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Abstract. The re-evaluation requirement for existing reinforced concrete structures, considering new regulatory
design requirements is an unquestionable reality. For this, computational analysis tools with an emphasis on
probabilistic input data have been developed and improved over time. In order to be able to consider more realistic
situations, where the structure is collapsed instead of those defined in the original project, following the Ultimate
Limit States, refined and complex computer programs are increasingly needed. In this article, a methodology based
on the concepts of the Global Resistance Format is presented, as defined in the fib Model Code 2010. The proposed
methodology is applied in the re-evaluation of an existing bridge. Bayesian updating of material properties is also
applied in computational analysis. Structural analysis programs and reliability analysis are considered in these
studies. With the proposed method it is possible to evaluate the need for rehabilitation or not, from the point of
view of structural safety, directly depending on the reliability of the structure in view of new regulatory
requirements. The gain in computational terms, is to generate the input data update in a more refined way,
generating more realistic results.
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1 Introduction

This paper presents a proposed methodology for assessing the safety of existing structures on a probabilistic
basis. This procedure can be useful when deciding whether or not to rehabilitate an existing bridge. The need for
the rehabilitation of a bridge may arise from the loss of its resistance capacity due to its deterioration over time or
from a change in the regulatory requirement, for example, by increasing the permitted tonnage for heavy vehicle
traffic.

The example that will be presented is of a bridge located in Brazil. The proposed procedure includes a
Bayesian reassessment of the strength of the bridge materials, especially the concrete, combining data available at
the time of the design and construction with data obtained later. It also includes a safety assessment, through a
Global Resistance format approach, in which design forces are increased until the structure fails, with the
probability of collapse being assessed throughout this increase in loading.

Regarding the assessment of safety in structures, analysed by the methods of Global Resistance format and
by complete probabilistic analyses, there are still few studies found, as those of Cervenka [1], Allaix et al. [2] and
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Silva [3]. Regarding the fib Model Code 2010 [4], the introduction of the Global Safety format, become very
attractive, especially for existing structures. The importance of these concepts is increasing, although there are still
few references and studies in this specific subject.

2 Safety

2.1 Safety approaches

According to NP EN 1990 [5], a structure performs well during the useful termed fundamental performance
requirements, namely, safety, serviceability and durability. The safety requirements aim to ensure that the
structures have the capacity to resist extreme actions, with low probability of occurrence, albeit potentially
suffering serious but controlled damage, in order to minimize the risk to human life. The serviceability
requirements are intended to ensure that the structures behave properly under normal conditions of use. The
durability requirements have in mind that the deterioration of the structure, throughout its useful life, should not
reduce its performance below a prescribed level, taking into account the environment and the expected
maintenance level.

Most international regulations use the concept of Limit State to verify safety and serviceability requirements.
Limit State is a condition in which the structure no longer meets one or more requirements, being impaired in the
performance of the functions for which it was built. Thus, the ultimate limit states, associated with safety
requirements, and serviceability limit states, arise.

The safety verification generally involves some kind of conventional hypothesis of type E < R, where E is
related to the effects of the actions that act on the structure and R refers to the structure’s resistance against these
effects.

2.2 Safety approach by Global resistance method approach

In this approach, the uncertainties of structural behaviour are dealt with, as defined by the condition of limit
state, in the level of structural safety. The effects of the various uncertainties (of material properties, geometric
quantities, actions, etc.) will be integrated into a global design resistance, which can be expressed by a global
safety factor.

The representative (average) values of the global resistance variables and the global safety factors must be
chosen in such a way that the reliability requirements for the verification of existing structures and for the design
of new structures, in terms of reliability index £ related to the defined reference period, are met.

The Bayesian approach in statistical inference proposes to combine data obtained from observations with
subjective assessments or judgments. In the Reliability Analysis, especially when the samples are available in a
very small number, the classic statistical inference does not provide the appropriate answers, as it does not allow
the use of previous experience with similar models, nor the opinion of experts. The Bayesian approach appears as
a tool indicated for the use of all available information, be it objective, provided by test results, or subjective,
dictated by experience, as exposed by Jacinto [6].

2.3 Global safety factor

The various uncertainties present in the structural design are considered through the adoption of a global
safety factor (), as defined in the fib Model Code 2010 [4] - refer Section 4.6.2.2 Design condition. This single
factor is adopted for the joint consideration of the uncertainties present in the structure, unlike the usual semi-
probabilistic approach / partial factor format, in which partial safety factors are adopted for each variable in the
project, as shown in Figure 1.
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Figure 1. Uncertainty and semi-probabilistic methods global probabilistic global security

The A factor is used to increase one or more loads acting on the structural model, until the structure collapse
situation is reached. That is, the numerical value of A that causes the structure to collapse is considered to be the
overall safety factor of the analysis performed.

In order for the analysis to be free from arbitrary definitions of characteristic values, in determining the
probability of failure and the reliability index (/) associated with the global safety factor (1), the resistance and
stress variables are taken with their average values.

2.4 Methodology for Existing Structures

This methodology will indicate whether the level of safety that the structure will provide in its remaining
working life is acceptable [7]. An overview of the methodology is shown in Figure 2. The first and non-trivial
question to ask is "is there a design for this structure?" For a positive answer, the next step is to know the degree
of degradation of this structure; in case of negative answer, a field survey should be carried out as detailed as
possible. Afterwards, it is mandatory to inspect the structure, in order to identify any kind of degradation, and to
obtain the real data of the structural materials, by means of concrete tests, for example. It is also important to make
a detailed check on all applicable standards for this case, with special attention to possible regulatory changes,
especially with regard to applied load.

The next step is to perform a Bayesian update of the strength of the materials. All of these studies will provide
the necessary information for decision making: elaborating a new structural model or updating the existing one.
The next steps are: definition of the average loads and resistances for the global analysis, definition of the critical
variable loads for this analysis and the execution of the global analysis for different levels of variable loads with
the respective calculation of g for different values of A.

In the final analysis, the decision to be taken is whether the safety is acceptable or some type of rehabilitation
is necessary for this structure, to increase A0 — Al1. This methodology will indicate if the level of safety that the
structure will provide in its remaining useful life is acceptable.
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Figure 2. Methodology for an existing structure [7]
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3 Case study

3.1 NBR15421 Seismic requirements

Traditionally, the effects of earthquakes were not considered in the design of reinforced concrete structures
in the country. This is only required for structures of greater importance such as nuclear power plants, for instance.
However, probabilistic analyses of the available data shown that the Brazilian territory is not free from such natural
manifestations, even having regions with great seismic potential. There are few scientific studies in Brazil for the
evaluation the damage caused to the structures and the only standard related to this issue in Brazil, deals with
ordinary buildings, the NBR 15421 [8].

The verification process in the Ultimate Limit States can be refined, considering the Global Resistance
Method and the Bayesian Update.

In a traditional probabilistic approach, failure functions are defined, which take into account the probabilistic
variables related to resistances and loads, obtained from the average values and the coefficients of variation of
each of the considered variables. Thus, the corresponding reliability index (8) can be obtained.

In the Global Resistance approach that is considered here, a global load increase coefficient (L) is applied to
calculate the required resistances, and for each of these A values, the corresponding reliability indexes are evaluated
®).

In this way, it is possible to determine, for the analyzed case, the global coefficient A which corresponds to a
required reliability index .

In the case of an existing structure, as is the case studied, it can thus be inferred whether the reliability index
obtained in this global approach can be considered acceptable or not.

3.2 Three-dimensional numerical model

A finite element model was developed for the spectral seismic analysis of the bridge, in the SOFISTIK
program [9]. Further details of this analysis can be found in Santos et al. [10]. The developed model is reproduced
in Figure 3. The first mode of vibration is in the transversal direction, presenting the frequency of 3,935 Hz
presented in Figures 4 and 5.

Although the bridge, being located in Seismic Zone 1, does not require a dynamic analysis, it is processed,
including to confirm the adequacy of this dispensation.

< SOFiSTIK

Figure 3. 3-D model
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Figure 5. Second vibration mode - transverse direction

3.3 Structural verification of the bridge under seismic conditions - Ultimate Limit State

The check of the critical section at the base of the columns for two load combinations are presented in Figure
6. Combination 1 refers to a situation where all live loads are applied. Combination 2 corresponds to a combination

of earthquake in the transverse direction together with 20% of the live loads.

The verification of the column with the earthquake stresses and with the existing reinforcements is done with
the PCALC1 program [10]. According to the flexural check in of the Ultimate Limit State shown in Figure 6, the

column section withstands the acting forces.
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Figure 6. Analysis of the column with mean values of the variables

3.4 Definition of probabilistic variables

The probabilistic analysis is done in terms of resistant and acting moments:

Flim = Myes — Matuante (1)

For the calculation of the acting moments, a relationship between maximum moments in the column and
acceleration in the base is considered:

Maiyante = FATOR. acel (2)

The proportionality factor is found considering that, in the analysis presented in item 5.4, the total seismic
moment of 1107kN corresponds to an acceleration of 0,05 g:

FATOR = 22 = 22140 3)
0,05

The acceleration function is defined based on the relationship between recurrence periods and horizontal
accelerations for the Northeast Region that was presented by Santos et al. [9]. The curve that represents this
relationship is reproduced in Figure 7 (“PGA”).

Also, in this figure is represented the Gumbel function that is used in the probabilistic analysis for
representing the Recurrence Function (“Gumbel”). Also shown are the recurrence periods of 475 years and 2475
years that were used as the basis for adjusting the curve.

Gumbel function:

pr(ay) = 1 —exp[—exp(—ala, —u))] (4)
3000
2500
3
£ 2000 —PGA
3
.g 475
1500
% years
g 2475
'e" 1000 years
o —Gumbel
500
—
0
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08
Horizontal acceleration (g's)

Figure 7. Gumbel approximation for the recurrence function

CILAMCE-PANACM-2021

Proceedings of the joint XLII Ibero-Latin-American Congress on Computational Methods in Engineering and
111 Pan-American Congress on Computational Mechanics, ABMEC-IACM

Rio de Janeiro, Brazil, November 9-12, 2021



Computational Aspects in the Evaluation an Existing Structure by the Global Safety Method

3.5 Definition of probabilistic resistance variables

For defining the probabilistic resistance variable, in relation to the moment in the base, the PCALC program
must initially be reprocessed with the average values of the variables. Following the sequence of item 3.4 and the
updating of the strength of the concrete, it is obtained for Concrete a fom = 1,328 x 24000= 31872 kPa and for Steel
a fym = 1,089 x 500000= 544500 kPa.

The normal load is considered to have its characteristic value as N = 1390,6 kN. With these data at their
average values, the average resulting moment is 1560 kNm.

For the probabilistic analysis, the following equation is finally considered:

Fiim = MRES.MODRES — 22140. ACEL.MODCAR.FACTOR (5)

The variables considered in the bridge analysis are defined in Table 1.

A coefficient of variation of 0.1 is adopted for the resistant moment and the variable FACTOR serves for
inputting the factors A.

Table 1 - Probabilistic variables for bridge reliability analysis

WVARIABLE DISTRIBUTION | AVERAGE EE}T‘E# g‘ I‘E
Resistant moment Mormal 1560 156
Resistance modelling Mormal 1 0,05
Acceleration Gumbel 0,079 0,026
Modelling of loads Mormal 1 1

The Reliability Analysis is performed with the VAP program [11], applying the FORM method. Figure 8
reproduces a program screen. This screen corresponds to A =1.0.

Limit 5tate Function
Definiticn Basic Yariables
G = MRES‘MODRES-22140*RCEL'MODCAR*FACTOR Mzme Typz Parameters
ACET T1L {-0.079,0.026)
FACICR Det (L
MODCAR n {L,0.1}
HODEES n (L,0.08)
| MEES W (1560, 156)
Rezuite
111 RESUTS ITom FORM analysis ©
pf =3 956e-004 beta =336
Mame =xd  alpha
MRES 1512  .0.0G253
MODRES £.2224 00452
ACEL 008533 0.9009
MODGAR 1023 006719
FACTOR 1 o

Figure 8. Probabilistic column analysis

This processing, which corresponds to considering all variables with their average values, presented the
results (using the FORM Method):

= Reliability index p= 3,36
= Probability of failure pr=3,968 x 10™*

This value is quite reasonable for a rupture of the ductile type and compatible with the Recurrence Periods
defined for the earthquake in NBR 15421.

Figure 9 shows the B values obtained with different A values, where this variable represents “Global safety
factor” for the seismic load.

Acceptable values of g (above 3) are obtained with the increase coefficient equal to 1, which is the one usually
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defined in the seismic standards.
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Figure 9. Values A x

4  Conclusions

A methodology for assessing the safety of existing structures on a probabilistic basis was presented. This
methodology, based on a Global Resistance approach and on Bayesian update, was applied to an existing bridge,
due to new requirements regarding the seismic action imposed by the renovation of Brazilian seismic standard.

Although the relationships between the global safety factor (A) and the reliability index () are specific to this
case study, assuming different values for each structure, the developed methodology can be generally used to the
assessment of existing structures, namely the numerous existing bridges in the Brazilian Northeast subject to the
new requirements of seismic actions.

The proposed methodology provides an advanced safety assessment, contradicting, in some cases, the
computational result of more conservative analyses such as those carried out through the partial safety coefficients.
Thus, the proposed approach could be an important decision support tool, avoiding unnecessary and costly
rehabilitation works, leading o a more efficient budget management.
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