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Abstract

Natural disasters are unavoidable and can cause serious damage to bridges, which may lead
to catastrophic losses both human and economic. In the US more than 45% of bridge collaps-
es are caused by flood events in which more than one-third are caused by scouring effects. In
2015, part of the Tadcaster bridge, a masonry arch bridge in North Yorkshire UK, collapsed
during a flooding event. This tragedy was followed by another one in 2019 when a masonry
bridge collapsed in the same county. Therefore, the assessment of bridges susceptible to these
events is of paramount importance as to identify possible mitigation needs. The objective of
the present paper is to present a consistent framework to obtain the reliability index of a ma-
sonry arch bridge (MAB), under flood hazard that is subject to local scour, using surrogate
models to reduce the computational effort of the probabilistic analysis. The proposed frame-
work is tested on a MAB located in Portugal. A two-dimensional numerical model is con-
structed where the random variables that affect the structural capacity and the scour
geometry were considered. The results show the failure mechanism of the MAB when subject-
ed to scour-induced settlements, therefore allowing to identify the vulnerable zones along the
arch’s length. The presented methodology can be used to assess the bridge performance un-
der a flood event, thus providing useful information for bridge management and monitoring.
Moreover, it can be further developed to include fragility analysis and vulnerability assess-
ment.
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1 INTRODUCTION

Bridges have a higher design life than most common structures. During this period, bridge
management is fundamental to maintain a satisfactory performance of the structure. To
achieve this goal, information regarding the state of the bridges is essential when making de-
cisions that involve the maintenance of the structure [1]. Masonry arch bridges (MAB) repre-
sent a large part of the European network (railway and roadway), hence by identifying the
safety level of the bridge, suitable maintenance strategies can be applied [2].

Bridges are structures that face harsh environmental condition; therefore, should be able
to withstand potential hazards such as flooding, earthquakes, among others [3]. Natural disas-
ters are often unavoidable and can cause serious damage to bridges, which may cause cata-
strophic losses both human and economic. Floods account for a large percentage of all bridge
failures [4]. Nowadays, the effects of climate change may produce larger and more frequent
peak river discharges, which could induce the mobilization of sediment from riverbeds, and
around piers and abutments (i.e., increased risk of scouring). Bridge collapses have been ex-
perienced worldwide. In 2015, part of the Tadcaster bridge, a masonry arch bridge in North
Yorkshire, collapsed during a flood event [5]. Therefore, the assessment of bridges suscepti-
ble to these phenomena (namely tlood, scour, trapped debris, among others) is of utmost im-
portance as to identify possible mitigation needs.

When assessing bridges under loading conditions resulting from environmental conditions,
the lack of available information causes high uncertainties when representing the environmen-
tal actions and the parameters of the materials [2]. Explicitly considering the uncertainties can
mitigate this lack of information. Moreover, limit analysis-based structural assessment in
combination with probabilistic-based approaches has been used to predict ultimate loading
carrying capacity and safety verification of Portuguese MAB [6]. Thus, a full probabilistic
analysis for the reliability-based assessment of MAB under floods for ultimate limit states
should be implemented.

Due to the complexity of the probabilistic analysis, the objective of the present work is to
propose a consistent framework to reduce the computational costs to obtain the reliability in-
dex associated with a failure mode of masonry arch bridges (MAB) under flood hazard. This
will allow to assess the performance of bridges that may affect the efficiency of important
sections of the roadway network if damaged by a flood event. The proposed framework is
tested on a MAB “Ponte da Vala do Carregado™ located in Portugal. A numerical model is
constructed in LimitState:GEO software (http://www.limitstate.com) [7]. The model imple-
mented the random variables that affect the structure capacity [2] and the scour geometry,
such as shape and depth derived from flood conditions [8].

2 METHODOLOGY

The methodology considered in this work is shown in Figure 1. First, a numerical model
is developed using a software based on limit state analysis. Then, a surrogate model is defined
to perform a sensitivity analysis which allows to identify the most influent variables on the
ultimate capacity of the bridge [2]. Later, a new surrogate model based on the most relevant
variables is introduced which uses a low number of evaluations, thus reducing the computa-
tional costs of the full probabilistic analysis [6], [9]. Finally, the reliability index is computed
based on the subset simulation technique [10].

For this study, the procedure was implemented for different scour profiles. This approach
allows assessing the bridge reliability under local scouring from a case study.
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Figure 1: Framework for reliability assessment of MAB under local scouring.

3 NUMERICAL MODEL

The case study “Vala do Carregado™” is a railway masonry arch bridge located in Vila
Franca de Xira, Portugal (see Figure 2). The three-span bridge has a total span of around 30m,
and it is supported by direct foundations. Earliest reports of the bridge date from 1881 when
the bridge was built. After that, there is information regarding reinforcement of the arch barrel,
until subsequent studies were conducted, and it was concluded that the bridge should be re-
placed [11].

According to the performed studies, it was found that the bridge foundations presented
poor soil conditions, which were incompatible with the foundation system, and hydraulic ca-
pacity was below the requirements of the design flood (corresponding to a 100-year return
period) [11]. For these reasons, the Vala do Carregado bridge before being replaced is consid-
ered as representative of the typical Portuguese railway masonry arch bridges which require
particular attention.

10,25 10,38 10,29

Figure 2: Case study (dimensions in meters).
A two-dimensional limit state model was developed using LimitState:GEO which is de-

signed to rapidly analyze the ultimate limit state for a wide variety of 2D geotechnical prob-
lems by using the computational limit analysis technique named Discontinuity Layout
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Optimization (DLO) [12]. The software was selected due to the reliability of its results when
assessing the collapse mechanisms of MABs, while allowing to model the soil parts of the
bridge and its interaction with other materials (e.g., concrete, masonry) [13]. Moreover, the
software allows fast and computational efficiency which is key when performing probabilistic
analysis.

Only the parameters defining the yield surface are required for the material models used
by LimitState:GEO. The following models were used to define the different components of
the case study: (i) a Mohr-Coulomb model was employed to represent the soil parts of the
bridge, namely riverbed and backfill; (ii) fully rigid blocks, where no slip-line can pass
through it at any load, were utilized for modelling masonry blocks and foundations; and (iii)
cutoff materials were used to model joints, which allows modelling tension cracks or crushing
by limiting the tensile or compressive stress, respectively [12].

Load models are used to represent the real loading that a bridge is subjected to. Some
studies have been made regarding the reliability of Portuguese MABs, which are based on the
documentation provided by the Portuguese railway authorities (Infraestruturas de Portugal)
[2]. The load model is composed of four-point loads spaced by 1.6 m. Two distributed loads
are also defined within the load mode, but studies have shown that even by not considering
them the most unfavorable case scenario is still achieved [14].

By assuming that there is no failure (nor excessive deformation) in the spandrel walls,
then the bridge capacity will depend mainly on the arch barrel and the backfill. Therefore, 2D
limit state analyses are best suited for in-plane assessment of bridge reliability. Nevertheless,
it is worth mentioning that bridges with increased backfill height are more vulnerable to out-
of-plane failure of the spandrel (i.e., less load carrying capacity) [15].

The water table was assumed to be acting on top of the structure due to the inadequacy of
the masonry arch bridge to withstand the design flood (100-year return period) as concluded
by the hydraulic modelling [11]. Moreover, studies have been made showing the effects of the
water level in MAB, in which for a fully submerged bridge (with backfill fully saturated) a
reduction in its load-bearing capacity near 40% was found [7]. Thus, to have the most unfa-
vorable scenario, all soil materials are considered fully saturated and a water table near the
surface level is assumed.

Figure 3: Scour profiles (No scour, minor, moderate, and extensive).

The scour cavity is affected by several factors including soil type, flow velocity and tur-
bulence, and foundation geometry [16]. Studies have been made in which several shapes for
local scouring were defined and studied [8].

There are three main forms of scour around foundations, upstream, downstream and at the
sides. When analyzing in-plane behavior, only the effects of the local scour due to the separa-
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tion of the flow (i.e., at the sides) will be considered. The profile geometry was defined by
considering not only different damage states but scour depths and shape of the foundation.
Figure 3 depicts the proposed scour cavities which represent different damage levels (minor,
moderate, extensive) which are related to the ratio between scour depth and foundation height
(ds/D equal to 0.50, 1.00, 1.36) [8], [16], [17].

By analyzing the ultimate capacity of the bridge in terms of an adequacy factor (see Fig-
ure 4), which is based on how many loads increments the structure can withstand before col-
lapsing, it is possible to evaluate the safety level of the bridge. In the following chapter, a
stochastic approach is conducted to evaluate the reliability of the structure under the effects of
local scouring.

(a) (b)

Figure 4: 2D Limit-state model without local scouring (a) geometry (b) failure for an adequacy factor of 4.235

4 PROBABILISTIC ANALYSIS

In structural design, there are many uncertainties related to loading and load-carrying ca-
pacities. Fundamentally, structures do not have a zero probability of failure due to the random
variables involved in the design, construction, and operation processes [18].

To compute the reliability index of the case study, first some random variables that are
involved in the load-carrying capacities of the structure must be defined and assessed. Re-
sistance parameters and density of each material comprising the structure are considered. In
Table 1, each variable with its distribution type and parameters are presented.

ID Description Element  Nominal Values  Units CV (%) Type Reference
FAs Friction angle Soil 34,61 tan(¢p) 10,0  Lognormal [19]
SDs  Saturated density Soil 20,50 kN/m3 5,0 Lognormal [19]

Dc Density Concrete 25,00 kN/m3 10,0 Gaussian [20]
SDg  Saturated density Backfill 20,00 kN/m3 12,5 Gaussian [21]

Cs Cohesion Backfill 30,00 kPa 15,0 Gaussian [6]
FAg Friction angle Backfill 30,00 ° 10,0 Gaussian [6]

Dum Density Masonry 16,00 kN/m3 10,0 Gaussian [22]

Table 1: Random variables used in the probabilistic analysis.

4.1 Surrogate model

The use of reliability methods is limited due to the vast computational cost they often re-
quire. Therefore, metamodeling techniques (e.g., polynomial chaos, kriging, among others)
have been widely used. Comparisons between different surrogate models have been conduct-
ed, and Kriging based metamodels using subset simulations (AK-SS [10]) have been proven
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to be efficient to describe non-linear limit state functions, allowing a great representation of
the behavior of the function using 19 evaluations [9]. To optimize the probabilistic assessment
of the structure by reducing the number of evaluations (i.e., numerical models), a surrogate
model was built using UQLab, a general-purpose Uncertainty Quantification framework [23].

The assessment of the load-carrying capacity of a masonry arch bridge can be approxi-
mately represented by a non-linear limit state function, as shown traditionally by the Military
Engineering Experimental Establishment (MEXE) method. This method has its roots in ideal-
ized elastic structural modelling, which mainly depends on geometrical parameters and densi-
ties of materials (e.g., masonry and backfill) [24].

Therefore, an experimental design of 20 runs generated by using the Latin Hypercube
Sampling Method (LHS) was used [9]. Then, a Kriging metamodel using UQlab was created
and validated based on the random variables previously defined. The surrogate model uses a
universal trend type, an anisotropic ellipsoidal Matérn 5/2 correlation function, used to define
the Gaussian process and cross-validation estimation method. For the validation of the meta-
model, two different sources of error estimation were implemented. First, the leave one out
method, and second a validation experimental design of 10 runs using LHS; the errors found
were 4.11e-03 and 8.28e-03, respectively.

4.2  Sensitivity analysis

To reduce the number of relevant variables in the response of the structure, a sensitivity
analysis was performed using UQlab. Analysis of covariance (ANCOVA) was used to pro-
duce helpful sensitivity indices for both correlated and uncorrelated input variables using a
covariance decomposition method [25].

Correlated ANCOVA indices First-order ANCOVA indices
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Figure 5: ANCOVA indices

As it can be observed from Figure 5, the parameters with the most influence over the load-
carrying capacity are the ones used to describe the backfill soil. This was expected given that
most of the capacity of the bridge for in-plane behavior (and excluding the spandrel) comes
from the backfill [15]. Furthermore, the soil underneath the foundation has an impact on the
capacity, which is expected as a portion of the soil is being mobilized by the foundation. As
the correlated ANCOVA indices are small in magnitude, the correlation among input varia-
bles has only a weak effect on the response sensitivity.

Then, the same process used to define the surrogate model is used, but instead of the seven
variables, only the main four are used. This gives a more efficient metamodel without com-
promising its reliability.
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4.3 Reliability analysis

By using the surrogate model based on the relevant variables, an experimental design of
10000 simulations using Monte-Carlo (MC) sampling method was generated (Figure 6). Then,
a Gumbel distribution was fitted based on the generated histogram of adequacy factors (i.e.,
collapsing loads), which allowed to define the resistance curve R. Additionally, model uncer-
tainties for limit state models (defined by a Gaussian distribution of mean 1 and COV 1%),
was also considered [6]. The loading curve S was defined using existing data fitted to a
Gumbel distribution, which is described by a mean equal to 184.41 kN and a COV of 9.06%

2].
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Figure 6: MC experimental design.

To obtain the reliability index of the structure for a given profile of local scour, traditional
methods like MC may require numerous simulations to converge with a satisfactory level of
accuracy. Therefore, subset simulation techniques are employed herein to overcome this limi-
tation by solving simpler reliability problems with intermediate thresholds (Figure 7) [26].

SubsetSim - Samples in each subset

0.8
-6 -4 -2 0 2 1

X1

Figure 7: Subset simulation samples discretization.

Once the reliability analysis is completed, the failure probability and reliability index are
obtained. In the following chapter, the different results obtained for each scour profile will be
presented and discussed.

S INFLUENCE OF SCOUR DEPTH IN THE RELIABILITY OF THE STRUCTURE

Each scour profile produces a different impact on the reliability of the structure, and it is
important to understand how changes in the scour depth (ds) in relation to the foundation
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height (D) may affect the load-bearing capacities of the bridge. Next, the results for the differ-
ent scour scenarios are presented.

First, the sensitivity analysis shows some differences among the scour profiles (see Figure
8). It can be seen that the variables related to the backfill are the ones with the most influence
on the load-bearing capacity of the bridge (in-plane analysis) [15]. Moreover, due to the re-
motion of soil at the base of the foundation (i.e., changes ds/D), the parameters related to the
soil beneath the river have less influence when the scour hole increases, as can be observed in
Figure 9 by the differences between the failure modes for each scour profile.

First-order ANCOVA indices First-order ANCOVA indices
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First-order ANCOVA indices First-order ANCOVA indices

Figure 8: Results of the sensitivity analysis for each scour profile (no scour, minor, moderate, and extensive).
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Figure 9: Failure modes of each scour profile (no scour, minor, moderate, and extensive.

Among the different scour scenarios, the failure mode remains largely the same, i.e., in
each case, failure of the backfill is achieved by incrementing the railroad load applied at sur-
face level. Moreover, failure at the riverbed is reached due to the mobilization of the founda-
tion. Meanwhile, both arch failures show the characteristic shape of the hinging mechanism
[27].

Then, the respective surrogate models are defined, and the capacity curve of the structure
for each of the scour profiles are built (see Figure 10). It can be observed that the capacity of
the bridge decreases with each increment of the scour depth. As expected, the loss of bearing
capacity for scour depth values lower than the foundation height is slight, i.e., the capacity
curve largely maintains its properties which indicates a slight decrease in the bridge reliability
index [8].
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Figure 10: Resistance curve R of each scour profile.

However, when analyzing the extensive scour profile, the capacity curve changes dras-
tically which may be occasioned by failure of the soil under the foundation. Finally, the val-
ues of reliability and failure probability are plotted against the scour depth (ds/D) in Figure 11.
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Figure 11: Reliability index and probability failure against scour depth

From Figure 11 it can be seen that the reliability index decreases greatly when the local scour
starts to extend below the foundation. This situation may cause problems with extensive set-
tlements of the bridge which may induce instability on the arch barrel and consequently
bridge collapse [8]. For none of the scour profiles the structure fulfills the target reliability for
safety, i.e. PBrarger=4.3 for structures with consequences involving high human and economic
losses, according to the NP 1990 [28].

6 CONCLUSIONS

The present work established an efficient framework for reliability assessment of MAB sub-
ject to flood-induced scour. The methodology was validated through a case study bridge lo-
cated in Portugal. Based on the obtained results, the following conclusions can be made:

¢ By using surrogate model techniques, it is possible to perform several numbers of exper-
iments, that otherwise would be time-consuming and would demand high computational
cost, with a satisfactory level of reliability. Thus, optimizing and improving probabilisti-
canalyses. Regarding the study of the reliability of MAB, it was possible to examine dif-
ferent scenarios of local scouring by analyzing different random variables at an efficient
computational cost.
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e By performing a sensitivity analysis, the most relevant variables when assessing the
bridge capacity were obtained and validated by literature. As discussed before, the soil
parameters used to describe the behavior of the backfill are the ones that have the most
impact when computing the load-bearing capacity of the in-plane performance of a
MAB [15].

e To understand the behavior of the bridge under local scouring, the ultimate limit state
function was defined by considering the randomness of the bridge loading capacity and
different scour profiles, which allowed assessing the bridge performance under floods. In
each of the proposed scenarios, failure of the backfill was achieved by incrementing the
railroad load applied at the surface level. Moreover, the arches under the mobilized por-
tion of the backfill presented shapes that resemble failure by hinging mechanism [27].

e As expected, the loss of bearing capacity becomes considerable when the scour depth
surpasses the foundation depth. Failure of the soil under the foundation may explain the
differences of the capacity curve, as found for the extensive scour scenario. It should be
noted that the variation of the lateral erosion (i.e., dimension below the foundation) for
the same scour depth, even though was not considered, influences the bridge capacity [8].

e The case study presented an initial reliability of 3.82 which indicates a probability of
failure of 6.68e-05. When increasing the scour depth up to 1.36 times the foundation
height (extensive level), the reliability index decreased up to 2.87 with a failure probabil-
ity of 2.07e-03. Consequently, none of the scour scenarios fulfill the target reliability in
the codes [28], which indicates that the bridge presents a poor performance under flood-
ing events.

This study represents the first approach to assess the reliability of MAB subject to the ef-
fects of scour and floods. It is recommended to expand upon this work by analyzing out of
plane behavior and investigate the effects of the bridge geometry and other flood-related ef-
fects that may influence the bridge performance. Finally, vulnerability analysis considering
direct and indirect consequences may provide useful information for bridge management
and decision making.
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