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Abstract

The design of Brazilian highway bridges is based on the NBR 7188 code, which prescribes a live load model
consisting of a 450 kN truck load and a distributed load of 5 kN/m?, both affected by an impact factor. Previous
studies have shown that this load pattern does not adequately reproduce the effects of the real traffic. Two
alternative load models that are more appropriate to represent actual Brazilian traffic effects were recently
proposed; both were calibrated considering two-girder deck bridges, with span lengths up to 40 m. In such
cases, the critical effects are associated with the free flow of heavy vehicles, including dynamic effects. This
paper presents the procedures developed to assess the applicability of the previously proposed load models
to five-girder bridges, with spans lengths ranging from 30 m to 50 m. For this span range, traffic jam scenarios
are included in the analyses. The results indicate that the NBR 7188 load model is unsafe in several situations.
Furthermore, one of the load models previously proposed was found to satisfactorily reproduce the effects
of real traffic for this new set of bridges.

Keywords

Highway bridges; traffic simulation; traffic jam; live load models; dynamic analysis.

Graphical Abstract

BIJJI T WI VI II I I I I IIIIIITT] g
f:
)
1 1 £ £ o 20
500 kN o |o lanel wn E 8
I | ~N o m =z =
= (I 5
E 250 kN S|l [Lane2l||i2 =
z L o > g
3 ([ | = a0
% 250 kN g lane3 2 = i
£ 18 b =S NN SO
] SN o --TB450 -+Load model 1
15m remaining area 06 L M1 Eurocode -+ Lload model2
Load model 2 = Nk 4
Span (m)

Received March 30, 2026. In revised form May 24, 2026. Accepted June 01, 2026. Available online June 08, 2026.
https://doi.org/10.1590/1679-7825/e9054

Latin American Journal of Solids and Structures. ISSN 1679-7825. Copyright © 2026. This is an Open Access article distributed under the terms of the Creative
[ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Latin American Journal of Solids and Structures, 2026, 23(8), e9054 1/17



https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7785-5128
https://orcid.org/0000-0002-1448-7548
https://orcid.org/0000-0001-5250-6829
https://orcid.org/0000-0002-1768-8126

Assessment of Brazilian highway bridge live load models on five girders decks under free flow and traffic Carlos Eduardo Rossigali et al.
jam conditions

1 INTRODUCTION

The design of highway bridges in Brazil is based on the NBR 7188 code (ABNT, 2024), which specifies a live load
model consisting of the 450 kN vehicle shown in Figure 1, referred as TB-450, combined with a uniformly distributed load
of 5 kN/m?, affected by an impact factor to account for dynamic effects. This loading configuration is based on old
German design codes and may not adequately represent actual Brazilian traffic conditions (ROSSIGALI et al., 2023).

The objective of live load models is to accurately reproduce the target values of internal forces induced by real
vehicular traffic in a representative set of bridges, considering both free flow conditions (including dynamic effects) and
traffic jam conditions, in order to ensure consistent reliability levels across the analyzed structures. The calibration
process consists of seeking, by optimization procedures, the configurations of these idealized models.

Data collected directly from moving vehicles using weigh in motion (WIM) systems were used to calibrate the live
load models of the two main highway bridge design codes worldwide: AASHTO LRFD (2014), in the United States, and
Eurocode 1 (CEN, 2005), in the European Union. In both cases, the original collection of road data began several decades
ago, in the 1970s and 1980s, respectively (NOWAK, 1993; PRAT, 2001). With the widespread of WIM technology, the
development of live load models representative of actual traffic conditions has been pursued in several other countries,
including Australia (HEYWOOD et al., 2000), Hong Kong (MIAO and CHAN, 2002), Mexico (GARCIA-SOTO et al., 2015) and
South Africa (VAN DER SPUY and LENNER, 2019).
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Figure 1. Current Brazilian load model (NBR 7188).

In Brazil, some studies have addressed this issue, although without directly modeling the traffic jam conditions, such
as those by ROSSIGALI (2013) and PORTELA (2018). More recently, ROSSIGALI et al. (2023) calibrated two load models
(Figure 2) to represent the effects of the actual traffic on two-girder bridges, for three longitudinal schemes: (i) simply
supported; (ii) two continuous spans; (iii) cantilever, considering only free flow traffic conditions. The span lengths ranged
from 10 m to 40 m for cases (i) and (ii) and from 2.5 m to 10 m for case (iii). According to MENDES (2009), these are the
most common structural configurations of Brazilian highway bridges. The model shown in Figure 2a (Model #1) consists
of a single vehicle combined with a distributed load, inspired by the loading scheme prescribed by NBR 7188 (Figure 1).
The model presented in Figure 2b (Model #2) considers three vehicles, each associated with a traffic lane, in addition to
distributed loads, following the concept of the LM1 load model from Eurocode 1 (CEN, 2005).

For short-span bridges, the critical loading cases are generally induced by the passage of heavy vehicles in free flow
conditions, including the corresponding dynamic amplification effects. For longer spans, however, heavy vehicles can
occupy the bridge with all their axles making the critical loading cases dependent on the simultaneous presence of several
vehicles - including cars - under traffic jams or mixed flow conditions (PRAT, 2001; CAPRANI et al., 2008; O’BRIEN and
ENRIGHT, 2011; O’BRIEN et al., 2012; WU et al., 2015; CAPRANI et al., 2016; SORIANO et al., 2017). The threshold span
length separating these two situations typically lies between 30 m and 50 m (O’'CONNOR e O’BRIEN, 2005; CAPRANI, 2013).

Research on live load models emphasizing traffic jam modeling, as well as studies evaluating their performance, is
still at an early stage in Brazil. LUCHI (2006) performed traffic simulations for simply supported bridges with spans ranging
from 30 m to 200 m, considering only traffic jam mode, and reached the following conclusions:

- for bridges with three or four traffic lanes, the design according to NBR 7188 is overly conservative in most situations;

- for bridges with two traffic lanes in the same direction, the NBR 7188 design model is safe only when the spacing
between vehicles is greater than 5 m;
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- for two-lane single carriageway bridges, the design according to NBR 7188 is safe only when the spacing between
vehicles exceeds 10 m; however, this situation would already be associated with dynamic amplification effects caused
by higher speeds.
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Figure 2. Plan view of the live load models proposed to play actual traffic on short-span 2-girder bridges in Brazil: (a) load model #1;
(b) load model #2, with 3 traffic lanes. Units: m (ROSSIGALI et al., 2023, OLIVEIRA, 2019).

Since load models should adequately reproduce the effects of actual traffic on as many bridges configurations as
possible, the representativeness of the live load models shown in Figure 2 should also be investigated for other structural
systems and longer span lengths. If these models do not fulfill this goal in an acceptable manner for the new set of
structures, a new model could be calibrated, based on a broader set of reference structures. Alternatively, a specific
model could be calibrated for this new class of structures, provided that the adoption of different models for different
situations is justified.

The objective of this study is to evaluate the adequacy of the live load models shown in Figure 2, originally developed
for short-span two-girder bridges (ROSSIGALI et al., 2023), in reproducing the target load effects for a new representative
set of highway bridges. The analyzed structures are prestressed concrete grid bridges consisting of 5 girders (Figure 3a),
with intermediate and support cross beams. The following structural systems are considered: simply supported bridges
and 2-span continuous bridges, with span lengths of 30 m, 40 m and 50 m. The girders consist of precast I-shaped cross
section commonly used in these structural systems, as shown in Figure 3b. Although less common than two girders’
bridges, these structures still represent a significant amount of Brazilian network’s road structures. Within this span
range, both free flow and traffic jam must be considered in the analysis.
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Figure 3. (a) Cross section adopted for 5-girder bridges. Units: cm; (b) girders | profiles.
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2 METHODOLOGY

The first step in verifying the adequacy of the proposed load models for a new set of structures and different traffic
conditions is to evaluate the static effects of the real traffic by calculating the critical internal forces in the structural
models of the analyzed bridges, subjected to numerically simulated traffic loading. The traffic database used to represent
actual traffic conditions is the same as that adopted in the development of the proposed live load models and was
established by ROSSIGALI et al. (2015).

Probability distribution functions (PDFs) are fitted to the histograms of critical effects, which are extrapolated to
specified return periods. Both free flow and traffic jam analyses are considered for nine different traffic scenarios. In free
flow analyses, dynamic effects are taken into account. For this purpose, vehicle-pavement-structure dynamic interaction
analyses are carried out.

Once the target values of the load effects in the analyzed bridges have been established, they are compared with the
effects generated in the same structures by the proposed load models, in order to assess their suitability for the new set of
bridges. Additional comparisons are performed using the load model of NBR 7188 and the load model LM1 from Eurocode 1.

3 STRUCTURAL MODELS

As shown in Figure 3, bridge decks are 13 m wide, corresponding to the current standard adopted by the National
Department of Transportation Infrastructure (DNIT). The spacing between adjacent girders is equal to 2.75 m and the
deck slab thickness is 20 cm. The dimensions of the I-girders and rectangular cross beams are presented in Table 1 for
each span length and structural configuration, identified as S for simply supported and C for 2-span continuous spans.
The concrete compressive resistance fe is assumed equal to 30 MPa.

The numerical bridge models consist of quadrilateral shell finite elements used to represent the slab, the girders
and the cross beams, as shown in Figure 4a. The boundary conditions are simulated by restraining translations along the
X, y and z axes at each support point.

Due to the high computational effort required for the various structural analyses of the simulation, the shell models are
used only for the calibration of equivalent structural grid models (Figure 4b), which are then employed in the analyses. The
equivalent grid models are adjusted to reproduce the shell model responses in terms of displacements and natural frequencies.

Table 1. Dimensions of | profiles (see Figure 3 for notation) and cross beams.

. . Simply supported — spans (m) 2-span continuous — spans (m)
Element Dimensions 30 40 50 30 40 50
Description S-30 S-40 S-50 Cc-30 C-40 C-50
Girder bint (M) 0.440 0.440 0.440 0.400 0.440 0.440
bsup M) 0.525 0.675 0.700 0.500 0.525 0.675
by (m) 0.150 0.150 0.170 0.150 0.150 0.150
hin¢ (M) 0.200 0.240 0.250 0.180 0.200 0.240
hsyp (M) 0.135 0.145 0.170 0.130 0.135 0.145
h (m) 1.500 1.700 1.900 1.300 1.500 1.700
Cross beam h¢ (m) 1.000 1.200 1.400 1.000 1.200 1.400
by (M) 0.250 0.300 0.350 0.250 0.300 0.350

In the grid model, the bridges girders and cross beams are modeled by bar elements. The geometric properties of
the I-girders take into account the slab effective width. In addition, massless diagonal bar elements are introduced in the
horizontal plane to simulate the high in-plane stiffness of the deck slab. The properties of these elements are defined
through calibration to achieve agreement between the results obtained from the two modeling approaches.

Table 2 presents the comparison between the results obtained from the shell and grid models. The maximum
deflections of girder V5 (see Figure 3) caused by the application of a uniformly distributed load 100 kN/m on girders V1,
V2 and V3 are depicted for both models showing good agreement, with maximum difference of 15% for the larger
displacements. The correlation between the natural frequencies associated with the first and second bending vibration
modes (B in Table 2) and torsional modes (T in Table 2) is considered satisfactory. Additionally, to verify the compatibility
between grid and shell models under eccentric point loads, results from both models are compared in terms of midspan
deflections for bridges B-30 and B-50 due to the axles loads of the TB450 vehicle (see Figure 1). The vehicle was positioned
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at midspan and transversely placed in the most unfavorable location above girder V1. Table 3 presents the results
showing excellent agreement between the models, with only a 1% difference in the deflection of girder V1 and a
maximum difference of 6% for the deflection of girder V3. Therefore, the grid models are regarded as equivalent to the
corresponding shell models for performing the static analyses of the traffic simulations as well as the dynamic analyses
associated with free flow traffic conditions.

(a) (b)
Figure 4. (a) Finite element model of bridge B-30; (b) grid equivalent model of bridge S-30.

Table 2. Maximum deflections and natural frequencies of grid model and shell model.

Deflections (m) of girder V5 due to uniform loading on girders Natural frequencies (Hz)
Bridge Model

Vi V2 V3 12 22B 1°T 2°T

B-30 Shell 0.0232 0.0148 0.0070 5.80 11.10 5.08 13.28
Grill 0.0304 0.0169 0.0068 5.27 11.01 5.90 14.49

B-40 Shell 0.0671 0.0442 0.0226 3.26 7.19 3.36 7.51
Grill 0.0771 0.0458 0.0198 3.25 7.23 3.36 8.23

B-50 Shell 0.1153 0.0785 0.0420 2.35 5.32 2.40 6.47
Grill 0.1282 0.0824 0.0404 2.33 5.37 2.46 6.22

C-30 Shell 0.0396 0.0241 0.0160 4.29 461 4.52 5.05
Grill 0.0419 0.0221 0.0080 4.39 4.72 4.70 5.19

c-40 Shell 0.0766 0.0508 0.0273 2.87 3.10 3.02 3.49
Grill 0.0798 0.0493 0.0237 2.92 3.15 3.17 3.56

C-50 Shell 0.1211 0.0829 0.0465 2.15 2.33 2.29 2.65
Grill 0.1396 0.0877 0.0427 2.14 2.33 2.29 2.59

Table 3. Deflections of girders V1, V2 and V3 caused by the application of TB450 vehicle axles loads.

Deflections (m) of girders V1, V2 and V3

Bridge Model
V1 V2 V3
B-30 Shell -0.0076 -0.0046 -0.0018
Grill -0.0075 -0.0045 -0.0020
B-50 Shell -0.0498 -0.0431 -0.0368
Grill -0.0493 -0.0419 -0.0351

4 TRAFFIC DATABASE

The applied traffic database used in this study (ROSSIGALI et al., 2015) was developed from weighing traffic data
collected at various locations throughout Brazil and is, therefore, considered representative of the traffic circulating on
country’s highways. Information such as vehicle speed and axle loads was obtained using static scales at weighing
stations, as well as weigh-in-motion equipment. A brief description of the database is presented below.
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Traffic composition

Carlos Eduardo Rossigali et al.

The database consists of 30 vehicle configurations, illustrated in Figure 5 together with their relative frequencies.
The only non-commercial category is designated as “Light”, which includes passenger vehicles and pick-ups (utility vehicles).
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Figure 5. Brazilian vehicles spectrum: class, silhouette and frequency.

Gross vehicle weight (GVW) and axles weights

3T4 W 2.0% o o0 oo o0

3T6 | 0.4% o oo oo oo oo

2CB M 3.5% o
3CB I 0.9%

o

ele]

o

ele]

o

3BB I 09%

To simulate bridge traffic loading, continuous probability distributions were fitted to the gross vehicle weight (GVW)
data for each vehicle class. Figure 6, for example, presents the cumulative distribution function (CDF) adjusted for vehicle
3C. The most appropriate curve to represent each random quantity was selected from among commonly used statistical
models through goodness-of-fit tests. Table 4 shows the distributions adjusted to the GVW of selected vehicle classes.

Axle weights within each vehicle class were also treated as random variables. To avoid the use of correlation
matrices, scatter plots relating the weight of each axle group to the corresponding GVW were analyzed for each vehicle

class. These relationships were subjected to adjustments by least squares regression lines.
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Figure 6. CDF of vehicles 3C's GVW (A.V. = 154.3 kN; S.D. = 44.0 kN).

Table 4. PDFs describing the gross vehicle weights (GVW).

Distribution
Class
Type A.V. S.D.
2CC Gamma 56.9 15.8
2C Gamma 91.2 20.3
2S2 Gumbel 194.0 42.2
2S3-C Double exp. 394.9 50.4
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Wheelbases

Most of the vehicle wheelbases were modeled as random variables with their distributions fitted using
goodness-of-fit tests, as described for the GVWs. Table 5 shows the fitted probability density functions (PDFs) for
some of these wheelbase distances. In the case of grouped axles or small coefficient of variation, the distances were
treated as deterministic.

Table 5. Population models fitted to some wheelbases (m).

Class Dist. Distribution #1 Distribution #2 Distribution #3

Type A.V. S.D. Type A.V. S.D. Type A.V. S.D.

2CC di Logistic 3.84 0.38 - - - - - -

2C di Exponencial 5.31 0.80 - - - - - -

252 diz Double exp. 3.63 0.17 Rayleigh 4.41 0.18 - - -
dys Lognormal 4.82 0.67 Normal 8.09 0.93 Gumbel 12.5 0.70

253-C d Rayleigh 3.62 0.11 Rayleigh 437 0.20 s = =

dys Normal 3.20 0.25 Uniform 4.37 0.37 - - -

5 TRAFFIC SIMULATION FOR STATIC ANALYSIS

The computational tool developed to obtain the structural internal forces generated by real traffic consists of two
steps. First, all vehicle characteristics required for the simulation - such as vehicle class, speed, wheelbases, GVW and
axle weights - are generated using the Monte Carlo technique, providing random realizations of traffic streams. Next, the
generated vehicles are moved along the analyzed structure, and the internal forces at critical cross sections are recorded.
The resulting force values are then summarized in the form of histograms.

In the free flow, the time headway between consecutive vehicles is modeled as a random variable. In traffic jam
conditions, the distance between the rear bumper of the previous vehicle and the front bumper of the later vehicle is
treated as a random variable instead of time.

Table 6. Structural schemes, internal forces considered and critical sections in the girder.

Structural scheme Simply supported 2-span continuous

£ 1 s & 2

L | L | L I

Effect
Diagram Position Diagram Position
Shear force (V) [~ Support Aﬁwﬂ Central support
Positive moment (M+) Midspan — Approx. midspan
AV&

Negative moment (M-) - - P Central support

Table 6 presents the internal force effects considered for simply supported and two-span continuous bridges: shear
force at supports, bending moments at midspans and intermediate supports. Traffic simulations and corresponding static
analyses are performed for 9 traffic configurations (ROSSIGALI et al., 2023), some of which are illustrated in Figure 7.
Scenario 1 represents the most frequent traffic configuration while Scenarios 2, 4 and 6 are considered as possible
persistent situations. Special temporary situations such as construction works may generate configurations such as
Scenarios 3,5, 7 and 9.
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scenario 1 rotler scenario 2 shoulder

shoulder - ' shoulder

scenario 3 clearance

Figure 7. Some scenarios considered for traffic simulations.

The characteristic values of the internal static forces are determined by extrapolating Weibull distributions fitted
to their histograms as obtained from the simulations (O’CONNOR and O’BRIEN, 2005; O’BRIEN et al., 2010; ENRIGHT
and O’BRIEN, 2013; LEAHY et al., 2015; O’BRIEN et al., 2015). Return periods of 100 years are adopted for Scenarios 1,
2, 4, 6 and 8 (usual situations) while a 10 years return period is used for Scenarios 3, 5, 7 and 9 (special situations)
(NOWAK, 1995; DAS, 1997; CALGARO, 1998; PRAT, 2001). The maximum value among all scenarios is adopted as the
characteristic value of each static effect (ROSSIGALI, 2013).

6 FREE FLOW SIMULATIONS

Free flow simulations were performed for a period of 30 consecutive days. Light vehicles were removed from the
database. The time between successive vehicles was modeled by a gamma distribution (O’BRIEN and CAPRANI, 2005;
LIU et al., 2017; SORIANO et al., 2017) with a coefficient of variation equal to 0.5. The average daily truck traffic (ADTT)
of commercial vehicles in the adopted database is 7,019 commercial vehicles, referred to as reference flow (RF). The
adopted traffic flow distribution per lane is shown in Table 7, according to ROSSIGALI (2013).

Table 8 shows the maximum static effects obtained in the reference sections and the vehicles that have caused
these effects. For all but two bridges, the maximum static effects are attained for the presence of 2 simultaneous heavy
vehicles. Classes 3T4, 3T6, 253-S and 2S3-L are generally among the configurations that lead to maximum effects.

Table 7. Characterization of traffic scenarios adopted for free flow.

Lane 1 Lane 2 Lane 3
Scenario
Direction %RF Direction %RF Direction %RF
1,2,3 - 85% & 85% - -
4,5 - 85% - 15% - -
6,7 -> 80% -> 18% - 2%
8,9 - 85% -> 15% & 85%

The analysis of vehicle-pavement-structure dynamic interaction is required to complement the static analysis in the
free-flow simulations. For this purpose, vehicles are represented as assemblies of rigid bodies connected by springs and
dampers. The dynamic analyses are performed using stick models (Figure 8), which are calibrated for each structure
based on the bending and torsional vibration modes of the corresponding equivalent grid models (Figure 4b).
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Table 8. Configurations that generated the greatest static effects on bridges in free flow.

Bridge Effect Value (kN or kNm) Scen. Vehicle #1 Vehicle #2 Vehicle #3
Lane Class GVW (kN) Lane Class GVW (kN) Lane Class GVW (kN)
B-30 \' 412.3 6 1 3S3-L 757.3 2 2C 119.8 - - -
M+ 1401 6 1 2S3-S 587.1 2 376 664.5 - - -
B-40 \' 425.8 8 1 3T4 805.1 2 3C 127.5 - - -
M+ 1941 9 1 3T6 745.7 2 3S3-S 515.2 = = =
B-50 Vv 482.5 6 1 2S3-S 697.9 2 376 662.0 - - -
M+ 2851 5 1 3T6 728.7 2 3T6 778.8 - - -
C-30 M+ 1240 9 1 2S3-S 697.9 = = =
Vv 415.8 9 1 374 805.1 2 2S2 229.8 - - -
M- 1742 9 1 3T4 751.8 2 2S3-S 437.7 - - -
c-40 M+ 1789 6 1 2S3-S 578.1 2 3T6 733.7 = = =
\'} 450.9 6 1 3T4 794.9 2 3T4 627.4 - - -
M- 2640 9 1 3T6 790.8 2 3T4 546.1 3 3S3-L 417.0
C50 M+ 2855 5 1 3T4 805.1 2 3T4 545.5 - - -
v 485.9 5 - 2 2
M- 3597 7 - - -
e

Figure 8. Stick model for analysis of vehicle-structure dynamic interaction.

An asphalt pavement with medium roughness and a 3 cm step at the bridge entrance are considered to simulate
the settlement of the approach slab (ROSSIGALI et al., 2023). The vehicle-pavement-structure dynamic interaction
analyses provide values for the Dynamic Amplification Factor (DAF), defined as the ratio between the maximum dynamic
effect and the corresponding static effect:

DAF = Eqin/Es: (1)

The DAF is applied to the characteristic values of the load effects. The dynamic analyses are performed using a
simplified procedure based on the 3C vehicle configuration, since the adopted analytical-numerical model was
experimentally validated only for this class of vehicles (ROSSIGALI et al., 2023). In this approach, idealized 3C vehicles are
considered equivalent to the actual vehicles in terms of mass, stiffness and damping. Figure 9 presents the axles loads
and wheelbases of an example of equivalent 3C vehicle. These characteristics are detailed in Table 9 for the four heaviest
and most frequent vehicle classes (253-S, 3S3-L, 3T4 and 3T6), where dj indicates the distance between axles i and jand
P represents the axle load. Two-dimensional models of a heavy vehicle from each class and of their corresponding
equivalent 3C vehicle, both modeled as multi-degree of freedom mass-spring- damper systems, were compared in terms
of fundamental natural frequencies to verify their equivalence as mechanical systems interacting with the bridge
structure. Table 10 presents the results for the sprung mass bounce, unsprung mass hop and pitch vibration modes.
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The first two modes show very good agreement, with a maximum deviation of 16% observed for the bounce mode of
the 3T6 vehicle. The differences in the third mode are significantly larger; however, these frequencies lie well above the
range of the natural fundamental frequencies of the bridges (see Table 2). Therefore, given the focus on the bridge
response, it is concluded that equivalent 3C vehicles can be used to estimate FAD values.

The adopted DAF for each structure is taken as the maximum value obtained from the analyses considering the 3C
equivalent vehicles corresponding to the aforementioned vehicle classes, each traveling individually on the bridges, at
different speeds: 40, 60, 80, 100 and 120 km/h. Table 11 shows the characteristic values of the static forces and the
dynamic amplification factors. The target values of the effects in free flow conditions are given by the product of these
two quantities.

Actual 3T4
130 kKN 130 kN 121 121 kN 123 123kN  59kN
1.25m 303 125 5.76 1.30 3.76 m

3C equivalent

260 kN 242 kN 305 kN
" 428m 7.89m

Figure 9. Example of 3C-equivalent truck. Units: m.

Table 9. Weights and wheelbases of equivalent 3C vehicles standardized for each class.

Original vehicle d12 (m) dz3 (m) P; (kN) P, (kN) Pz (kN)
253-S 4.95 1.25 216.5 211.9 211.9
3S3-L 7.71 1.25 314.7 221.3 221.3

3T4 6.70 4.59 300.8 2374 254.2
3T6 10.11 8.91 228.9 347.3 178.8

Table 10. Natural frequencies (Hz) of the actual vehicles and of the corresponding equivalent 3C vehicles.

Natural frequencies (Hz)

Vehicle Sprung mass (t) Vibration mode
Actual vehicle 3C equival.

253-S 56.2 bounce 1.23 1.23
hop 10.4 10.4

pitch 51.7 72.0

3S3-L 74.0 bounce 1.31 1.26
hop 10.4 10.4

pitch 37.9 49.0

3T4 70.7 bounce 1.46 1.47
hop 9.50 10.2

pitch 31.4 37.1

3T6 81.2 bounce 1.37 1.59
hop 9.50 10.4

pitch 20.1 31.0
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Table 11. DAF and characteristic values of internal forces in free flow analysis for 5-girder bridges.

DAF adopted
Bridge Effect Characteristic value (kN or kNm) Scen.

2S3-S 3S3-L 3T4 3Té6

B-30 \Y 514.7 6 1.09 1.09 1.09 1.15
M+ 1568 6

B-40 \Y 517.0 8 1.16 1.14 1.10 1.19
M+ 2425 9

B-50 \Y 543.6 6 1.18 1.19 1.10 1.13
M+ 3440 5

C-30 M+ 1511 9 1.10 1.10 1.09 1.16
\Y 479.6 9
M- 2180 9

C-40 M+ 2166 6 1.17 1.13 1.10 1.19
\Y 500.3 6
M- 3155 9

C-50 M+ 2918 5 1.17 1.19 1.11 1.16
\Y 522.7 5
M- 4113 7

7 TRAFFIC JAM SIMULATIONS

In addition to traffic jams, congested traffic encompasses several distinct conditions, including platoons, stop-and-
go waves, oscillatory congestion, and full-stop traffic (CAPRANI et al., 2016). Most of these conditions involve
acceleration, braking, overtaking, and lane-changing maneuvers, which are particularly relevant for long-span bridges.
However, most design codes do not address such structures. For instance, Eurocode 1 applies to bridge spans of up to
200 m. The Eurocode live load model was developed based on simulations of congested traffic moving at low speeds and
fully stopped traffic with constant axle-to-axle spacing of 5 m (PRAT, 2001). In the present study, only slow-moving traffic
is considered, whereas fully stopped traffic will be investigated in future work.

For the case of traffic jam simulations, light vehicles are included. The speed of all vehicles is assumed to be constant
and equal to 10 km/h. The distance between subsequent vehicles is modeled by a beta distribution (BAILEY and BEZ,
1999; ZHANG and QUILLIGAN, 2020) within the range [1 m; 10 m], with a mean value equal to 3.0 m and a standard
deviation of 1.5 m. Light vehicles are considered using deterministic values for the wheelbase (2.51 m), total weight
(12.95 kN), total length (4.00 m) and distance between axle ends (1.47 m).

Since traffic is generally congested only during part of the day (typically peak hours), the number of vehicles in traffic
jams per day is assumed as 15% of the reference flow (RF). When light vehicles are included, the ADTT of the database
becomes 16,136 vehicles per day; therefore, the daily number of vehicles in each lane is limited to 2,420 vehicles. For
multiple lanes in the same direction, the slower lanes (right lanes) typically present a higher percentage of trucks
(WANG et al., 2024) and, therefore, a lower traffic flow compared to the faster lanes. Table 12 presents the adopted
distribution of the total flow among lanes (OLIVEIRA, 2019).

Table 12. Distribution of vehicles in traffic lanes for traffic jams.

Lane #1 Lane #2 Lane #3
N° of lanes in the same direction
Light Heavy Light Heavy Light Heavy
56.5% 43.5% - - - -
20.0% 80.0% 80.0% 20.0% - -
10.0% 90.0% 68.0% 32.0% 75.0% 25.0%

The procedure for determining the characteristic values of the static effects in the case of congested traffic
conditions is similar to that adopted for the free-flow case. However, two key differences are introduced: traffic jam
simulations are performed for a total period of 100 consecutive days, and dynamic effects are not considered. Table 13
summarizes the maximum static effects at each reference cross section, as well as the corresponding number of vehicles
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on the bridge at the relevant time instant. Among the scenarios presented in Table 13, Scenarios 6 and 7 are the most
frequent, as both correspond to three traffic lanes in the same direction. Lane #1, which has the highest proportion of
commercial vehicles, generates the most severe effects in girder V1, located next to the lateral edge of the bridges.

Table 13. Configurations that caused the greatest static effects on the bridges for traffic jams.

Maximum value from traffic simulation  N° vehicles Lane #1  N° vehicles Lane #2 N° vehicles Lane #3

Bridge Effect  Scen.

(kN or kNm) Light Heavy Light Heavy Light Heavy

B-30 \) 6 428.0 0 2 0 2 0 0
M+ 6 1443 0 3 3 1 1 2

B-40 \) 6 504.7 1 2 0 2 0 0
M+ 5 2195 1 2 2 1 2 2

B-50 \'} 7 574.1 0 3 3 2 7 1
M+ 7 3299 0 3 2 2 0 0

C-30 M+ 6 1315 1 4 7 1 2 3
v 6 4443 0 4 4 2 5 3

M- 5 2055 1 3 4 3 8 0

C-40 M+ 7 1943 1 5 9 2 3 5
\'} 5 549.9 1 4 5 3 9 1

M- 7 3415 1 4 4 4 10 1

C-50 M+ 7 2902 2 6 5 4 0 0
v 5 646.3 1 5 6 4 11 1

M- 7 5145 1 5 5 4 12 1

8 SUMMARY OF TARGET VALUES

Figures 10 to 12 show the comparison between the results depicted in Tables 10 and 12. In most cases, the maximum
effects are associated with free flow conditions for span lengths up to 40 m and with traffic jam for span length equal to
50m. The exceptions are: (a) the positive bending moment of continuous bridges, for which the free flow conditions
generate higher effects in all cases, and (b) the negative bending moment in continuous structures, for which the
transition from governing free flow to congested flow conditions occurs between 30 m and 40 m. In both cases, the shape
of the corresponding influence line helps to explain the results (Table 5), considering that the spacing between vehicles
in the traffic jam simulation is smaller than the bridge spans. In case (a), the influence line exhibits a sign change across
adjacent spans, making the free flow conditions more critical, since in traffic jams some axle loads act in the favorable
direction, reducing the midspan bending moment. In case (b), the traffic jam conditions become critical because all axle
loads act unfavorably for this influence line; this accumulation overcomes the effect of dynamic amplification.

5000 i 1 5000
s i : s
2‘ 4000 -rrreereeerrneenees Y ! ’é? 4000 -
g L0 T T I < . é 3000 /
an * 50
b} Free o} ' Free
B 2000 -t i B 2000 }
: i -=-Congested / i -=-Congested
1000 3 1000 - i
30 40 50 30 40 50
Span (m) Span (m)
(a) (b)

Figure 10. Comparison of target values of positive bending moment in free and jam flows: (a) simply supported bridges;
(b) continuous bridges
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(a) (b)

Figure 11. Comparison of target values of shear force in free and jam flows: (a) simply supported bridges; (b) continuous bridges

Bending moment (kNm)

Free

-=Congested

30 40 50
Span (m)

Figure 12. Comparison of target values of negative bending moment in free and jam flows: continuous bridges

9 COMPARISON BETWEEN THE TARGET VALUES AND THE LOAD MODELS EFFECTS

Figures 13 to 15 present the ratio between the static effects (see Table 5) generated by load models #1 and #2
(Figure 2) on the five-girder bridges and the corresponding target values. For comparison purposes, the Eurocode 1 LM1
load model and the NBR 7188 model (Figure 1) results are also shown; in the latter, the vertical impact coefficient is
already included to account for dynamic effects. In each case, the target value is taken as the maximum between the
free flow and traffic jam results (Figures 10 to 12).

Regarding the proposed load models, it is noted that Model #2 provides a more accurate representation of the
actual traffic effect compared to Model #1, as it is composed of three traffic lanes; consequently, the greater number
of optimization parameters favors the achievement of a more representative solution. Although initially calibrated for
two-girder bridges subjected to free flow conditions, Model #2 can also be considered to satisfactorily represent traffic
effects on five-girder bridges, in the span range addressed in this work. Except for the negative bending moments in
continuous bridges with span lengths of 40 m and 50 m, Model #1 tends to be overly conservative.

It is also noted that the effects due to the NBR 7188 design load model, as well as those generated by Load Models
#1 and #2, are significantly lower than those produced by the LM1 load model from Eurocode 1. However, comparisons
involving load models from different design codes must be made with caution. In this case, it is worth mentioning that
the Eurocode’s LM1 is calibrated for a 1,000 years return period, whereas Load Models #1 and #2 are associated with
return periods of either 100 years or 10 years, depending on the traffic scenario considered.
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Figure 15. Ratio of the negative bending moments generated by load models to the corresponding target values: continuous bridges
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It is also observed that, although the results obtained using the NBR 7188 load model are generally close to the
target values, in most cases it underestimates the effects of actual traffic. This conclusion was already drawn in the case
of two-girder bridges, particularly for small spans and cantilevers configurations (ROSSIGALI et al., 2015) as well as for
the box-girder bridges analyzed by LUCHI (2006).

10 CONCLUSIONS

This paper describes some of the steps that support the updating of the Brazilian design code for highway bridges,
which may not adequately represent the Brazilian vehicle traffic in certain situations.

Based on an equivalent grid structural model, simulations of free-flow and traffic jams conditions are performed to
obtain histograms of the static effects at critical reference cross sections. The characteristic values of these static effects
are determined by extrapolation of the adjusted frequency distributions of the internal forces. In the case of free flow
conditions, dynamic analyses are also performed, considering the vehicle — pavement — bridge structure interaction to
obtain dynamic amplification factors representative of heavy traffic. These factors are then applied to the characteristic
values of the static effects yielding the corresponding target values.

The transition of the governing flow condition from free flow to congested traffic occurs between 40 m and 50 m
for most cases and between 30 m and 40 m for one specific effect, corroborating the assertions of O’'CONNOR and
O’BRIEN (2005) and CAPRANI (2013) who indicate that this transition lies in the span range of 30-50 m.

Two live load models previously proposed to represent actual Brazilian traffic, calibrated exclusively based on free
flow conditions in small-span two-girders grid bridges, are used as reference for the comparative analysis in this study.
It is found that Load Model #2, which incorporates three traffic lanes and is similar to the configuration of the Eurocode
1 LM1 model, satisfactorily represents real traffic effects also in medium-span five-girders grid bridges, widely used in
the Brazilian road network, except for negative bending moments in 40 m and 50 m spans. In fact, the latter was not
reproduced in the safe side by any of the analyzed load models.

It is also shown that, for the structures considered in this study, the NBR 7188 load model provides an acceptable
representation of actual traffic effects; however, in most cases on the unsafe side. The underestimation of real traffic
effects by Brazilian design code has already been pointed out in previous studies and the extension of this conclusion
to five-girder bridge configurations suggests that it would be appropriate to review the NBR 7188 load model.

Future works include the analysis of the vehicle-pavement-structure dynamic interaction considering models
developed for the vehicles 253, 353, 3T4 and 3T6, the updating of the traffic databases and the improvement of traffic
simulation including the full stop condition. Structural reliability analyses of the bridges with the aim of calibrating safety
factors to achieve consistent probability of failure in the analyzed structures and the assessment of the applicability of
the proposed load models for other structural systems and span ranges are also planned.
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