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Abstract: This paper examines short-span bridge (SSB) integrity against floods. They
represent the majority of road infrastructures and are often affected by hydraulic erosion
and overlap during rainfalls. A method to classify and identify a set of SSBs in an assigned
territory is illustrated. An analytical approach to evaluate the severity condition and priority
of intervention is then presented, furnishing formulas for designing SSBs or evaluating
the safety of existing ones. An emblematic case study, located on Sardinia Island (Italy), is
described, applying the proposed approach in terms of hydraulic and structural loads to
be considered. Finally, a discussion of the main obtained results is carried out, taking into
account experiences due to recent floods and related collapses, with conclusions presented.

Keywords: short-span bridges; structural integrity; road network disruption; flood risk;
concentration time

1. Introduction

Climate change generates heavy rainfall in a short time, concentrating within small
areas. Several examples are observed in Europe [1] and in the Italian country [2]. These
events highlight the vulnerability of territories and road infrastructures, especially a sec-
ondary network with short-span bridges. The consequent downtime of the road network
creates high socio-economic damage. The triggers are often a combination of elements, such
as ongoing climate change that exacerbates the water cycle and human-made hazards, such
as improper land use. Moreover, the ageing of infrastructures and the lack of maintenance
and monitoring activities directly increase the probability of collapses.

The number of bridges built in an area is often related to the density of inhabitants
and the typology of the road network. Such infrastructures need to be maintained and
inspected by local authorities, which are responsible for their structural integrity [3]. Ef-
ficient infrastructure management is essential to communities [4-6]: Public and private
transport use roadways for commutes and handling emergency situations. The approaches
to investigating the robustness of a road may vary in cases in which there are long-span
bridges (LSBs) and short-span ones (SSBs). Whilst LSBs collapse essentially for structural
or hydraulic reasons, the vulnerability of SSBs is essentially related to floods and extreme
climatic events. In addition, LSBs are fewer than SSBs, they are usually better monitored,
and the associated vulnerabilities are properly considered. On the opposite end, SSBs are
densely located on secondary roads [7] and are usually not designed to withstand flood
action. For instance, in the Italian territory, there are about 300,000 SSBs (approximately
one on each km?), whilst LSBs are nearly 10,000. Most SSBs were not designed with consid-
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eration of their life span or with the support of technical codes, i.e., they were designed
without considering the interaction between hydraulic and structural aspects.

In Italy, the age of SSBs is variable: Except for historic ones, a large portion of SSBs was
erected in the early XX century, employing masonry or concrete and using arches or vaulted
systems. Many others were constructed after World War II, in most cases starting from
1950. The majority were built with a reinforced concrete structure or steel culvert tubes.

The Sardinian area, which in the present paper comprises the territorial case study,
represents a specific Italian context: It is a wide island of about 24,000 km?, with nearly
1,600,000 inhabitants. Thus, it is an isolated environment, in which a territorial study is
of particular interest. The overall Sardinian road network is 8454 km, consisting of about
3000 km of state roads (SSs), 5400 km of district roads (SPs), and about 4000 km of extra-
urban municipal roads (SCs). Analysing the infrastructural endowment, the Sardinian
area is covered by about 25,000 bridges. The district infrastructural coverage consists of
22.63 km/100 km?.

Provided that a river bridge is located at the intersection of a hydraulic (river) and
transport (road) line, it is possible to classify it in terms of the “levels of relevance” relative
to the corresponding road and river. In this sense, the roads can be conventionally divided
into the following: (a) primary, (b) secondary, (c) urban, and (d) local [8,9]. Correspondingly,
the rivers are classified into first, second, third, and fourth level. Hence, each bridge can
be identified with a couple of symbols (for example, al, c2, d3, etc.), representing the two
abovementioned clustering examples. In the Sardinian region, the overall distribution of
bridges towards river and road levels is shown in Figure 1.

Distribution towards river level Distribution towards Road Level
4% 1%
28%
36% ™ 1Level 44% = Primary
2 Level Secondary
3 Level Utban
4 Level
Local
59% 7%
21%

(a) (b)

Figure 1. Distribution of bridges towards river levels (a) and road levels (b).

In addition, considering the hierarchy of the bridges, it is possible to focus attention
on the data in Figure 2. Bridges are also classifiable in terms of their overall length L
(i-e., the sum of the longitudinal span of beams or arches). Establishing that a short-span
bridge (SSB) has an L of <20 m (due to the fact that this is a length compatible with the
ordinary transportation of prefabricated beams), a medium-span bridge (MSB) has an
L of <50 m, and a large-span bridge (LSB) has an L of >50 m, the Sardinian territory is
characterized by the distribution highlighted in Figure 2a. Conversely, Figure 2b shows the
density of inhabitants and infrastructures.
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Figure 2. Distribution of bridges towards bridge levels (a) and road levels (b).

The flood of October 2018 analysed in this work reveals the significant fragility of the
territory, particularly with respect to the road network. Redundancy of the street system
might succeed in reducing the impact of floods in terms of economic consequences.

In this sense, the safety assessment of SSBs is a combination of the mechanical pa-
rameters of a bridge [10] and structural collapse scenarios [11,12], especially the ones
due to hydraulic action during flood events. Structural evaluations and computational
design methods are discussed in [13,14]. Low-cost monitoring techniques and strategies
for bridges are widely available in the literature [7,15-17]. These strategies are not system-
atically applied in ensuring efficient provisional or maintenance activity in the Italian and
Sardinian contexts. Retrofitting is often performed only after a destructive event [18] or
after damage causing the interruption of road traffic.

An engineering judgement approach suggests that this policy is not sustainable from a
technical and economic point of view. This reveals a gap between the instruments available
to stakeholders and the present state of the art of civil engineering. This work furnishes
a contribution to this perspective. Section 2 reports a simple provisional framework to
provide a limit analysis of SSBs [19]. Section 3 describes the application of this approach to
an example in the case study area. In Section 4, the case study is discussed and analysed,
highlighting the benefits and drawbacks of the framework.

2. Limit Analysis of SSB

With the aim of mitigating the hydrogeologic vulnerability of SSBs in secondary road
networks, the following activities are proposed:

(i) Classification of SSBs in terms of the mentioned level of relevance.

(ii) Identification of safety levels for each SSB and alternative paths in the case of single
or multiple collapses.

(iii) Definition of effective practical solutions and maintenance operations to optimize the
cost/benefit ratio for retrofitting investment.

These activities are devoted to assessing the limit damages with respect to secondary,
urban, and local road networks and SSBs subjected to hydrogeologic hazards. This can be
achieved, increasing quality levels as much as reasonably possible and equally minimizing
the costs. The limited amount of data available with respect to a wide range of SSBs in
urban or rural areas requires a procedure based on the following steps: (1) classification,
(2) analysis, and (3) design.
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2.1. Classification

The classification is based on a survey of territorial data. This can be carried out using
the free QGIS 2.18 software, combined with an on-site survey. From a comparison with
hydraulic and road cartographies, it is possible to quickly identify all intersections between
these networks. The survey form proposed in [19] is reported in Figure 3.

Figure 3. Survey form [19].
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Experiences in some Italian areas show that parts of the crossings derived from
QGIS are not indicated in traditional maps; this means that they are unknown to public
authorities and are thus unaccounted for in proper maintenance activities. Therefore, the
QGIS screening should be followed by an in situ systematic survey. This can be carried
out through the filling out of the specific form shown in Figure 3, which is specifically
prepared to allow an easy and quick survey. Examples can be found in [9,20,21]. Geometric
information on infrastructure can also be obtained by photogrammetry or drones. This
is particularly convenient wherever accessibility is an issue. In some cases, point clouds
or laser scanner analysis performed using an unmanned aerial vehicle (UAV) can help in
the survey. In parallel, rainfall data can be easily obtained via QGIS using hydraulic data
available from the regional authority.

2.2. Analysis

Provided that the crisis of the SSB structure is essentially due to hydraulic reasons,
mainly caused by overtopping, erosion, or floating effects [9,22,23], an analysis of the peak
discharge condition is compulsory. It is necessary to evaluate the maximum hydraulic
capacity of the bridge in terms of flow rate and to compare it with the demand.

The maximum capacity of a bridge is influenced by the fact that the limit flow rate (in
the case of free-flow conditions) depends on the water level in correspondence with the
infrastructure (Figure 4). The maximum water level for the free-flow condition corresponds
to the clearance of the bridge hy,, named the critical height.

Figure 4. A typical river section. Three main control sections are identified: (1) the upstream section,
(b) the bridge section, and (2) the downstream section.

The proposed method based on the three steps (survey, analysis, and design) requires
a geometric and geographical census of SSBs. This goal can be obtained following the
scheme proposed in Figure 5. The aim is to quickly obtain information with an efficient
and focused survey. Figure 5 highlights the main input parameters that can be measured
with simple and cheap instruments used during the survey.
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Figure 5. Sketch of the proposed method of investigation.

Assuming a rectangular or trapezoidal hydraulic section (one of the most frequent
shapes), the flow rate depends on the geometrical boundary conditions highlighted in
Figure 4. The upstream section (1) is crucial in the case of slow flow rates, while the
downstream one (2) is important in the case of fast flow rates. Assuming a section with a
distance from the bridge (b) such that uniform flow is reached, the well-known Manning
equation can be used:

1
Q — EAZ'RZ/BI(%/Z (1)

mi

in which

n denotes the Manning coefficient;

Iy denotes the river’s slope;

A; denotes the area of the i-th section: upstream (1) or downstream (2);

R;,; denotes the hydraulic radius of the i-th section.

The area and the hydraulic radius are given by the following expression for
trapezoidal shapes:

A; = (Boi +siy:)yi (2)

Ryui = Boi +2yi\/ 1+ 57 3)

By; denotes the minor base of the trapeze;

where

s; denotes the embankment’s transverse slope;

y; denotes the liquid height.

Subscript i can assume a value of 1 or 2 according to Figure 4.

Applying the Bernoulli equation to section i and the section under the bridge (b), the
following is obtained:

Q? Q?
yi+ =Y+ (4)
' 2gA? 29 A2
Combining (1) and (4), variables Q and y can be computed as follows:
_1 2/31/2
= AR°T
Q n 1 mi S0 o2 (5)

. Q2 _
Yi+ 2gAz ~ Yt + 25 A2

From the system of Equation (5), it is possible to evaluate the maximum capacity of
the bridge, which is called Q. from this point on, in which subscript c indicates the capacity.
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2.3. Design

A rational formula is assumed to evaluate the peak discharge [24]:

_k-C-h-S

—k-C-i-
Q C-i-S T.

where

k is a unit conversion factor (1/3.6 for the SI units);

C is the rational runoff coefficient;

S is the area of the water catchment in square kilometres;

i is the rainfall intensity (mm/h);

h is the height of the rain (mm);

T, represents the concentration time (hour).

For small basins, Equation (6) furnishes a good estimation of the design’s flow rate [25].
The value of C can be obtained from the ratio between the volume of rainfall to the runoff,
using the water balance equation combined with the curve number (CN) value to obtain
the superficial outflow [26]. CN can be evaluated considering the land/soil use derived
from the QGIS 2.18 freeware platform and properly averaged on the catchment area. As the
antecedent moisture condition (AMC) represents a critical parameter for the CN, two values
were computed, CNyy and CNyyj, to highlight variations in the peak discharge. Assuming
the area of the catchment as a deterministic value, the main uncertainties in the use of
Equation (6) are related to C, i, and T.

In the scientific literature, it is possible to find several expressions for T, [24]:

4/S+15L
T, = fi 7)
0.8v/Hy,
L
Te = 3.6V ®)
L2/3
VS
T, = 0.4:37 (10)
1000 - L\ %77
T, = 0.000325( 000, L) (11)
Ig

in which the symbols used have the following meaning:

L—Ilength of the river;

V—average speed of the hydraulic flow;

d—difference in altitude covered by the river;

i;—average slope of the basin.

Equation (7) proposed by Giandotti is well suited for large basins (170 < S < 70,000 km?).
It was derived from several Italian rivers and can also be used for minor basins. Equation (8)
suggested by Viparelli was derived from the study of Piedmont’s rivers. It is usually applied
at flow speeds between 1.0 and 1.5 m/s. Equation (9) of Puglisi-Zanframundo is based on
studies of small basins in the Apulian Apennines (7 < S < 200 km?). Even the D’Asario
Equation (10) is valid for small basins (1 < S < 100 km?). The last equation, Equation (11), is
attributed to Kiprich, and it is calibrated relative to very small basins (S < 0.4 km?). These
expressions for T¢ are identified using a range of twelve expressions for the concentration
time [27,28].

Nevertheless, Equations (7)—-(11) furnish a wide variation range relative to Tc. Their
application to the assumed case study provides an average value for the return period Ty,
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equal to 6.2 h, with a standard deviation ¢ of 2.2 h. The effect of this large variation on the
calculation of the design flow rate is hereafter considered, and it is shown in the graphs of
Figures 5 and 6. Q; is calculated for five values of the return period belonging to the range
Tem £ v-0 (withy =0.0, /2/2, 1/2) in order to explore the variety of solutions given by
Equations (7)—(11).

(a) (b)

Figure 6. First collapse: aerial view (a) and detail (b).

For basins with reduced areas, the use of Equation (6) is based on the hypothesis that
the maximum flow rate value is obtained by a rainfall duration ¢ equal to the concentration
time T,. Under this assumption, the concentration time in (6) is to be assessed carefully [29].

The height of rain in Sardinia can be expressed as follows [30]:

h(ETy) = (ay - ap)tbrth2) (12)

where

t is the duration of the rain.

a1 and by are empirical coefficients related to the site. Sardinia is divided into 7 districts
characterized by several daily rain indexes (jig).

ay and b, are empirical coefficients that link rainfall to the return period of an event
(Tr). Coefficient b, has different values depending on the critical storm duration. The major
distinction is between less than and higher than 1 h.

The coefficients a1, by, a3, and by, assumed in this study are listed in the following.

Hg
S S— 13
17 (0,886 - 240 13)
by = —0.493 + 0476 - log, (1) (14)
a2 = 0.43797 +1.0890 - log; o (T;) (15)

by = —0.18722 + 0.24862 - log(T;) + —3.6305- 1072 - log?,(T,) pert < 1h  (16)
by = —6.3887-107> — 4.5420 - 10> - log,(T,) pert > 1h (17)

In this hydrologically homogeneous area (Campidano), the coefficient jio is 58 mm/day.
The critical storm duration to the peak discharge can be assumed to be equal to the
concentration time for small basins, and Equation (6) becomes the following:

Qmax =a-S- Tcﬁ (18)
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where
a=ay.-a-k-C (19)

is a coefficient that is linked to specific sites. It depends on the daily rain index (yg) and
soil permeability through C, while

B=(b1+b—1) (20)

is a coefficient related to the return period of the events (T;).

Equation (10) allows a sensitivity analysis of the parameters that mostly affect the
expression of the peak discharge. Hence, in the following histogram, the effect of the
variation in the concentration time for rainfalls is evaluated and characterized by a different
return period T,. Considering the design return period, Equation (18) gives the peak
discharge, defined from now on as the design flow rate Q;.

The method by which Qj is calculated deeply influences the results. Its sensitivity to
the duration of the rain expressed by Equation (18) makes the flow rate essentially prone
towards having a peak value relative to the so-called tropical rainfall. Indeed, recent climate
change led to more frequent short-time rainfall with very high intensities. Hence, they
have a dangerous influence on the peak discharges of small streams (rivers of the 3rd or
4th levels). All parameters are recommended in the regional document of Sardinia [30].

The evaluation of the capacity and design flow rate can be calculated by risk index I,

_Q
Qu

The comparison between Q. and Q; represents an overall indicator of the outflow

I (21)

capacity of infrastructure. This method, applied to a case study in the National Park of
Metalliferous Hills [8] (Tuscany, Italy), highlighted that most SSBs exhibited an insufficient
capacity [8]. This is a typical feature of such structures, and this approach clearly indicates
that SSBs are particularly prone to flood risks. The analysis of this case study shows the key
role of upstream and downstream vertical-section geometry. In this sense, a spreadsheet
was prepared and used, furnishing I, for several scenarios.

From a decision-making point of view, an engineer’s activity could be limited to
monitoring the asset or making decisions for the implementation of an early warning
system. Concerning the bridge itself, the policy could involve a reinforcement of the lateral
barriers, a specific geotechnical study to consolidate the abutments, or a wider retrofitting
measure of the entire bridge. A further aspect is the uncertainty relative to the open channel
flows and the accuracy of the river’s cross-section in the case of small watercourses due to
the costs of a systematic survey and their variability over time. The proposed method is
then limited to a geometrical survey of the cross-section of bridges, neglecting the influence
of embankments and the longitudinal section. Hence, this approach should be applied in
specific sites (i.e., bridge locations). Thus, this framework does not provide continuous
information regarding the river axis but only in correspondence to the infrastructure.

We also point out that the classic and well-known formulas used here are adopted in
an innovative way to determine the risk index (21).

Finally, an exhaustive analysis of a stock of SSBs has to also involve traffic network
analysis [31] and be able to discriminate roads with high traffic densities from those with
lower vehicle densities.

3. The Sardinia Case Study

Heavy rainfall dated 10 October 2018 hit the Southern Sardinia in a few hours, causing
floods in the area of Capoterra. The effects of this event led to the collapse of the approach
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ramp of a short-span bridge located on the SS 195 road. The water level in the pond rose
until it exceeded the embankments. The water’s thrust was followed by the erosion of
the backfill soil. No structural damage was inflicted on the structure of the bridge, but
the approaching ramps were affected. The first collapse affected both lanes at km9 + 300
(Figure 6). A few hours later, another portion of the lane collapsed (Figure 7).

(a) (b)
Figure 7. Second collapse [31]: aerial view (a) and detail (b).

The Municipality of Capoterra covers an area of 68.25 km?. The rivers are Rio Santa
Lucia (28 km length) and Rio San Girolamo (15 km length), together with a secondary
hydraulic network (Figure 8), both originating from a surrounding set of hills measuring
500 m in height. The hydrogeological setting plan (PAI) classifies this area as “high
hydraulic risk”.

(a) (b)

Figure 8. Santa Lucia River: planimetry (a) and drainage basin (b) [30].

The drainage basin indicated short concentration times when strong rainfall occurred
(Table 1).
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Table 1. Hydrological data of the Santa Lucia river [30].

Mouth coordinates (Gauss—Boaga coordinates: E, N): 1,499,797 4,335,724

Length: 28.417 (km)

Area of the drainage basin: 92.06 (km?2)

Average slope: 0.459 (%)

Mouth altitude: 991 m a.s.l.

Average altitude: 366.19 ma.s.L

Time of concentration—adopted: 5.36 (h)

Return period 50 100 200 500
Expected flow rate (m3/s) 207.2 251.2 297.9 367.6

Recent hydraulic defence structures regulate the river’s flow to prevent the inundation

of settlements and infrastructure [32]. Nevertheless, it was not sufficient to avoid collapses

due to floods. Figure 9 illustrates the daily distribution of rainfall in the first decade of
October 2018. The peak during October 10th (465 mm) highlights the exceptional nature of
the event [30].

500
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Figure 9. Santa Lucia rain gauge station—distribution of daily precipitation in the days before flood.

Within 3 h, the corresponding rain gauge station recorded 183 mm of water (Figure 10).

This amount considerably exceeds the historical maximums recorded during the last

25 years.

Precipitation height - h [mm]

Santa Lucia— Capoterra distribution of hourly rain
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Figure 10. Santa Lucia rain gauge station—distribution of hourly rain.
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Lagoon of

Capoterra

From a back analysis of historical rain data for the last 25 years, the annual cumulated
rainfall oscillates between 50 and 200 mm [30].

3.1. Emergency Management Plan

Figure 11 illustrates both the fastest and alternative routes for reaching the city of
Sarroch, where the main industrial oil plant of the area is located, producing most of the
area’s car traffic. The estimated travel time was over 2 h after the flood event compared to
30 min using the fastest coastal route, which was available before the flood.

(a) (b)

Figure 11. Cagliari—Sarroch: itinerary before the collapse (a) and after the collapse (b) (Google Maps®.

As soon as the rain stopped, the emergency network rushed the repair operations of the
collapsed approach ramps. This permitted the reopening of SS 195 after almost one week.
Besides this, the event caused the loss of two human lives and an overall economic loss of
millions of Euros. The overall collapses were located at two different sites: one near an SSB
adjacent to a roundabout (point 1 of Figure 12) and the other near the abutments of another
SSB (point 2 of Figure 12). The first one comprised the partial collapse of an access ramp
(Figure 13a), whilst the second comprised the collapse of both ramps (Figures 13b and 14a)
and a complete interruption of the route.

% 1

Gulf of
Cagliari

)N

Figure 12. Planimetric view of the two collapses of the case study (1) with minor damage and
(2) major damage (GoogleEarth©).
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(a) (b)

Figure 13. Aerial view of the two collapses: (a) partial damage of an access ramp; (b) complete
collapse of the southern ramp and partial damage of the northern one.

(@) (b)

Figure 14. Aerial views of bridge 2: (a) from the lagoon during the flood and (b) from the gulf after
the reconstruction.

In both cases, an erosion effect occurred, and this was probably due to the insufficient
flow capacity of the cross-section of the bridge, which was joined with weak backfill soil
relative to the access ramps. The reconstruction, especially for bridge 2 in Figure 12, was
targeted to mitigate this aspect (Figure 14b).

Bridge 2 comprises two-sided structures: a concrete-stone arch and a simply supported
r.c. beam. The arch, visible from the sea gulf (Figure 15a), was built in 1927 using a lowered
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monocentric profile. The r.c. beam, visible from the pond (Figure 15b), was built in the
1980s to widen the road, as shown in Figure 16.

(a) (b)

Figure 15. Views after the reconstruction of bridge 2: (a) from the gulf; (b) from the lagoon.

Figure 16. Capoterra bridge: transversal section (a), upstream view, (b) and downstream view (c).

3.2. Analysis of the Capoterra Bridge

The framework described in Sections 2.2 and 2.3 provides simple indications about
the evaluation of the hydraulic capacity and demand of the infrastructure. The study of
the catchment was carried out with QGIS (2.18—Las Palmas), and a weighted average
value of CN was calculated to have a better estimation of C. The basin considered in the
analysis comprises a section located about 10 km from the bridge, as shown in Figure 17.
This allowed a direct comparison with the peak discharge obtained in [30].

Equation (5) provides Q. This represents the maximum capacity of the bridge in the
case of free-flow rates (outflow liquid level equal to bridge clearance ;). Posing 1 as equal
t0 0.030 s/m1/3 and Ip = 0.002, it is possible to estimate a free-flow rate capacity equal to
49.4 m3/s. This corresponds to a mean flow velocity of 1.82 m/s in correspondence with
the bridge, with the liquid height of free flows equal to 1.74m with respect to the upstream
section. Qq is calculated with Equation (18), considering several return periods and rainfall
durations (Figure 18) in the interval T, — 2y0; Tey + 2y0. A significant variation in the
rainfall duration relative to the design flow rate can be seen.
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Flow rate [m?/s]

Variation in design flow rate
T.=50-100 years

Figure 17. Curve number map evaluated on the river catchment.
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Figure 18. Flow rate for a return period of 50-100 years (a) and 200-500 years (b).

The charts in Figure 18 represent the fact that the rainfall data related to different
storm durations produce a considerable dispersion. Q; also varies by 41% with respect to
the value calculated with the average T, value. This confirms the tropical shift of rainfall
within the studied case area. Hence, overestimating T in Equation (18) produces results
that are not conservative. In fact, parameter C depends on the antecedent wetness condition
of the soil: in the case of short heavy rainfall, soil saturation does not contribute to the
runoff process due to its reduced imbibition capacity [33,34].
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In Figure 19a, a comparison between design flow rate Q; and risk index I, and the
relative ones expected according to Table 2 (expected) is presented. Here, Q; is calculated
with the average AMC condition (see Section 2.3). Two different I, values are calculated
with Equation (21) (Figure 19b) in order to compare the design flow rate proposed here
(red) to the design flow rate expected in Table 2 (blue).
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Figure 19. Comparison between Q; and Qgy, (a) and Iy and Igyp ratio (b).

Table 2. Design (Qq) and expected (Qq) flow rate.

Qu
T: CNII CN II Average Qexp Qitav)! Qexp
50 180.4 255.5 218.0 207.2 105%
100 2199 303.5 261.7 251.2 104%
200 260.8 352.0 306.4 297.9 103%
500 316.5 416.6 366.6 367.6 100%
m3/s m3/s m3/s m3/s [%]

The expected flow rates (Qgyy) of Table 2 are in accordance with the design flow rates
calculated using Equation (18). Q; produces a slightly greater effect than the expected
discharge for all design return periods examined. This is valid for short return periods
(Tr = 50 years; Q; = +5% and then Qgyy), while, for bigger ones (extraordinary flood events),
the difference is negligible (T = 500 years; Q4 = Qgxp)-

The comparison between Q; and Qgy, flow rates is shown in Table 2. Soil imbibition
produces differences in the range (—14%; +23%) relative to the expected flow rate. In
the case of our design, the assumption of the most severe conditions (CN III—consistent
precipitation during the previous 5 days) can appear severe for frequent rainfall: the
average condition is recommended.

The structural capacity of the embankment of the bridge during free-flow conditions
appears inadequate. Admitting a design flow rate of 200 m?/s (T, = 50 years; Qpxp=207.2 m/s)
with sufficient energy to pass under the bridge, runoff occurs with a velocity equal to 7.4 m/s,
an exceptionally high speed for rivers near sea level. Such velocities may lead to the erosion of
backfill soil.

A further exceptional atmospheric phenomenon occurred in Sardinia just 7 years
before on November 18th, 2013 (cyclone Cleopatra). It caused rainfall discharges of 440 mm
in a day. This event led to the overflow of various rivers, causing the death of 18 people and
significant damage to the agriculture and livestock sector. The collapse of an emblematic
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bridge (the Monte Pino bridge) was studied in [33]: the embankment was eroded through
a not-maintained metallic culvert, causing the collapse of a 50 m road.

4. Discussion

The presented hydrologic framework based on rainfall data (Section 2) is applied to
the mentioned case study (Section 3). Some evidence from this approach is as follows:

(1) The application of the procedure discussed here furnishes a simple tool for technicians
in designing and checking SSBs in the case of extreme rainstorms. The literature analysis
shows that their collapse is essentially related to hydraulic reasons [23]. The use of
Equation (6) emphasizes the most relevant parameters that describe discharge phenomena.

(2) Further evaluations were carried out with respect to the capacity of the infrastructure.
Most of the existing infrastructure exhibits a lower capacity relative to the demands
required in the case of hydraulic overlaps. This could lead to the failure of SSBs,
as shown in [9,20]. Specifically considering the rainfall data of Sardinia Island [34],
the events characterized by a minor return period result in more severe effects than
expected for SSBs.

(3) The method proposed in Section 2 can be implemented in urban and suburban areas
in order to evaluate the role of the infrastructure network.

(4) The hierarchy of the infrastructure [29] plays a relevant role in stakeholders” decision-
making processes. In the mentioned case study, the interruption of SS 195 led to
an increase in the travel time between Cagliari and Sarroch of about 3.3 times. The
distance increased from 30 km to 128 km (+327%), while travel times increased from 33
to 142 min (+330%), impacting over 2000 workers/day. These aspects can be mitigated
by increasing the robustness of the road network.

(5) Fast reconstruction is the most recurrent action in the management of the territory [35].
Restorations to ante-operam (usually ante-collapse) conditions are nowadays a biased
approach. Fast retrofits should be programmed before the collapse event. Several
strategies [22,35] are available to increase structural capacities [36,37]. However, the
hydraulic capacity of the infrastructure, which was once proven to be insufficient,
should be increased with the same priority.

(6) Other recent failures call attention to the drafting of schedules, which, based on
the recurring types of infrastructure, leads to fast capacity planning, especially for
vulnerable areas [38—40]. This can be applied in the case of collapses rather than in
preventive measures. Specifically, for access ramp collapses, it is possible to intro-
duce metal culverts (road manholes), which increase the discharge capacity of the
infrastructure, reducing the speed of fluids and, therefore, the possibility of erosion.

(7) More recent flood models have been proposed to take into account the aspect of
the resilience of infrastructures [41-43] or the presence of wooden debris during
floods [44].

5. Conclusions

This paper once again focused attention on SSBs as one of the most recurring vul-
nerable elements of road networks. The damage scenario of SSBs is different than LSBs.
Susceptibility to erosion plays a key role in this sense.

In SSBs, failure is essentially caused by hydraulic reasons. This induced the proposal
of a rainfall-based method for the safety evaluation of SSBs. The effect of climate change
can be taken into account in structural designs, such as [44—46]. The framework proposed
here is easy to use and physically based. It is also possible to take into account the effects of
climate change. Uncertainties related to the choice of concentration times, one of the main
uncertain parameters, are examined here and discussed. Within this approach, it is possible
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to calculate the demand and capacity of an SSB and express its vulnerability through a
risk index.

The framework is applied to the flood of Southern Sardinia that occurred in October,
2018. The insufficient hydraulic capacity of the collapsed bridge is highlighted. The natural
event is also analysed considering the exceptional nature of the event and the implications
in terms of traffic. The procedure proposed is compared with the data presented in the
hydrological setting plan [30].

The analysis shows that a fast reconstruction to the before-collapse status is not suf-
ficient for solving the problem. Some strategic retrofitting actions, such as increasing the
hydraulic capacity of the infrastructure, should be taken into account. Further develop-
ments will be carried out in order to improve this method. In particular, economic losses
shall be considered in the framework, together with the hierarchy of the infrastructure. Fi-
nally, proper management strategies with respect to the low-cost monitoring of bridges can
help the optimization of economic investments with respect to these types of infrastructure.
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