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Abstract: This study presents a methodology for deriving a probabilistic model for estimating the braking force, which, on the contrary, is traditionally based on deterministic approaches in bridge design codes. The stochastic model utilizes the weight-in-motion dataset collected from a provincial road bridge for observing real traffic load probabilistic distributions in terms of vehicle gross weight, vehicle length, and inter-vehicle distance. Using Monte Carlo simulations, traffic convoys are generated for calculating the resultant braking force by assuming deceleration profiles available in literature and different scenarios to account for various braking combinations among the vehicles within a convoy. Starting from the obtained empirical cumulative distribution function, the probabilistic model provides the resultant braking force associated with a given return period, incorporating dynamic amplification factors as well.

Comparisons are made to highlight that, within the span lengths investigated, the probabilistic model proposed provides higher resultant braking forces than those given by the deterministic model adopted by the Eurocode and the Italian Standards in cases of high return periods and low nominal lives (i.e., in cases of high no-occurrence probability). Conversely, values in agreement with or lower than those calculated using the deterministic models considered are obtained in other cases. Finally, some simplified design equations for the resultant braking forces are proposed for three different nominal lives, which are useful for assessing existing bridges or designing new ones.
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Introduction

Braking forces are horizontal loads that must be properly considered when designing new bridges or assessing existing ones, as explicitly specified in many standards, such as Eurocodes (EC01 and EC1-22) and AASHTO LRFD Bridge Design Specifications.3 Traditionally, they are calculated using deterministic approaches, relying on reference traffic scenarios where the number and types of vehicles are assumed, as specified, for instance, in Eurocodes (EC01 and EC1-22), Italian standards,4 Swiss standards (SIA 1605 and SIA 2616), and British Standard BS 5400.7

However, it is recognized that for new or existing structures, such as bridges, probabilistic models for loads, including braking ones, are required. These models are needed within the probabilistic-based procedures adopted by many design standards. For instance, in EC1-2,2 as Load Model 1 (LM1) and Load Model 2, the vertical traffic load characteristic value is associated with a 1000-year return period (equivalent to a 5% exceedance probability in 50 years).

Recent advancements in traffic modeling have aimed to estimate braking forces using probabilistic approaches. These methods incorporate variability in key factors, such as vehicle characteristics, traffic dynamics, and driver behavior. By employing distributions derived from real traffic data, these approaches offer a more realistic representation of braking forces. Martins et al.8 introduced a stochastic model incorporating traffic microsimulation tools to calculate the characteristic value of braking forces. Using realistic traffic scenarios from Swiss motorways and driver behavior data, they demonstrated that this probabilistic approach produces lower braking force values than those prescribed by design standards, while maintaining a safety target corresponding to a 1000-year return period. Additionally, Martins et al.9 compared deterministic and probabilistic methodologies for deriving braking force load models. Their analysis revealed braking force values consistent with the same return period as vertical load models, factoring in the probability of a braking event occurring on a bridge. Breveglieri and Feltrin10 developed a model integrating traffic data, stochastic variables, and bridge-specific properties to estimate braking forces. Their results emphasize the significant impact of bridge length, vehicle clustering, and braking event frequency on braking force magnitudes, making the model an essential tool for design and performance assessment. Feltrin and Breveglieri11 investigated the dynamic response of bridges to hard braking by trucks. Experimental results revealed that the bridge exhibited a nonlinear and more rigid behavior than expected based on the bearing properties. Their study concluded that a single degree of freedom (SDOF) model accurately represents bridge behavior during braking, particularly in capturing distinct longitudinal and vertical responses. Marshal et al.12 conducted static and dynamic field tests to study the load path and intensity of braking force in highway shorter-span bridge substructures. The study revealed that the abutment is subjected to a maximum of roughly 75% of the braking force, while an individual column bent experiences up to 35%. The demand for each component is largely influenced by the location of the braking force and the relative stiffness of the component.

To date, probabilistic frameworks may be developed starting from detailed datasets obtained using weigh-in-motion (WIM) systems. These systems use advanced sensors to capture axle and gross vehicle weights, axle spacing, and vehicle speeds in real-time, facilitating continuous traffic monitoring and enabling detailed analyses of vehicle configurations and traffic flow. Furthermore, from a WIM dataset, it is possible to classify vehicles based on their type and configuration, enabling detailed traffic analyses and infrastructure load assessments. In recent years, WIM data have become increasingly vital for the probabilistic assessment of traffic loads, particularly in bridge design, maintenance, and safety evaluations. Many studies have used traffic microsimulation derived from WIM data to assess bridge load effects. Among others, Caprani13 calibrated a traffic load model for short- to medium-length bridges using congested traffic microsimulation. Other traffic investigations based on WIM data analysis may be found in References.14–17

However, it should be noted that all works available to date in the literature focus on using WIM traffic data to monitor and analyze the vertical component of traffic action. Only recently have WIM data been considered as a useful tool for deriving braking forces. In Martins et al.,8 WIM data gathered on Switzerland roads were used to estimate the braking force characteristic value. In this study, it was recognized that in modern standards, if simplified vehicle configurations are used, the braking force may be too conservative without a return period measure and inconsistent with the vertical load model. Recently, the vehicle–bridge interaction has gained attention from researchers. For example, Aloisio et al.18 assessed vehicle–bridge interaction under braking through numerical simulations, surrogate modeling via machine learning, and experimental validation. Wang et al.19 conducted a vehicle–bridge coupled vibration analysis to assess how braking affects mid-span displacement and impact factors in simply supported beam bridges. Through structural health monitoring and numerical modeling, Zhang et al.20 examined the static and dynamic behavior of a semi-integral high-speed railway bridge under braking and high-speed traffic loads, highlighting the impact of structural flexibility and stiffness.

This paper proposes a methodology for deriving a probabilistic braking force model (PBFM) based on traffic data collected from WIM sensors installed to monitor a section before a bridge serving a provincial state road. Starting from WIM data, probability density functions (PDFs) of several parameters are derived, such as gross vehicle mass, length, and inter-vehicle distance. Then, using Monte Carlo simulations, vehicle convoys are randomly generated according to three different scenarios to calculate the maximum value of the resultant braking force. Since no information about vehicle deceleration profiles is available in the WIM data, this study applies the dataset from the 100-Car Naturalistic Driving Study (NDS)21. The proposed methodology permits the derivation of a PBFM capable of providing a resultant braking force dependent on the return period (or an exceedance probability in a given nominal life) and bridge span length, calculated using an empirical cumulative distribution function (ECDF) obtained through the stochastic methodology. In this study, the PBFM is proposed for bridge span lengths up to 50 m, as longer spans are uncommon for provincial roads.

Initially, a state-of-the-art review of some deterministic braking force models (DBFMs) is introduced, and the models recalled are examined in detail. Then, the proposed methodology is presented and applied to derive the PBFM, also incorporating dynamic amplification factors (DAFs) as proposed in the EC1-2 background document22. Comparisons with the DBFM adopted by EC1-22 and Italian standards4 are shown and discussed. Finally, simplified design equations for the PBFM are derived for three different nominal lives (5, 30, and 50 years), which are useful for assessing existing bridges or designing new ones.

State of the Art

To date, several braking force models have been proposed in different design standards. These models primarily rely on deterministic assumptions about vehicle configurations, traffic loads, and braking behaviors.

SIA 1605 originally adopted a braking force model based on experimental data collected from a series of tests on vehicle convoys. The model considered factors such as vehicle weight, initial speed, and deceleration, assuming a maximum braking force of 300 kN. According to this model, the maximum braking force transmitted to the pavement, Fbmax, may be calculated using Newton's laws of motion as follows:

Fbmax=maxt{∑i=1Nmiai(t)}(1)

In Eq. (1), mi represents each vehicle’s mass, N denotes the total number of vehicles, and ai(t) corresponds to the ith vehicle’s time-dependent deceleration.

Later, in 2003, the SIA 2616 proposed a braking force model for new bridges, based on the EC 1-22 model. This standard provides a maximum braking force of 900 kN for new bridges longer than 200 m.

In contrast, in 2011, SIA 269/16 reduced the maximum braking force to 600 kN in the case of existing bridges.

The British Standard BS 54007 introduced a more severe braking force model, which was particularly impactful for medium-length bridges. This model is based on shorter inter-vehicle distances, leading to frequent hard braking events with higher braking forces. Moreover, vehicle weights ranging from 16 to 32 tons and decelerations between 0.5 and 0.75 g were considered, making it more severe than other European codes. According to this model, the nominal load for normal traffic conditions (indicated as HA) ranges from 200 kN to a maximum of 700 kN.

Both Eurocode EC1-22 and Italian Standards NTC-20184 report the same formulation for deriving the resultant braking force. As clarified in the EC1-2 background document,22 this formulation was proposed from a deterministic approach. The resultant braking force is associated with up to five vehicles, having a maximum assumed lorry weight of 40 tons and traveling at the same speed of 81 km/h, braking simultaneously with a deceleration of 0.5 g. This DBFM incorporates the SDOF dynamic effects, with DAFs depending on the number of vehicles. The braking force characteristic value Q1k, limited to 900 kN, is calculated as a fraction of the vertical loads corresponding to LM1 applied on Lane 1, according to the formulation:

Q1k=0.6αQ1(2Q1k)+0.1αq1q1kw1(2)

with the following limitation: 180αQ1kN≤Q1k≤900kN, where Q1k and q1k are the axle loads and the uniformly distributed load of LM1 for Lane 1, respectively. In this equation, w1 indicates the wide lane, and L is attributed to the loaded length.

Fig. 1 compares the braking force characteristic value Q1k computed according to the EC1-22 formulation (Eq. (2)) with the values obtained for convoys of up to five vehicles, each having a gross mass of 25, 30, and 40 tons.22
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Figure 1: Braking force formulation proposed in EC1-22

Finally, for the sake of completeness, Fig. 2 plots a comparison among the braking force models discussed in this section. As one may note, braking force models differ significantly across standards essentially due to varying assumptions and methodologies adopted. EC1-22 and NTC-20184 models are derived for heavy vehicles (HVs), such as 40-ton lorries, taking into account the bridge’s dynamic response as well. In contrast, Swiss standards take a different approach: SIA 1605 (1970) reaches a constant braking force of 300 kN, whereas in the case of SIA 261/16 (2011), a maximum value of 600 kN is provided for bridges over 100 m in length. Moreover, unlike other models that assume maximum simultaneous braking by all vehicles, these documents consider braking force as dependent on vehicle decelerations over time. Finally, as for BS 5400,7 the braking force model provides higher braking forces than the EC1-22 model for medium span lengths, since shorter inter-vehicle distances are considered, leading to more frequent hard braking events and, consequently, higher estimated braking forces.
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Figure 2: Comparison of braking force models

Descriptive Statistics

Nowadays, many design standard procedures are probabilistic-based, requiring that the braking force model is consistent with this approach to properly estimate traffic actions. Consequently, a probabilistic model capable of estimating the braking force is needed. Such a model would allow for the consideration of various return periods (TR) or a given exceedance probability (p) within a specified nominal life (VN), tailoring it to different design and assessment scenarios. For instance, a PBFM becomes particularly useful in the case of existing bridges, where the structural assessment may be conducted within a nominal life that may be significantly lower than the one considered for designing new bridges.

The methodology proposed in this study for deriving a PBFM is based on the analysis of WIM traffic data, assumed to be representative of the vertical traffic load passing over a bridge serving a certain road. In this case, WIM data from a provincial road are analyzed to derive probability distributions to define the vertical loads to be used in Monte Carlo simulations. Morespecifically, the following traffic data are analyzed: axle weight, vehicle length, axle number and spacing, and inter-vehicle distance, the latter defined as the interval distance between two consecutive vehicles. After analyzing the traffic data, vehicles are classified based on spacing and axle number. This study considers 12 vehicle categories, as illustrated in Table 1, where the axle number and their configuration are also reported. They vary from Cat. A having n. 2 axles to Cat. N with an axle number equal to or greater than 7. Figs. 3 and 4 illustrate the distribution of vehicle weight, length, and axle number across the n. 12 vehicle categories considered. The box covers the interquartile range (Q1–Q3) with a 1.5 threshold applied to identify outliers, which are shown as red plus signs.
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Figure 3: Boxplot of vehicle weight by axle number
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Figure 4: Boxplot of vehicle length by axle number

Then, WIM data are used to determine, for each category the frequency of occurrence and the PDFs of vehicle gross mass, vehicle length, and inter-vehicle distance. All data are processed using MATLAB®’s23 and preliminarily cleaned to remove outliers, such as records with zero weight or unrealistically long vehicle lengths. As an example, Fig. 5 presents the resulting histogram and PDFs for vehicles belonging to Cat. B (Table 1). 
Specifically, Figs. 5a, 5b plot the histogram and the PDF of gross weight and vehicle length for Cat. B, respectively, where a Gaussian mixture distribution (GMD) is fitted to both histograms. Fig. 6 also indicates the histogram and exponential PDFs fitted to the inter-vehicle distance. This distribution is considered in this study as it ensures an accurate fit to the empirical data, particularly where multiple modes exist. The use of extreme value distributions, such as Gumbel, Weibull, and generalized extreme value, will be investigated in the future, as their application is beyond the scope of the current study. Histograms and PDFs for gross weight and length of all vehicle categories may be found in Appendix A and Appendix B, respectively. The analytical expressions for these distributions are derived from the fitted PDFs, which were estimated using MATLAB’s fitgmdist function.
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Figure 5: Histogram and PDF of (a) vehicle gross mass and (b) vehicle length
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Figure 6: The mixture of three exponential PDFs fitted to the inter-vehicle distance

A crucial role in this methodology is played by the deceleration profile of each braking vehicle belonging to a certain convoy. In this work, the data from the 100-Car NDS,21 the only freely accessible dataset regarding braking events, are considered for deriving the PDF of the maximum deceleration of each vehicle during a braking event. In particular, in this study,21 100 instrumented light vehicles (LVs) were monitored over approximately 1 year, with the aim of collecting driving data from instrumented vehicles, where drivers were given no special instructions. The database collected many extreme cases of driving, such as crashes, near-crashes, and other incidents, including data about speed, vehicle headway, time-to-collision, and driver reaction time. More details about this study may be found elsewhere.21 As for HVs, the dataset created by Martins et al.24 is considered in this work. This dataset was developed using supplementary data derived from the 100-Car NDS and adjusted to account for HV-specific characteristics. Similarly to the LVs, a PDF of the maximum deceleration of each vehicle during the braking event is derived for the HVs. Afterwards, it is assumed that the PDF derived for the maximum deceleration of the LVs is assigned to Cat. A vehicles, while the PDF derived for the maximum deceleration of the HVs is assigned to vehicles from Cat. B to Cat. N vehicles. Fig. 7 illustrates the histograms and the derived PDFs for the maximum deceleration of LVs and HVs, where a GMD is fitted for both. In particular, Fig. 7a refers to HVs, reaching a maximum deceleration value of up to 7 m/sec,2 while Fig. 7b pertains to LVs, reaching a maximum value of 12 m/sec2. Subsequently, a generalized Pareto distribution is assumed for hard braking events (deceleration equal to or higher than 4 m/s2).
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Figure 7: Histogram and PDF of the maximum deceleration of: (a) HV and (b) LV

Methodology Proposed for Deriving a PBFM

For each span length, several convoy configurations are generated with an increasing number of vehicles, starting from the configuration containing only one vehicle. Initially, for each convoy configuration, a Monte Carlo simulation is implemented to randomly sample the vehicle category according to the classification reported in Table 1. After sampling the category, a nested Monte Carlo simulation with 107 extractions is performed for each vehicle. In each extraction, gross mass, length, inter-vehicle distance, and deceleration are extracted from the corresponding PDFs and assigned to the corresponding vehicle. The proposed methodology is illustrated as a flowchart in Fig. 8.

[image: images]

Figure 8: Flowchart of the proposed methodology

In the proposed PBFM, each convoy is associated with a braking event. For the generic convoy (Fig. 9) made up of n vehicles (belonging to the 12 categories of Table 1), the resultant braking force Fbf (Eq. (3)) is calculated as follows:
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Figure 9: Example of convoy for a braking event

Fbf=∑i=1nfbf,i=∑i=1nmi⋅ai(3)

where fbf,i, mi, and ai are the braking force, gross mass, and deceleration value of the ith vehicle, respectively. It should be noted that the resultant braking force Fbf is subjected to the constraint that the convoy’s total length Lc (Eq. (4)) does not exceed the bridge span length L (Fig. 9). Lc may be calculated as follows:

Lc=∑i=1nli+∑j=1n−1IVDj(4)
where li is the vehicle length, and IVDj is the inter-vehicle distance between the ith and (i-1)th vehicle (i.e., the previous vehicle).

For each bridge span length L, Monte Carlo simulations permit the derivation of a sample of braking force values (sorted in ascending order) {Fbf1,Fbf2,…,Fbfm}L. This is done by randomly sampling the vehicle category and then the gross vehicle mass, length, and inter-vehicle distance from their corresponding PDFs defined earlier. Consequently, an ECDF is derived FFbf,L, representing the cumulative distribution of the resultant braking forces thus obtained. FFbf,L is consistent with specific WIM traffic data, assumed to be representative of the vertical traffic load of a given road.

The PBFM is based on the assumption that p=FFbf,L(q) is the probability of no-occurrence referred to the quantile of order q (q-quantile). Therefore, 1 - p corresponds to the occurrence probability of a braking force with a value equal to q. The no-occurrence probability p of a braking force with a value q, having a return period TR within a bridge nominal life VN is given as

p=(1−1TR)VN(5)

Table 2 indicates the probability of no-occurrence p corresponding to the given return period TR and nominal life VN.
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In this research, a vehicle convoy is considered to be involved in a braking event when at least one vehicle experiences a deceleration equal to or higher than 4 m/s2. This threshold is used, for instance, in Martins et al.24, to define a hard braking event. This study disregards potential collisions or skidding among vehicles, providing a conservative estimate of the resultant braking force. Moreover, three scenarios are defined to evaluate the braking force during a braking event:

Scenario 1 considers convoys made up of any vehicle categories, including Cat. A (with the PDF for the maximum deceleration of LVs assigned) and Cat. B to N (with the PDF for the maximum deceleration of HVs assigned) (Table 1). All convoy vehicles are considered to experience a hard braking deceleration, with values equal to or greater than 4 m/s2. Therefore, this scenario simulates a simultaneous hard braking event for all vehicles within the same convoy.

In Scenario 2 and Scenario 3, vehicles of Cat. A are excluded (Table 1), assuming that the braking force produced by the LVs is negligible compared to the others. In Scenario 2, a hard braking deceleration value is assigned to all vehicles by sampling from the PDF of the maximum deceleration for HVs. Conversely, in Scenario 3, only the leading vehicle of a convoy (i.e., the first vehicle in the convoy) has a deceleration equal to or greater than 4 m/s,2 while all following vehicles exert a normal braking event with deceleration values ranging from 1 to 7 m/s.2 It is noteworthy that Scenario 2 corresponds to the most conservative scenario, as it stimulates a hard braking event for all HVs. On the other hand, Scenario 3 represents an intermediate braking event between Scenario 1 and Scenario 3.

PBFM Results

In the following, the ECDFs of the resultant braking force FFbf,L generated using Monte Carlo simulations are illustrated. More specifically, Figs. 10–12 show the ECDFs obtained for Scenario 1, Scenario 2, and Scenario 3, respectively. In these graphs, the resultant braking force Fbf,L is highlighted for several probabilities p, which are associated (as per Eq. (5)) with predefined return periods TR (500 and 1000 years) and nominal lives VN (5, 30, and 50 years). Note that for a given return period TR, the higher the nominal life VN, the lower the no-occurrence probability p (Eq. (5) and Table 2). Additionally, in Figs. 10–12, the number of convoy vehicles providing the highest resultant braking force is also indicated. Note that by increasing the span length, more vehicles contribute to the braking force, particularly in Scenario 2 and Scenario 3.
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Figure 10: Scenario 1: ECDFs for several span lengths
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Figure 11: Scenario 2: ECDFs for several span lengths

For a given TR, or equivalently for a given p within VN, Scenario 1 (Fig. 10) provides lower resultant braking forces compared to Scenario 2 and Scenario 3 due to the presence of Cat. A LVs.

Scenario 2 (Fig. 11) provides the highest values of braking forces. Indeed, Cat. A is excluded, and all vehicles within a convoy experience a hard braking deceleration.

Finally, Scenario 3 (Fig. 12) provides braking forces lower than Scenario 2, as Cat. A is also excluded in this case, but only the convoy’s leading vehicle is subjected to a deceleration equal to or greater than 4 m/s2.
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Figure 12: Scenario 3: ECDFs for several span lengths

To perform a comparison between the resultant braking force values obtained and those provided by the EC1-22 and NTC-20184 formulations, the dynamic interaction of braking vehicles and the bridge is taken into account in this study. According to the EC1 background document,22 by modeling the deck as an SDOF system and the braking force as external action, a DAF equal to 1.8, 1.4, and 1.2 is obtained for convoys of one, two, and three or more vehicles, respectively. Figs. 13–21 present the resultant braking force for three nominal lives VN (5, 30, and 50 years) and five return periods TR (500 and 1000 years) without (continuous lines) and including (dashed lines) the DAFs as proposed by the EC1-2.2 More specifically, Figs. 13–15 refer to Scenario 1, Figs. 16–18 to Scenario 2, and Figs. 19–21 refer to Scenario 3. In these graphs, for each span length, the DAF is applied depending on the number of convoy vehicles indicated in Figs. 10–12. Moreover, for completeness, in all figures, the braking force value given by the EC1-22 formulation is also plotted (black continuous line).
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Figure 13: Scenario 1, VN = 5 years
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Figure 14: Scenario 1, VN = 30 years
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Figure 15: Scenario 1, VN = 50 years
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Figure 16: Scenario 2, VN = 5 years
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Figure 17: Scenario 2, VN = 30 years
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Figure 18: Scenario 2, VN = 50 years
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Figure 19: Scenario 3, VN = 5 years
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Figure 20: Scenario 3, VN = 30 years
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Figure 21: Scenario 3, VN = 50 years

In general, as one may note, the PBFM provides braking forces that, for a given VN, increase as the span length increases. Also, for a given VN, the higher TR, the higher the braking force. However, for a given return period TR, as VN increases, the braking force reduces since the probability of no-occurrence p (Eq. (5) and Table 2) decreases.

As far as Scenario 1 is concerned (Figs. 13–15), the braking forces are significantly lower than those provided by EC1-22 and NTC-2018.4 As already discussed, this scenario includes vehicles of Cat. A, whereas EC1-22 refers to heavier vehicles, with a single vehicle weighing 40 tons for span lengths less than 25 m, and 30 tons for two and three vehicles for span lengths between 25 and 50 m.

As for Scenario 2 (Figs. 16–18), for high return period TR (500 and 1000 years) including DAFs, braking forces may be also higher than the those predicted by EC1-22 and NTC-20184 for all the three VN considered (5, 30, and 50 years). This scenario provides the most conservative braking force values.

Finally, in the case of Scenario 3, lower braking force values than those in Scenario 2 are predicted. In this scenario, only for VN = 5 years, including DAFs for TR equal to 500 and 1000 years, braking forces higher than those given by EC1-22 and NTC-20184 are obtained.

Simplified Equations for PBFM Proposed

Starting from the obtained results, it is possible to derive simplified equations for the proposed PBFM, representing a simple tool for designing new bridges and assessing existing ones.

To this end, a numerical regression using the least squares method is applied to the values of resultant braking forces Fbf as a function of span length L, return period TR, and nominal life VN.

From here on, only braking forces predicted with Scenario 2, including DAFs, are considered since they provided the most conservative values of braking forces among the scenarios considered. Table 3 summarizes the resulting linear regressions for predicting the Fbf starting from the results Figs. 16–18, obtained by varying TR and VN. These regressions are also plotted in Figs. 22–24 by varying VN, where, for completeness, values obtained with the EC1-22 and NTC-20184 formulations are included. Also, the figures depict the braking force model given by Martins et al.24, computed for TR = 1000 years, with traffic direction considered equal to 1 and the natural vibration of the bridge structure equal to 3 s.
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Figure 22: VN = 5 years. Braking force obtained with the linear regression of Table 3
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Figure 23: VN = 30 years. Braking force obtained with the linear regression of Table 3
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Figure 24: VN = 50 years. Braking force obtained with the linear regression of Table 3

Then, starting from the linear regressions in Table 3, a design equation for the resultant braking force Fbf may be proposed, according to the PBFM adopted in this study:

Fbf=α(TR,VN)⋅L+β(TR,VN)(6)

where α and β are two coefficient functions that depend on both TR and VN, as depicted in Figs. 25 and 26, according to the preliminary expressions summarized in Table 4.
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Figure 25: α coefficient
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Figure 26: β coefficient

[image: images]

Conclusions

This study proposed a novel PBFM to more accurately estimate braking forces on bridges by incorporating real-world traffic data reflecting the return periods alongside the probabilistic framework of modern design standards. Unlike traditional DBFMs, where the return period is unknown and relies on fixed assumptions about vehicle configurations and braking behaviors, the PBFM utilizes WIM data and Monte Carlo simulations to capture the stochastic nature of braking events. By considering key variables such as vehicle weight, length, inter-vehicle distance, and deceleration profiles, this approach determines the value of the braking force that corresponds to a given return period.

The results demonstrate that existing design codes, such as EC1-2,2 may either overestimate or underestimate braking forces, depending on the bridge span length and return period considered. In particular, for shorter spans, braking forces in EC1-22 tend to be more conservative, whereas for longer spans, the proposed probabilistic approach suggests higher braking forces for certain return periods. This discrepancy highlights the limitations of deterministic models in capturing realistic traffic scenarios and underscores the importance of integrating probabilistic methodologies into bridge design and assessment.

The proposed PBFM provides braking force estimates for different return periods (500 and 1000 years) and nominal lives (5, 30, and 50 years), making it adaptable to both existing and newly designed bridges. The study also developed linear regression models to express braking forces as a function of bridge span length and return period, providing engineers with a practical tool for assessing bridge safety under realistic braking loads.

Recommendations for Future Works

Additional traffic parameters, such as road conditions, the number of events expected to occur in a certain period, driver reaction times, and vehicle braking system efficiency, should be evaluated in future studies to further refine braking force estimations. Validating the model using long-term WIM datasets from diverse road sections, including highways and urban roads, could also enrich the dataset, leading to a more accurate model. Investigating the dynamic response of bridges under probabilistic braking forces to enhance structural reliability assessments should also be considered.
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Appendix A

Histogram and PDF of gross mass
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Histogram and PDF of length
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Table 3. Linear regression functions fitting to Fy,

Fyr (kN) Tr (years)

Vn (years) 30 50 100 500 1000
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Table 4. Preliminary expressions for a and B coefficients
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Table 1. Vehicle categories assumed

Category No. of Vehicle axle configuration
axles
Cat. A 2 (0—0)
Cat. B 3 O—O0+—"0—)
Cat. C 3 (0—00)
Cat. D 4 (0—O0 +—00)
Cat. E 4 n. 4 axles not belonging to Cat. D
Cat. F 5 (O—0 +-000)
Cat. G 5 (0—00 + 0—0)
Cat. H 5 (O—0-—+-0—00)
Cat. 1 5 n. 5 axles not belonging to Cat.
F, G, and H
Cat. L 6 (0—0 4+ —0000)
Cat. M 6 n. 6 axles not belonging to Cat. L
Cat. N >7 At least 7 axles
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Table 2. Probability of no-occurrence p for given return
period T and nominal life V' y (values are in percentage)

Tk (years)
Vn (years) 500 1000
5 99.0 99.5
30 94.0 97.0

50 90.0 95.0
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