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Abstract: The present work aims to contribute to the study of the operation of culverts associated to transportation infrastructures 

considering the expected effects of climate change. The records of annual maximum daily precipitation were analysed for two 

meteorological stations in southern Portugal, allowing to estimate such precipitation for both stations, namely through the 

adjustment of a statistical law for a return period of 100 years. Design precipitations were then determined through a methodology 

that makes use of the estimation of the annual maximum daily precipitation. Through hydrological and hydraulic methodologies 

frequently used in hydraulic and drainage projects in Portugal, eight culverts were evaluated. The hydraulic analysis led to the 

conclusion that three out of the total had an insufficient flow rate capacity. According to those results, it is not possible to conclude 

that climate change is directly influencing the adequacy of such culverts, in terms of flow rate capacity. Nevertheless, it seems 

reasonable to expect that a considerable number of culverts may no longer be suitable in terms of flow rate capacity, resulting in a 

potential high number of critical points in the Portuguese road network, conditioning the safety of the transportation infrastructure 

and its users. 
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1. INTRODUCTION 

Climate change has been identified as one of the main challenges that modern societies will face in the next few 

decades and remains as the main environmental challenge nowadays (Nordhaus, 2018). 

Scientific interest about intense precipitation events and the occurrence of floods has been growing in the last few 

decades, namely because it brings consequences to water resources infrastructures. In fact, one of the major 

concerns about climate change is that precipitation records have been changing due to global warming, which may 

lead to the occurrence of extreme events and its frequency increase (IPCC, 2013). In turn, the increase of extreme 

precipitation may possibly lead to increased flows in natural water courses (see Figure 1). 
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Figure 1 - Causal relationships between climate change and hydraulic culvert design (adapted from Wilhere et al. (2017)). 

The present study focuses on the analysis of road culverts. A main problem related to culverts is associated to 

insufficient flow rate capacity, leading to other problems like erosion and debris accumulation (see Figure 2). Thus, the 

estimation of the design flow is a critical process in culvert design. This study arises from the need to assess if the 

high number of culverts built in the past decades in Portugal still have a suitable flow rate capacity under a climate 

change scenario. In fact, facing the records of global climate change, it is valid to investigate, according to Portugal 

precipitation records, if the methodologies used in drainage projects lead to new design flows, which may not be 

accommodated by some of the existing culverts. Therefore, the adequate hydraulic operation of those culverts may be 

at risk. 

   

Figure 2 – Problems associated to culverts. 

 

2. CLIMATE CHANGE PHENOMENON 

Climate change that Humanity has been facing in the last few decades will extend over the 21st century and all the ev-

idence indicate that this phenomenon will intensify, namely in respect to the frequency and intensity of extreme events 

that affect societies all over the world (Beniston et al., 2007). The global warming that there’s been registered over the 
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last years and continues to increase nowadays is unequivocal, and the main responsible for it is Humankind. The 

increase of carbon dioxide has been the main cause of global warming in the past 50 years (IPCC, 2013). 

Greenhouse gases emissions are a difficult process to change and society responds in a slow way to this urgency. 

Therefore, it is possible to state, with some certainty, that climate change will intensify in the future (Burke et al., 2018; 

Chevuturi, Klingaman, Turner, & Hannah, 2018; Fischer & Knutti, 2015; Hoegh-Guldberg et al., 2018; IPCC, 2013, 

2014a, 2014b; Karmalkar & Bradley, 2017; King, Karoly, & Henley, 2017; Yamazaki, Watanabe, & Hirabayashi, 2018). 

Global temperature and its variation levels are indicators easy to measure and detect in a global climatic system. 

However, changes in humidity and precipitation aren’t so obvious to detect, although they are equally important 

(IPCC, 2007). Climate change has been leading to a hydrological cycle intensification, and in the future projections are 

that extreme events will be more frequent (Knapp et al., 2015). In fact, global warming has been changing 

evapotranspiration and precipitation levels, making modifications in the hydrological cycle and leading to many risks 

and consequences in the water resources area (IPCC, 2014a). 

All the intense precipitation variations that have been registered all over the globe seem to react accordingly to climate 

change of anthropogenic nature, i.e., there is a cause-effect relationship between climate change caused by 

humankind and rainfall regimes. Nevertheless, this relation was not so obvious until recently because there wasn’t 

enough data and research about this area. According to IPCC (2012), evidence about anthropogenic influence in 

hydrological cycle has been increasing, which is relevant for the intense rainfall regime variations. 

In general, the frequency of extreme rainfall events above continents have increased during the second half of the 20th 

century in many regions of the planet, even in places where total precipitation levels reduce. It is very likely that the 

frequency of these events will increase during the 21st century in many regions in the world, particularly in high latitude 

and tropical regions, and also in medium latitude regions in the Northern Hemisphere, in Winter. Predictions show that 

intense precipitation events will increase in some regions and that total precipitation will reduce. There are also pre-

dictions that indicate that annual maximum daily precipitations, with a return period of 20 years, will occur once every 

5 to 15 years by the end of the 21st century (IPCC, 2012). 

3. HYDRAULIC DESIGN OF CULVERTS 

There are four criteria that must be taken into account when designing culverts (Ramos, 2005): 

▪ hydrological criteria; 

▪ hydraulic criteria; 

▪ economic criteria; 

▪ environmental criteria. 

Hydrological criteria are the ones who suffer consequences directly from climate. These criteria define the design flow 

values used to design hydraulic culverts. These design flows are associated to the chosen return period.  

Hydraulic criteria are related to the culvert namely in aspects like its flow conditions, orientation and position of the 

culvert, its cross section, length and slope, entrance and exit types and type of adjoining soils (Ramos, 2005). 
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In what concerns economic and environmental criteria, it is important to mention that the first one has an extreme 

importance because it is directly related to the economic value of the culvert and its associated risks. The second one 

is also important because of the relevance that natural water courses have in the designing of culverts. The less 

natural water courses change when building the culvert, the less problems related to runoff itself will appear in the fu-

ture. 

In this chapter, it is briefly discussed the main hydrological and hydraulic criteria used in drainage projects in Portugal. 

To design a culvert, it is necessary, in the first place, to estimate short term precipitations between half an hour to one 

day because flood events occur mostly in those time intervals in small and medium hydrographic watersheds in 

Mainland Portugal (Portela, 2006). 

It is also necessary to estimate the design flow. In general, when estimating design flows, it is assumed the hypothesis 

that rainfall durations for a certain return period originate design flows with equal return periods (Martins, 2000). This 

is not necessarily true because there are phenomena such as soil humidity or rainfall intensity variation that can affect 

the flood magnitude. However, for high return periods such as 100 years, this hypothesis is acceptable.  

Many authors have suggested different methodologies to determine design flows. In the present work, it is highlighted 

the most common methodologies used in drainage design: the Rational method and the Soil Conservation Service 

method. Both methods are used to assess the design flows of the case studies in chapter 4. 

When designing culverts, it is fundamental to consider some hydraulic criteria. The process of simulating the flow 

inside a culvert is very complex because it processes in a non-uniform regime. Understanding which type of flow 

happens inside every culvert, knowing the implantation conditions, is something crucial for the culvert to work 

properly. There a few factors that influence directly the culvert hydraulic behaviour (Martins, 2000): 

▪ inlet and outlet flow conditions; 

▪ slope, length and material; 

▪ design flow; 

▪ relative position in relation to the natural water course; 

▪ conditions of the natural water course bankfull. 

According to existing literature, there are many types of flows inside hydraulic culverts. Those flows can be inlet or 

outlet controlled, according to the implantation conditions of the culvert itself. When the flow is inlet controlled, it 

means that the flow rate capacity is defined by the flow energy in the initial section of the culvert. In this case, the 

outlet characteristics don’t influence the flow rate capacity. On the other hand, when the flow is outlet controlled it may 

lead to subcritical flows inside the culverts or even to a submerged outlet (Martins, 2000; Ramos, 2005). Thus, it is 

preferable to have upstream flow control. 

4. CASE STUDIES DESCRIPTION AND METHODOLOGY 

For the evaluation of culverts under a climate change scenario, eight case studies were selected from the Portuguese 

road network (see Table 1). Five case studies are in Beja district (built in the 1920s) and the other three are in Évora 

district (built in the 1950s). Four case studies are presented in Figure 3. For both districts, located in southern 



5 

 

 

Portugal, two meteorological stations were selected to obtain the precipitation records, based on the adequacy of their 

locations. For Beja district, Relíquias station was selected. Its annual maximum daily precipitation records suggest a 

slight decreasing tendency since the last five to six decades. For Évora district, Pavia station was selected, where an 

increasing tendency in the annual maximum daily precipitation is noticeable between about 1930 and 1970, followed 

by a decreasing tendency since then. 

Table 1. Case studies characteristics. 

District 

Location 

Culvert 

Designation 

Number of 

Modules 
Type Dimensions1 

Length 

(m) 

Slope 

(%) 

Beja B-1 2 Rectangular 1.76 m × 1.54 m 19.15 1.00 

Beja B-2 1 Rectangular 0.63 m × 0.56 m 8.93 1.00 

Beja B-3 2 Rectangular 1.60 m × 2.00 m 14.78 1.00 

Beja B-4 1 Rectangular 2.60 m × 2.70 m 18.00 0.50 

Beja B-5 2 Rectangular 3.30 m × 3.40 m 22.71 1.20 

Évora E-1 1 Circular 1.20 m 28.15 1.00 

Évora E-2 1 Circular 1.00 m 17.05 0.50 

Évora E-3 1 Rectangular 1.60 m × 2.00 m 25.50 1.00 

1 – It refers to the diameter, for the circular cross-section.  

 

Figure 3 - Case studies: a) B-1 (inlet); b) B-4 (outlet); c) E-1 (outlet); d) E-3 (inlet). 

 

For the hydrological and hydraulic analyses of the case studies, a methodology divided in three main steps was 

followed. 
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The first step comprised the estimation of the design precipitation, Pt, based on the methodology developed by Portela 

(2006) – Equation ( 1). This procedure combines annual maximum daily precipitation records with mainland 

Portuguese rainfall characteristics associated to the parameters of the IDF curves (𝑎′𝑖 and 𝑛′𝑖) developed by Brandão 

et al. (2001). Annual maximum daily precipitation, P24, was estimated for both meteorological stations using the Log-

Normal statistical law for a return period of 100 years (see Figure 4 and Figure 5). 

 
𝑃𝑡

𝑃24

=
𝑎′𝑖  60𝑛′𝑖 𝑡(1+𝑛′

𝑖)

𝑎′3 60𝑛′3 24(1+𝑛′
3)

 ( 1 ) 

The design flow, Q, was calculated in the second step. Based on the watershed characteristics (see Table 2) 

associated to each case study, it was possible to estimate the concentration time, tc, for each one. Design rainfall 

intensity, I, was then determined through the relation between Pt and tc, assuming that the rainfall duration was equal 

to tc. Through hydrological methods frequently used in drainage projects in Portugal, such as the Rational method and 

the Soil Conservation Service (SCS) method, it was possible do estimate the design flow for each case study. 

Table 2. Watershed characteristics. 

Location 
District  

Watershed 
Area 
(km2) 

Length 
(m) 

Height 
(m) 

tc 

(h) 

Beja B B-1 3.527 2,078.00 45.00 1.08 

Beja B B-2 0.154 494.00 23.00 0.31 

Beja B B-3 4.965 4,650.00 151.00 1.85 

Beja B B-4 3.368 3,419.00 50.00 1.70 

Beja B B-5 10.388 5,630.00 87.00 2.46 

Évora B E-1 3.527 2,078.00 45.00 1.40 

Évora B E-2 0.154 494.00 23.00 0.76 

Évora B E-3 4.965 4,532.00 151.00 1.10 

 

Finally, the third step consisted on the hydraulic analysis. This analysis investigates if the culverts have enough flow 

rate capacity for the new design flows by using a methodology developed by U.S. Department of Transportation (in 

Martins, 2000; in Ramos, 2005; adapted from Schall et al. 2012). The flow rate capacity was evaluated by comparing 

the culvert height, D, with the critical depth, hc. In case the culvert has, in fact, a flow rate capacity, then the inlet 

headwater, Hw, is calculated assuming an inlet flow control and then an outlet flow control. The higher one will define 

the control section of the flow. Note that, as a safety criterion, it was assumed that Hw/D ≤ 1.35, in a centenary flood 

situation. 
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Figure 4 – Estimation of annual maximum daily precipitation for Relíquias station. 

 

Figure 5 - Estimation of annual maximum daily precipitation for Pavia station. 
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5. RESULTS 

All case studies were analysed through the previously mentioned methodology. The main results (see Table 3) 

showed that three out of eight culverts did not have a suitable flow rate capacity for the estimated design flows. On the 

other hand, the remaining five culverts had an adequate flow rate capacity, although two of them with an outlet control 

section. 

Table 3. Hydrological and hydraulic results. 

Culvert 
Designation 

P24 

(mm) 
Pt 

(mm) 
Q 

(m3/s) 
hc 

(m) 
Flow Rate 
Capacity 

Hw/D 
(-) 

Control 
Section 

B-1 112.45 53.83 29.21 1.91 No - - 

B-2 112.45 31.65 2.58 1.20 No - - 

B-3 112.45 63.04 28.19 1.99 Yes 1.59 Outlet 

B-4 112.45 61.53 20.27 1.84 Yes 1.03 Inlet 

B-5 112.45 68.60 44.74 1.67 Yes 0.74 Inlet 

E-1 101.59 37.71 8.32 1.57 No - - 

E-2 101.59 30.16 2.84 0.96 Yes 1.93 Outlet 

E-3 101.59 34.54 6.71 1.05 Yes 0.79 Inlet 

Case studies B-1, B-2 and E-1 did not have enough flow rate capacity for the new design flows. In fact, for these 

culverts the critical depth was higher than the section height, leading to an absence of flow control section. On the 

other hand, case studies B-3 and E-2 had a sufficient flow rate capacity for the estimated design flows. However, 

those culverts would experience an outlet flow control section which may lead to subcritical flows inside the culverts or 

even to a submerged outlet. Also, culverts B-3 and E-2 did not satisfy the maximum upstream headwater. In fact, the 

relation Hw/D was larger than 1.35, which may put at risk the landfill and transportation infrastructure safety. The other 

three case studies, B-4, B-5 and E-2, did not show any problems related to flow rate capacity or upstream maximum 

headwater. Hence, they may be considered appropriate to accommodate the new design flows. 

6. DISCUSSION 

The results obtained by the hydraulic analysis are related to a sample of eight culverts distributed in Beja and Évora 

districts, in southern Portugal.  

According to those results, three out of eight culverts (two in Beja district and another one in Évora district) did not 

have a satisfactory flow rate capacity for the new design flows, representing almost 40 % of the analysed sample. In 

contrast to what could possibly be expected, the number of problematic culverts was higher in Beja district, where the 

annual maximum daily precipitation records suggested a more stable decreasing tendency over various decades. In 

turn, only one culvert out of three seemed to show an insufficient flow rate capacity for Évora district. For all these 

three culverts, the recommended solution is to replace the culvert by another one with suitable flow rate capacity (see 

Table 4). 

All the other five culverts had enough flow rate capacity, although two of them with an outlet control section, which is 

not advisable for an adequate hydraulic functioning. A possible solution for an outlet controlled flow would be to 

readjust the longitudinal profile of natural water course downstream of the culvert, or even the installation of a ditch. 
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Table 4. Suggested solutions for culverts with inadequate flow rate capacity. 

Culvert 
Designation 

Type Dimensions1 Length 
(m) 

Slope 
(%) 

Hw/D 
(-) 

Control 
Section 

B-1 Rectangular 2.75 m × 2.75 m 19.15 0.55 1.24 Inlet 

B-2 Circular 1.20 m 8.93 1.00 1.10 Inlet 

E-1 Rectangular 1.75 m × 1.75 m 28.15 1.00 1.14 Inlet 

1 – It refers to the diameter, for the circular cross-section. 

For every culvert, it is advisable to include an outlet energy dissipation structure such as a rockfill bed. Such structure 

helps avoiding erosion at the culvert’s outlet. The design of those structures depends on the culvert’s outlet velocity, 

which allows to calculate the rockfill medium characteristic diameter. 

7. CONCLUSIONS 

In the present study, the results of the hydrological and hydraulic analyses of different road culverts in southern 

Portugal were investigated. Flow rate capacity was evaluated considering revised design flows for a return period of 

100 years, based on annual maximum daily precipitation records of two meteorological stations. The main objective of 

the present study was to verify if existing culverts would still have a suitable flow rate capacity under a possible 

climate change scenario. 

From a sample of eight culverts, it was possible to observe that about 40 % of such sample would not have enough 

flow rate capacity, which is a high percentage.  

Although it would not be correct, from a scientific point of view, to assign climate change with those culverts 

malfunction, it seems reasonable to expect that a considerable number of culverts may no longer be suitable in terms 

of flow rate capacity, resulting in a potential high number of critical points in the Portuguese road network. 

A further investigation of this preliminary study should consider an extended sample of culverts, covering other regions 

of the Portuguese territory, along with a review of the hydrological analysis and hydraulic design methods. 
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