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Abstract: The assessment of existing bridges constitutes a serious challenge for the researchers since their safety
evaluation is a complex task due to several sources of uncertainty affecting the parameters identified in the
knowledge process. In particular, a high level of uncertainties may arise in the case of prestressing systems
requiring special investigation strategies and experimental technologies. The paper aims to investigate how
the knowledge uncertainties influence the safety assessment of existing post-tensioned bridges. The semi-
probabilistic approach is used, and uncertainties related to the knowledge process are described considering
the number of tests, the confidence level assumed for the estimation of the problem parameters, and the
measurement errors of in-situ tests. Results concerning a typical post-tensioned bridge are reported and the
variability of the outcomes is discussed and compared with a reference case of “perfect knowledge”. The main
results of the study confirm the general robustness of the semi-probabilistic Eurocodes safety format and
provide an overview of dispersion due to different choices about the number of tests and confidence level. The
measurement errors may lead to significant under-estimation of the computed structural capacity with respect
to the reference one.

Keywords: existing post tensioned concrete bridges; safety format; Monte-Carlo simulation; knowledge
uncertainties; semi-probabilistic approach

1. Introduction

Existing bridges constitute a significant portion of the transport infrastructure. A large part of
them, although designed according to old Codes, is still in service. Such infrastructures can suffer the
effects of both natural hazard (e.g. earthquakes 1 and floods 3) and anthropic loads. It is quite
common to find bridges subjected to actions larger than the actions considered in the design, due to
the increasing of the total traffic and travelling loads. Furthermore, many bridges have exceeded their
design lifetime and some of them show a significant degradation due to environmental effects and,
in some cases, to insufficient maintenance interventions. These aspects have been highlighted by the
unexpected collapses of bridges occurred worldwide in the recent past, causing economic and social
losses. Among them, the collapse of the Fossano overpass in Cuneo in 2016 (IT), the Polcevera viaduct
in Genova in 2019 (IT), the Troja footbridge in Prague in 2017 (RC), the Nanfangao bridge in Taiwan
in 2019, and the most recent Fern Hollow Bridge in 2022 in Pittsburgh (US).

From the economical point of view, some recent studies have estimated the budget to renovate
bridges in different countries. The COST ACTION 345 report 4 estimated a budget of about 400 billion
Euros for the replacement costs of one million of existing bridges in the 27 European countries. In
2013 the Federal Highway Administration 5 estimated that approximately the 25 percent of US
bridges were either structurally deficient or functionally obsolete; while in the same year the ASCE
Infrastructure Report Card 5 estimated that the annual investment necessary for the improvement of
US existing bridges was nearly 20 billion dollars. All these aspects stress the urgency of having an
efficient and effective evaluation of the structural reliability of existing bridges to give support to
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stakeholders in optimizing the maintenance/restoration interventions, and in properly allocating the
limited maintenance budgets 6.

In many countries the majority of bridge stock consists of simply supported Prestressed
Concrete beams. Among them the Post Tensioned (PT) concrete bridges are a large part of the
population, as in the case of Italy 7. They are a critical set since the assessment of their vulnerability
is affected by a notable level of uncertainties. Such uncertainties concern the knowledge of the state
of conservation of the precompression system, which cannot be investigated through visual
inspection or conventional tests. In the US, this aspect is treated by a specific guideline: the Federal
Highway Administration-HRT-13-028 8. Such document provides protocols for sampling grout from
tendons, and methods for the detection of grout deficiencies with reference to test techniques used in
the American context. The guideline provides a rational approach to extract statistically significant
number of grout samples to define the corrosion susceptibility and recommendation for
repair/rehabilitation procedures. In England, this topic is treated by the Highway England CS 465 9
and CS 464 10. The first document provides a management procedure for risk review, risk assessment
and risk management for post-tensioned concrete bridge. The second, contains requirements related
to Non-Destructive Testing (NDT) of highways structures. In Italy, a recent guideline 11 introduced
a multi-level analysis for the risk assessment of existing bridges. This document suggests the
executions of special inspections for PT bridges through a detailed study of the conditions of the post-
tensioned cable system, based on the detection and quantification of defects. Data collected from
visual inspections and in situ tests, specific for PT cables, are combined for an overall assessment of
the pre-stressing system.

In most practical cases, the evaluation of the structural reliability is carried out through the semi-
probabilistic approach 12. In this case, the uncertainties concerning the problem are considered
through (deterministic) characteristic parameters combined with partial factors, calibrated according
to target values of the probability of failure. The partial factors suggested in most of national and
international Standards have been developed for the assessment of new structures 12. However, this
approach is suitable for existing structures too, and proposals for partial factors have been developed.
For example, the Fib 80 code 13, proposes two different partial factor formats, enabling the
incorporation of specific reliability-related aspects for not deteriorated existing structures by
considering the actual material properties. This way, all prior data collected from existing design
specification and/or original design documents can be combined with information provided by
material investigation (both non-destructive and destructive tests) and by visual inspections (e.g. 14).
An increase in the number of tests and in the confidence level leads to a reduction in the level of
uncertainties of the design parameters estimated. However, a large number of tests is not always
feasible and a balance between costs and approximation of the safety estimation should be found. In
the field of reliability assessment of existing structures, it can be of interest to include time varying
phenomena, as ageing, damage, and deterioration; some studies are currently on-going concerning
these topics (16).

The outcome of the semi-probabilistic reliability assessment of new structure is a deterministic
safety ratio, i.e. the capacity/demand ratio, and it derives from the knowledge of deterministic design
parameters, based on statistical properties of the basic variables. On the contrary, in the case of
existing structures, the safety ratio becomes an uncertain quantity since the statistical properties of
the basic variables are not known in advance and they can only be estimated from a limited amount
of information. The study reported in 20 has underscored the significant impact of knowledge
uncertainties on the reliability assessment of existing structures. However, no previous studies have
examined this effect on PT members, which are characterized by a greater complexity, a higher
number of basic variables, and potentially large uncertainties about measurement errors.

In this paper the reliability assessment of existing PT beams is performed by the semi-
probabilistic approach, and the influence of the uncertainties affecting the knowledge process on the
following statistical distribution of the safety ratio is evaluated and discussed. More precisely, the
design parameters required by the semi-probabilistic approach are estimated, based on the outcomes
of in-situ inspections and tests. The influence on the statistical distribution of the safety ratio of three
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parameters, (i) the number of tests, (ii) the confidence level chosen for the estimation of the design
parameters, and (iii) the measure errors related to test techniques, is investigated.

Three different scenarios have been considered. In the first one an ideal condition of “perfect
knowledge” is assumed. Safety checks performed in this condition lead to the reference solution of
safety ratios, that is assumed as the real one. In the second scenario the knowledge process is
considered: the influence of the number of tests on the safety checks is studied, considering also
different choices for the confidence level assumed for the estimation of the parameters. In the third
scenario, the error affecting the experimental measures is introduced. The probabilistic distribution
of the capacity/demand ratio following different choices regarding number of tests, confidence levels
and measure uncertainties is obtained using a Monte Carlo simulation, evaluating and discussing the
overall probability to observe values larger than the reference one, i.e. values on the un-safe side.
Finally, it is worth to recall that this study focuses only on the propagation of uncertainties from the
knowledge process towards the estimation of the safety ratio and the results do not depend on the
choice of the set of partial factors.

2. Reliability Evaluation and Notation

Reliability assessment is generally based on the definition of a response function (or limit state
function) g(x): R™ = R, where x is a vector collecting the so-called basic variables, or state variables
(e.g. geometry, material properties, load magnitude and others), strictly necessary to evaluate the
performance indicator g. Failure occurs if the response function is below a threshold g, i.e. g(x) <

g.

Due to different sources of uncertainties 21, the basic variables x are described by a vector of
random variables (r.v.) X, whose statistical properties are provided by the joint probability
distribution function fy(x), so that the failure probability Pr, which is a probabilistic measure of the

structural performance 22, can be evaluated by:

Py = fl(x)fx (x)dx 1)

where the index function I(x) in Equation (1) is defined as follows: I(x) =1 if g(x) < g, otherwise
I(x) = 0. The system response is satisfactory if Py < P; in which the target value P, is usually based
on the evaluation of economic and social consequences due to failure.

Response function g(x) is often expressed by introducing two separate quantities related to
the strength of the system r(x), and to the effects of the external actions e(x), whose most diffused
expressions are the safety margin z(x), defined by Equation (2), and the safety ratio y(x), defined
by Equation (3).

z(x) = r(x) — e(x) 2)

y(x) = r(x)/e(x) 3)

The failure condition is attained when z < 0 or y < 1.

Given that X is a r.v., previous functions provide r.v. denoted as G = g(X), Z =z(X), Y =
y(X). Consequently, using for example the safety margin, the probability of failure P; can be
computed by integrating the probability distribution of Z over the unsafe domain, as shown in
Equation (4).

Pf=P[Z=R—E<0]=fOfZ(z)dz 4)

The reliability assessment is often carried out by an approximated approach (the
semi-probabilistic formulation 12) deriving from X a set of deterministic “design” parameters 9,
and estimating, through these parameters, the safety ratio as shown in Equation (5). The parameters
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9, are usually obtained from strength and action descriptors reduced or amplified by calibrated
partial factors, in order to obtain probability of failures close to the threshold when

va(Pq) = r(94)/e(Py4) )

is equal to 1. In the case of existing structures, as those considered in this study, the properties fx(x)
of X can be only estimated by a reduced number of imprecise tests. Consequently, using the semi-
probabilistic approach, the components of 9, are no more deterministic values, but they arer.v. 0,
that collect possible estimations 9, of 94. For example, the expected variability of 9, reduces by
increasing the number of tests. Consequently, the expected safety ratio ¥; = y;(0,) is ar.v. too.

3. Safety Assessment of Existing PT Bridges

As previously stated, the semi-probabilistic approach is used in the following for the safety
assessment. First, the basic random variables X, chosen in this study to characterize the PT bridge
properties are defined, and the related deterministic parameters ¥, required for the safety checks
are introduced. Successively, the safety checks with respect to two failure conditions that are mainly
influenced by the prestressing system: bending failure and shear failure, are described. Finally, the
methods used for the estimation of 9, from experimental tests are discussed.

3.1. Basic Random Variables and Parameters for the Semi-Probabilistic Method

The basic variable vector x generally collects geometrical, mechanical, and material properties.
In the problem analysed in this study vector x is defined as follows

X = [Ap'Ppt' fup: fys: fe ] ©)

where the collected quantities describe the uncertain basic properties of the beam. More in detail A,
denotes the wires area; P, the current prestressing force; f,,, the ultimate strength of prestressing
steel; f,, the yielding strength of the rebar; and f. the concrete strength. All the other basic variables
(e.g. the beam width, the cable path, and so on), not contained in vector x, are assumed as known
quantities described by deterministic values.

It is assumed that the components of x are statistically independent. They describe physical
quantities that cannot be lower than 0, therefore their probability distribution describing the
statistical properties of each random variable is assumed to be log-normal.

The parameters 9, required in the semi-probabilistic approach based on the partial factors for
the safety checks are

19d = [Apm' Ppt_m' fysdf fupd' fcd] @)

The vector ¥, encompasses the mean values of the wires area A,,; the mean value of the
current prestressing force Py ,,; and the design values of the strength of materials fysq, fupa, fea
derived by the ratio between their characteristic value and the relevant partial factor.

3.2. Failure Condition Modalities and Safety Checks

The safety checks are carried out by evaluating the safety ratio y,; of Equation (5), using the
partial factor method. The considered checks are related to shear and to bending moment; both the
failure conditions are considered since they are significantly influenced by the precompression
system. The design values of resistances and actions have been computed using the same partial
factors y used for new structures as suggested in 12.

More in detail, the shear is checked at the first cracked section of the beam. The literature
provides several studies with refined and complex formulas to predict the shear capacity of
prestressed concrete members 23s. In the following, the shear capacity is calculated according to the
recommendations proposed by Italian Standard 25 and Eurocode 26 through the formulas for
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elements with and without shear-reinforcement. The relative variation is expected to be similar using
more refined shear resistance models. In case of shear reinforcement, the shear capacity is derived
using the following expressions

VRd,l = min(Vde' VRcd) (8)

_ ASW . 9

Vrsq = 0.9d Tfysd (cotd + cotd) siné )
Virea = 0.9db,,a vf.q(cotd + cotd)/ (1 + cot?9) (10)

where d is the effective height of the cross-section; b,, is the minimum width between tension and
compression chord; 9 is the angle between the concrete compression strut and the beam axis
perpendicular to the shear action; & is the angle between shear reinforcement and the beam axis
perpendicular to the shear force; A, is the cross-sectional area of the shear reinforcement; s is the
spacing of the stirrups; f,,q is the design value of the rebar yielding strength obtained as fq /s,
where y; is a partial factor equal to 1.15; «, is the coefficient taking into account the state of stress
in the compression chord; f,, is the design value of the concrete strength obtained as f,;/y., where
Y. is a partial factor equal to 1.5; and v is the strength reduction factor for concrete cracked in shear.
Further information can be found in chapters 4.1.2.3.5.2 of 25 and 6.2.3 of 26.

The shear capacity for unreinforced cracked concrete is calculated trough the following
equation.

Viaz = max{[Cra,c k(100p; f )3 + k10 |bwd ; (Vinin + 0.150,, )by, d} (11)

where d is the effective height of the cross-section; b,, is the smallest width of the cross-section in
tensile area; k is a parameter depending on d; f, is the characteristic value of the concrete
compressive strength; Cp;. and k; are parameters whose values are defined in national annexes,
however their recommended values are 0.18/y. and 0.15, respectively; v,,;, is a parameter that
depends on fi, and k; p; is aratio depending on the area of tensile reinforcement, by, and d; o,
is the axial stress in the cross section defined as the ratio between the actual prestressing force Py ,,,
and the area of concrete A. of the cross section. Further information can be found in chapter
4.1.2.3.5.1 of 25 and 6.2.2 of 26.

In the case of post-tensioned prestressed elements, the shear contribution given by the vertical
component of the prestressing force, V,, shall be added to obtain the total shear capacity, Vzq. This
component can be computed as

Vep = Ppe mSinag, 12)

where P, ,, is the prestressing force of the cross-section; and a., is the angle between the
prestressing force and the longitudinal axes of the beam. In the shear check the resultant cable is
adopted for the prestressing force and its location.

For both the cases, the safety shear ratio y,; is calculated as follows and its greater value is
chosen

Vep + Vraa Vep + VRd,Z) (13)

Ved Ved
where V,, is the shear action acting on the section under investigation.

In the case of bending check over a generic cross section, the resistant bending moment, Mz,,
can be computed as

Yas = max (

Mgy = Td* (14)
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T= fypdApm + fysdAs (15)

where T is the resultant tensile force containing the contributions given by the resultant cable, and
by the reinforcement steel located under the neutral axis at the ultimate condition; f,,4 is the design
value of the yielding strength of prestressing steel obtained as fy,x/vs; As is the area of the
reinforcing steel; d* is the arm between the two resultant compressive and tensile forces. The
bending check is usually carried out at the midpoint of the simply supported beam since that section
is the most stressed one.

The safety bending ratio is obtained as

Yap = Mpq
db —
Med

where M, is the design bending moment due to external actions.
A safety check is satisfied if this ratio is equal or greater than 1. Moreover, in this paper the

(16)

envelope y; is used, considering both the checks and calculated as

Va = min(Yap Ya,s) (17)

Previous Equations (10)—(12) and (14) are sensitive to the characteristics of the post-tensioning
system that in turn involves the area of the cables A,,,, the actual prestressing force P, n,, and the
characteristic yield stress of the harmonic steel f,;. The resistant bending moment is clearly
sensitive to Ay, and f,,,, while the shear resistance is, instead, sensitive to the prestressing force.
The P,; n, influences Equation (10) through the term a, representing the compressive state of the
section given by the prestressing system, while P, ,, explicitly appears in Equations (11) and (12).
Moreover, all the previous parameters indirectly influence the shear capacity because they sway the
position of the first cracked section in which V,, is different. By reducing the prestressing action,
the first cracked section moves towards the beam support, resulting in a higher V,,.

3.3. Estimation of the Design Parameters Based on Experimental Measurements

The semi-probabilistic method requires that some design parameters 9; of X are estimated
from a limited number n of tests providing samples . Estimated parameters are r.v. J; and the
confidence @ = P[J,; < U4] is the probability that the estimated parameter is lower than the actual
value. If the Cumulative Density Function (CDF) of 9, is available, it is possible to define the limit
value 9§ of the estimated quantity, such that F3 (97) = a.

For example, being X a single valued normally distributed r.v. whose standard deviation oy is
known, it is possible to estimate the mean X, by the sample mean

n

Ty = %Z % a8)

i=1

The estimation of the mean is a normally distributed r.v., whose expected value is equal to the
real mean, pg =, and the standard deviation depends on oy and on the number of tests, oz, =
oy /vn. Once both mean and standard deviation of X,, are known, the probability density function
(pdf) of X,, is known and it is possible to evaluate %, corresponding to the desired confidence
level. Many times, instead, the standard deviation oy is not known, and in this case X, is
distributed according to a Student’s t-Distribution depending on both the sample mean and the
sample standard deviation 22.

Furthermore, existing bridges differ from new structures as the data used in their assessment
can be related to experimental measurements. Every time a measurement is done, its value is affected
by error due to the accuracy of the instrument, the environmental conditions, and the operator
execution. Consequently, the measurement error introduces an additional variability of the samples,
leading to a higher dispersion in the parameter 9, and to a further dispersion of possible values
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caught from the probability distribution of the basic variables. The outcomes of the tests carried out
to evaluate the sample x; isar.v. X, that can be expressed as

Xerr = X;* g(cvg) (19)

where &(c,,) is alog-normally distributed random variable, having zero as log-mean and coefficient
of variation equal to c,,.

In conclusion, the distribution of the safety ratio deduced from estimated parameters, is
influenced by the effective knowledge of each parameter that, in turn, depends on the number of tests
n, the confidence level a assumed in its estimation, and the ¢, describing the measurement error.

4. Case Study Evaluated through Three Different Knowledge Scenarios

In this chapter, either the adopted methods for the estimation of the set of the parameters 9,4
from the information received by experimental campaigns, and the way to consider the knowledge
uncertainties are showed in an application concerning a real existing PT bridge, by considering
different combinations of n, @ and c,_. First, the case study is introduced, then the three considered
knowledge scenarios are described.

4.1. Case Study Features

The case study is a typical post-tensioned bridge (Figure 1), with a simple support static scheme
and span length equal to 30 m. The deck is made of 5 cast-in-place prestressed I-beams, a slab of 0.23
m thick, and 5 prestressed crossbeams. The original drawing of the cross section of the bridge is
reported in Figure 2. Every beam (Figure 3) is prestressed by 6 cables and each cable is composed of
34 strands with diameters of 7 mm. The prestressing procedure has been carried out in two different
construction stages. In the first stage, the 4 lower cables have been tensioned after the curing of beam
concrete. Later, after the slab and crossbeam casting, the 2 remaining cables, the upper ones, have
been tensioned. The original drawing of the position of the cables along the beam (Figure 4) is
reported below. It is important to underline that information about bridge geometry, material
characteristics, construction stages, and prestressing force have been derived from both original
drawings and design reports. The compressive cubic strength of the concrete used for the beam is
R, =45 MPa, while the one used for the slab is equal to 40 MPa. FeB44k steel has been used for the
rebars. Prestressing strands present a characteristic ultimate strength equal to f,,;, =1800 MPa. Each
cable has a cross section area equal to A, = 12.32 cm? The mean value of the prestressing stress
applied to the cables is equal to g,, =1189.6 MPa.

-L" B T e e :i-

Figure 1. Original longitudinal profile of the bridge.

Figure 2. Original cross-section of the bridge deck.
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Figure 4. Original location of the strands along the beam.

The actions E,; are evaluated according to 28 (Load Model 1). The SAP2000 29 software has been
used to determine the most relevant external effects on the deck. For the safety checks only the most
loaded beam is examined.

4.2. Perfect Knowledge Scenario

The perfect knowledge scenario is a theoretical condition that could be hypothetically achieved
if an infinite number of tests are carried out, and if test procedures are not affected by errors. In such
an ideal scenario, the probability distributions of the basic variables are known and consequently the
components of the vector 9, are deterministic and they can be directly computed from the
characteristic values and the partial factors. The characteristic values of the material strengths are
calculated as the 5% percentile of their probability distributions, according to the current safety
format 12. For what concerns the cables area, the nominal value has been used as suggested by the
Standard 12. For what concerns the prestressing action, the Standard 12 recommends using either the
mean value P, or, if relevant, the upper Py,, and lower Py, characteristic values. In this case,
the mean value is adopted. Starting from the initial prestressing force and subtracting the immediate
and long-term prestress losses, the nominal value of the prestressing force, is obtained for each cable.
The resultant cable force has been computed at all the sections for the safety check calculations.

In this case, the safety ratios (v, Ya5, Ya) are deterministic results and they are used for the
comparison with the following scenarios simulating the experimental campaigns.

Table 1 shows the probability distributions of X and their related parameters 9, in the perfect
knowledge scenario. The mean values of the geometric basic variable (4,) and of the strengths of
materials (f;, fup, fys) are obtained from the information specified in the original technical
drawings (terms with the subscript ‘op’ in Table 1), while their coefficients of variation are acquired
from the literature. The mean value of the current prestressing force, Py, is obtained by subtracting
from the initial prestressing force, P, ;, declared in the original design, the prestress losses AP,
(either long-term and immediate ones), calculated following the approach proposed in 26. For P, a
unique coefficient of variation ¢, , is adopted, it includes the uncertainties related to the initial force
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applied to the cables, as well as uncertainties related to immediate and long-term losses. The global
coefficient of variation ¢,, can be obtained according to 30, as follows:

\/(Cvp ) UF)Z + (Cvlosses_lt ) “—losses_lt)2 + (Cvlosses_st ’ “-losses_sl:)2 (20)

25 + UIosses_lt + ulosses_st

Cy, =

where ¢,, and pp are the coefficient of variation and the mean value of initial prestressing force,

respectively; and Wsses i are, the coefficient of variation and the mean value of long-term

C"losses_lt

prestress losses, respectively; and Wygsses s are the immediate ones. All the coefficients of

C”losses_st
variation of Equation (20) have been obtained with reference to 31 and they have been assumed
constants and equal to their mean values. For the application of the safety format, the equivalent cable

of the post-tensioned system is adopted.

Table 1. Probability distributions of the basic variables and related design parameters.

Basic Distribution  Distribution parameters =~ Parameter Design parameters

variables type W, cy references

fem = Regop - 0.83 + 8

25 fck
[MPa] fcd = — = 217
. Log-Normal Ye
32 [MPa]
¢, = 0.10
= - 1.04 [MPa 31
fupm = Fukop [ | fupa = Fupi = 1475
fup Log-Normal Vs
¢, = 0.025 31 [MPa]
fyms fyk,op 31 fysk
[MPa] fysd = = 305.6
fys Log-Normal Vs
31 [MPa]
¢, = 0.025
v pm pm,op Apm = 12.32
(single Log-Normal
[em?]
strand) c, = 0.02 33
Pyem = Potiop — APy . Pyem = 1221.81
Equation
Pyt Log-Normal (20) [kN]
¢y, = 0.08 (mid-span)

Once the parameters ¥, are obtained, the safety ratios y,; for the perfect knowledge scenario
can be determined and they are equal to:
¢ Yas = VralVea =0.97
*  Yap = Mya/Meq =1.09
*  Yyqg =min (Va5 Yap) =0.97

4.3. Partial Knowledge Assessment

The partial knowledge scenario refers to a condition in which only a reduced number of tests is
carried out, and a variability of 9, arises due to the uncertain estimation of basic variables. Such a
scenario is simulated starting from the probability distribution fy(x) of the random variables X, and
from the fixed number of tests n chosen. Many test campaigns involving the same number of tests



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2024 d0i:10.20944/preprints202403.0290.v1

10

are simulated; each simulation, composed by a different set of samples, leads to a different estimation
of the probability distribution of the parameters, given the confidence factor @, and consequently to
different values 9, of the estimated r.v. @,. From the latter, a probability distribution of the
estimated safety ratio Y; follows (Figure 5) and the properties of this distribution can be studied in
order to evaluate the reliability of the method. It is interesting, indeed, to evaluate the probability
that the estimated value y; is lower than the reference value y,. This probability is equal to the
value assumed by the Cumulative Density Function (CDF) at the reference value, Fy,(y;) or,
equivalently, the area under the function f7,(y4) evaluated on the domain y, <y, (Figure 5).

A Perfect knowledge

iy
Q

Figure 5. Safety assessment based on a partial knowledge.

The parameters are estimated through the recommendations contained in 12 following the
condition of unknown variance ¢ of the basic variable distributions.

The characteristic values of the materials (fcx, fysk, fupk) are calculated through the Coverage
Method 34. The characteristic value is obtained from the following formula:

fr=m—ky-s (1)

where f; is the estimated characteristic value, m is the sample mean, s is the sample standard
deviation, and k,, is the estimation coefficient, calculated in Equation (22) and depending on the
probability p corresponding to the desired k-percentile f;, on the confidence level «, and on the
sample size n.

ky(p,a,n) = —t(p, a,n)/Vn (22)

where t(p,a,n) isthe a-percentile of the generalised noncentral t-Distribution 36, corresponding to
the probability p and with n —1 degrees of freedom.

The mean values of the wires area (4,,) and of the prestressing force P, ,, derived from
samples, are estimated using the t-Student method 22 adopting the case of no prior information about
the variable. The estimation of the mean value is obtained from the following formula:

K=+t (23)
Vn
where X,, is the estimation of the mean value, m and s are the mean and the standard deviation
of the sample, n is the number of samples, and t, is the percentile of the t-Distribution with degree
of freedom n — 1 corresponding to a confidence level a.

By increasing the number of tests, the parameter estimation improves, and the sample
distribution approximates better and better the probability density function of the population.

Once the parameters 9, have been calculated, it is possible to carry out the safety checks and
to obtain the safety measure y;. A Monte Carlo simulation 22 is applied to obtain the probability
distribution of the safety ratio ¥;. With the aim at evaluating how much uncertainties on the design
parameters affect the estimated y,, the probability to stay into the safe domain y; < y, is calculated.
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4.4. Assessment through Tests with Measurement Error Scenario

In this scenario, the 9, are obtained in a similar way, but in this case the measurement error is
also considered. According to the paragraph 3.3, the error is added to each sample value, by
considering a probability distribution of the erroneous measurement having a coefficient of variation
¢y and a mean value equal to the one of the samples itself.

5. Parametric Analysis and Related Results

This section presents the evaluation of the safety ratio y; and its variability in the two scenarios
simulating the performance of experimental campaigns.

In both scenarios, different analyses have been carried out by choosing different number n of
tests and by exploring the a range [0.50-0.95] with the aim of observing how Fy,(y,) changes. The
following hypotheses have been assumed in the parametric analysis: in the first scenario, the same
values of n and a are assumed for all the parameters 9, and no measurement error is considered.
In the second scenario, the measurement error is added, by considering different values of the
coefficient of variation c,_.

5.1. Outcomes of the Assessment through Tests without Measurement Error

Such a scenario simulates a possible experimental campaign conducted on the case study
without considering any measurement error. The results obtained are reported in Figure 6 and in
Figure 7. Figure 6 shows the pdfs of the shear safety ratio y,, of the bending one ¥, ,, and the pdfs
of their envelopes ¥,, obtained for different values of n and a. To make the comparison easier, for
all the three safety ratios the nondimensional ratio y,;/y, is reported. In this way, the value 1 is the
boundary between estimations of the capacity/demand ratio higher or lower than the reference case

of perfect knowledge.
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Figure 7 reports, instead, the trends of the CDF of Y; evaluated at the reference value, Fy 40

and of the mean value J,, = E[V;] in the nondimensional form, by varying the confidence level a
and the number of tests n. It is important to underline that the choice of the partial factors do not
affect the nondimensional reported results, since they appear both on y,; and y,.

With the aim of understanding the results of this scenario in a clearer way, Tables 2, 4 and 6

display the numerical values obtained for the probability of estimating values of the safety ratio lower
than the reference one Fy,(y4), for the case of shear, bending, and envelope checks, while Tables 3,

5 and 7 contain the numerical results relevant to the ratio y;/vy.

Table 2. Numerical values of Fy, (yq4s) for different values of a and n.

a
F}?d,s (yd,S)
0.50 | 0.60 | 0.75 | 0.85 | 0.95
3 053 | 0.67 | 0.87 | 095 | 0.99
n 8 046 | 0.61 | 0.82 | 093 | 0.99
25 042 | 057 | 0.78 | 0.99 | 0.99

Table 3. Numerical values of ¥4,,s/y4s for different values of a and n.

a
)_/dm,s /yd,s
0.50 0.60 0.75 0.85 0.95
3 1 0.97 0.90 0.84 0.66
n 8 1 0.99 0.96 0.92 0.87
25 1 0.99 0.98 0.97 0.94
Table 4. Numerical values of Fy,,(¥ap) for different values of a and n.
a
Fyd'b (yd,b)

0.50 | 0.60 | 0.75 | 0.85 | 0.95

3 052 | 0.68 | 0.86 | 0.94 | 0.98

n 8 052 | 0.67 | 0.86 | 0.94 | 0.99

25 0.51 | 0.68 | 0.86 | 0.95 | 0.99




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2024 d0i:10.20944/preprints202403.0290.v1

14

Table 5. Numerical values of ¥4, ,/Yap for different values of a and n.

a
Yamp /yd,b
0.50 0.60 0.75 0.85 0.95
3 1 0.98 0.96 0.93 0.83
n 8 1 0.99 0.98 0.97 0.95
25 1 0.99 0.99 0.99 0.97

Table 6. Numerical values of Fy, (y,) for different values of @ and n.

a

Fy,(va)
0.50 0.60 | 0.75 | 0.85 | 0.95

3 0.53 | 0.67 | 0.88 | 0.96 | 0.99

n 8 047 | 0.62 | 0.83 | 0.94 | 0.99

25 043 | 058 | 0.78 | 0.90 | 097

Table 7. Numerical values of y;,,/v, for different values of @ and n.

a
Vam/Ya
0.50 0.60 0.75 0.85 0.95
3 1 0.97 0.91 0.84 0.66
n 8 1 0.99 0.96 0.93 0.87
25 1 0.99 0.98 0.97 0.94

The results reported in the previous figures (Figures 6 and 7) and tables (Tables 2-7) are
discussed first with reference to the different number of tests n, and successively by analysing the
effect of variations of confidence a within the range considered.

Different choices on the number of tests n have a significant impact on the results obtained. By
comparing the results of Figure 6 it is observed that by increasing the number of tests, the dispersion
of the probability distributions reduces, and the mean value get closer to the reference scenario. This
behaviour is expected as a higher number of tests leads to a better evaluation of the model
uncertainties. On the other hand, by reducing n, the probability distributions move away from the
reference scenario toward the safety zone (i.e. a capacity/demand ratio estimation lower than the
reference scenario), but, at the same time, they are characterized by a greater standard deviation.
Moreover, the shear dispersion is generally greater than the bending one. This aspect can be
explained by the fact that the number of r.v. involved in y,;, is lower than the number of the r.v.
involved in y, ;. The different choices of n result in changes in the probability distributions, which
in turn, affect the probability Fy,(y,) of staying within the safety zone y; < y,.
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For what concerns the results for the shear check depicted in Figure 7 (first row), taking a low
value of n leads to a larger, i.e. safer, value of F Tas (yd.s) and to a conservative value of Vg, s/Vas
because the methods used to calculate 9, (see Equations (21) and (23)) produce conservative values
of the estimated parameters thanks to the coefficient k,, (see Equation (22)), and to the percentile
t, of the t-Distribution. This behaviour is also observed for the bending check (Figure 7) where the
variation of n results in different values of V4, 5/Va 5. As already observed in Figure 6, the different
number of random variables involved in the estimation of y,;, has an effect also in the trends of the
ratio Ygmp/Yap of Figure 7, which are closer to each other with respect to those of the ratio
3_7 am,s / Vd,s-

As expected, the choice of the confidence level o also produces different results. By increasing
a, the mean value of the probability distributions (Figure 6) shifts to the left, providing an average
value that is always smaller than the reference one. The safety check is statistically more
precautionary, but at the same time, less accurate, since the dispersion increases, and a significant
underestimation of the safety coefficient is likely to be obtained. The mean values reported in Figure
6 startfrom 1 for a equal to 0.5 and decrease in precautionary manner as a increases. This reduction
is more pronounced with a small number of tests. At the same time, as already observed from the
perspective of different n, the dispersion of the distribution y,/y,; increases. This aspect negatively
influences the probability Fy,(y;) to obtain values of y, lower than the reference value y,. Once
fixed «a, the trend of Fy,(y4) does not excessively change by varying the number n of tests. By
assuming as a reference value the confidence level a equal to 0.75, as recommended by 12 and 34,
the probability Fy,(y4) is around 0.8 for different n and a (Figure 7).

5.2. Outcomes of the Assessment through Tests with Measurement Error

In addition to previous uncertainties related to test numbers and confidence factors, the current
scenario also considers the impact of the measurement error on the safety assessment. Since in the
literature there are no information about the measurement errors regarding tests for the survey of the
prestressing system, in this work a credible coefficient of variation ¢, equal to 0.10 is assumed for
the basic random variables selected in the previous sections. However, with the aim of providing a
more general overview of the potential influence of this parameter for measurement systems more
or less accurate than the previous ones, the main results have been also evaluated for different values
of ¢,,. In detail, results concerning c,, = 0.05 and ¢, = 0.20 are reported and discussed at the end
of this section.

The obtained results for ¢,, equal to 0.10 are reported in Figures 8 and 9. Figure 8 shows the
differences between the probability distribution with and without measurement error, depicted by
solid and dashed lines, respectively, for the same values of n adopted in the previous section (Figure
6). The results are reported in term of shear, bending and envelope checks.

Shear safety check
6 a 00 20—
— 05 g 05 Al —o05 |
. —0.75 —0.75 Al 15 —0.75 i
J | —o08s 6085 Fhn 085 i
;AN —0.95 = —095 %5 10/—095
N\ ) 5
4
2 5
0 0
IR o o 5 O H O °
N NN i N N N
?[1,5/31{1“@ yds/yd,s yd,s/yd,s
n=3 n=8 n =25

Bending safety check



15
Py
— 0.5 |
—0.75 At
10 I
. —0.85 ' 0
S - A
) 0.95 i
5 &
0 o) o &)
Q
¥ o0 A N
Yap/Yd,b
n=3
6 [e]
— 0.5
—0.75
. 085
—0.95
“
NV

yd/yd
n=3

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2024

30
o
0.5 1
20|—0.75 f
—0.85
S
=, —095
10
"“:\“‘
0
© Q‘.l(? N Q’f” h ,\’f’ N
Yap/Yab
n=8
Envelope
10—
g — 05
—0.75
61 —0.85
:g —0.95
4
2
0
N Q,]fa N
yd/yd
n=_8

do0i:10.20944/preprints202403.0290.v1

16
50—
40 05 ‘
—0.75
30— 0.85
“‘g —0.95
20
10
0 o % I R
Q % N
N N N
Tap/Yas
n =25
20—
— 05 1
15 —0.75 i
——0.85 ‘
R
~= 0.95
g 10
5 /f
0 “ S “
NS N %
NG N NN
yd/yd
n =25

Figure 8. pdfs of the ratio ¥,/y,, for different values of @ and n by considering the measurement

error.

Shear safety check

®
« «
Bending safety check
1 1.2 , ——
08" !
|- _\
~ 08
<06 5
= )
= n 506 ”3
o4t 8 £ |
0.4
o g 1> 04 — 8
—13 —13
02y —25 ] 02 —25
50 50
) © o ‘ SN > P 2
Q Q‘{J(" o Q@?’ Q’.\(" o Q‘.b(" N Q‘f’ SN NN Q% O P
@ «

Envelope



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2024 d0i:10.20944/preprints202403.0290.v1

, —13] —13
0.2 —925 02 55
50 50
oL o e S
I I = I WP T TP S S LT T S G N S T S S S
7 BT 07 (& o Vo7 (B o 2 07 B 07 (& o (Vo7 (¥ o7 (2
(6] «

Figure 9. Diagram of Fy,(y;) and Yam/yq with @ and n for shear, bending and envelope checks.

Figure 9 reports the trends of Fy,(y4) and the mean values y,,, obtained by varying n and
a. Even in this scenario, the probability of obtaining a bending check worse than the shear check is
low.

With the aim of understanding the results of this scenario in a clearer way, Tables 8, 10 and 12
display the numerical results for the shear, bending and envelope checks of Fy,(y,), while Tables 9,
11, and 13 contain those related to y;/v,.

Table 8. Numerical values of Fy, (v4s) for different values of a and n with the measurement

error.

Fyd,s (yd,S)
0.50 | 060 | 0.75 | 0.85 | 0.95

3 0.63 | 077 | 092 | 097 | 0.99

n 8 061 | 078 | 094 | 0.98 | 0.99

25 | 065 | 081 | 095 | 0.99 | 0.99

Table 9. Numerical values of ¥4, /v for different values of @ and n with the measurement
error.

)_’dm,s /yd,s
0.50 0.60 0.75 0.85 0.95

3 096 | 090 | 0.76 | 0.63 | 0.40

n 8 098 | 094 | 088 | 0.81 | 0.69

25 098 | 096 | 093 | 0.89 | 0.84
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Table 10. Numerical values of Fy,, (yap) for different values of a and n with the measurement

error.

Fyd’b (yd,b)

0.50 | 0.60 | 0.75 | 0.85 | 0.95

3 0.89 | 093 | 0.97 | 0.99 1

n 8 097 | 099 | 0.99 1 1

25 1 1 1 15 1

Table 11. Numerical values of ¥4, /yap for different values of @ and n with the measurement
error.

Yamp/Yap
0.50 0.60 0.75 0.85 0.95

3 089 | 085 | 077 | 0.70 | 0.58

n 8 089 | 087 | 083 | 079 | 0.72

25 089 | 087 | 086 | 0.84 | 0.81

Table 12. Numerical values of Fy,(y,) for different values of @ and n with the measurement error.

a

Fg,(Va)
0.50 0.60 0.75 0.85 | 0.95

3 0.75 0.83 093 | 097 | 0.99

n| 8 0.74 0.85 096 | 099 | 0.99

25 | 0.77 | 0.88 097 | 099 | 0.99
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Table 13. Numerical values of y;,,/y, for different values of @ and n with the measurement
error.

Yam/Ya
0.50 0.60 0.75 0.85 0.95

3 093 | 0.88 | 075 | 0.62 | 0.41

n 8 096 | 091 | 087 | 0.81 | 0.69

25 098 | 096 | 092 | 0.89 | 0.84

The comparison depicted in Figure 8 shows that this additional uncertainty source shifts the
probability distribution toward conservative ¥y, values. Given the same values of a and n, this
translation is more pronounced with respect to the previous case (no measurement error) and the
dispersion is larger. From the combination of these two factors, it follows that the probability Fg, (y4)
of obtaining values of ¥; lower than the reference one is enhanced and the mean value g,
reduces, with respect to the previous scenario. Similar trends are observed for all the values of a and
n.

Aiming at observing how much the structural safety is affected by different measurement errors,
the results for c,, equal to 0.05 (Figure 10a) and 0.20 (Figure 10b) are reported only for y4m/yq
relevant to the envelope case. Figure 10 shows that the measurement error significantly influences
the final value of the estimated capacity mean y4,.

1.2 i T i i i i T T 1.2

(a) (b)

Figure 10. Diagram of 7,4,,/y4 related to the envelope check by varying a@ and n with measurement
error equal to 0.05 (a) and 0.20 (b).

It is also worth to observe that, by increasing the measurement error variability, the probability
to have a safe estimation of y,; increases. The uncertainty due to the measurement error introduces
an extra variability of the measured quantity that implies a further safety on the final results. This is
a remarkable difference between new structures and existing ones, and it should be considered
within the safety format to avoid over-conservative safety assessments.

6. Conclusions

In this paper the uncertainties affecting the safety assessment based on the semi-probabilistic
approach for existing post-tensioned prestressed bridges is studied. The knowledge process is
simulated by the Monte Carlo method, and it is defined by (i) the number n of tests, (ii) the
confidence level a used for the estimation of the design parameters, and (iii) the coefficient of
variation ¢, of the measurement error. Some strengths and weakness of the safety format applied
to this type of post-tensioned prestressed structures are highlighted in the following.
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e The safety format is robust since different levels of n and a lead almost always to a
conservative estimation of the capacity/demand ratio. Namely the probability to obtain
estimated safety ratios y; lower than the reference value y,; is high and often close to 1. As
expected, this probability increases by increasing the number of tests and the confidence level.
For the value of confidence a equal to 0.75, recommended by the Eurocodes 12, the probability
Fy,(ya) to have a safety estimation of ¥, is high in both the scenarios, with and without the
measurement error.

e Results depend on the expressions used for the estimation of the design parameters 9,, and
relevant underlying assumption. The Eurocode formulas, based on Coverage Method and t-
Student method, provide satisfactory results.

° In the scenario that neglects the measurement error, high values of the confidence factor a,
approximately larger than 0.8, do not notably improve the result Fy,(y4), but significantly
reduce the expected value y;, of ¥;. Thus, it becomes very probable to obtain under-
estimation of the safety ratio, and, in a misleading way, the structure could appear to be not
adequate.

e  Measurement error significantly influences the results. The safety format still provides
conservative results, but the probability of under-estimate the structural capacity is more and
more increased.

Presented results refer to a quite diffused girder typology, but they cannot be considered
definitive, and the problem requires further investigations. Furthermore, a credible variability of the
outcomes provided by the measurement errors has been considered (coefficient of variation equal to
0.1), but few studies exist about this topic, especially for what concerns tests and technologies for the
estimation of the tensile force and strength of prestressing cable 37, as well as of the detrimental
effects of corrosion 18.
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