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1 Abstract 
Planet Earth is naturally subject to climatic variability, but over the recent decades extreme deviations 
have been observed. Climate change, as a manmade-induced process, is mainly due to the increase of 
greenhouse gasses emission. Global warming consequences drive also to an intensification of hydrological 
cycles, leading to more frequent and severe precipitations. In parallel, several bridges have collapsed in 
the last years due to extreme rainfalls. Although the impacts of climate change on built environment do 
not always present a direct cause-effect relation, analysis on specific parameters (as rain volume) that 
are inputs in bridge design, can clarify some aspects of this interaction. In this paper, the peak discharge 
variation of different rivers located in the northwest of Italy, within the last 100 years, is analyzed. A 
cluster analysis was performed to understand if the hydraulic design loads should be considered with a 
different intensity if the bridge had been built with reference to an up-to-date database, or if in the last 
decades, when the majority of these structures were built. The rainfall data was analyzed through classical 
techniques, such as the frequency-based statistical method, but without the stationary time hypothesis. 
In this case, the extreme value theory was used for the estimation of intensity-duration curve parameters. 
By introducing a second-order analysis, where random variables can change over time, an increase-trend 
of rainfall height was found, and the peak discharge was determined accordingly. The relevant 
parameters on the case-study area were preliminarily obtained through geographic information systems. 
The results evidenced that nowadays-floods parameters are significantly different from those of the past, 
and this behavior is escalated when high return period values are assumed. Furthermore, although 
hydraulic design loads are increasing, many existing bridges are not properly maintained, leading to an 
increased number of collapses. 

Keywords: hydraulic loads, bridge design, climate change, predictive hydrology, GIS. 

 

2 Introduction 
During XX century, an average increase of 0.6 °C was 
enough to produce changes on many factors, such 
as the evaporation-precipitation cycle [1]. The 
increasing magnitude of rainfalls leads often to 

severe consequences on the built environment. In 
particular, bridges are one of the most vulnerable 
type of structure to the consequences due to 
variation in rainfall values. Indeed, several cases of 
collapses due to floods were registered during the 
last years [2] [3]. To that scope, three main failure 
mechanisms were then identified: buoyancy, scour 
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and dragging [4]. The common denominator though 
was the inadequacy of structures with respect to 
hydraulic actions. 

This paper aims to highlight the variations in 
hydraulic actions on bridges due to climate change, 
and secondly pointing out the importance of 
prediction models and GIS-based tools in the future 
design of bridges. The schematic for the proposed 
framework is given and after applied to a case study 
regarding a small bridge located in Tuscany, Italy, 
using a 100-year database information. 

3 Methodology 

3.1 Small Bridges, big problems 

Recent studies proved that the concentration of 
short-span bridges is significantly higher than the 
long-span’s ones [4]. Furthermore, the 
maintenance status of these small infrastructures 
was found to be poor, accordingly to a recent 
inspection campaign [5]. Hence, the hydraulic 
design of short-span bridges is a problem of the 
outmost importance, as it was demonstrated by the 
numerous collapses previously cited. While the 
available information and computing performance 
are capable to face large-scale analysis [6], big data 
and global-scale model accuracy can bring new 
complications to engineers. Then, one of the core 
problems of design actions is the model scale size. 

3.2 GCMs, RCMs and Extreme Value Theory 

Current solutions to climate change assessment are 
mainly General Circulation Models (GCM). A key 
problem with overall literature on GCMs is that they 
cannot be applied on local-scale due to lack of 
accuracy [7]. Two systematic approaches have been 
proposed to fit the global model in a regional 
context: (i) the development of Regional Climate 
Models (RCM) and (ii) the downscaling of GCMs 
through statistical methods. Recent progresses in 
RCMs have led to high-resolution regional climate 
change projections such as the EURO-CORDEX [8]. 
Many experts, as Fikke et. al [9], now contend that 
rather than using RCM’s approach, it might be more 
useful to engineers to resort to conventional 
extreme value analysis. Among the mandate M/515 
for the second generation of Eurocodes, Fikke et. al 
[9] pointed out the deviation of weather 
parameters from stationary conditions, and 

therefore the need for analyses of data “at regular 
intervals (maximum 10 years), according to 
conventional methods (extreme value theory)” [9]. 

3.3 Frequency Analysis in Climate Change 

The aim of Frequency Analysis under a climate 
change scenario is to set up prediction models for 
peak discharge evaluation. Since usually there are 
no hydrometric stations on secondary rivers, the 
input data is obtained through rain-gauges stations, 
and the data series are usually stored in 
hydrological yearbook records. Two pluviometry 
curves are then built, one corresponding to rain 
time less than 1 hour, and another to more than 1 
hour. The process involved during the first analysis 
of data is ruled by equation (1), where 𝑡 < 𝑡 , 
being ℎ  the rain depth occurred in 𝑡  rainfall time.  

 

ℎ ∶ 𝑡 = ℎ ∶ 𝑡   (1) 

The next step was the choice of the Frequency 
model. Among the methods used in the extreme 
value theory, the Gumbel distribution is the most 
commonly assumed, as it follows with enough 
accuracy the observed values [10]. Generally 
speaking, for a given return period 𝑡  and a 
hydrological variable 𝑥, the Gumbel’s formula is 
displayed in Eq. 2, where, 𝑁, 1/𝛼, are the 
parameters to be found. 

 

𝑥(𝑡 ) = 𝑁 +
1

𝛼
 𝑦 (2) 

The calibration can be done using some methods, 
such as the Maximum Likelihood or the Moments 
Methods. In this case, it was decided that the best 
procedure was to apply the Moments Method but 
removing the hypothesis of stationarity. Indeed, in 
classical frequency analysis statisticians are used to 
set two hypotheses [11]: (i) Independence between 
random variables; (ii) Identically distributed random 
variables. Observations indicate that the second 
hypothesis is not anymore acceptable under the 
ongoing climate changes [12]. In fact, recent 
evidences have been highlighted a shift in some 
weather parameters [12], as previously cited, and 
some authors are now stating that “stationarity is 
dead” [13]. Despite several authors still affirms that 
“stationarity is immortal” [14], in the present study 
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it was found a clear trend that confirms a significant 
and stable shift from stationary conditions. The 
mathematical method for the non-stationary 
conditions was proposed by Strupczewski et al. [15], 
where the analysis on the variation of the 
distribution’s first two moments uses either a 
parabolic or linear regression curve. Equations (3) 
and (4) show the change in mean and variance 
accounting time variation. The Gumbel distribution 
parameters are displayed in equation (5). 

 

𝑀(𝑡) = 𝑀 + 𝑀 ∙ 𝑡 (3) 

𝜎(𝑡) =  𝜎 +  𝜎 ∙ 𝑡 (4) 

1/𝛼(𝑡) = √6 ∙ 𝜎(𝑡)/𝜋

𝑁(𝑡) = 𝑀(𝑡) − 0.57721 ∙  1/𝛼(𝑡) 
 (5) 

It shall be noticed that for each value of time t, there 
will be a different distribution. 

4 Application to the case-study 
The area involved in this research is located in the 
Northern part of Tuscany, in Italy. Massa and 
Carrara are the two considered municipalities. As 
shown in Figure 1, the morphology of the territory 
is characterized by a rapid transition from a coastal 
climate to a mountain-high environment within 
about 10km. This means a torrential behavior of 
watercourses characterized by a rather short route. 

 
Figure 1. Massa-Carrara and Apuan Alps from sea 

4.1 GIS-aided peak discharge evaluation 

The peak discharge assessment is estimated 
through the Rational Formula, as in equation (6), 
where, 𝜑 is the outlet discharge coefficient, ℎ is the 

rain depth in [mm], 𝐴 is the catchment area, 𝑇  is 
the concentration period, whose formulations are 
widely described in the literature review [10]. 

 

𝑄 = 0.278 ∙ 𝜑 ∙ ℎ ∙ 𝐴/𝑇_𝑐  (6) 

This research assessed the peak discharge of the 
bridge crossing “Torrente Carrione” creek, located 
on “Via Gino Menconi” (Figure 2). The Bridge on 
Torrente Carrione was built on 2007, but its 
hydraulic section is not able to face a peak discharge 
with return period higher than 20 years [16]. 

 
Figure 2. Bridge on “Via Gino Menconi” 

 
a) 

 
b) 

Figure 3. a) General Position of site on Country-
scale; b) Coordinates of “Via Menconi” Bridge 

Data management analysis was performed using 
QGIS [17]. In particular, the following parameters 
were extracted using GIS techniques: 

 Catchment area 
 Average Curve Number (CN) of the basin 
 Calculation of the Hypsographic curve of 

basins 
 Evaluation of the riverbed’ slope both 

upstream and downstream from the 
bridge. 
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The evaluation of CN is calculated as stated in 
equation (7), where, 𝐴  is the catchment area in 
square km. 

 

𝐶𝑁 =
∑ 𝐶𝑁 ∙ 𝐴

𝐴
 (7) 

4.2 Peak Discharge and Climate Change 

The peak discharge assessment is estimated 
through equation (6), introducing the return period 
inside the rain-depth evaluation. This step is done 
according to equation (8), where, 𝑦(𝑡 ) is the 
variable of Gumbel’s distribution and 𝑡  is the 
action’s return period (in years). 

 

𝑦(𝑡 ) = −ln (−ln (1 − 1/t ))  (8) 

Then, the rainfall height is evaluated according to 
the exponential equation (9), where, 𝑎 and 𝑛 are 
calculated using the Least Square Method as shown 
in equations (10) and (11). 

 

ℎ(𝑡 ) = 𝑎 ∙ 𝑡  (9) 

𝑛 =
𝑚 ∑ (log 𝑡 ∙ log ℎ ) − ∑ (log 𝑡 ) ∑ (log ℎ )

𝑚 ∑ (log ℎ ) − (∑ log 𝑡 )
 (10) 

𝑎 =
∑ (log 𝑡 ) ∑ log ℎ − ∑ (log 𝑡 ) ∑ (log 𝑡 log ℎ )

𝑚 ∑ (log ℎ ) − (∑ log 𝑡 )
 (11) 

Then equation (8) is rewritten considering the non-
stationary conditions, as shown in equation (12), 
where, 𝑡  is the rain duration. 

 

ℎ(𝑡 , 𝑡) = 𝑎(𝑡) ∙ 𝑡
( ) (12) 

Resuming, two scenarios were set up for the peak 
discharge assessment: (i) stationary condition; (ii) 
non-stationary condition. The difference in peak 
discharge value represents the impact of climatic 
stable shift in the considered area. 

5 Results 
The obtained results reveal a high non-stationarity 
in the average of rain data, as shown in Figure 4. The 
linear regression obtained was performed also for 
the 𝜎(𝑡), according to equation (3). A linear trend 
was chosen, because a high coefficient of 
determination was found. This is confirmed by 

previous findings [15]. The non-stationarity was 
considered with data until 2017, and extrapolation 
up to 2100. Extreme caution must be taken when 
dealing with predictions, because the forecasted 
time is not related to the return period of the 
action. This is well-known to be a statistical concept, 
and thus, the 1917-2017 interval cannot be 
assumed to correspond to a 100-year action’s 
return period. 

 
Figure 4. Non-stationarity of mean value 

Before assessing the peak discharge variation, an 
important issue should be considered, as the 
analyzed bridge is under a redesign process. The 
new design will increase the structure’ safety up to 
a 30-years return period flood [16]. The peak 
discharge assessment was performed taking into 
account the following design values:  

𝑄 = 209 𝑚 /𝑠 ; 𝑄 = 287 𝑚 /𝑠 

 
Figure 5. Climate change effect on safety factor 
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The design values were compared to the two 
conditions: actual and planned status. Once the 
analysis was completed for the design return 
period, a more detailed evaluation was performed 
to highlight the overall behavior of the structure 
when different hydraulic actions occurs. A graph 
displayed in Figure 5 was built to synthesize the 
results. In horizontal axis is shown the safety factor 
evaluated as the ratio between the design peak 
discharge and the hydraulic action found with the 
equation (6), in which the return period was 
included into the rainfall value. There is evidence to 
suggest the hypothesis that considering the climate 
change effect would have led to a different design 
in such case. In fact, the design return period was 
30 years, but Figure 5 clearly points out that the 
changes in safety factors are around 20% (in the 
same scenario). More in detail, the planned 
scenario that refers to the new bridge, has a safety 
factor of 1.11, while considering the climate change 
impact, it reduces to 0.88. Nevertheless, this result 
is affected by expected uncertainty, since the non-
stationary variation was assessed as a mean value 
in a multiple-scale basin. This is due to the difficulty 
of collecting so many rain records. However, further 
data collection would increase the method’s 
reliability, remarking that the proposed framework 
would not change in its structure. 

6 Conclusions 
This analysis pointed out the need of including 
climate change impacts in current engineers’ 
practice. The results showed that the expected 
performance of a new bridge in terms of safety are 
overestimated, mainly due to a significant shift of 
rainfall intensity that was observed during the last 
100 years. Moreover, the error is found to be in the 
current models, since they assume hypotheses (as 
the stationarity of statistical parameters) that are 
unable to fully represent the interactions of the 
structure with the physical phenomena of changing 
actions. This issue mainly concerns the classical 
extreme value theory. Further experimental 
investigations on main rivers are needed to 
estimate the climate change impact directly from 
hydrometric measures. 
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