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Abstract

This contribution presents the derivation of numerical seismic fragility sets for masonry arch
bridges including the effects of typical defects, i.e., material loss at the intrados of the arch,
material degradation, and longitudinal cracks of the arch barrel vault. Fragility curves were
derived for single-span structures providing fragility sets for two bridge macro-classes, i.e.,
semi-circular and segmental. The evaluation was carried out through 2D finite-element
modelling, by implementing parametric nonlinear static analyses on 32 reference bridges for
each macro-class. For modelling material loss at the intrados, a number of elements of the
numerical mesh were removed, for material degradation the masonry properties were reduced,
lastly, longitudinal cracks were implemented by simulating the reduction of the barrel’s
effective width, as this defect often cause the detachment of spandrels from the arch barrel. For
each deterioration effect, two level of severity were assumed. The variability related to the
seismic demand was included by deriving sets of elastic spectra from ground motion records
selected according to multiple-stripe analysis, with peak ground accelerations ranging from
0.05 to 1.5 g. Derived fragility sets showed an appreciable increase in seismic vulnerability of
masonry bridges when the effects of degradation are included in the evaluation, with a greater
influence given by material loss.
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1 INTRODUCTION

Masonry arch bridges represent 40% of existing bridges in European transportation railway
network, being of crucial importance in transport systems. Given their widespread, masonry
arch bridges are commonly found in seismic areas, such as Italy. Moreover, these bridges are
strongly aged; for example, according to the inventory of the Italian State Railways, they were
mainly built between 1840 and 1930. Seismic risk assessment of transport networks, which are
crucial in post-event emergency, should therefore include masonry bridges. In the Italian
context, the inventory of railways masonry bridges (IrMB) counts more than 56,000 structures,
which are mainly single-span bridges, built between 1840 and 1930 [1,2].

Fragility models of this macro-class of bridges are therefore required to carry out seismic
risk analyses of railway networks at a territorial scale. However, despite their frequency,
especially in railway networks, masonry arch bridges were less investigated than other types,
such as reinforced concrete (r.c.) bridges. Most of these studies focused on the ‘as-built’
configuration of these structures, neglecting deterioration and damage effects [3,4].

Nevertheless, realistic risk assessment of bridges requires considering the state of
deterioration, which was demonstrated to affect their capacity and dynamic response [5,6].
Most previous studies investigated the effects of deterioration on seismic fragility for r.c.
structures [7—11]. This aspect is relevant also for masonry bridges, especially considering that
most of them are older than 100 years [12,13]. Few studies investigated the effects of
deterioration on the seismic response of masonry bridges [14,15].

This paper thus presented the derivation of a fragility model for masonry arch bridges
affected by damage and deterioration. This study focused on single-span bridges due to their
great significance in national inventories, compared to multi-span bridges. Fragility curves were
evaluation for the macro-classes of segmental and semi-circular arches, and they represent the
probability of exceeding either Damage (DLS) or Ultimate (ULS) Limit State. Typical defects
of masonry bridges were included in the fragility assessment: (i) material loss at the intrados of
the arch, (i) material deterioration and (iif) the presence of longitudinal cracks in the arch barrel
vault. Fragility curves were derived by processing data from parametric non-linear static
analyses implemented on 2D finite element (FE) models developed in Diana [16]. Inter-
structures variability was included by selecting a sample set of 32 bridges, whose geometric
features were based on IrMB [2,4]. Multiple-stripe analysis (MSA) was implemented to include
the record-to record variability, according to the procedure proposed by Shinozuka (2000) [17].
Further details on the implemented procedure can be found in Tecchio et al. (2022) [18].
Derived functions showed the impact of the investigated defects in increasing the seismic
fragility of this type of bridges, in particular in case of material loss.

2 MODELLING AND ANALYSIS

Defects on masonry arch bridges have been generally classified acting on either foundation
or superstructures [19]. Since this work focused on damage on the arch, the identification of
typical damage and deterioration effects was dedicated to superstructures. Superstructures
might be affected by the following damage and deterioration effects [20]: i) deterioration of
material (e.g., decay and salt efflorescence); if) loss of bricks and mortar joints; iii) deformation
and detachment of the arch barrel; iv) deformation and detachment of spandrel walls; and v)
cracks in piers and wing walls.

In this work, three main defects were selected to evaluate their effect on the seismic fragility
of single-span bridges:

e localised material loss from the intrados of the arch barrel;

e generalised deterioration of material, with decrease of the mechanical properties;
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¢ longitudinal cracking on the arch barrel at the interface with the voussoirs.

The effect of this damage and deterioration phenomena on the seismic fragility of masonry
bridges was investigated through an analytical approach. A series of 2D finite element (FE)
models were developed using TNO Diana [16], assuming plane strain state (Figure 1). The
backfill was simulated in terms of mas only. As boundary conditions, fixed nodes were adopted
at the springing of the arch.

The nonlinear behaviour of masonry was simulated through the Total Strain Crack’ model,
based on the smeared crack approach [21]. The compression response was assumed to be
governed by a parabolic law, while the tensile behaviour was adopted as a linear softening. The
values adopted as mechanical properties of masonry, according to various publications [22—
24], are listed in Table 1.

Elastic Modulus E [MPa] 900.0

Density (masonry and backfill) Y [KN/m?] 18.0
Poisson's ratio v [-] 0.2

Compressive strength fe [MPa] 5.0

Tensile strength fi [MPa] 0.2

Compression fracture energy G, [N/mm] 5.0
Tensile fracture energy Gr [N/mm] 0.0025

Table 1. Mechanical properties of masonry in FE modelling.
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Figure 1. Adopted 2D FE modelling of masonry arch bridges.

The investigated effects of deterioration were modelled as follows. Material loss at the
intrados was simulated by locally removing some finite elements, so as to model a reduced
vault thickness in the damaged zone. Generalised material deterioration was modelled by
worsening the mechanical properties of masonry. Since longitudinal cracking often leads to the
voussoirs’ detachment, it was associated to a reduction in the width of the barrel vault; thereby,
in a 2D model, it was modelled by increasing the material density (y), to simulate a
redistribution of masses due to the reduced effective width of the vault. Two intensity levels
were considered for each phenomenon, of slight and moderate deterioration, respectively.

The deterioration metric was assumed according to Kaminski and Bien (2013) [25]. The
intensity of each deterioration effect was defined as the percentage ratio of the reduction (in
geometric/material properties) to the undamaged quantity. For all investigated defects, two
levels of intensity were adopted, equal to 5% and 20%.

Specifically, for material loss, the intensity (/y) is the ratio of the thickness of lost material
(4s) to the arch thickness (s) (Eq. 1). The damage was also described though two further
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parameters expressing the extent (4/) and location along the arch barrel (6). The extent was
deterministically assumed equal to 30 cm. Material loss was conservatively located in the most
critical position, which was studied and presented in the next section. Material loss resulted

more harmful when located at the third hinge of the potential longitudinal kinematic mechanism
[4,26].

1 =25 100 (1)
S

For material deterioration, the intensity (/yp) consisted in the ratio of the reduction for
damaged (4X,) on undamaged values (X,») of masonry properties (Eq. 2). A reducing factor
(kwm) was assumed to calculate the reduced strength (f/c») and Young’s modulus (E 'cn) of
masonry (Eq. 3 and 4). The values of this factor corresponded to 0.95 and 0.8 for slight and
moderate levels, respectively.

I =25 100 (2)
k, =(1—1Iup) 3)
S o=k, 1 (4)
E', =k, E,

For longitudinal cracking, the intensity (/cr) depended on the reduction in width of the arch
barrel (4W3) and its original width (W3) (Eq. 5). As aforementioned, this was simulated by
increasing the mass acting on the barrel, to mimic the redistribution of vertical loads caused by
the detachment of the arch outer bands. Thus, an increased material density () was calculated
through a magnifying factor (k;) (Eq. 6 and 7).

Jen =2 100 @)
B

k, =1+ Icr) (6)

7// — ky . 7/ (7)

Figure 2 illustrates the investigated deterioration effects and their numerical simulation with
the adopted metric.

3 FRAGILITY ASSESSMENT

3.1 Definition of sample datasets

This contribution attempts to quantifying the effect on the seismic fragility of damage and
deterioration phenomena, focusing on single-span masonry arch bridges, as this macro-class
represents the greatest portion in existing stocks available in the literature for the Italian
framework [2,27]. In particular the inventory of masonry bridges of the Italian Railway network
(IrMB) [2,4] provided the main geometric characteristics of single-span masonry bridges,
illustrated in Figure 3.

Within the Italian Railway network, most single-span masonry bridges have an arch span up
to 10 m long. Both segmental (46%) and semi-circular (42%) arches are well-represented. The
former is characterised by a ratio of the arch rise (f) on span length (L) between 0.1 and 0.3,
while the latter has values of f/L ranging from 0.4 to 0.5. The ratio of arch thickness (s) to span
length showed values from 0.06 to about 0.2.
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Figure 2. Deterioration effects and numerical simulation in TNO Diana [16].
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Figure 3. Distribution of geometric parameters of single-span bridges in IrMB [2,4].

Type L [m] f/L [-] s/L [-]
Segmental  7-12 0.20-0.30 0.075-0.1
Semi- 7-12 0.40 - 0.50 0.075-0.1
circular

Table 2. Ranges of geometric characteristics of sample bridges.

These distributions of geometric parameters were adopted to define two subsets of bridges,
for segmental and semi-circular arches, respectively. Based on these subsets, 32 sample bridges
were selected for each type. The ranges of values of geometric parameters for each subset are
summarised in Table 2. Each sample bridge was analysed in the as-built configuration and then
considering two levels of intensity of deterioration for each of the three investigated phenomena
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(for a total of six damaged configurations). Thus, 224 models were implemented for as many
nonlinear analyses.

3.2 Definition of performance levels and seismic demand

Adopted performance levels were selected to be compliant with regulations in force in Italy,
and more generally in the European context [28-30]. Performance levels for Damage Limit
State (DLS) and Ultimate Limit State (ULS) were identified on the bi-linearised curve derived
from the generic capacity curve obtained from non-linear static analyses (by defining the secant
period 7. and enforcing equality of subtended areas). Specifically, DLS coincided with the yield
displacement (d,), corresponding to the slope change in the bilinear curve, whereas ULS was
adopted to be attained at the ultimate displacement (d,), corresponding to 85% of the maximum
resistance in the softening branch (Figure 4). For further details, please refer to Tecchio et al.
(2022) [18].
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Figure 4. Identification of performance levels on bi-linearised capacity curve.

To include the uncertainty related to record-to-record variability in the fragility assessment,
a Multiple-Stripe Analysis (MSA) was performed, also according to previous studies [4,17].
Four sets of ground motions were adopted. For each set, seven synthetic records were generated
through SIMQKE software [31]. Synthetic accelerograms were assumed to be compatible with
Type-1 spectra of Eurocode 8 [30], for soil A and values of peak ground acceleration (PGA) of
0.2,0.4,0.8and 1.2 g.

To be compared with capacity curves from non-linear static analyses, selected ground
motions were processed and represented in the period/frequency domain, as elastic acceleration
spectra. Then, three reference spectra were computed for each PGA value: the average spectrum
(RSw(T)) and upper and lower bounds (RS,=*o4(7)) obtained by adding and subtracting the
standard deviation of the spectral response (for each set of seven ground motions).

This for sets of reference spectra were then scaled to cover all values of PGA in the
investigated interval (0.05-1.5 g). For some values of PGA double spectrum sets were
considered, as also illustrated in Figure 5.

The obtained sets of scaled spectra, expressing the spectral pseudo-acceleration (Sa), were
converted in displacement spectra according to equation 8.

T Y
= - 8
S a(27zj ®
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Figure 5. Intervals of PGA for scaling reference spectrum sets.

3.3 Derivation of fragility curves

Comparison of seismic demand and capacity was carried out in terms of displacement.

For the j” bridge model, the displacement demand (dsmn) was evaluated based on
displacement spectra and of the elastic period (7%,), according to the formulation of equation 9.
Since three scaled spectra were considered, three displacement demand values were computed
(Eq. 10).

A(ilem = Sd (T;) (9)

k=l = Zdem,j 5 A k=23 = Zdem,j + O-d (10)

dem,j

A

dem, j

The displacement capacity of the j* bridge (4cap,) was calculated for each limit state as
aforementioned (Figure 4).

Three measures of damage (DM/) were calculated as illustrated in equation 11, as ratio of
demand to capacity. Thus, a damage measure greater than unity denote the exceedance of the
limit state.

DM [ =A,, "/A

— “dem,j

(11)

cap,j

Through this procedure, clusters of DM values were obtained for each class of bridges
(segmental and semi-circular), analysed configuration (both as-built and damaged, considering
two levels of intensity), and for each limit state. These clusters were processed through least
square linear regression, in the bi-logarithmic plane (In(PGA) vs In(DM)) (Eq. 12), to estimate
the regression coefficients (4 and B), expressing the probability of exceeding DM (Eq. 13 and
14)

A=In(DM,)= A+ BIn(PGA) (12)
P, ., (PGA)=P [DM >dm,, | PGA]= j fon (dm | PGA) ddm (13)
DM (PGA)>dmp,

1 C1(Indm-2Y (14)
fDM(dm)—ﬂgdmexp{ 2( . ”

where A is the logarithmic mean value of the damage and ¢ is the related logarithmic standard
deviation.

The probability of exceeding DM was then used to fit the log-normal fragility curve
expressing the attaining of a given limit state, defined by the median («) and the standard
deviation (f), whose values are presented in Table 3.
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DLS ULS
gl B I-1 gl B I-1
As built 0.310 0.253 0.867 0.258
Material loss
- Slight 0.282 0.290 0.781 0.296
—= - Moderate 0.247 0.312 0.619 0.317
% Material degradation
go - Slight 0.297 0.271 0.828 0.280
X - Moderate 0.284 0.245 0.786 0.249
Longitudinal cracking
- Slight 0.292 0.265 0.824 0.273
- Moderate 0.274 0.232 0.764 0.237
As built 0.125 0.200 0.312 0.206
Material loss
- Slight 0.115 0.198 0.286 0.201
LE - Moderate 0.087 0.250 0.217 0.262
% Material degradation
é - Slight 0.124 0.197 0.311 0.210
& - Moderate 0.120 0.187 0.300 0.193
Longitudinal cracking
- Slight 0.121 0.189 0.303 0.194
- Moderate 0.113 0.197 0.282 0.203

Table 3. Parameters of fragility curves for segmental and semi-circular arches in investigated configurations

4 COMPARISON OF RESULTS

The derived fragility curves for masonry arch bridges accounting for damage effects were
compared with as-built fragilities in Figure 6. The values of median variation (4u), between as-
built and damaged responses, were calculated as showed in Eq. 15, and then summarised in
Table 4 for both segmental and semi-circular arches.

A‘L[ _ luaxfhuilt - /’ldamaged (1 5)

;uas —built

The presence of defects was observed to affect the seismic vulnerability of this bridge type.
However, the impact of various investigated defect varies significantly.

Material loss Material deterioration Longitudinal cracking
DLS ULS DLS ULS DLS ULS
Segmental
Slight 8.96 % 10.00 % 4.35 % 4.55 % 577 % 5.03 %
Moderate 20.22%  28.66 % 8.42 % 9.36 % 11.51 % 11.90 %
Semi-circular
Slight 846%  8.42% 0.72 % 0.51 % 3.67 % 3.01 %
Moderate 30.57% 30.53 % 431 % 3.84 % 9.98 % 9.83 %

Table 5. Percentage variation in median value (Ap) between as-built and damaged conditions.
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Figure 6. Comparison fragility curves of as-built and damaged configurations

Firstly, the as-built fragilities for the two classes of masonry arch bridges were comparable
with comparable sets available in the literature and obtained through the well-established
kinematic analysis [4].

In accordance with previous studies [4,32], semi-circular arches showed a generalised
increased fragility compared to segmental bridges. Material loss at the intrados resulted the
most impacting type of defects. When characterised by a slight intensity, its impact is rather
similar for segmental and semi-circular arches, whereas material loss of moderate intensity (/.
= 20%) appeared more severe for semi-circular bridges, with a reduction in the median value
(4u) of 31% for both DLS and ULS. This type of damage caused a reduction 4u equal to 20%
for DLS and to 29% for ULS, for segmental arches.

The other type of defects (material deterioration and longitudinal cracking) had a lower
impact on the bridge seismic fragility. Both material deterioration and longitudinal cracking
caused a lower reduction in the median value (d4u), thus having a lower influence on the
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fragility, for semi-circular arches compared to segmental. This is in line with the fact that the
seismic capacity of these bridges, especially semi-circular bridges, is strongly influenced by
their geometric features, rather than by the mechanical properties of the masonry [33].
Nonetheless, the increase in fragility for material deterioration and longitudinal cracking was
not negligible, especially in case of moderate intensity (/up = Icr = 20%). Based on the adopted
metric, longitudinal cracking was more impacting than material deterioration.

S CONCLUSIONS

e This paper aimed at providing a fragility model for masonry arch bridges, by also
investigating the effect of typical defects of the arch barrel: (i) material loss at the vault
intrados; (i1) widespread deterioration of masonry; (iii) longitudinal cracking of the arch
barrel at the interface with the voussoirs. Fragility curves were derived for two macro-
classes of single-span structures — i.e., segmental (f/L = 0.2 to 0.3) and semi-circular (f/L
= 0.4 to 0.5) arches — both for the as-built and damaged configurations

e Parametric non-linear static analyses were implemented on 2D FE models developed in
TNO Diana software. A sample dataset of 32 bridges was selected and then modelled in
the as-built and damaged configurations, considering two intensity levels for each defect,
for a total of 224 FE models and analyses.

e Material loss was modelled by locally reducing the arch thickness in the FE mesh, material
deterioration was simulated by scaling the masonry properties, and longitudinal cracking
by increasing vertical static loads.

e Comparisons between as built and damaged fragility curves showed the significant
influence of material loss on the seismic vulnerability of these bridges. Indeed, for this
type of damage, reductions in the median value of the log-normal functions (Ap) reached
peaks of 31%, at both limit states, for semi-circular arch bridges. Other types of
deterioration showed less impact.

e The different impact obtained for the investigated defects is very reasonable, considering
that the seismic capacity of masonry arch bridges is mainly governed by geometric
instability rather than by the material properties.

e Further studies need to be carried out to assess fragility for multi-span masonry arch
bridges accounting for damage effects, also considering the defects of piers and
foundations.
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