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Summary 
Structural assessment can be performed using semi-probabilistic methods, as is the case in design codes. 

However, these codes are primarily calibrated for the design of new structures and do not account for 

existing structures parameters, which need to be determined more precisely. To adapt the formalism of 

these codes, adjustment of partial factors is possible through the updating of the distribution of random 

variables. Challenges in reliability analysis of existing structures notably include data collection and 

the comprehensive analysis of structures. This study focuses on a family of small-span reinforced con-

crete bridges, known as Open Frame Underpasses (OFU), designed with the CHAMOA-P calculation 

model. This study particularly analyses the adjustment of partial factors using sensitivity factors ob-

tained by reliability calculation rather than the default values used in the Eurocodes. Although this 

approach is intended to provide a more rigorous evaluation for the selected OFU existing structures, it 

presents challenges related to the analysis of these structures. The effectiveness of the parameter ad-

justment is evaluated by comparing the results with case studies and existing codes. 

1 INTRODUCTION 

Adjusting partial factors (PFs) is crucial for assessing the reliability of existing structures. Although 

safety margins in Eurocode 2 typically present no issue at the design stage, they can lead to significant 

economic and environmental consequences during assessment of existing structures, especially if spec-

ifications are overly conservative. Excess material usage of 5 to 10% at the design stage is usually 

inconsequential, but failing to meet certain criteria in existing structures might necessitate costly reha-

bilitations or demolitions. For this reason, refining models based on empirical data [1] and advanced 

evaluation methods are needed [2]. 
This study proposes a framework compliant with Eurocode standards [3]–[4] (NF EN 1991-2, 2004 

[5]; NF EN 1992-1-1, 2005 [6]–[7]) and TS 17440 [8], employing engineering software for compre-

hensive structural modelling. It aims to optimize PFs by adjusting uncertainty levels and targeting spe-

cific reliability standards [9], focusing on Open Frame Underpasses (OFU) bridges, a prevalent type of 

reinforced concrete structure in France known for their robustness [10]. The approach assesses the im-

pact of sensitivity factors on various random variables, comparing standard Eurocode values against 

those derived from reliability analyses. This method enhances structural evaluations and contributes to 

sustainable infrastructure management by applying theoretical advancements in structural reliability to 

practical scenarios. 

2 SYSTEMATIC ADJUSTMENT OF SAFETY COEFFICIENTS USING FORM 

The adjustment of PFs can be based on the reliability concepts described in the First Order Reliability 

Method (FORM) [11]–[12]. In addition, the Model Code 2020 (MC2020) [10], [13] takes these ele-

ments and reduces the probability laws and partial coefficients according to the assumptions of the 
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Eurocode to propose updated PFs [3]–[7]. The partial coefficients are calculated as the ratio between a 

quantile (e.g. at 5%) and the working point determined by the FORM method (e.g. for materials in (1)). 

𝛾𝑋 =
𝑋𝑘

𝑋𝑑
  (for resistance variables) (1) 

where 𝛾𝑋 is the partial coefficient of the random variable 𝑋, 𝑋𝑘 a fractile (e.g. at 5%) of the random 

variable 𝑋 and 𝑋𝑑 is the operating point of the random variable X. 

In accordance with the prevailing methodology, PFs may be adjusted through two distinct ap-

proaches. The first approach considers the uncertainty variables separately, resulting in the determina-

tion of PFs for each source of uncertainty [12]. A second approach involves the use of a single variable 

encompassing several sources of uncertainty, via an overall uncertainty coefficient [4], [12]. In this 

case, a distinction is made between uncertainties in resistance and uncertainties in stress. These two 

approaches are based on different methods for adjusting the PFs to take account of the uncertainties in 

structural safety calculations [13]. In the case of material variables, the PFs can be expressed according 

to equation (2). The separate PF approach will be used in the present study. 

𝛾𝑀 = 𝛾𝑅𝑑 × 𝛾𝑚 = 𝛾𝑅𝑑1 × 𝛾𝑅𝑑2 × 𝛾𝑚  (2) 

with 𝛾𝑚 the partial coefficient on the physical characteristics of a material, 𝛾𝑅𝑑 the overall partial coef-

ficient on uncertainties, 𝛾𝑅𝑑1 the partial coefficient allowing model uncertainties to be considered and 

𝛾𝑅𝑑2 the partial coefficient to take account of geometric uncertainties. 

Table 1 shows the calculation of CP for different types of random variables. 

Table 1 Details of the equations for calculating partial safety factors using FORM as presented in 

fib Bulletin 80 [12] 

PF Formula Distribution Comment 

𝛾𝑚 
exp(−1,645𝑉𝑋)

exp(−𝛼𝑅𝛽𝑉𝑋)
 LN - 

𝛾𝑔 
(1 − 𝛼𝑆𝛽𝑉𝐺)

(1 + 𝑘 𝑉𝐺)
 N 

k=0 for current ex-

penses 

𝛾𝑞 
1 −

0,5772
1,282

𝑉𝑄,50 −
𝑉𝑄,50

1,282
ln {− ln[Φ(−𝛼𝑆 × 𝛽)]}

1 −
ln(2) − ln[− ln 0,90] − 0,5772

1,282
× 𝑉𝑞50

 G 

50-year reference pe-

riod and 1000-year re-

turn period 

𝛾𝑅𝑑 
1

1−αNDαRβVθR

  OR 
1

exp (−αNDαRβVθR
)
 LN without bias 

𝛾𝑅𝑑 
exp (−1,645 𝑉𝜃𝑅

)

exp (−𝛼𝑁𝐷𝛼𝑅𝛽𝑉𝜃𝑅
)
 LN - 

𝛾𝑆𝑑 1 − 𝛼𝑁𝐷𝛼𝑆𝛽𝑉𝜃𝑆
 N - 

 

PFs can be adjusted by modifying various parameters such as: (i) the coefficient of variation when more 

accurate data is available, thereby reducing uncertainties (measurements, geometry and method), (ii) 

the target reliability index, which reflects the expected level of structural safety [15] and (iii) the sensi-

tivity factors, which account for the weight of random variables in the calculation model. As the PFs 

are defined in relation to the simplified expression of 𝑋𝑘 and 𝑋𝑑 , they depend on sensitivity factors. 

For PFs as defined in the Eurocodes [3]–[4], the sensitivity factors were initially determined using the 

FORM approach based on the values of CoV (Coefficient of Variation) for the variables of resistance 

and load considering identified reference periods. For a reference period of 50 years, fixed values of 

αS = −0.7 and αR = 0.8, along with a multiplying coefficient αND = 0,4 of αS and αR for secondary 

variables (e.g. for uncertainties), are used to describe the sensitivity factors [16]. The objective of the 

subsequent phases of this research is to evaluate the influence of selected sensitivity factors on the 

adjustment of PFs. 
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3 FRAMEWORK FOR MODELING AND ANALYSIS OF REINFORCED CONCRETE 
BRIDGES 

3.1 Establishing the Structural Model for Bridges 

Updating the partial factors, particularly by adjusting the sensitivity factors, necessitates the creation of 

a specific model for the structures under study, here OFU bridges [10]. The design and assessment of 

structures requires the use calculation software as Cerema's Chamoa-P calculation chain [17]. In Cha-

moa-P, the frame is represented by a planar model in which the crossbeam, uprights, and footings are 

represented with a bar model. The effect of transverse distribution is accounted for using the Guyon 

Massonnet method. The loads in the sections are evaluated as superpositions of weighted linear elas-

ticity solutions to obtain the combinations described by the Eurocodes and their French annexes [3]–

[7]. On the basis of these loads, Chamoa-P [17] calculates the cross-sectional area to assess the quantity 

of steel required to ensure that the structure complies with the criteria defined by the Eurocodes for 

ULS (Ultimate Limit State) and SLS (Serviceability Limit State). Chamoa-P relies on the bar calcula-

tion software ST1v2.23 [18] which is used here to evaluate the loading forces as presented in Fig. 1. 

Given a set quantity of steel, the numerical application for section calculation, CDS 6.35 [19], is utilized 

to draw the N-M interaction diagram of the section at each limit state, thus describing the domain of 

forces the section can withstand. 

 
Fig. 1 Schematic diagram of the limit state function 𝑮 

The limit state function for this study is derived from the N-M interaction diagrams of the section lo-

cated at mid-span. For each limit state, precise knowledge is obtained of the combinations of normal 

forces (N) and bending moments (M) required for the section to meet the resistance criteria. When the 

applied normal force is within acceptable limits, the corresponding resisting force is identified on the 

interaction diagram as the point with the same normal force and a moment having the same sign as the 

applied moment (Fig. 1) [20]. Given a specific set of random variables (e.g., steel strength, concrete 

cover thickness, material density, traffic intensity, etc.), the comparison between the loading force and 

the resisting force (denoted as g) facilitates the definition of the limit state function (denoted as G). This 

function is positive if the structural safety is sufficient and negative if it is inadequate. The limit state 

function G is formulated as equation (3). 

𝐺 (𝑋) = 𝑀𝑅(𝑋𝑅 , 𝑁𝑆) − 𝑀𝑆(𝑋𝑆, 𝑁𝑆) (3) 

where 𝐺 > 0 : in the field of safety and 𝐺 < 0 in the field of failure with 𝐺 the limit state function, 𝑔 

the value of 𝐺 for a given print run, 𝑋 the vector of random variables, 𝑀𝑅 the moment of resistance of 

the interaction diagram determined from CDS 6.35 [19], 𝑋𝑅  the vector of random variables linked to 

resistance, 𝑀𝑆 the soliciting moment associated with the point S coordinates (𝑀𝑦𝑆
, 𝑁𝑆) of the section 

subjected to the most critical loads, determined by ST1v2.23 [18], 𝑋𝑅 the vector of random variables 
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linked to the stresses. The failure probability, the design point and the sensitivity factors αS and αR can 

be estimated with the RSM (Response Surface Method) [21]. It is thus possible to estimate the proba-

bility of failure associated with the limit state G. The related design point and the sensitivity factors αS 

and αR are also determined. 

The study was conducted at the fundamental ULS. Four failure modes are defined for each of the 

limit states: (i) bending moment failure under maximum moment with tension of the lower fibres of the 

span (Mmin), (ii) bending moment failure under moment with the lower fibres of the span in compres-

sion (Mmax), (iii) bending moment failure associated with the simultaneous moment at the maximum 

or minimum axial force (Nmax and Nmin). The principal mode of failure is bending moment failure at 

maximum moment with the lower fibres of the span in tension (illustrated in blue in Fig. 1), which is 

the case that will be discussed in the following sub-section.  This preliminary study was conducted on 

a limited number of structures.  

3.2 Structural Characteristics of Bridges Under Study 

The four structures studied share several characteristics. The urban profiles, U10 and U15, feature open-

ings of 10m and 15m, respectively with a 7.50m carriageway, including a 2cm waterproof layer and a 

10cm asphalt mix, alongside two 1.25m pavements. These roads are designed for LM1, LM2, and LM4 

type traffic in traffic class 2, excluding exceptional or military convoys. Additionally, two highway 

profiles, H10 and H15, also with 10m and 15m openings respectively, include a 0.5m guardrail, an 11m 

carriageway, and a 0.8m BN4 with a transition slab, accommodating traffic types LM1 and LM2 in 

traffic class 1, as well as MC120 convoys. Each structure has a free height of 5.5m, a 1.5m plug in the 

ground, a pedestal height of 6.4m, and 60cm thick footings. Reinforcement details are specified in Table 

2. Steel quantities at mid-span were calculated using Eurocode coefficients, confirming that the primary 

design limit state corresponds to LM1 traffic at the ULS. 

Table 2 Details of reinforcement for structures 

Structure Dimension U10 U15 H10 H15 

Steel below mid-span - 67 HA25 100 HA25 113 HA25 88 HA32 

Slab thickness  [m] 0.45 0.6 0.5 0.65 

Upper steel at mid-

span 

- 
67 HA8 100 HA8 113 HA8 88 HA8 

Spacing [cm] 15 10 10 14,3 

 

The structures are modelled on loose, normally consolidated soil whose properties are as follows: The 

EMénard value is 100 MPa. The limit pressure is 1 MPa, and a rheological parameter accounting for soil 

deformability of 0.5. It is assumed that the exposure class is XC2. Furthermore, a thermal effect repre-

sentative of the Seine et Marne, in accordance with EN1991-1-5/NA [5], is considered, with a dark 

coating. The maximum uniform temperature is 30°C, while the minimum uniform temperature is -27°C. 

The positive gradient is 18°C, while the negative gradient is -6°C. In this study, temperature is not 

considered a random variable. 

3.3 Defining Random Variables for the Structural Analysis 

In the context of reliability calculations based on case studies and the literature, dominant random var-

iables with significant sensitivity factors have been identified [2], [12], [13], [22]. It is crucial to limit 

the number of random variables to those that have the greatest impact on the variability of the assess-

ment result. The calculation method employed in the study is that presented in the Eurocodes [3]–[7]. 

Consequently, the uncertainties defined in the Eurocodes may be applied. 

The variables under consideration for the study are presented in Table 3. These include fc, the com-

pressive strength of the concrete at 28 days; fy, the tensile strength of the steel; Δc, excess or defective 

coating; ρRC, the density of the concrete; and q1, the distributed loading associated with LM1 for traffic 

class CC2 on lane 1. The model uncertainty on the compressive strength of the concrete at 28 days is 

denoted by θRd,c, while the model uncertainty on the tensile strength of the steel is represented by θRd,s. 
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Similarly, θSd,g represents the model uncertainty in the dead weight, while θSd,q denotes the model un-

certainty on traffic loads at LM1. Given that the objective of the approach was to address structures 

designed in accordance with less rigorous regulations or affected by pathologies such as corrosion, the 

strength of the steels was deliberately reduced. The structures were designed to withstand using class 

B500B reinforcement, with a characteristic yield strength of fyk=500 MPa. It is assumed here that the 

elastic limit of the degraded steel has an average value of 375 MPa.   In the model, the weighting 

coefficient q1 is employed to scale the other components of LM1. For a structure of traffic class CC2, 

the weighting coefficient for the distributed load on lane 1 is aq1,EN=0.7, and the distributed load on lane 

1 is q1,EN=9kN/m². The weighting coefficient is then calculated as 𝑎𝐿𝑀1 =
𝑞1

0.7×9
. 

Table 3 Details of the random variables considered and the related parameters as the dimension, the 

distribution law, the mean value, the standard deviation, the Coefficient of Variation (CoV) 

and the source where the random variable’s parameters were calibrated 

Variable 
Dimension Distribution Mean Standard deviation CoV Source 

𝑓𝑐  
[MPa] Lognormal 36 5,4 15% [22] 

𝑓𝑦 [MPa] Lognormal 375 11,7 4,5% [9][13] 

𝜌𝑅𝐶  
[kN/m] Normal 25 2 8% [13] 

𝑞𝐿𝑀1 [kN/m²] Gumbel 7,9 0,61 7,8% [23] 

Δ𝑐 
[m] Normal 0 0,005  [12] 

𝜃𝑅𝑑,𝑐 - Lognormal 1,2 0,18 15% 

[22] 
𝜃𝑅𝑑,𝑠 - Lognormal 1 0,05 5% 

𝜃𝑆𝑑,𝑔 - Normal 1 0,06 6% 

𝜃𝑆𝑑,𝑞 - Normal 1 0,08 8% 

 

A probabilistic analysis of the structures is conducted using the response surface method (RSM) [21]. 

RSM is employed to develop surrogate models that approximate the complex behaviour of systems, 

thereby facilitating iterative reliability predictions [21], [24]. A linear response surface is employed to 

explore the linear relationships between the independent variables and the dependent variable(s), with-

out consideration of complex interaction effects or non-linearities (such as quadratic terms). The re-

sponse surface algorithm approximates a plane orthogonal to the calculation point that is closest to the 

system's actual operating point. The selection of a linear response surface is consistent with the FORM 

model, which represents an orthogonal plane through the operating point. This approach aligns with the 

underlying assumptions considered in the formulae presented in Table 1. 

In order to efficiently traverse the space of variables, a method called experimental design is em-

ployed to determine the most relevant sets of variable values to assess the impact of variables on a 

response. This optimises the information obtained while minimising the resources used. The experi-

mental design proposed in the ReliabTbx toolbox [25] include the star design, the modified star design 

and the central composite experimental design. A star experimental design comprises 2n+1 experiments 

conducted around a calculation point, which enables the estimation of the differential of the limit state 

function G at the point of study to be centred. The RSM algorithm employs an iterative process to 

identify a new point that is more closely aligned with the limit state. The selection of the star plane is 

sufficient to provide an adequate approximation of the target reliability index in the case of a linear 

response surface. The criterion of convergence is set such that Δβ=0.01. 

4 RESULTS AND DISCUSSION ON ADJUSTMENTS TO SAFETY COEFFICIENTS 

On the basis of the variables considered, it is possible to perform reliability analyses for each of the 

structures. The reliability indices are presented in Table 4, along with the related operating points ob-

tained for the four structures, shown in Table 5. 
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Table 4 Reliability indices of the studied structures determined using RSM 

Reliability H10 H15 U10 U15 

𝛽 3.7 3.7 2.8 3.8 

𝑝𝑓 0.0094% 0.010% 0.28% 0.0070% 

Table 5 Design points of the studied structures determined using RSM 

Variable Dimension H10 H15 U10 U15 

𝑓𝑐  [MPa] 34.05 34.48 34.26 33.41 

𝑓𝑦 [MPa] 353.49 355.03 358.53 351.72 

𝜌𝑅𝐶  [kN/m] 25.59 25.75 25.80 26.54 

𝑞1 [kN/m2] 10,73 10.53 9.34 10.45 

Δ𝑐 [m] 0.0019 0.0013 0.0015 0.0006 

𝜃𝑅𝑑,𝑐 - 1.14 1.15 1.15 1.15 

𝜃𝑅𝑑,𝑠 - 0.94 0.93 0.95 0.93 

𝜃𝑆𝑑,𝑔 - 1.01 1.02 1.01 1.04 

𝜃𝑆𝑑,𝑞 - 1.09 1.11 1.10 1.09 

 

The results of the reliability indices for structures H10, H15 and U15 are all within a narrow range of 

the target reliability index of 3.8. Given that the sensitivity factors are contingent upon the reliability 

index, the rest of this study will concentrate only on these three structures, for the sake of consistency. 

The structural designs examined across the four cases demonstrated considerable uniformity at their 

respective design points. Although variations in reliability indices were evident (Table 4), the robust-

ness and reliability of the computational model could be discerned, suggesting a high degree of predict-

ability in load response behaviours for the OFU structures. Furthermore, by analysing the obtained 

sensitivity factor values, an average sensitivity factor for three of the four structures under consideration 

is determined (see Fig. 2). The sensitivity factor analysis performed on the H10, H15, U10, and U15 

bridge configurations facilitates the identification of key variables that influence the structural response 

to loading. 

 
Fig. 2 Average values of the sensitivity factors at the fundamental ULS Mmax at mid-span (re-

sistance variables in green and load variables in red) 
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Subsequently, two distinct methodologies are outlined. Initially, the sensitivity factors of the nine ran-

dom variables are categorized into strength and stress groups to determine αR and αS according to equa-

tion (4). 

αR =  √
1

𝑛
∑ 𝛼𝑅,𝑖𝑗

2
𝑖,𝑗  ;  α𝑆 =  −√

1

𝑛
∑ 𝛼𝑆,𝑖𝑗

2
𝑖,𝑗  (4) 

where  𝛼𝑅,𝑖𝑗  is the sensitivity index obtained for the structure 𝑖 for the variable associated with re-

sistance 𝑗, 𝛼𝑆,𝑖𝑗 is the sensitivity index obtained for the structure 𝑖 for the variable associated with stress 

𝑗 and 𝑛 the number of studied structures. 

This approach reduces the limit state to a fundamental one of R-S. The sensitivity factors, deter-

mined from (4), are as follows: αS = -0.85 and αR = 0.52. These values diverge slightly from the Euro-

code assumptions (αS = -0.7, αR = 0.8). The PFs for the first two dominant variables (q1, θSd,q, fy and 

θRd,s) are calculated with the new coefficient by applying the multiplication coefficient αND = 0.4 for 

the secondary variables (βt = 3.8), resulting in γQ = 1.23 and γS = 1.06. 

A second approach (approach 2) identifies a dominant variable, q1, with a coefficient of -0.75, and 

three secondary variables, fy, θRd,s, and θSd,q, with coefficients of 0.35, 0.37 and -0.33 respectively. 

These results are derived from the reliability calculation presented in Fig. 2. These values are then used 

to calculate PFs such as γQ=1,23 and γS=1,06 for the three structures studied (considering βt=3,8). The 

other variables γC and γG, which have a less significant influence, do not need to be adjusted, allowing 

the calibration to focus on the most influential elements with regard to structural reliability for the case 

of a failure mode due to steel tension in the lower fibre. 

In this study, the values of γQ and γS, which have been adjusted according to the two approaches, 

yield identical results. Furthermore, the values found are also in close proximity to those that have been 

adjusted in fib MC2020, which proposes γQ=1.25 and γS =1.10 [9]. 

5 CONCLUSION 

This study examines the adjustment of PFs, with particular attention to the sensitivity coefficients spe-

cific to Open Frame Underpass existing structures, which have been modelled using the Chamoa-P 

calculation chain. The approach adopted allows for the identification of distinct partial coefficients for 

each variable. This reveals that the uncertainties on some variables are more significant than others. In 

particular, the traffic variable emerges as a dominant variable in calculations of reliability. 

Further investigation, specifically an examination of the sensitivity coefficients’ variability in rela-

tion to the statistical parameters (mean and standard deviation), could lead to the identification of suit-

able coefficients for a diverse range of distributions. Additionally, the impact of uncertainty variables 

on certain parameters is evident, emphasizing the necessity of considering the primary sources of un-

certainty within the model. Consequently, the analysis must be based on empirical data, and its results 

must be verified against experimental data to ensure their consistency with observed reality. 

Finally, the fib MC2020 recommends adopting different values for sensitivity coefficients for ex-

isting structures. This recommendation is based on the observation that the expected lifetime of an 

existing structure may differ from that of a new structure. The reference period for this recommendation 

is 1 year rather than 50 years, in line with the observation that the expected lifetime of an existing 

structure differs from that of a new structure. Consequently, this modification impacts the target relia-

bility index. Accordingly, the proposed sensitivity coefficients are αS = -0.8 and αR = 0.7 [9]. 
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