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Abstract. This paper aims at identifying suitable approacfasthe numerical modelling of
stone masonry arch bridges with the purpose oihmeding the traffic effects by means of
moving loads and taking in account the surface hma&gs of the pavement. For this purpose
two ancient stone masonry arch bridges located nearto are addressed. The bridge
numerical analyses are performed based on detdihéie element models. Suitable nonlinear
constitutive models are considered for the joilésnents, while the Drucker Prager model is
adopted for the infill. The interaction between tbeel and the pavement is considered
through a simplified methodology comprising thrémges of analysis where the bridge and
the vehicle are studied separately. The bridge aasp shows that the activation of the
material nonlinear behaviour has significant infhee on the bridge effects (increase),
however comparing the results with irregularitigsdawithout less influence is shown.
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1 INTRODUCTION

The study presented in this paper is included withe analysis framework of Portuguese
masonry arch bridges, particularly for the S. Lazandge and the Lagoncinha bridge herein
addressed, aiming at calibrating analysis procedianethis type of structures, specifically by
considering different types of materials and stigte for traffic load modelling.

3D and 2D structural numerical models, including dontribution of the backfill and the
spandrel walls, were adopted resorting to the caenmode CAST3M [1], based on the finite
element method. Nonlinear constitutive models veergsidered both for the joint elements of
the masonry structure and for the infill material.

The study included in-situ and laboratory testsnmaterial samples for parameterization
and calibration of numerical models fully presentddewhere [2]. Additionally, ambient
vibration tests on the bridge and its numerical atloty allowed for the model calibration,
supported also by material calibration tests adogrdo the adopted types of numerical
models.

2 GENERAL DESCRIPTION OF THE CASE STUDIES

The S. Lazaro Bridge crosses the Leca river inmslfé/alongo (nearby Porto) and it is a
granite stone masonry bridge supposedly built enNiddle Age [3]. The bridge is about 28m
long with two different perfect arches, one witbi.span and a smaller one with 2.3m. The
deck is about 3.3m wide and the pavement is madeaniite slabs (see Figure 1). During the
year 2008 the bridge was consolidated by cementt gngection in the backfill as well as by
injecting and repointing the masonry joints witlpegpriate mortar.

B S
] 3‘\\|||||mi',~;’;,=;5§_=--

=
o~

Arch 1 Arch 2°

Figure 1: S. Lazaro bridge.

The granite masonry arch bridge of Lagoncinha, edognearby Porto), is classified as a
National Monument and its construction dates backhe medieval period [4]. The bridge
with about 150 m long and 3.5 m wide consists nfasches, three full turn and the others
slightly ogival, as shown in Figure 2.

Figure 2: Lagoncinha bridge.
3 CHARACTERIZATION OF THE BRIDGES NUMERICAL MODELS

3.1 FEM mesh

As aforementioned, the FEM modelling was made m @AST3M [1] computer code
considering the stone masonry blocks (arches, spbhwdlls and pavement) discretized using
solid finite elements individualized from the adjat blocks by considering zero thickness
joint elements at their interfaces (stone-to-stgmet type). The backfill material was also
modelled with solid finite elements connected taozéhickness joint elements in the



C. Costa, A. Aréde and A. Costa

interfaces between the infill and blocks of arclemndrel walls and pavement; in this case,
different characteristics were used for this irfolistone joint type.

The simulation of the bridges behaviour under th#it loading was based on 2D and 3D
models. The 3D modelling allowed simulating theustural behaviour in both bridge
directions (longitudinal and transversal) wherdas 2D modelling aimed at representing the
bridge behaviour in the longitudinal direction calesing the arch zone under the backfill
(central zone, along the bridge longitudinal axis.

3D and 2D finite element meshes of S. Lazaro bratgeallustrated in Figures 3 and 4. The
Lagoncinha bridge 3D finite element model is shawRigure 5.

b)
Figure 3: 3D model of the S. Lazaro bridge. a) Gald b) joint finite elements.
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Figure 4: 2D model of the S. Lazaro bridge. Pl&i®) (elements (gray) and joint elements (black).

|

Figure 5: 3D model of the Lagoncinha bridge.

The boundary conditions were set using rigid supporfix the displacements at the
bridges base in contact with the riverbed. TheZumrial displacements were blocked in the
vertical boundary of the abutments.

3.2 Material properties and constitutive models

The S. Lazaro bridge study aimed at calibratinglyesiea procedures for this type of
structures, particularly by considering differeppeés of materials and strategies for traffic
load modelling. In this context, three scenarioseneonsidered for the structural materials’
constitution in terms of the type of joints and kfdk materials. For one of the scenarios
(scenario 1), the analysis aimed at simulatinglthége behaviour after rehabilitation, thus
considering the stone block interfaces with fillimgortar and the backfill (supposedly)
composed by the initially existent granular mateairad by the added material through cement
grout injection. The second scenario (scenario ignded to approximate the bridge
conditions before a recently made rehabilitatiotervention considering the stone block
interfaces without filling mortar and the back{flupposedly) composed by granular material.
As for the third scenario (scenario 3), it was moked to simulate the bridge behaviour
considering the material constitution with degraatat
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Since no specific laboratory tests were carriedfouthe S. Lazaro bridge materials, the
definition of numerical model parameters, includittge mechanical properties of the
materials, was based on the results of the labgyrégsts performed on samples of materials
used in other granite stone masonry constructitstssfeom the North of Portugal as found in
LNEC [5] and Costa [2]. These parameters were hewedjusted to reach a suitable
agreement between the in-situ measured frequeremes vibration modes and those
numerically calculated through linear modal analysi the bridge; such values were also
compared with other results of materials teststiexjsn the literature. Observations recorded
from visual inspections carried out before andrafteervention were also taken in account.

In accordance with the scenarios’ definition, Tabldists the physical and mechanical
parameters assigned to the solid and the joint esiésnfor the three above mentioned
scenarios, namely the unit weighj, (elastic modulus (E) and Poisson ratd for the solid
elements and normal and shear stiffné&gaifdks, respectively) for the joints.

. E Y , Kn ke
Material (ki) (GPa) Material (MPa/mm) (MPa/mm)
Scenario 1 (after rehabilitation)

Stone blocks 26.0 35.0 0.20 Stone-to-stone joi6t24 0.56
Infill 21.5 0.03 0.33 Stone-to-infill joints  6.24 1<15)
Scenario 2 (before rehabilitation)

Stone blocks 26.0 35.0 0.20 Stone-to-stone joint&0 7 0.56
Infill 21.5 0.03 0.33 Stone-to-infill joints  0.53 .28
Scenario 3 (before rehabilitation with material @eation)

Stone blocks 26.0 15.5 0.20 Stone-to-stone joint24 6 0.56
Infill 18.0 0.003 0.33 Stone-to-infill joints 0.53  0.28

Table 1: Physical and elastic properties of theenms of the S. Lazaro bridge.

Parameters’ definition of Lagoncinha bridge matenaere based on results of laboratory
tests on stone and infill samples collected frora bridge, as well on the observations
recorded during visual inspections, then adjustedlitain good agreement between the
frequencies and vibration modes in-situ measurednaimerically determined through linear
modal analysis [6]. Table 2 include the materialapzeters assigned to the solid and joints
elements of the Lagoncinha bridge model.

Note that in S. Lazaro bridge all masonry strudtatements (arches, spandrels, pavement)
were defined as a micro-mechanical material, whadtethe Lagoncinha bridge the spandrel
walls and the infill were considered as a macrorelet with homogeneous properties;
therefore higher values &andy were assigned in this bridge zone.

: Y E v - Kn ke
Material (kN/m)  (GPa) Material (MPa/mm) (MPa/mm)
Stone blocks of the arche2s-35 26 0.2 Stone-to-stone joints  4.46-6.24 0.48-0

Infill and spandrel walls 0.4-6.5 18-21 0.2-0.88one-to-infill joints 4.00-65.0 1.67-27.1
Table 2: Physical and elastic properties of theenm of the Lagoncinha bridge.

The solid elements simulating the blocks of the anag structure of the both bridges were
considered linear elastic with the parameters oeduin Table 1 and Table 2. For the infill
material it was used the Drucker Prager model wlithtancy available in CAST3M [1]
considering the elastic parameters also includédalile 1 and Table 2. The yield surface was
defined in correspondence with the parameters meaddy triaxial tests [2] on a granular
type material used in the Vila Fria bridge [7] whiniexhibited values of 30° for the friction
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angle, 13kPa for the cohesion and 6° for the ditataangle. Constitutive parameters assigned
of the infill materials of the S. Lazaro and Lagmia bridges are shown in Table 3.

Material pa ¥ Y
© kPa) (O

S. L4zaro bridge

Granular material with grout injections after 33 50 33

rehabilitation (scenario 1)
Granular material before rehabilitation (scenajio 2 30 13 6
Granular material before rehabilitation with madéri

degradation (scenario 3) 30 0
Lagoncinha bridge
Granular material 35.5 9.4 6

Table 3: Constitutive parameters of the infill miaks of the S. Lazaro and Lagoncinha bridges.

The joint element behaviour was modelled by a me@ir Coulomb friction model without
dilatancy called JOINT_SOFT_CY_T and implementedhia CAST3M package within the
context of a previous work [2]. The values consdefor the normal stiffnesk{ and
tangential stiffnessk{) of the joint elements are also included in Tabknd Table 2.

Regarding the hardening laws of the joint modededect elastic-plastic law was defined
in the shear direction because dry joins were damnsed for the S. Lazaro bridge scenarios 1
and 2 and for the Lagoncinha bridge. The sheangtineis computed according to the yield
surface defined by the slopeng=0.72 and no cohesion according the behaviour recona
laboratorial shear tests performed on samplesyofaiints of the Vila Fria bridge [7]. In the
normal direction the loading curve is defined bgamstant stiffnes&, and bilinear curves
were adopted for unloading/reloading laws accordmmghe pattern observed also in cyclic
compressive laboratory tests of stone-to-stonekijlmats.

T+ T+
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Figure 6: JOINT_SOFT_CY_T model. a) Yield surfagpshear and c) normal behaviour laws for dry gint

-
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For the S. Lazaro bridge scenario 3 (after rehakitin) the parameter definition has also
taken in account the experimental results obserrvé&boratory tests of mortared block joints.
However, the behaviour of joints after repointingwed insignificant increase of cohesion
and, therefore, elastic-plastic behaviour was cared also for these joints.

3.3 Dynamic Characteristics

Table 4 includes the values for the first five fueqcies and the types of vibration modes
calculated and experimentally identified for scemdr (after the rehabilitation). Concerning
the experimental measurements, the frequency Bgare given in terms of range of values,
because modal identification was made using mae tine method as reported elsewhere [2].



C. Costa, A. Aréde and A. Costa

However, it is quite apparent that boundary valiseseach frequency are very close, thus
supporting the validity of experimental findings.

The numerical dynamic characteristics were caledlahrough the detailed 3D model
included in Figure 3.

The dynamic characteristics’ results calculatedfierscenario 2 (before the rehabilitation)
model are also included in Table 4. These resuésvobtained by the simpler 2D finite
element model (Figure 4), therefore not allowingnpating transversal modes, but it is clear
the frequency drop from scenarios 1 (after thebiitation) to 2 (before the rehabilitation).

Table 5 includes the dynamic characteristics’ fssui-situ measured and numerically
calculated for the Lagoncinha bridge.

Identified Frequencies (Hz) Numerical Frequenchés) ( Type of vibration mode
Scenario 1 Scenario 2
7.70-7.80 7.7 - Simode (transversal)
10.47 — 10.60 11.7 - "mode (transversal)
12.70-12.96 12.9 8.3 "“Inode (longitudinal)
14.20 — 14.47 141 "Ymode (transversal + torsion)

15.37 - 15.71 15.5 11.8 "Bnode (vertical)

Table 4: In-situ measured and numerically calcdlatgnamic characteristics of the S. Lazaro bridge.

Identified Frequencies (Hz) Numerical Frequenciés) ( Type of vibration mode
3.81 3.92 1 mode (transversal)
4.78 4.69 ¥ mode (transversal)
5.48 5.33 % mode (transversal)

Table 5: In-situ measured and numerically calcdlatgnamic characteristics of the Lagoncinha bridge.

4 MODELLING OF ROAD TRAFFIC MOVING LOADS

The loads transmitted by vehicles to a bridge «insif moving vertical loads
corresponding to each vehicle axel. These loadsldhme considered as dynamic actions,
since, on the one hand, the vehicle traffic witpacific speed on the bridge deck is likely to
introduce potentially larger effects than those ttuan equal intensity statically applied load
(dynamic amplification effects) and, on the othanth, the pavement surface irregularities
might trigger impacts on the deck which can furteplify the traffic dynamic effects.

One of the strategies for modelling vehicle loadsthe dynamic behaviour of bridges
consists on the application of a sequence of \@rttoncentrated forces. In this case, the
vehicle mass is not involved in the numerical moddlis load modelling simplification is
valid when the vehicle mass is much lower thantth& bridge mass and when the speed is
not very high. These two conditions are generalit fior stone masonry arch bridges but,
when this is not the case, the vehicle load modslth be represented by a set of concentrated
masses. This procedure implies the system masgingda each time step of the analysis [8],
which renders the numerical simulation more timestming.

Within the analysis of S. Lazaro and Lagoncinhaddes, the first above mentioned
strategy was adopted for studying the dynamic hiebavdue to the moving loads. A set of
vertical concentrated forces was therefore imposeiliding the effects of interaction
between vehicle wheels and the bridge caused bpdliement surface irregularities and by
the vehicle dynamic behaviour.

4.1.1.Bridge-vehicle interaction

The interaction between the wheel and the pavemsntconsidered through a
simplified methodology comprising three phases rdlgsis where the two systems (bridge
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and vehicle) are studied separately. The first pltassist on the bridge numerical modelling
to simulate the vehicle action through a seriesoofcentrated loads applied on the pavement
(phase 1). This phase allows evaluating the tim&ohy of pavement settlements in
accordance with the moving load application poilsthe subsequent phase (phase 2), the
dynamic analysis of the vehicle is carried out &tedmine the influence of the pavement
irregularities added-up with the previous pavemsettlement on the vehicle dynamic
behaviour. Therefore, new values of the moving $oak obtained in phase 2, corresponding
to the forces (reactions) in the contact wheel/drakace to be used in the subsequent bridge
analysis. Finally, phase 3 consists on a recaioumatf the bridge considering the moving
load values amplified due to the dynamic behavaiuhe vehicle, thereby involving both the
interaction vehicles/bridge and the effect of pagstirregularities [9].

4.1.2.Irregularities of the pavement

The pavement irregularities of S. Lazaro and Lagdrebridges (see Figures 7a and 7b)
were recorded along two parallel axes in the dengitudinal direction by performing a scan
with a laser profilograph installed in a commeraiehicle as illustrated in Figure 7c. The
scan sampling interval was taken as 0.025m anddbeisition was made during the vehicle
ride centred in the deck at an approximately canistpeed of 20km/h. A low-pass filter was
applied during the acquisition with cut-off freqegrcorresponding to a wavelength of 100m.
The measured signals were corrected adopting psoe¢dures for such applications [9]. The
obtained upstream irregularity profiles in the &z&aro and Lagoncinha bridges are shown in
Figure 8a and b.

The characterization of the profile amplitude okgularities in the pavement along the
deck of the bridges allowed observing the preseheenplitudes with about 0.015m.

a) b)
Figure 7: Pavement surface of a) S. Lazaro andaphcinha bridges. a) Equipment for measuring the
irregularity profile.
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Irregularities profile of S. Lazaro bridge - upsine wheel
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Figure 8: Profile of in-situ irregularities of a) Bazaro and b) Lagoncinha bridges.

4.1.1.Vehicle model

The vehicle modelling was carried out resortinghte CAST3M computer software by
using 3D bar elements to discretize the axles efubhicle (tires and suspension) and the
corresponding masses were concentrated in the atespenodes. Thus, the springs
corresponding to the vehicle suspensions and th&acbbetween wheels and pavement were
replaced by beams with no mass and axial stiffreess damping in accordance with the
characteristics of these elements and consideringghigible bending stiffness. The rigid
body, composed by the tractor and trailer, was kitad by horizontal plan elements with
distributed mass and inertia and high bendingr&g6. The connection points between the
vehicle body and the axles were simulated by vartiars with negligible bending stiffness
and large axial stiffness.

The dynamic characteristics of the vehicle numénmcadel correspond to global modes
for the first three frequencies: thé' and 29 are longitudinal modes while thé®ds a
transverse one, with natural frequencies of 1.6,ahd 3.3Hz, respectively. The remaining
modes are local ones involving the vehicle axleth irequencies between 12.7 and 14.4Hz
for the 4" and 18" modes, respectively.

Taking into account that higher dynamic effectsdtém occur when there is coincidence
between natural frequencies of the bridge and \ehi10] cited by [8]), Table 6 includes
the comparison between the vehicle natural fregesrand the bridge frequencies associated
with the first transverse and vertical modes deieeohby ambient vibration tests.

It is observed that frequencies relevant to thacke$ (between 1.6 and 3.2Hz, associated
with vehicle body motions) are lower than thosdnested for the natural frequencies of
bridges associated with the transverse componéhisdge movements.

The range of vehicle higher frequencies (betweer6 hd 14.4Hz, concerning the
vibration modes related to vehicle axles motiossjloser to the range of bridge frequencies
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relative to vertical modes, but the vehicle respgonas less energy content for this range of
frequencies, which means that the higher energyeabrrecorded in the vehicle response
deviates from resonance with the bridge structure.

Mode type: Flong. 2"long. 1¥'trans. 15'vert. 7" vert. Mode type: Ftrans. fvert.
Lagoncinha bridge 3.9 11.3
4-axle truck 1.6 2.5 3.3 12.7 14.4 , .
S. Lazaro bridge 7.7 155

Table 6: Frequency (Hz) and mode types of vehigtesmasonry arch bridges

Considering the measured roughness distributian rdéinge of irregularities’ wavelengths
(M) likely to contribute for the vehicle excitation the frequencyf) interval from 1.6 to 14.4
Hz and assuming vehicle speed, petween 12 and 90 km/h, corresponds within 0.23m
and 6.15m as obtained by the expressionv/ f ).

The observation of the spectral densities deternne Fast Fourier Transform (FFT) of
the roughness profile showed that the largest aogdiof the spectra occurs in the range of
wavelengths between 0.08m and 0.2m, thus shiftey &@m the range of wavelengths most
significant for the vehicle excitation.

5 RESULTS ANALYSIS OF THE BRIDGES BEHAVIOUR UNDER THE ROAD
TRAFFIC CONSIDERING DIFFERENT APPROACHES

5.1 Bridge behaviour under road traffic moving loads

In order to evaluate the result sensitivity of binelge response to the vehicle speed, effects
of irregularities and type of calculation considkrim the bridge numerical simulation,
particularly concerning static vs. dynamic and dings. nonlinear analysis, several analysis
were performed to study the influence of movinglkan the bridges.

For the S. Lazaro bridge, in case | linear statialgsis was performed in two phases (1
and 3) of the structural calculation. In case e tlynamic behaviour was activated in both
phases, but assuming a linear material. In casesdl IV the material nonlinear behaviour
was taken into account, case lll involving statdcalations and case IV including also the
activation of the dynamic behaviour. For each c#se,following four speed values were
considered: 13, 30, 60 and 90km/h.

For the Lagoncinha bridge in the first calculatjgmase (phase 1) dynamic analyses were
carried out considering the linear velocities of 20, 60 and 90km/h.

In the analyses including the roughness effectaqeiB) three calculation options were
considered. One of the options held also lineaadyn analysis. In two cases, the nonlinear
behaviour of materials was considered, in one gasdprming nonlinear dynamic analysis
and, on the other, non-linear static analysis. §feed of 90km/h was considered in the cases
where the dynamic behaviour was activated in pBagée option for this speed value drive
from the fact that a smaller number of steps igladdor the load history and, consequently,
the required time for the 3D bridge analysis deseda

In all cases the study of vehicle response (phps@a& based on linear dynamic analysis.

Numerical integration of dynamic equations was mias®rting to the Newmark scheme
and the non-linearity was solved using the clagdieavton-Raphson method.

Figure 9 shows the results in terms of the infl@elnes of de vertical displacement on the
principal arch of the S. Lazaro bridge (at the n®defor which the maximum arch vertical
displacement was found). Dynamic linear and noaliranalyses were performed in the two
calculation phases (phase 1 - without irregularitend phase 3 - with irregularities)
considering the 2D bridge model shown in Figure 4.
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The influence lines show that the maximum arch ldigment occurs considering the
speed of 30km/h when the vehicle front axle is @ihon the section at 22.6m (from the left
abutment) which corresponds to a step after teetfiree axles of the vehicle had passed over
the crown section.

Aggravation coefficients were evaluated betweenrésellts obtained in phase 1 (without
irregularities) and in phase 3 (with irregularijie®ncerning the maximum displacement in
arch 1 for 30km/h speed. Adopting the same anatypis in the two phases and considering
the irregularity effects (phase 3), displacemengsla6 to 6.7% larger than those obtained in
the analysis without irregularity effects (phaseTl)is aggravation trend observed in the arch
occurs also in other bridge elements.
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Figure 9: Influence lines of the vertical displa@nat the node P1 at Arch 1 (a) for the speedBp8Q, 60 and
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The maximum displacement of 2.6 mm was obtainegphiase 3 (with irregularities)
considering the analysis where the nonlinear behavof materials is activated in the two
phases. Comparing the maximum displacement obtam#te nonlinear static analysis with
the effects of irregularities (phase 3) and theldisement obtained in the linear static analysis
without the effects of irregularities (phase lyés found an aggravation of about 37.4%.

The comparison of the influence line obtained freomlinear dynamic analysis with that
obtained from nonlinear static analysis shows tihetdisplacement of node P1 is lower in the
latter case only when loads are at the bridge eotraBy contrast, in the remaining path, the
results are quite similar to those obtained comsigedynamic behaviour, thus showing that
the consideration of the dynamic calculation htike linfluence on the response of this bridge.

The results show also greater dynamic componetiteirvertical displacement of the node
P1 when the moving loads are in the entry andzoaes of the bridge, rather than in the arch
neighbourhood. Therefore, considering the positbrihe moving loads in relation to the
node P1, it is concluded that the vibration recdrae the arch follows the vibration
transmitted by the infill.

The study of the Lagoncinha bridge behaviour shothatthe linear dynamic response of
the bridge under the moving loads without includihg irregularities in the pavement (phase
1) exhibits very low dynamic components, therefohe, maximum displacement of the arch
(at the node P1 where the maximum displacemenhanarch is found, see Figure 10) is
almost independent of the speed. When the roughpredge is considered in the contact
wheel-pavement (phase 3), oscillations appear ia itifluence line of the vertical
displacement denoting the presence of more sigmificlynamic components, however the
aggravation caused by adding the irregularitiethto settlements' profile is not significant,
increasing only by 2% the vertical displacement@okm/h speed (see Figure 10).
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Figure 10: Influence lines of the vertical displa@mt. Linear dynamic response of the bridge forimmploads
with and without the effect of irregularities (Pbasand phase 3, respectively).

In the case of nonlinear dynamic response for 9thkspeed with irregularities, it was
found that the value of the maximum vertical art$pthcement (7.57 mm) increases about
60% when compared with the value (4.74 mm) obtaifnech linear dynamic calculation.
Through the static nonlinear analysis it was fousdo that the maximum vertical
displacement obtained (7.54 mm) is 0.4% lower tthenmaximum displacement resulting
from the nonlinear dynamic calculation. As in thase study of S. Lazaro bridge, it is

11
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observed that the consideration of material noalinehaviour produces a significant effect
on the maximum displacement of the bridge main arath less influence is found when the
bridge dynamic behaviour is taken in account.

In order to evaluate the influence of the loadirgjdry on the response of the two bridges,
the maximum vertical displacement of the archesaiobtl from the nonlinear dynamic
calculation with irregularitiesi®" are compared in Table 7 with similar results ol
from a nonlinear static analysi™" , but considering identical positions and valuesthe
static loads. It is verified that the vertical desgement obtained considering the load history
is 22% and 12% larger than that determined by cstatialysis of the S. Lazaro and
Lagoncinha bridges, respectively, allowing the d¢ode that the entire history of loading is
important to evaluate the structural response.

d\?stnl d\s!ynl
S. Lazaro bridge (arch 1) 2.11 258 (+22%)
Lagoncinha bridge (arch 5) 6.70 757 (+12%)

Table 7: Maximum vertical displacement of the afrtim). Static load positions. moving loading model.

5.2 Bridge behaviour under incremental static loads

Considering the vehicle at the most unfavourabbed Iposition for the arch identified
previously from the analysis of the bridge consmgrthe moving loading, this section
focuses on the relevant aspects of the bridge nsgpoonsidering the nonlinear behaviour of
joints and infill and intensity load levels (muligrs) of one and twice the nominal vehicle
load.

The evolution of the response parameters in tefnmsaximum vertical displacement and
principal stresses on the arch blocks, concerniveg effect of the bridge weight and the
intensity levels of the vehicle load of 1P and @& be evaluated through the results included
in Table 8. For these load levels, Table 8 inclutlesresponse parameters of the joints of the
arch in terms of normal and shear stresses (max)namd the corresponding maximum
values of the normal and tangential deformations.

Comparing the results of 2D and 3D simulations, @greement is observed in the
longitudinal direction behaviour parameters. Gitlea effects of the dead load, it is verified
that opening of transverse joints between the bBlotks does not occur. This also means that
no incursions occur in the nonlinear range for lbemal direction; since these joints have
zero tensile strength, shear yielding is not trigdeas well.

In the longitudinal joints of the arch (modelledlyom 3D models) there were opening
deformations. In the bridge transverse directidmat tfact indicates the effect on the arch
which induces impulses in the spandrels, leadingpening movements and decompression
in the transverse direction. This aspect is notesgnted in 2D modelling and is not well
reproduced in 3D linear calculation, because inldkter the stress transmission is kept even
when separation occurs at the interfaces betweehritige elements. In the longitudinal arch
joints, plastic components of the sliding joint@@hation (shear yielding) are also observed.

The inclusion of the vehicle action shows that,tle arch transverse joints, normal
opening deformations occur in tensioned areas btitout forming a hinge mechanism,
which is consistent with the smooth functioninglod arch in this scenario.

The existence of plastic deformations in the inblhly in a limited area under the loading
in both 3D and 2D modelling, also adds to the camdtion of the smoothening effect of the
infill.
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3D 2D 3D _ - 2D _ ,
Loads ol o3 d g o7 d gre  gmin . gm&  gmd  gmin - gmé
t) -0.03 -0.40 0.00 -0.01 -0.43 0.00

DL 0.12 -0.48 1.35 0.04 -0.57 1.4[%0 000 -0.02 008 )

t) 0.00 -0.61 0.04 0.00 -0.59 0.05
DL+1 x 4-axles trucl0.20 -0.65 2.42 0.07 -0.69 2.5(§|) 0.00 -005 011 i

t) 0.00 -0.86 0.09 0.00 -0.85 -0.06
DL+2 x 4-axles trucl0.31 -0.94 3.61 0.12 -0.90 3.7(§I) 0.00 -009 002 i i i

DL — Dead load; (t) Transversal joints; () Longitudinal joints; - joints not considered in the 2D model

Table 8: Principal stresses in blocks and joint®@yland maximum displacement (mm) and deformations
joints of arch 1. Results from 3D and 2D models.

Figure 11 shows the distributions minimum princigiaésses of the blocks in the deformed
configurations corresponding to dead load plusviitgcle loading (at level 2P) considering
behaviour scenarios 2 and 3 as reported beforthelse conditions, it is possible to identify
the formation of a four hinge mechanism when thié consists of a weak material (scenario
3). The joints where the hinges are formed aretifiet in the figures with the letters A, B, C
and D.

For the scenario 2 the identification of the nodeswvhich no contact occurs allows
recognizing the (potential) location of the hingesresponding to one mechanism; in this
case, the nodes with no contact between block$oaated in the intrados of the arch under
the loaded zone and near the abutment of the anchin the extrados around the ¥4 to % of
the span. It should be noted, however, that thégbriexhibits a high load capacity for the
conditions considered in scenario 1. It is notetwthat the bridge analysis was continued by
increasing the loading intensity of the vehicletadOP, for which no hinge was formed.

Amplification factor of the deformed = 4

Figure 11: Minimum principal stresses (MPa) anddeid configurations of the bridge under dead |@auts
vehicle loading for level 2P. a) Scenario 2 e [g@nscio 3.

Finally, Figure 12 shows the distributions of thertical components of the plastic
deformation in the infill; the corresponding valuesthe maximum and minimum plastic
strains and total deformations in the infill areluded in Table 9.

As evidenced by the values of Table 9b (scenariplaktic deformations take place in the
infill, for the three load levels. Taking in accduhe distribution of the vertical components
of the plastic deformation shown in Figure 12bisitverified that such fact influences the
interaction between the arch and the infill matefrathe arch extrados zone, near the hinges
A and C, the filling material yields and, consedlendeformations increase which allows
arch joint opening in that zone.
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-0.20 -3.2

gypma: = 012%, gypmmh =-151% I 5;";;3: = 748%, eype"n"; =-4716% I

a) b)
Amplification factor of the deformed =1
Figure 12: Plastic deformation (%) in the infillder dead loads and vehicle loading for load le¥@ra
a) Scenario 2 e b) scenario 3.

a) b)
A S A A
(%) @ () (W) (%) (% (%) (%)
(max) 0.05 0.00 0.00 0.00 1.32 004 132 001
(min) -0.08 -0.15 0.00 0.00 -0.85 -1.93 -0.02 -0.93
(max) 1.40 0.04 1.38 0.00 1576 096 1561 0.78
(min) -0.12 -0.82 0.00 -0.74 -1.24 -20.08 -0.69 -11.43
(max) 3.99 014 398 012 6500 7.48 6427 7.48
(min) -0.28 -1.73 -0.06 -151 -458 -63.90 -3.90 -47.16

Loads

DL
DL +1 x RSA vehicle

DL +2 x RSA vehicle

Table 9: Total deformation and plastic deformationthe infill under dead loads and vehicle loading
a) Scenario 2 e b) scenario 3.

Comparing the response of the bridge with wealld imfaterial (scenario 1) with the bridge
response in scenario 2 under identical conditiarisatith better filling material, it is observed
that the presence of the infill material under érettonditions restricts the formation of the
hinge mechanism in the arch. By contrast, thelipfdstic deformation in scenario 1, whose
maximum and minimum values are included in the &aBh and the corresponding
distribution of the vertical components are illas&éd in Figure 12a, shows that the infill
material yielding occurs only in a very limited zoanderneath the vehicle axles loading.

These facts explain the good behaviour of the leridgder the conditions considered in
scenario 1, because the infill material prevengsfdmmation of the hinges mechanism in the
arch, restricting the joint opening in the archrasbos.

6 CONCLUSIONS

Throughout the previous sections some details \weesented concerning the numerical
simulation of a stone masonry arch bridge by fidtement method modelling aiming at
estimating the traffic effects due to moving loadsl accounting for the pavement roughness.

In order to account for the interaction betweenvéblgicle, the pavement roughness and the
bridge, a simplified approach was followed compgsthree distinct phases where the two
systems (vehicle and bridge) were studied sepgratel

The bridge response shows that the activation efniaterial nonlinear behaviour has
significant influence on the bridge effects (in@&g however comparing the results with
irregularities and without less influence is showihe loading history produces also a
significant effect on the maximum displacement lo¢ tmain arch of the bridges (when
comparing with the results from a static load positnalysis).
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The results show that the dynamic behaviour adtimatioes not produce a significant
effect on the maximum displacement of the main afctihe bridges. The study also allowed
concluding that the dynamic effects are mainly tlue¢he vehicle dynamic response, with
negligible influence on the dynamic response ofthége.
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