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Before the recent reconstruction, significant corrosion damages were observed on the deck system of the ~170-
year-old Széchenyi Chain Bridge. Therefore, an advanced reliability analysis-based study is executed to assess the
risk of failure of the structure in its situation until the refurbishment starts. The current paper has the aim to
introduce the applied assessment method for the risk analysis and damage grade determination of the historical
structure. The novel method combines the following techniques: (i) input data coming from on-site measure-

ments implemented into state-of-the-art corrosion models, (ii) advanced finite element model-based resistance
calculation (GMNI analysis) implemented into (iii) Monte Carlo simulation-based stochastic reliability assess-
ment method to determine the risk of the bridge deck system failure. It is concluded that the introduced method
is a powerful tool for risk assessment of existing aging structures.

1. Introduction and research aim

The Széchenyi Chain Bridge is a more than 170-year-old historical
monument in Budapest, Hungary. The road bridge, with remarkable
daily vehicular traffic, over River Danube is a major crossing between
the two sides of Buda and Pest. Construction of the original structure
started in 1839 and finished in 1849. It was considered as the largest
chain bridge at that time with a maximum mid-span of 202.60 m
(Fig. 1), while currently only the Hercilio Luz Bridge (339 m) in Brazil
and Clifton Bridge (214 m) in England have larger spans. The original
bridge, which was the first permanent bridge in the capital city, oper-
ated until 1914, because it had no stiffening girder and a lightweight
timber deck system was used, and notable vibrations of the bridge deck
were observed. Therefore, a new supporting structure was designed
consisting of twenty-five carbon steel chain bars between each node
with doubled length and increased load-bearing capacity compared to
the previous structure; thus, distance between pins and suspension bars
increased from 1.8 m to 3.6 m. The total mass of the ironwork increased
to 5200 tons with the new truss stiffening girder using carbon steel with
ultimate strength of 480-560 MPa, and a reinforced concrete deck was
also constructed. The bridge was destroyed in 1945 during World War II.
It was rebuilt without any significant changes of the structural system,
and it was re-opened for traffic in 1949. Until 2019, no significant
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maintenance or reconstruction works had been made on the structure
(except small corrosion protections), while chain elements have reached
a lifetime of 100 years and the deck system is more than 70 years old.
Several investigations and measurements had been carried out to assess
corrosion conditions and structural behaviour (e.g., proof load tests in
2002 and 2018) and assist the renewal process (started in 2021) and
design of the old bridge deck system. Cross-section of the bridge con-
sisting of reinforced concrete slab and longitudinal steel stringers is
shown in Fig. 2, which is the structural layout before the renewal process
changing the reinforced concrete slab to steel orthotropic deck system.

The primary research aim of the current paper is the assessment of
load-bearing capacity of the damaged and corroded bridge deck system
and the determination of its risk of failure based on the corrosion con-
ditions measured in 2019. On-site measurements and probabilistic
analysis of the corroded chain elements were introduced by Kovesdi
etal. [1] in 2017 leading to the conclusion the chain elements can safely
carry their loads within their current corrosion state; however, main-
tenance of the corrosion protection of the bridge is urgent to ensure its
safe operation.

Beside of the corrosion damages observed in the chain elements,
significant damages were also observed in the bridge deck system,
having remarkable material loss in the longitudinal steel beams under
the concrete slab, especially near the expansion joints, where the water
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could directly damage the structure. The current investigation is
focusing on the load carrying capacity of the reinforced concrete slab
and corrosion condition of steel parts (longitudinal stringers and cross-
girders) of the bridge deck system. Results of previous measurements
are taken into consideration in the reliability analysis, which is limited
to the condition regarding 2019 and its load-bearing capacity. In the
current paper, the applied assessment method for risk analysis is intro-
duced. The applied method combines the following techniques: (i)
corrosion models using on-site measurement results, (ii) advanced finite
element model and analysis for resistance calculation (geometrically
and materially nonlinear analysis with imperfections — GMNI analysis),
and (iii) Monte Carlo simulation-based stochastic reliability assessment
method.

At first, deterministic calculations are carried out to determine the
load carrying capacity of the bridge deck using numerical simulations. In
the next phase, stochastic analysis is performed using advanced corro-
sion model and Monte Carlo simulation technique with a confidence
level corresponding to 1-year lifetime.

2. Research strategy

An extensive research strategy is developed in order to determine the
reliability and the operational risk of the bridge deck system with high
accuracy based on the corrosion measurement and condition survey
conducted in 2019. The load carrying capacity of the bridge deck system
and their design value is determined by two different theories using
deterministic and stochastic design approaches. In both cases the ulti-
mate resistance is determined by advanced numerical model using
GMNI analysis, but the statistical assessment is applied differently.
Within the numerical investigations different optional damage scenarios
are analysed and the risk of failure is determined for the worst-case
scenario leading to the lowest resistance and largest risk. Corrosion
damage is taken into consideration with effective plate thickness in the
deterministic calculations and characteristic resistance is calculated
using GMNI analysis. Then, the design resistance value is determined
using partial safety factors based on Eurocode design requirements.

In the stochastic analysis, parameters affecting the load bearing ca-
pacity such as geometrical dimensions and material properties are
considered as probabilistic variables using first-order reliability method
(FORM). Monte Carlo simulation is applied for determining the mean,
characteristic and design resistances for each failure mode. Finally,
finite element analysis-based probability density functions and cumu-
lative distribution functions are used to evaluate the reliability index of
the bridge deck and risk of failure. Resistance verification is carried out
at two locations along the entire bridge including (i) a general segment,
where the reinforced concrete deck and longitudinal stringers are
continuous and (ii) in the vicinity of the expansion joints, which is the
most critical region due to corrosion and longitudinal stringers are
supported by corbels.

The applied approach for modelling corrosion deals with (i) sepa-
rating local corrosion and global surface corrosion, (ii) differences be-
tween horizontal and vertical corroding surfaces, (iii) statistical
parameters of non-uniform corrosion damages using the effective plate
thickness method proposed by Kim et al. [2], (iv) corrosion depth (with
maximum and mean value) and temporal change of its stochastic
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parameters by using the time-dependent empirical model of Paik and
Kim [3], and (v) the change of mechanical properties over time due to
corrosion (decrease of yielding plateau length and ultimate strain of
structural steels), whilst characteristics of corrosion are different for
structural steels and reinforcing rebars.

3. Literature review

A comprehensive literature study is carried out focusing on the
determination of corrosion damage models, state variables, probabilistic
variables and corrosion model parameters. One of the most common
defects of existing bridges resulting eventually in severe failure is
corrosion of steel elements. Numerous research deals with the cause of
corrosion development, the temporal change of corrosion losses and
their consideration in design. Therefore, the literature review is focusing
on (i) the effect of corrosion on material properties, (ii) development of
time-dependent, statistical-based corrosion models, (iii) consideration
of corrosion losses in numerical models, and (iv) reliability analysis-
based design of steel structures.

3.1. Corrosion

A number of laboratory tests shows that mechanical material prop-
erties of structural steel depend on the corrosion damage which can be
explained by the local defects (notches) on corroded surfaces resulting in
the origin of fracture on a lower loading level. It is well known that
characteristics of stress-strain curves highly depend on the corrosion
damage, the location, size and depth of dislocations [4]. According to
Kim et al. [2], tensile tests show that yield strength and ultimate strength
of structural steels are not significantly affected by corrosion if reduction
of geometrical dimensions are taken into account. On the other hand,
ultimate strain decreases nearly linearly with the increase of corrosion
damage. In addition, several research [2,5] pointed out the disappear-
ance of yielding plateau, or decrease in the length of yield plateau, in the
case of severe degradation due to high corrosion damage. Fig. 3a dem-
onstrates typical stress-strain curves taken from international literature
for non-corroded and corroded structural steel tensile test specimens;
corrosion damage (pw—Acorr/Atotal, Where Acorr and Agota) are corroded
and total intact cross-sectional areas, respectively) is denoted for each
curve. However, the same trend cannot be observed unambiguously for
reinforcing steel rebars according to Ou et al. [6]. Ultimate strain
decreased significantly in their tensile tests due to artificial corrosive
environment, while natural corrosion did not have an unequivocal ef-
fect. Experimental results for naturally corroded reinforcing rebars are
shown in Fig. 3b.

Corrosion is an extremely complex phenomenon, its formation and
change over time are influenced by several geometrical, structural and
environmental factors (e.g., humidity, temperature, exposure to salt
water, etc.). There are several deterministic and stochastic-based
corrosion models in the international literature for different steel ma-
terials as well as steel structures exposed to different corrosion effects.
An advanced time-dependent empirical corrosion model for steel
structures in marine environment was developed in 2012 by Paik and
Kim [3]. The model was used and extended by Tohodi and Sharifi [7] for
bridge structures in order to determine the load-carrying capacity of

Fig. 1. Side view of the Széchenyi Chain Bridge, main dimensions [m].
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locally corroded steel plate girder ends using artificial neural network.
Fig. 4 shows the flow chart of the proposed corrosion model of Paik and
Kim, and the time-dependent probabilistic characteristics of corrosion
damage as well. The statistical scatter of corrosion damage and reduc-
tion of plate thickness due to corrosion at any exposure time can be
analysed by the proposed method in a refined manner, using the
following 3-parameter Weibull function (Equation (1)) to characterize
the probability density distribution of the pit depth:

a—1 a

wa=5(5) el (5)] @
where d, is corrosion depth or pit depth, « is shape parameter, j is scale
parameter, while Y, is exposure time in years after the breakdown of the
coating and can be calculated as Y, = Y — Y., Y is the age of the steel
structure or specimen, and Y, is the corrosion protective coating life; the
formula assumes that there is no corrosion damage until the end of
coating life. On the other hand, the model includes the change of
corrosion depth and its probability density over time and in the function
of actual corrosion state.

Generally, the corrosion state can be modelled in finite element an-
alyses by using two different approaches. Firstly, solid elements can be
used in order to take the measured or hypothetical, corroded surface
(using minimum, maximum and mean corrosion depth or roughness and
corrosion models) into account by changing the nodal coordinates (i.e.,
upgrading the initial geometry configuration) of a flat surface based on
imposed displacement constraints [8]. Basically, it is a possible model-
ling approach when a detailed surface measurement is available using
three-dimensional scanning or roughness measurement with a
maximum grid size of 1 mm. Similar approach was used to model the
corroded chain elements of the studied bridge by Kovesdi et al. [1].

For realistic cases of structures under operating conditions when
such measurements are not available, the corrosion state can be
considered with an average reduction of plate thickness. Although the
corrosion damage and roughness of constituent steel plates is non-
uniform, and this could significantly affect the load bearing capacity.
Therefore, Kim et al. [2] proposed to calculate the effective plate
thickness t.ss based on laboratory experiments with tefr = tmean - S, Where
tmean and s are mean plate thickness and standard deviation of the re-
sidual thickness, respectively which can be even implemented in finite
element models using shell elements for large-scale structures. This
approach provides a relatively simple approach to model corrosion and
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even though determine the strength of corroded steel elements with fair
accuracy which is verified by laboratory experiments and tensile tests.

3.2. Reliability analysis-based design of steel structures

Annex C of EN 1990 [9], introducing the basis for partial factor
design and reliability analysis, defines the measure of reliability for the
failure mode considered within a corresponding reference period, i.e.,
design lifetime, by the survival probability Ps = 1 — P¢, where Ps is the
failure probability in reliability analysis-based calculations (Level IT and
III in Fig. 5). The structure should be considered to be unsafe if Ps is
larger than an appropriate prescribed target value Py since it does not
fulfil the design criteria of the EN 1990. In the current paper, analysed
structural members are verified by first order reliability method (FORM)
using Monte Carlo simulation; therefore, background of these ap-
proaches is introduced hereunder in detail. The advanced design
approach takes uncertainties of input variables into account based on
statistical analysis and makes risk assessment of damaged structural
elements possible. Generally, first order reliability methods (FORM) use
an alternative measure of reliability, instead of applying failure proba-
bility directly, defined by the reliability index $. The relation between
failure probability and reliability index is given in Table 1. Failure
probability and fulfilment of design criteria can be represented with a
performance function g = R — E, where R is resistance and E is effect of
actions, while P = Prob (g < 0) and g, R and E are probabilistic variables.
The structure is adequate if g > 0, while g < 0 denotes failure. Reliability
index can be calculated using # = pg/0g if g is a function with normal
distribution, where y; and oy are the mean value and standard deviation
of g, respectively. On the other hand, P; = 1 — Py is recommended to use
for the g performance function with non-normal distribution. Therefore,
deviation of the density function from normal distribution in the
calculation must be checked and the failure probability may be deter-
mined accordingly.

The target reliability index for ultimate limit state recommended by
the standard for a reference period of 1 year (a lifetime of 1 year) is
considered in the stochastic analysis, is #; = 4.7. This value includes the
effect of uncertainties of loading and resistance in a combined way. In
the present paper, only the resistance side is treated as a probabilistic
variable in the calculation and loading is considered as a deterministic
variable since probabilistic information on traffic loading was not
available. The standard provides the possibility to separate the two sides
at probabilistic level and therefore introduces the reliability index ag-f
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Fig. 2. Cross-section of the bridge before renewal, main dimensions [mm].
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Fig. 3. Stress-strain curves of a) structural steel [5], and b) reinforcing steel rebars [6] for different corrosion damages.

Collection of corrosion measurement data at various times

l

Statistical analysis of corrosion data at each time

:

Formulation of probability density function

for corrosion statistics at each time

:

Formulation of coefficients of probability

Probability density

density function as a function of time

:

Time-dependent empirical corrosion model

a) b)

Fig. 4. a) Flow chart of the corrosion model of Paik and Kim [3], and b) time-dependent probabilistic characteristics of corrosion damage [3].
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Fig. 5. Overview of reliability methods in EN 1990 [9].

(Fig. 6), which is used to determine the failure probability on the Actual values of probabilistic variables are determined using Latin
resistance side under deterministic loading using sensitivity factor ag = hypercube sampling method in order to perform Monte Carlo simula-
0.8. Design point P and failure boundary (S), where g =R — E = 0, are tion. This method differs from the traditional random sampling pro-
also shown in Fig. 6. cedure [10] since it avoids the grouping of selected values during
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Table 1
Relation between failure probability Pr and reliability index f based on EN 1990 [9].
P 107! 1072 1073 107 10° 107 1077
p 1.28 2.32 3.09 3.72 4.27 4.75 5.20
E/ O A

Ji

Fig. 6. Design point P and reliability index p according to the first order reli-
ability method for uncorrelated variables with normal distribution based on EN
1990 [9].

random generation. By completely random sampling, some ranges may
be left blank, and in other ranges, the points may be close to each other,
as shown in Fig. 7. Another advantage of the Latin hypercube sampling
technique is that it also selects from low probability values at the limit of
distribution, which is important in determining the characteristic (5%)
and design (1%o) resistance values. The number of samples (n) required
for the Monte Carlo simulation does not depend on the number of
probabilistic variables but on the desired probability. For a reliable
evaluation of the low probability ranges, a sample of n ~ 30/P to 100/P
is required, where P is the desired probability.

Thus, number of samples is n ~ 600-2000 for the characteristic
resistance (P = 5%) and n ~ 30,000 + 100,000 samples are justified for a
reliable result for the design resistance (P = 1%o). One possible solution
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for reducing samples is the application of the response surface meth-
odology. In this case, a response surface is fitted to the results obtained
during the Monte Carlo simulation using quadratic regression model.
However, the number of samples required for the proper fit of the
response surface during the first Monte Carlo simulation depends on the
number of probabilistic variables.

4. On-site measurements

During the preparation of reconstruction plans by the consortium of
Fémterv Co, MSc Ltd. and CEH Ltd, the following information was
available about the corrosion state of the bridge deck:

o Significant damage can be seen under the deck, mainly in the ele-
ments near the curb, and in the span near Buda there are also dam-
ages from vehicle collisions.

Strengthening of cross beams was required during the previous
reconstruction (between 1987 and 1988). Damage due to soaking is
mainly visible at the curb.

Severe corrosion damage can be seen on the two outer longitudinal
stringers (out of five longitudinal stringers) as a result of soaking
under the curb. The corrosion protective coating system of the steel
structure was destructed on the bridge.

Steel curbs on the outer sides of pedestrian sidewalks are severely
damaged.

The reinforced concrete deck was built after the Second World War
and was not changed during the reconstruction in 1987-1988. Due to
soaking of the insulation, the edge bands of the deck were severely
damaged, and the chloride ion content was measured to be very high.
e Water was leaking through expansion joints.

Since the present study focuses on the bridge deck, therefore solely
the corrosion state of the longitudinal stringers, cross beams and rein-
forced concrete deck is described in this section. Measurement data
based on the condition survey carried out in November 2019 serve as
input for the static calculations and reliability analysis presented in the
following sections.

Extraction of concrete samples from the reinforced concrete slab was
carried out at five locations to determine the strength characteristics of
concrete and the corrosion grade of the reinforcing rebars. Following
conclusions were drawn based on the investigation. Firstly, top rein-
forcement was undamaged at all the five sampling locations and plain
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Fig. 7. Random (left) and Latin hypercube (right) sampling methods.
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reinforcing rebars are used with average diameter of 8 mm in the lon-
gitudinal direction. Bottom reinforcement was corroded, concrete cover
detached due to the evolving rust in several places (Fig. 8a and b).
Spacing and location of reinforcement is not uniform in the examined
locations, it varies along the length of the bridge, while the disorder of
reinforcing rebars can be observed in several places, as shown in Fig. 8c.
The concrete cover of top reinforcement is uniformly 4-5 c¢cm, which is
significantly larger than the 2 cm assumed in the static calculation of the
time. Transverse reinforcement spacing is 7.5 cm at two tested locations
and 10 cm based on the other three sample locations, while the spacing
of longitudinal rebars is typically between 4 and 5 cm. Chloride content
of drilled dust samples in all cases exceeded the limit value of 0.4 m% by
3-11 times. Thus, the concrete slab is heavily contaminated with chlo-
ride ion, which may result from the increase of salt concentration due to
frequent drying after soaking, or from salt vapour engaging unprotected
concrete surfaces. Concrete of the slab is very porous with low density
(average value of 2212 kg/m®). The mean compressive strength is 30.8
MPa, which corresponds to the concrete quality of C16/20 according to
the currently valid MSZ 4798:2016 Hungarian standard.

The corrosion conditions and corrosion state of steel elements were
examined, and the following conclusions were drawn based on the
pointwise measurements. The corrosion state of outer longitudinal
stringers was critical, since locally, in the vicinity of the joint of stringer
and cross beam by the expansion joint the average corrosion damage
depths (or corrosion waste, i.e., reduction of thickness) was 80% in the
web (Fig. 9a), although the web was perforated in few locations, while a
section loss of ~20% could be measured in the lower and upper flanges
in several places (Fig. 9b). In addition, there were local corrosion defects
covering a smaller area with a corrosion waste of 5-10% at many places
(Fig. 9c¢). The inner three longitudinal stringers were in a condition
corresponding to the age, without significant corrosion damage
(Fig. 9d).
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5. Numerical model development

A numerical model is developed in ANSYS, a general-purpose finite
element program in order to investigate the influence of corrosion on
structural performance and reliability of the deck plate by using first-
order reliability method (FORM) and performing geometrically and
materially nonlinear analysis with imperfections. Large deflection ef-
fects are included in the static analysis, while stress stiffening effects are
automatically included in all geometrically nonlinear analyses in the
program. Sparse solver is used with full Newton-Raphson method
updating the stiffness matrix at each equilibrium iteration. In addition,
line search option is activated to improve the efficiency of the iterative
method. Automatic time stepping is turned on to control incremental
force-controlled loading. A combined finite element model is developed
using beam, shell and solid elements. A segment of the bridge with a
length of ~11.5 m is modelled containing four cross beams. Steel truss
stiffening girders, chain elements, suspension bars, the wind bracing
system and reinforcing rebars are modelled using linear two-node beam
elements (BEAM188). The finite element type is based on Timoshenko
beam theory including shear deformation effects and permits unre-
strained warping of cross-sections. Steel cross beams and longitudinal
stringers are modelled using linear four-node shell elements (SHELL181)
using reduced integration scheme. The finite element type is based on
first-order shear deformation theory (Mindlin-Reissner shell theory).
Low-order eight-node hexahedral elements (SOLID185) with enhanced
strain element technology and pure displacement formulation are
applied in the reinforced concrete deck. Multilinear kinematic hard-
ening models are used for steel, concrete and reinforcing rebars (sche-
matic representation in Fig. 10) in the numerical simulations using von
Mises yield criterion and associative flow rule.

Different material properties are used in deterministic and stochastic
analyses. All material properties are set to characteristic values in

Fig. 8. a-b) Corrosion of bottom reinforcement and detachment of concrete cover due to rust and c) disorder of reinforcing rebars (Source: Provix Hid Ltd.).
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Fig. 9. Corrosion state of a) outer longitudinal stringer near the expansion joint, b) lower flange of outer longitudinal stringer, c) smaller areas with local corrosion

defects and d) inner longitudinal stringers (Source: Provix Hid Ltd.).
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Fig. 10. Applied material models for a) steel, b) concrete and c) reinforcing rebars.

deterministic calculations, while properties are considered probabilistic
variables in probability analysis. Yield strength for structural steel and
compressive strength for concrete are taken into account with the cor-
responding mean values and standard deviations. The recommendation
of Joint Committee on Structural Safety (JCSS) is applied for the prob-
ability distribution of structural steel and reinforcing rebars by setting
the mean yield strength as an increased nominal value (fyom) by 14%,
while the coefficient of variation (v) is 0.07. Normal distributions are
assumed for the material properties with the following input data:

¢ longitudinal stringers, cross beams, truss stiffening girders, chain
elements, suspension bars and wind bracing system (structural steel

$235)

Note: Yield strength fix = 235 MPa is used in deterministic

calculations, while mean value fyy = 1.14-fyx and coefficient of variation
vgy = 0.07 are applied in stochastic analysis.

o reinforcing rebars (steel grade B240B equivalent to steel grade
36.24)

Note: No measurements were performed, while steel grade was not
indicated in the original calculations. The documentation from 1948
denotes permissible stress equal to 140 MPa for rebars, which is
approximately identical to 144 MPa for steel grade B240B recommended
in Hungarian standard UT 2-3.414. Yield strength f = 240 MPa is used
in deterministic calculations, while mean value fs,, = 1.14-fg and co-
efficient of variation v¢; = 0.07 are implemented for stochastic analysis.

e concrete slab (C16/20)
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Note: Concrete compression tests give a mean compressive strength
fem = 30.8 MPa and coefficient of variation v. = 0.16, used in stochastic
analysis, yielding characteristic value fix = 30.8 MPa-8 MPa = 22.8 MPa
according to EN 1992-1-1 [11]. However, characteristic compressive
strength f.x = 16 MPa based on concrete strength classes of the standard
is used in deterministic calculations.

Locations and the extent of corrosion are taken into consideration in
the numerical model based on on-site measurements and general
corrosion assessment of the bridge. The following average (mean)
corrosion damage depths (or corrosion waste, i.e., reduction of thick-
ness) are taken into account for steel parts in the finite element model:

e upper and lower flanges of outer longitudinal stringers in general:
50%,

web of outer longitudinal stringers in general: 30%,

web, upper and lower flanges of inner longitudinal stringers in
general: 10%,

upper and lower flanges of outer longitudinal stringers near the
expansion joint: 50%,

web of outer longitudinal stringers near the expansion joint: 80%,
web of outer longitudinal stringers aside the stiffener above the
corbel (near the expansion joint): 80%,

reinforcing rebars at the bottom of the slab: 30%.

The given values are considered in the initial configuration for
deterministic analysis, while in the stochastic analysis these are the
mean values in the corresponding probability density functions.

Two typical cross-sections are investigated: i) longitudinal stringers
near the expansion joint and ii) internal longitudinal stringers. Longi-
tudinal stringers are supported by corbels, while upper flanges are
continuous above the cross beams. Location and rebar spacing of lon-
gitudinal and transverse reinforcing rebars are modelled based on on-
site measurements as original reinforcement construction drawings
did not remain. Isometric and cross-sectional views of the submodel are
shown in Figs. 11 and 12, respectively. Each end section of the model is
constrained in order to represent the boundary conditions of the sub-
model. Joints between the slab and steel flanges are modelled by
defining sets of coupled degrees of freedom in vertical and transverse
directions. A mesh sensitivity analysis was carried out to verify the finite
element model. Based on the model verification, the average applied
element size is 400 mm; however, longitudinal stringers have a finer
mesh using shell elements with an average size of 70 mm. The numerical
model contains 12,500 finite elements and 14,400 nodes.

Design of the reinforced concrete slab in ultimate limit state is based
on analytical calculations as height of the compression zone is pre-
calculated in the analysed cases assuming tensile strength of the con-
crete can be ignored. Thus, finite elements in the tensile zones
representing concrete material are inactivated. An algorithm is

cross beam truss stiffening

a) girder
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developed to determine the extension of cracking in all the load cases
and rebuild the slab based on analysed location and material properties.
Thickness of the slab is decreased by 20 mm-130 mm (plus the haunch
has a height of 20 mm above the longitudinal stringers) since lower
concrete cover is practically missing, while upper reinforcing rebars are
trampled down in the majority of the cases resulting in a concrete cover
of 40-50 mm. The modelling concept of reinforced concrete slab in the
outer span is shown in Fig. 13 assuming that the outermost longitudinal
stringer does not resist any load due to a severe corrosion state. It may
seem to be a rough assumption, but on-site measurements highlighted
that it could be a possible scenario.

Permanent loads (self-weight and an asphalt layer with a thickness of
9 cm) and the permitted traffic loads are considered in the numerical
investigation. Traffic load model of European standard EN 1991-2 is not
used in the static verification since traffic is limited on the bridge due to
the demonstrated circumstances. Thus, load model ‘C’ (Fig. 14) ac-
cording to Hungarian standard UT 2-3.401 is applied with axle loads of
66.6 kN and 133.3 kN (distribution of forces in the asphalt layer is taken
into account with an angle of 45°). Axle loads are multiplied by a dy-
namic amplification factor of 1.4 determined for the deck system. Note
that the new orthotropic bridge deck has been designed considering
predefined bus types crossing the bridge daily with maximum axle load
of 125 kN, which is smaller than 133.3 kN; therefore, the current static
verification is on the safe side regarding traffic loading.

Two load cases are analysed for both investigated parts (longitudinal
stringers near the expansion joint and internal longitudinal stringers).
Both locations of maximum positive bending moment and maximum
shear force of the longitudinal stringer are analysed. In addition,
maximum positive bending and punching of the slab are also investi-
gated. Thus, five load cases are evaluated in the numerical calculations
and approximate structural resistances are assessed based on deter-
ministic analyses. On the other hand, reliability index is evaluated for
the most hazardous load case using stochastic analysis. Fundamental
combination of actions for persistent or transient design situations is
used in both deterministic and stochastic analyses according to EN 1990
(Section 6.4.3.2, equation 6.10). Partial safety factors are yg = 1.35 for
permanent loads and yq = 1.35 for traffic load. The five load cases are as
follows based on the position of concentrated traffic load (Figs. 15 and
16):

a) Load case 1 (LC1): stringer beside the expansion joint, maximum
positive bending moment,

b) Load case 2 (LC2): vicinity of the expansion joint, maximum shear
force,

c) Load case 3 (LC3): internal stringer, maximum positive bending
moment,

d) Load case 4 (LC4): internal stringer, maximum shear force,

Fig. 11. Isometric view of the finite element model a) with and b) without reinforced concrete slab.
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Fig. 12. Cross-sectional view of the finite element model.
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Fig. 13. Modelling concept of reinforced concrete slab in the outer span.
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Fig. 14. Traffic load model ‘C’ according to Hungarian standard UT 2-3.401 [12].

Fig. 15. Traffic load position in transverse direction.
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Fig. 16. Traffic load position in longitudinal direction.



B. Kovesdi et al.

e) Load case 5 (LC5): similar to LC3, but traffic loads induce maximum
bending moment in the slab in transverse direction.

Equivalent geometric imperfections are included in the models in
order to determine the load carrying capacity of the analysed structure.
Imperfections are defined based on the appropriate eigenshapes of the
structure representing local and global buckling modes using linear
bifurcation (eigenvalue) analysis. The magnitudes of applied imperfec-
tions have recommended values in EN 1993-1-5 Annex C [13]. Equiv-
alent geometric imperfections consider initial geometric imperfections
of members as governed by geometrical tolerances, structural imper-
fections due to manufacturing and erection, residual stresses, and the
variation of yield strength according to EN 1993-1-1 [14]. Different
eigenshapes are used depending on the dominant failure mode for each
load case (Fig. 17). Plate buckling mode (Fig. 17a) is scaled in case of
maximum positive bending moment (LS1, LS3 & LS5), while shear
buckling mode (Fig. 17b) is used in case of maximum shear force (LS2 &
LS4). Local out-of-plane imperfections with a magnitude of h,/200,
where hy, is the web height, are defined in both cases.

Within the analysis three different failure scenarios are examined as
follows:

e the reinforced concrete deck has an adequate strength to resist the
loads, the failure of longitudinal stringers and cross beams are ana-
lysed and assessed based on the corrosion state surveyed in 2019,

o the failure of corroded reinforced concrete deck with defects is

analysed based on the condition survey, while steel elements can

resist loads without any failure,

the failure of corroded reinforced concrete deck and mostly corroded

steel members (near the expansion joint) is analysed simultaneously

analysing whether substantially corroded longitudinal stringers fail
to resist loading and what would be the reliability of the reinforced
concrete deck to resist loads.

Definition of failure scenarios and separation of the damage within
the concrete and the steel elements were necessary to be able to sepa-
rately evaluate the risk of the analysed critical structural members. In
the present paper only the third scenario is presented in detail, making
the optional combined failure of the concrete slab and steel stringers
possible.

6. Results of deterministic numerical calculations

First, deterministic analyses are carried out before performing sto-
chastic analysis in order to determine the most hazardous load case. Two
analysis types are included in deterministic numerical calculations: i)
geometrically and materially nonlinear analysis with imperfections
(GMNI analysis) for the determination of load carrying capacity as it is
introduced in the previous section, and ii) geometrically nonlinear
analysis with imperfections (GNI analysis) neglecting material non-
linearities in order to evaluate where elastic and plastic structural be-
haviours come apart and to assess load factors designating the presence
of first yield in the modelled bridge segment. The presented results for
the two most relevant load cases (LC2 & 5) focus on the introduction and

a)

Fig. 17. Eigenshapes based on bifurcation analysis: a) plate buckling due to bending stresses and b) shear buckling.
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evaluation of load factor based on force-vertical displacement curves
and failure mechanisms. One node of the analysed longitudinal stringer
below the rear axle is selected for comparison purposes. Calculated
vertical displacements of the upper flange are evaluated. Load factors
are denoted in the vertical axis representing the scaling factor for per-
manent loads and the applied traffic load model. A load factor of 1.0
means the fundamental combination of actions for persistent or tran-
sient design situations including partial safety factors and the dynamic
amplification factor.

The vicinity of the expansion joint is analysed in load case 2 (LC2),
where the rear axle of the traffic load model above the corbel of the
stringer represents the loading situation for maximum shear force. The
load factor-displacement curves and the difference of GMNI and GNI
analyses are presented in Fig. 18. The failure mechanism is shown in
Fig. 19 showing increasing load factors, out-of-plane displacements, and
von Mises stresses. Curves come apart with load factor ¢ = 0.55 due to
shear buckling of stringer web (Fig. 19b) and first yield (Fig. 19¢). The
characteristic load factor @ = 1.05 denotes the characteristic resistance
in conjunction with partial factor yy; = 1.10 for stability resistance of
shear buckling according to EN 1993-1-5 [13], resulting in utilization n
= 105%.

The rear axle of the traffic load model is positioned in longitudinal
and transverse directions in order to analyse the maximum positive
bending moment of the reinforced concrete slab in load case 5 (LC5).
Load factor-displacement curves and the difference of GMNI and GNI
analysis are presented in Fig. 20. The failure mechanism is presented in
Fig. 21 showing increasing load factors, von Mises stresses and strains.
Curves come apart with load factor @ = 1.01 due to first yield (Fig. 21a).
Nevertheless, it does not mean the failure of the entire structure.
Hardening and redistribution of moments (reinforced concrete slab re-
sists increased load instead of longitudinal stringer after yielding) result
in further load increments. Failure of the concrete slab (Fig. 21b), be-
tween the second and third stringer in transverse direction, by reaching
the ultimate compressive strain (e; = 0.35 %) occurs at load factor a =
2.09.

On one hand, sufficient resistance of the analysed concrete deck is
proved in accordance with on-site measurements and traffic limitations
on the historical Széchenyi Chain Bridge, however, the stringers show

T
— 0| failure of web s design load ]
by (e =1.08) b (o =1.00)
C g
506+ = 1
&
=
& 04 b
Q N
i | end of linearity
02t - — —GNIA (o =0.55) 4
——GMNIA

0 L . . . . . .
-4 3.5 -3 2.5 2 1.5 -1 0.5 0

Displacement [mm]

Fig. 18. Load factor-displacement curves, LC2.

b)



B. Kovesdi et al.

-1 -.333333 1. 66667

- . 666667

.333333
-.5558-16

a) a=0.21

. 666667 1.33333

zone of plastic
deformations

52.2222 104.444
78.3333

¢ a=055

6.667

208.889
182.778 2

235

15
130.556

26,1117

Results in Engineering 15 (2022) 100555

shear buckling

. I

=~1..58585

2.48821
3.17014

8585 1.12766 2.85096

.44€832 1.80849

b) a=0.55

=
-.914821 4.53179

~3.4%62 -.324189

3.18782
-2.08019 1.43182 4.94383

d) o=105

6.69983 10.2118
8.45582

11.9678

Fig. 19. Failure mechanism, LC2, a, b, d) out-of-plane displacement Ux [mm] and c) von Mises stresses [MPa].
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Fig. 20. Load factor-displacement curves, LC5.

5% overloading. It should be noted that deterministic calculations do
not consider uncertainties in corrosion damage depth and thus the effect
on reliability. Average corrosion damage depths based on on-site mea-
surements are applied in latter calculations; however, corrosion waste
can be both more or less resulting in severe or slight reduction of plate
thickness. Therefore, the risk assessment analysis of the deck is carried
out using stochastic finite element analysis, which is introduced in the
next section.

7. Results of stochastic numerical simulations
7.1. Input data of the simulation

A total of five probabilistic variables are used in the stochastic
analysis, the parameters are summarized in Table 2, where t,, and t; are
web and flange effective thickness, respectively.

Examples for probability density functions of remaining thickness of
corroded plates considered in the model are shown in Fig. 22. The effect
of surface roughness and non-uniformity within the plates is considered
using the effective plate thickness approach. Actual values of probabi-
listic variables are determined using a Latin hypercube sampling method
in order to perform Monte Carlo simulation.

In this case, a total of at least n = 32 virtual experiments are required
for 5 variables. Therefore, n; = 32 samples are used for the Monte Carlo

simulation performed in the first step. Afterwards, another Monte Carlo
simulation is applied to the fitted response surface, where random
sampling is also performed based on the given distributions. However,
load bearing capacities in this case are not determined by new analyses
but by using the approximation function generated for the response
surface. In this second simulation step, ny = 100,000 is used, which
meets the requirements given above for minimum sampling number.

7.2. Simulation results and risk assessment analysis

Deterministic calculations showed the most hazardous load case is
LC2, where the vicinity of the expansion joint is analysed and the rear
axle of the traffic load model, above the corbel of the stringer, represents
the loading situation for maximum shear force. Therefore, the stochastic
analysis is also carried out focusing on this load case and the corre-
sponding failure mode (shear buckling of stringer web). Probability
density function of simulated load factor o based on Monte Carlo
simulation is shown in Fig. 23 in accordance with fitted probability
density functions, while corresponding distribution functions are shown
in Fig. 24. Characteristic load factors are also shown in the figure by
intersecting cumulative distribution functions with a constant line rep-
resenting Pr = 5%. A relatively large coefficient of variation is evaluated,
which is a result of the corrosion model and high level of uncertainty
associated with corrosion damage depth. Four types of probability dis-
tributions are fitted to numerical data in order to (i) verify whether
assumption of using formulae for the reliability index in EN 1990 for
normally distributed data can be applied, and (ii) determine which
probabilistic variable governs the failure. The following probability
distributions are used in the comparison (parameters describing each
distribution, which are denoted in Fig. 23, are also listed):

e normal (Gaussian): mean p, standard deviation o,

e lognormal: mean of logarithmic values p, standard deviation of
logarithmic values o,

e Weibull (type III extreme value distribution): scale parameter o,
shape parameter f,

e Gumbel (type I extreme value distribution): location parameter ,
scale parameter c.

Fitted probability density functions and cumulative distribution
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Fig. 21. Failure mechanism, LC5, a-b) von Mises plastic strains [—] and c) von Mises stresses in reinforcing rebars and longitudinal stringers [MPa].

Table 2
Applied probabilistic variables and stochastic parameters.
Variable Distribution =~ Mean value Additional
parameters
Yield strength of fy Normal 268 MPa vgy = 0.07
structural steel
Compressive strength of o Normal 30.8 MPa ve =0.16
concrete
Yield strength of fs Normal 274 MPa vgs = 0.07
reinforcing rebar
Corrosion damage of de, Weibull 80% near a=10;p =
longitudinal stringer w expansion joint 0.2t
web 30% in general o« =10;f =
cases 0.7 tw
Corrosion damage of de, Weibull 50% near a=10;p =
longitudinal stringer £ expansion joint 0.5t
flange 50% in general o« =10; =
cases 0.5:-t¢
2 T T T T T T T T T
é‘ - — —Flange
Zist Web 4
<
=
o
-DO 05 L L B
£ . \
- -
0 ) a— - . = .
0 1 2 3 4 5 6 7 8 9 i

Plate thickness [mm]

Fig. 22. Weibull probability density functions for flange (a« = 10, p = 0.5-13.5
mm) and web near the expansion joint (a = 10, § = 0.2:9.4 mm).
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Fig. 23. Monte Carlo simulation-based and fitted probability density functions
of load factor a.

functions show extreme value distributions, Weibull and Gumbel, are
capable of describing the realistic behaviour. However, quantile-
quantile plots (q-q plots) are added (Fig. 25) to visualise and assess
whether Monte Carlo simulation-based sample data comes from a
specified distribution. If the distribution of the sample data is in accor-
dance with the specified distribution, the plot appears linear (shown
with red dashed line). Based on Fig. 25¢, Weibull distribution is the best
choice for tracking the phenomenon of shear buckling of the corroded
web plate. It is in agreement with the design formula in EN 1993-1-5
which depends on the cross-sectional area of the web and the slender-
ness of the analysed plate. Both parameters include the corrosion
damage, which is considered by Weibull distribution. On the other hand,
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Fig. 24. Monte Carlo simulation-based and fitted cumulative distribution functions.
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Table 3
Results of the stochastic analysis.
Parameter Simulation  Distribution
Normal Lognormal  Weibull ~ Gumbel
Characteristic value 1.236 1.256 1.259 1.216 1.185
e (5%)
Design value 0.906 1.071 1.104 0.901 0.781
o (1%0)
P¢ [%] 0.279 0.013 0.001 0.392 1.032
Py =1 - P [%] 99.721 99.987 99.999 99.608 98.968
M1 = O/t 1.36 1.17 1.14 1.35 1.52

material parameters are taken into account with normal distributions;
however, it is shown that reduced plate thickness due to corrosion
governs the structural behaviour.

In addition, results of the stochastic analysis are summarized in
Table 3. Characteristic and design load factors are determined for Pf =
5% and 1%o, respectively. Failure probability is also assessed for load
factor equal to 1, which is equivalent to the condition of the perfor-
mance function g < 0. The table includes survival probability Py = 1 — P¢
as well since reliability index # cannot be used in the analysed case
(applicable only for normal distributions). Based on the g-q plots, Wei-
bull distribution fits sample data well, which is a non-normal distribu-
tion. Another important finding of the research is that design value could
be evaluated in general by using the characteristic value and yy; = 1.10
for stability resistance according to EN 1993-1-5. However, it is shown
that the ratio of characteristic and design values is 1.36 for the Monte
Carlo simulation-based sample data, which highlights the significance of
using different partial factors for considerably corroded steel elements.
These results show the partial safety factor for the given case do not
provide enough safety. Current results call the attention to the
improvement of the partial safety factor for corroded members, that
needs more investigations, measurements and calculations.

Data in the table are in accordance with the q-q plots. Weibull dis-
tribution gives the closest results to the simulation results. Survival
probabilities show that normal and lognormal distributions are on the
unsafe side regarding design theory and risk assessment, while Weibull
and Gumbel distributions are on the safe side.

It can be stated that corrosion damage of steel plates governs the
failure mode and ultimate load level. Thus, the best fitted probability
function uses Weibull distribution, which is demonstrated by q-q plots,
survival probabilities and evaluated partial factors as well. Based on the
numerical simulation results the failure probability (Pp) is equal to
2.79-10~2 which is significantly larger than the target value according to
the EN 1990 regarding 1 year lifetime (§ = 4,7; Py = 107). Therefore,
the bridge deck can be verified only by the reduction of the loading side
to keep the bridge in operation for one additional year. It is well-known
that the dynamic amplification factor can be significantly smaller than
the currently used design value (& = 1.4), especially for bridges in
downtown area with relatively small traffic loads. Therefore, reduction
of the dynamic amplification factor could be made based on previous
experiences or on-site measurements, which increases the survival
probability.

8. Summary

Numerical model-based risk assessment and resistance calculation
has been executed to evaluate the reliability and usability of the
corroded deck system of the historical Széchenyi chain bridge. The
paper introduced the applied risk assessment methodology, which
contains the following key aspects: (i) corrosion grade evaluation based
on on-site measurements, (ii) GMNI analysis-based resistance calcula-
tion using advanced numerical models, and (iii) FORM analysis using
Monte Carlo simulations performing GMNIA calculations. The resistance
of the bridge deck system has been determined by deterministic and
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stochastic methods. Their advantages, disadvantages, differences, and
limitations are highlighted in the paper.

The presented novel resistance calculation method and risk assess-
ment technique made it possible to keep the bridge for one additional
year in operation until the refurbishment process could be prepared and
started. The analysis and evaluation method are presented in the paper
to demonstrate a powerful tool to analyse aging historical structures and
serves as a case study and correct application for further investigations.
It is also a demonstrative example to combine advanced finite element
model-based design (direct resistance verification using GMNI analysis)
and Monte Carlo analysis-based risk assessment. Based on the current
investigations the following four main conclusions can be summarized:

- risk of failure is determined and specified for the governing optional
failure mode for this particular structure,

- results of the stochastic analysis show that Weibull-type distribution
fits sample data well,

- risk of failure and reliability index for the given lifetime period of
corroded members should not be calculated based on normal
(Gaussian) distribution,

- corrosion results in a highly unsymmetrical distribution, which

should be considered in the risk assessment,

survival probability Ps should be determined instead of the reliability

index () for non-normally distributed performance function in the

case of corroded members,

by determining the characteristic and design values of the shear

buckling resistance the applicability of the partial safety factor (yp

= 1.10) is questioned for corroded steel members since corrosion
increases uncertainties of the resistance side.
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