.92 1.48
L [m] 40 2.23 0.76 0.35 5.51 1.32 0.51 2.41 1.16

60 1.64 0.62 0.26 4.25 1.21 0.41 2.71 1.24

Table 2: Accelerations for different features that affect the longitudinal flexure of the
bridge. Units in m/s2. The mean values are presented. Load Case II. v = 90km/h.

7.4. Design criteria to reduce the traffic-induced vibrations851

The proposed design criteria for conventional ladder-deck composite (steel-852

concrete) bridges are summarised here:853
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• Support devices have a decisive impact upon the pedestrians’ comfort854

as they affect the shape of the vibrational modes. For this bridge type,855

support bearings that constrain the lateral movements minimise the ac-856

celerations by restraining the vertical displacement on the sidewalks in857

the most relevant slab vibrational modes. Therefore, transversely fixed858

POT bearings significantly reduce the accelerations (down to 70%) in859

comparison to LEB. When the bridge is supported over POT bear-860

ings, accelerations are larger on the sidewalk that is closer to the POT861

bearings with free transverse movement. In addition, it has been ob-862

served that sliding POT bearings are likely to be blocked by friction in863

transverse direction under traffic-induced excitations.864

• For this bridge type, the appropriate selection of the slab thickness865

is one of the most efficient ways to limit the accelerations. A slab866

thickness below 300mm is not recommended as vibrational modes with867

deformation of the cantilevers become dominant and reduce the com-868

fort of pedestrians. It was also observed that increasing the depth of869

the transverse beams is more efficient to reduce the vibrations in the870

deck than reducing their spacing. It is recommended to locate the lon-871

gitudinal girders as close as possible to the center of the sidewalks, in872

light of the study of different slab cantilever lengths. It is also neces-873

sary to extend the transverse beams at the support sections of the deck874

in order to avoid local increments of vibrations on the slab at these875

points.876

• For medium spans (40 m) and decks with very slender girders (d/L =877

1/30) the RMS acceleration in the vehicle cabin is beyond the admissi-878

ble comfort limits. The accelerations are reduced in the vehicle and the879

deck by increasing the beam depth for girder slenderness between 1/20880

and 1/30 (although this is not as efficient as increasing the slab thick-881

ness). For smaller slenderness under this range, larger beam depths882

do not significantly reduce the accelerations since the traffic-induced883

bridge response is governed by the transverse flexure of the slab be-884

tween longitudinal beams.885

• When a single vehicle is considered, the traffic-induced acceleration is886

increased by reducing the bridge span length, specially between 40 and887

20m. Nevertheless, the longer the bridge, the higher the probability of888
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having a more demanding loading scenario with several vehicles cross-889

ing the bridge at the same time. Additional research is required in order890

to provide realistic traffic scenarios to be considered in the design of891

these conventional bridges.892

8. Conclusions893

This work is focused on the vibrations to which pedestrians and vehicle894

users are exposed when crossing composite ladder-deck bridges. The ref-895

erence case-study, plus the multiple geometrical and mechanical parameters896

considered in the parametric analyses, define a whole structural typology that897

represents one of the most conventional solutions in infrastructure networks898

nowadays. These are the main conclusions:899

• It has been observed that the vehicle response is significantly influ-900

enced by direct actions on the wheels, such as the pavement roughness901

or construction levelling errors at the bridge joints. Therefore, it is es-902

sential for the vibration assessment of highway bridges, where the only903

users are normally those inside the vehicles, to represent accurately the904

response of the vehicle and the deck when crossing the bridge joints.905

To this end, a general analysis framework that is extended beyond the906

bridge is proposed in this work. The methodology accounts for the907

flexibility of the transition slab, the articulation of the bridge joints908

and the filtering effect of the wheels in the roughness profiles.909

• The recorded time-history accelerations are filtered because the peak910

values unreasonably exceed existing limits [3, 28]. It is observed that911

the RMS accelerations in the deck and the vehicle are very sensitive to912

the averaging time selected. A new RMS acceleration that is averaged913

in time and space (RMSd,c) is proposed in order to assess the vibrations914

in the entire footpaths of the deck.915

• The vibration observed in the bridge with 40m-span is dominated by916

the response of the slab spanning the transverse distance between lon-917

gitudinal girders and not by their longitudinal flexure. A range of high-918

order modes of vibration (18-50Hz) involving the transverse flexure of919

the slab and the transverse beams govern the response. The use of tra-920

ditional deflection-based approaches to assess the Serviceability Limit921
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State of Vibrations in conventional ladder-deck bridges is questionable,922

as they are not dominated by the fundamental mode of vibration.923

• From the point of view of the assessment of the pedestrian’s comfort,924

the vehicle should be located at the lane where the dominant vibra-925

tional modes have larger vertical displacements. In the studied bridges,926

the maximum traffic-induced acceleration on the sidewalks is achieved927

when the vehicle crosses the deck centered. This is due to the impor-928

tance of the transverse deformation in the response. In bridges with929

larger slab cantilevers, and significant contributions of the longitudinal930

and torsional modes, the critical position of the vehicle was observed931

to be eccentric in previous research works [8, 29], which is consistent932

with this conclusion.933

• The accelerations on the sidewalks strongly increase when several in-934

line vehicles are considered. For a convoy of eight closely spaced heavy935

vehicles at 90km/h the accelerations are almost 2.5 higher. Neverthe-936

less, the increment is more pronounced for the initial vehicles of the937

convoy.938

• The deterioration of the pavement quality can significantly influence939

the comfort of pedestrians. Adequate maintenance programmes are940

recommended to keep the road category between A and B [17].941

• The support conditions and the slab thickness control the transverse942

flexibility of the deck and are critically important for the users’ comfort.943

More detailed design criteria are given in Section 7.4.944
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