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Abstract

Fragility curves are a well-established tool to define probabilistically the vulnerability of an
asset to a prescribed hazard. The majority of previous studies have investigated the seismic
fragility of structures and infrastructures. Nonetheless, recent disasters have highlighted the
need to assess the vulnerability of aging bridges to gravity loads. Based on existing data from
the literature and novel data from some real case studies, the present work presents analyti-
cal fragility curves of Italian bridges to traffic loads. The class of simply supported, beam-
type, prestressed concrete bridges constructed between 1960 and 1980 was considered, given
that those structures are the most recurrent type of existing Italian bridges. Then, a fragility
analysis was performed through a fully automated procedure implemented in MATLAB. Ge-
ometric, material and load parameters were defined as random variables considering their
probability distribution and correlation through either univariate or multivariate models.
Structural fragility was evaluated with respect to the limit state of collapse. The output of this
study can be of interest to engineers and decisions makers who must manage existing bridges,
considering their probability of collapse under traffic loads and eventually limiting their use
before structural retrofitting.
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1 INTRODUCTION

Structural safety of existing bridges is involving the worldwide engineering community
during the last years due to recent casualties. In the aftermath of the Polcevera bridge collapse
in Genoa in 2018 [1], an increasing attention has been paid towards safety evaluation and
monitoring of existing bridges with a service life approaching to or even exceeding 50 years.
This trend also led to new Italian guidelines for classification, safety checks and monitoring of
existing bridges issued by the High Council of Public Works in April 2020 [2]-[4]. During the
last years, overloads, collisions, flood and environmental degradation caused more than 80%
of the total collapse cases [5]-[7][7]. Furthermore, the structural assessment and retrofitting of
existing bridges is urgently needed also because of aging and material deterioration, lacking
or ineffective maintenance, and climate change in multi-hazard environments involving both
human-related and natural events.

The study of existing bridges should take into account the following points:

(1) Traffic load conditions have been changing over time, i.e. different traffic loads were

prescribed during original design in comparison with current code provisions.

(i1)) Materials adopted in the past are not compliant with modern building codes and may

be affected by significant variability and deterioration.

In this study, the structural fragility of a class of existing Italian bridges subjected to traffic
loads is studied according to code-conforming capacity models and analysis procedures [8][8].
The most important properties of the bridge decks were probabilistically modelled based on
available data, randomly sampled via Monte Carlo technique, and propagated through struc-
tural analysis. Fragility analysis was fully implemented in MATLAB software [9][9], provid-
ing the conditional probability of collapse given the intensity level of code-conforming traffic
loads.

2 METHODOLOGY

This study aims to define the vulnerability of existing Italian bridges subjected to code-
compliant traffic loads. Previous studies investigated the seismic fragility of bridges, but re-
cent disasters highlighted the need for a comprehensive investigation on their vulnerability to
human-induced loads. A class of simply supported, beam-type, prestressed concrete (PC)
bridges was considered, since they represent more than 90% of the total bridge population in
Italy [10][10]. Previous studies [10][10]-[12][12] also reported that the time frame 1960—
1980 is the period when the highest number of bridges were built due to Italian economic
growth and infrastructure development. In those decades, a relevant part of the Italian road
network was built. Based on available data collected by the authors on real case-study bridges,
the period 1970-1980 was chosen in order to carry out the fragility analysis of existing bridg-
es. Figure 1 outlines the methodology used in this study to assess the vulnerability of existing
bridges to traffic loads, the distribution and design values of which was defined according to
the Italian building code [8][8].

The material, geometric and load uncertainty models were defined in order to generate a
set of case studies through a Monte Carlo simulation. Demand and capacity analysis were car-
ried out and the performance level of each model was calculated. The counted fragility was
evaluated applying a frequentist approach. A lognormal distribution function was then fitted
to fragility points in order to obtain fragility curves.
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Figure 1: Flowchart of fragility analysis.

3 UNCERTAINTY MODELLING

Random variables (RVs) included both geometric and material properties. Based on
[10][10] and some real case-studies, a subset of RVs were modelled through probability dis-
tributions, whereas other RVs were assumed to be statistically dependent upon the former
RVs according to regression models. To that aim, the authors examined:

e geometric properties of 14 bridges built in the period 1960 to 1980;

e cxperimental data on mechanical properties of concrete (100 data), mild reinforcing
steel (65 data), and prestressing steel (21 data) of bridges dating back to the period
1970-1980.

Case-study bridges have different locations in Italy and were built by different construction

companies to be representative of the selected class of bridges. In the following sections,
probability distributions and regression models are described.

3.1 Material properties

The database of material properties was based on laboratory test results of real case-studies
collected by the authors. Figure 2a shows three alternative probability distributions fitted to
experimental data to model the uncertainty in concrete compressive strength f., namely nor-
mal, lognormal and Weibull distribution. Based on best fitting, the lognormal distribution
with mean value of 38.5 MPa and coefficient of variation (CoV) of 11.4% was assumed.

The same procedure was applied to derive a probability distribution for the yield strength f,
of mild steel (Figure 2b). Best fitting produced a lognormal distribution with a mean value
and CoV equal to 436 MPa and 6.4%, respectively.
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Figure 2: Probability distributions for (a) concrete compressive strength and (b) yield strength of mild steel.

A probability distribution was also fitted to experimental data on the conventional yield
strength of prestressing steel f,01 (i.e., the tensile stress associated with a residual strain of
0.1%). A limited amount of data was collected by the authors and data were fitted by a
lognormal distribution (Figure 3) with a mean value and CoV equal to 1665 MPa and 2.5%,
respectively. These statistics agree well with different studies available in the literature (e.g.,

[13][13]-[15][15]).
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Figure 3: Probability distribution for conventional yield strength of prestressing steel.
The weight per unit volume of reinforced concrete (RC) was modelled through normal dis-
tribution with mean and CoV equal to 25 kN/m? and 5%, respectively, in order to account for

the variability of permanent loads (G1x). Non-structural permanent loads (G2x) were modelled
via a normal distribution with mean value and CoV equal to 2 kN/m? and 10%, respectively.

3.2 Geometry

Geometric properties were defined for simply-supported PC bridge decks built between
1960 and 1980. The cross sections of the deck and longitudinal girders are shown in Figure 4,
highlighting the most relevant geometric properties considered in the analysis.
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Figure 4: Cross sections of the bridge deck and longitudinal girder.

The span length (L) and width (W) of the deck were assumed as main independent RVs.
Based on both literature [10][10] and case studies, the histogram of the bridge span length
was derived. Approximately half of the existing bridges have a length between 30 m and 35 m,
as depicted in Figure 5. A lognormal distribution was assumed, with a mean value equal to
33.2 m and CoV = 13.6%. The distribution was truncated at 15 m and 45 m to obtain realistic
values of the bridge length in subsequent probabilistic simulation.
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Figure 5: Probability distribution of girder span length.

Regarding the deck width I, a probability mass function (PMF) with three values equal to
8.5, 12.25 and 16 m having the same probability of occurrence was assumed. The slab thick-
ness (denoted by s) was modelled through a uniform distribution with a mean value and CoV
equal to 0.25 m and 12%, respectively, in the range [0.2 m, 0.3 m].

The transverse reinforcement ratio psw (4sw/p, Where p is the distance between stirrups) and
prestressing ratio of the tendons ay,/f,,01 were considered as additional independent RVs. The
former was modelled through a uniform distribution between 300 mm?*m (corresponding to
8-mm-diameter stirrups with 330mm spacing as per minimum code requirement) and 1130
mm?/m (corresponding to 12-mm-diameter stirrups with 200 mm spacing as maximum rec-
orded value). The prestressing ratio was modelled in two different ways: (i) uniform distribu-
tion between 40% and 60%, (i1) PMF with 3 equally probable values equal to 40%, 50% and
60%. In this study, degradation of prestressing steel was not taken into account. The residual
stress levels oy, take into account average values of relaxation loss due to concrete creep,
shrinkage and relaxion of steel under tension [17][17].
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The set of independent RVs is listed in Table 1, providing their distributions, mean & and

CoV.
Random variable u or discrete values CoV [%] Distribution
fe [MPa] 34.70 24.40 Lognormal
/fy [MPa] 436.00 6.40 Lognormal
Jpo1 [MPa] 1665.00 2.50 Lognormal
L [m] 33.20 13.60 Lognormal
W [m] 8.50—12.25-16.00 - PMF
s [m] 0.25 12.00 Uniform
Psw [mMm?/m] 715.00 34.00 Uniform
Tslfpo1 [Y0] 50.00 12.00 Uniform
osplfp01 [%] 40.00 — 50.00 — 60.00 - PMF
7e [kN/m?] 25.00 5 Normal
G [KN/m?] 2.00 10 Normal

Table 1: Distributions and statistics of independent random variables.

3.3 Correlation models

Based on case-studies, regression models were developed in order to model RVs condi-

tioned upon independent RVs. The following dependent variables were considered:
e number of longitudinal girders, 7s;
e height of longitudinal girder, Hp;

e area of girder cross-section, Ap;

e width of girder top flange, Bup;

e distance of equivalent total prestressing area from top of girder cross-section, dp;

e geometric ratio of prestressing steel p;, multiplied by dsp, psp - dsp.

In Table 2, the regression models used in this study are listed together with their coefficient
of determination R? and boundaries.

. 2 Lower Upper
RV Regression model R bound bound
ny (W) n, =0.33-W 0.51 2 8
w
Hy (ip, L) H,=0.28- —+ 0.03-L 0.81 | H,>L/20 | 32m
b
Ay (Hp) A,=0.43+0.06-H°, 0.84 - -
Byp (Hy) (Gi) | By, =0.34-H,+0.02-G,, —0.02-H, -G, +0.002-G*, | 0.71 - 1.2
dyy (Hp) d,, =0.98-H, 0.97 - -
dy psp (L) p,,-d,=816-10"-L+1.85.107 -’ 0.88 | 0.007d,, -

Table 2: Regression models

The following deterministic variables were assumed:

e concrete cover equal to 0.03 m;

girder web equal to 0.2 m;

bottom flange thickness equal to 0.3 m;

e geometric ratio of longitudinal reinforcing mild steel equal to 0.1%;
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e Young’s modulus of steel equal to 200 GPa.

4 STRUCTURAL ANALYSIS

The first stage of structural analysis consisted in the modelling of loads on the bridge deck.
Self-weight of deck components was evaluated according to G, sectional area of longitudi-
nal girders and their effective width wey (which was equal to ipeam). Non-structural permanent
loads were obtained according to G and wey:

Traffic loads were defined according to the Italian building code [8][8] and Eurocode 1 —
Part 2 [16][16]. The number of lanes adopted in the present study is either two or three, de-
pending on the randomly generated geometry of the deck in order to maximize the strength
demands on the edge girders (i.e., bending moment at mid-span or shear force at girder ends).
The deck cross section was assumed to be rigid, according to design calculations at the time
of construction and Engesser formulation [18][18]. The structural analysis procedure was im-
plemented in MATLAB [9] in order to automatically define traffic load distributions which
maximize bending moment and shear force on the edge girder.

Flexural and shear capacity models were also programmed in MATLAB to evaluate the
collapse capacity of the edge girder as representative of the deck structural behaviour. The
ultimate limit state (ULS) of the deck was thus defined as the attainment of either flexural or
shear capacity in the edge girder.

The flexural capacity of the girder was evaluated on the basis of the following assumptions:
Plane cross section and perfect steel-concrete bond after flexural deformation;
maximum compressive concrete strain equal to 0.35%;
uniform stress distribution and zero tensile strength of concrete;

mild and prestressing steel with elastic-perfectly plastic behaviour and unlimited ductili-
ty;
5. vyielded steel (i.e., to be checked in all cases after neutral axis is found).

Mild steel was deﬁned through its geometric ratio ps (e.g., 0.1%). The flexural capacity M,

of girder cross section was basically predicted through sectional analysis at ULS.
The shear capacity V; of the girder was evaluated by enveloping three different capacity mod-
els provided by current codes ([8][8], [17][17]). The first model describes the capacity of a
RC member in cracked conditions without shear reinforcement. The second model adopted in
this study applies to PC beams in uncracked conditions. The third model applies to cracked
RC beams with internal stirrups based on a strut-and-tie resisting mechanism.

el e

5 COLLAPSE FRAGILITY OF CASE-STUDY BRIDGES

Fragility analysis was based on Monte Carlo sampling of independent RV, which allowed
the random generation of 10,000 model realizations based on their probability distributions.
Regression models were then used to generate statistically dependent variables, considering
the model error of each regression equation. The magnitude of traffic loads was defined
through an intensity measure (IM) denoted as « and defined as the ratio between the incre-
mental and design first-lane tandem load, i.e. @ = Q1/Q14 with Q14 = 600 kN. Structural analy-
sis of each set of 10,000 deck models was carried out under varying « from 0 to 2.5 with step
of 0.1. For each deck model, both flexural and shear capacities were computed.

The output of fragility analysis was the conditional probability of exceeding ULS given IM.
The maximum demand-to-capacity ratio (DCR) between flexural DCR (DCRy= M./M,) and
shear DCR (DCRy = V./V;) was assumed as limit state function. Accordingly, ULS was as-
sumed to be attained or exceeded if DCR was equal to or greater than unity. Fragility was thus
defined as follows:
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P[DCR >1|IM =im] (1)

After that counted fragilities were computed over the whole range of IM levels, fragility
curves were fitted through a lognormal distribution.

Fragility curves associated with flexural and shear failure modes were initially derived
separately, considering either discrete values (Figure 6a) and uniformly distributed values
(Figure 6b) of prestressing ratio. In Figure 6, the lower x-axis indicates the selected IM chosen
(i.e., @), whereas the upper x-axis provides the corresponding the first-lane tandem load Q;.
Figure 6 shows the higher fragility of the existing Italian bridges under study in terms of flex-
ural failure. Indeed, the median value 7 of the flexural fragility curve is lower than that of the
shear fragility curve, regardless of the prestressing ratio. This means that the attainment of
ULS is governed by flexural failure. As shown in Figure 6(a), shear fragility significantly re-
duces under increasing prestressing ratio. Table 3 outlines the median value, dispersion S (i.e.,
the logarithmic standard deviation) and R? of each fragility curve, evidencing that the lognor-
mal distribution fits very well the fragility points as demonstrated by R? very close to unity.
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Figure 6: Fragility curves associated with flexural and shear failure modes: (a) discrete distribution of prestress-
ing ratio; (b) uniform distribution of prestressing ratio.

Failure mode or limit state n B R?
Flexural failure 1.69 | 0.31
Shear failure (oy,/f;,01 = 40%) 2.04 | 0.23
Shear failure (g,/f5.01 = 50%) 2.30 | 0.23 | 0.99
Shear failure (oy,/fy01 = 60%) 2.57 | 0.24
Shear failure (oy/fp,01 uniformly distributed) | 2.30 | 0.24
ULS 1.68 | 0.30 | 0.99

Table 3: Fragility parameters corresponding to flexural failure, shear failure, and ULS.

Figure 7 shows the fragility curve of the case-study bridges for the limit state of collapse,
which is almost totally overlapped to that associated with flexural failure mode. However, the
median value and dispersion are slightly different from those related to the flexural fragility
curve because of a very rare occurrence of shear failure in some model realizations. Table 3
shows that the selected bridges have a median collapse traffic load equal to 1.68 times the de-
sign load, with a dispersion £ = 0.30. It is also found that the conditional probability of col-
lapse under design traffic load (corresponding to o = 1) is 4.4:1072. Further studies are needed
to assess the unconditional failure probability of collapse, namely, the failure probability de-
rived as a convolution of fragility and traffic load hazard.
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Figure 7: Collapse fragility curve of case-study bridges.

6 CONCLUSIONS

This study aimed at evaluating the fragility of existing Italian, simply supported, beam-
type, prestressed concrete bridges. A fragility analysis procedure was implemented in
MATLAB software to generate a set of 10,000 random samples of bridge deck models and
carry out their structural performance assessment. The procedure starts considering a set of
variables, including independent variables modelled through probability distributions, de-
pendent variables evaluated through regression models, and deterministic variables. Assuming
code-conforming traffic-load models, each bridge model was randomly generated according
to Monte Carlo sampling technique and was analysed under incremental loading to detect the
attainment of both flexural and shear failure modes. In this regard, three alternative capacity
models were considered to predict shear resistance of edge longitudinal girders.

The fragility of Italian existing bridges was calculated by assuming the scale factor o of
traffic loads as intensity measure IM, which was gradually incremented from 0 to 2.5. The
demand-to-capacity ratio DCR was considered as limit state function, hence identifying the
occurrence of flexure or shear failure modes. These latter were first probabilistically assessed
separately and then considered altogether to develop the collapse fragility curve of the select-
ed bridges. The large number of random samples allowed the estimation of collapse fragility
according to a frequentist approach.

Analysis results show that the case-study bridges are significantly more vulnerable to flex-
ural failure than to its shear counterpart. In addition, shear fragility reduces under increasing
prestressing ratio.

On the basis of these outcomes, it can be inferred that flexural behaviour has a remarkable
effect on the vulnerability of the considered class of existing bridges. These preliminary re-
sults suggest a prioritization scheme for structural retrofitting of existing bridges against traf-
fic loads.
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