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Abstract

The aim of this master thesis is to investigate dilerknt applications of the Ra-
tional Method (RM), applied to manually calculate rainwater runo [and estimate
culvert pipe dimensions at two rural case study areas aledted by the extreme rain-
fall in Gavleborg county in August 2021. This rain event is in Sweden referred to
as Gavleregnet. Each case study consisted of a culvert pipe transporting a creek
through a country road. The dimensioning flows from the forested catchment ar-
eas were calculated by the RM and three of its applications; the version of Svenskt
Vatten (SV-RM), the Swedish Transport Administration (STA-RM) and Flodesap-
pen. All of these except the latter, which is a digital modelling tool, were combined
with the Time-area Method (T-A), and their calculations were based on two rain
scenarios; the Worst Case of Intensity (WCI) and the Worst Case of Return Period
(WCRP). All four applications of the RM utilized Colebrook’s method to determine
the suitable pipe dimensions needed to manage the dimensioning flows. Further-
more, the catchment areas and calculations for RM, SV-RM and STA-RM were
estimated manually in Excel and GIS. A field visit was also conducted to retrieve
deepened information of the case study areas. The results of the areal parame-
ters were compared between the digital calculation in Flddesappen and the manual
methods. The influence of some parameters on the peak flow was investigated in a
Sensitivity Analysis (SA) for each method and rain scenario.

Overall, the results showed that the WCRP was the actual worst of the two scenar-
ios, for both case studies, where the highest peak flows were generated by the two
methods that considered a climate factor (SV-RM and STA-RM). The results from
the SA show that the most a[edted flow is generated by the change of the catchment
area in the WCRP scenario for SV-RM and STA-RM.

Keywords: Rational Method, Time-area method, Culvert pipe, Runo[,_Bwedish
Transport Administration, Svenskt Vatten, Gavleregnet, Extreme rain event, Rural,
Catchment area.
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Terminology

The following terminology explains some concepts and acronyms that have been
used throughout this thesis, listed in alphabetical order:

Catchment area An area of which the water is drained to a watercourse
upstream of a speci c point. The area is usually limited by
ridges/water dividers, which divide the ow from
precipitation etc. in di erent directions.

Concentration time The time equal to when the whole catchment area
contributes to the runo ow (see Runo ) in a specic
point, expressed in minutes.

Culvert pipe A structural element that enables stormwater and/or
streams to pass unhindered under a road and through its
embankment. The material is usually concrete, steel or
plastic. The element has a theoretical diameter of up to 2
meters inclusive, according to County Administration of
Orebro (2003). Greater diameters are considered as bridges.

Gaining stream When a stream or creek gains water ow from ground water
seeping through the creek bed. The process is due to a
higher water table in an adjacent coherent geological mass
than the water table of the stream.

Flodesappen (English. the Flow application) A program under
development at the Swedish Tra ¢ Administration. It was
re ned to calculate precipitation runo in rural areas.

GIS An acronym for Geographical Information System. A
computer-based system used to analyse stored geographic
data.

Gavleregnet (English. the Gavle rain) An extreme rainfall that occurred

in the central parts of Sweden in August 2021.
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1

Introduction

As climate change is constantly ongoing, more intense amounts of precipitation are
expected to wash through cities and rural areas (Swedish Council of Experts on
Climate Adaptation, 2022), which puts pressure on the existing infrastructure for
managing stormwater and rainwater runo (Andersson-Skold et al., 2021). In re-
cent times, the stormwater quality has been a hot topic for researchers. But, with a
rising impact from climate change, the management of increased ows is becoming
increasingly important (Swedish Council of Experts on Climate Adaptation, 2022).
A conclusion can therefore be drawn that the dimensioning of stormwater infras-
tructure is going to be more highly considered in the near future. Accordingly, in
order to protect socially important functions and activities from the stresses of a
changing climate, risk analyses and calculations of water ows constitute a signi -
cant part of today's preventive work and climate adaptation (Lindeberg et al., 2019).

Heavy or prolonged rain events can cause many problems, including ooding, erosion
and washed away road structures (Lindeberg et al., 2019), which in turn can entail
both social, economic as well as ecological damages and costs. The underlying fac-
tors can be several and interact with each other, but undersizing, misplacement or
lack of maintenance of stormwater infrastructure are some of the reasons behind this.
Culvert pipes are one of the most commonly used infrastructures for transporting
runo through roads and surfaces to prevent ooding and create a safe environment
for transport and living (County Administration of Orebro, 2003; Andersson-Skold
et al., 2021). Furthermore, culvert pipes have for a long time been designed to with-
stand rain with a 50 or 100-year return period depending on the placement and the
safety class of the road. It is possible that the road drainage will be designed for
even greater return time periods in the future, which will leave the infrastructure of
today dated and under-dimensioned.

As the Swedish Council of Experts on Climate Adaptation (2022) mentioned in their
rst report, the climate adaption in Sweden is in a developing phase, but much more
needs to be done by all responsible stakeholders. This includes municipalities, re-
gions, national authorities, county administrative boards and other involved actors.
In agreement with this, the Swedish Transport Administration has begun a national
inventory of culvert pipes to create an outline of their condition. The inventory
reports, for example, the material and functional status of each pipe as well as
its geographical location and pipe dimension. Furthermore, the Swedish Transport
Administration maintains over 100 000 km of roads and annually spends billions of
SEK maintaining the transport infrastructure (STA, 2019). The large infrastructure

1



1. Introduction

system naturally adds a towering number of culvert pipes in the country and the
inventory has made the stock searchable, which is a huge bene t for further planning
and development.

A general and well-used method for predicting stormwater ows is the Rational
Method (RM), which has formed the basis for rough estimations of ow calculations
since the middle of the 19th century Chin (2018). Although the basis and theory
have been the same since then, the RM has been adapted with regards to deep-
ened understanding as knowledge, technology and climate have been developed and
changed over the years. Today, there are several di erent versions of the RM that can
be used for dimensioning of stormwater ows and design of culvert pipes, including
applications according to Svenskt Vatten and the Swedish Transport Administra-
tion (SV, 2016; STA, 2017). Apart from RM, there is an even greater o erings in
computer-based programs. In the jungle of these methods and programs, there is a
pent-up need for comparative reviews that can highlight their qualities and limita-
tions.

In August of 2021, a heavy rainfall hit the city of Gavle and Géavleborg County
in the central parts of Sweden. Within and around the county, infrastructure was
either disabled or destroyed, and due to its resistance and intensity, the rainfall was
considered as an extreme rain event with an unusually long return period. This re-
port will investigate the rainwater runo induced by this extreme rain event called
Géavleregnet for two rural case studies in Ockelbo municipality. More speci cally,
this thesis will investigate if the RM and its applications as rough estimation meth-
ods still could give an acceptable prediction of rural rainwater runo despite its
limitations.

1.1 Aim

The aim of this master thesis is to investigate di erent versions and applications
of the Rational Method (RM), applied to manually calculate rainwater runo and
estimate culvert pipe dimensions for two rural case study areas a ected by the ex-
treme rainfall in Gavleborg county of August 2021. This rain event is in Sweden
referred to asGéavleregnet The work will be performed in collaboration with the
Swedish Transport Administration. The ambition with this thesis is to compare and
discuss the calculated results and their uncertainties, as well as to bring clarity to
advantages and limitations of assessing runo ows by the applied methods. Fur-
thermore, the hope is that both students and stakeholders in water infrastructure
industry will understand and bene t from the outcome of the work.

To ful Il the aim, the following objectives are valid for this thesis:
Investigate RM versions and their limitations.

Calculate the peak ows of the studied worst case rainfall scenarios applied to
each case study and its corresponding culvert pipe dimension, for each method.
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Analyse and compare the results of the di erent applications of the RM.
Discuss the manual calculations versus computer modelling, and perform a
sensitivity analysis to investigate which parameters have a greater impact on
the manually calculated results.

Discuss the uncertainties regarding the weather and climate that could have
a ected the results of this thesis.

Based on these objectives, the research questions of this thesis are:
1. What were the estimated maximum peak ows oGavleregnetin August 2021
for the two case studies, and what pipe dimensions were desired to manage
these ows?

2. According to the the sensitivity analysis, which parameters have the largest
impact on the calculated results?

1.2 Limitations

This thesis has been limited to investigate the following ow calculation and dimen-
sioning methods:
Rational Method (RM)
Versions and applications of the RM
P110 by Svenskt Vatten(SV), referred to as SV-RM in this thesis
MB310 and TRVINFRA by the Swedish Transport Administration (STA),
referred to as STA-RM in this thesis
Flodesappenby the STA
Time-area Method (T-A)
Colebrook's method

These methods are tested against two case studies to assess their accuracy but also
to be compared against each other. Limitations in terms of assumptions made in
the assessment and calculation processes are described in Chapter 4.

1.3 Methodology

Initially in this thesis, a theory study was conducted to gather theoretical informa-
tion about the chosen methods as a basis to rely on for the calculation and modelling
of the case studies. The theory study considered reports and books that compre-
hensively describes each application of the RM, where three main sources were used:
Lyngfelt (1981) for the RM itself, SV (2016) for the SV-RM version, STA (2017) for
the STA-RM version and Lindeberg et al. (2019) foFl6édesappen
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Programs and data banks that are available within the Swedish Transport Adminis-
tration intranet have been utilized, including Stig nnaren, Vintersidan and Trum-
minventeringsappen These programs made it possible to locate roads and culvert
pipes that have been exposed to ooding in recent years. The criteria for the selec-
tion of the studied culvert pipes and weather event were:

Data of the case study before the rain incident was available.

The case study was a ected byGavleregnetof 2021.

Two adjacent case studies within the Gavleborg county.

Manual calculations in Excel and modelling inFlédesappenwere thereafter made,
and the calculation processes are further described in Chap#®iMethodology of the
calculation process



2

Theory

The following chapter aims to describe the theory on which this thesis is based.
The rst Section 2.1 describes the Rational Method (RM) and its applications. In
Section 2.2, the Colebrook's method of dimensioning culvert pipes is declared, and
in Section 2.3 di erent methods for retrieving weather data are stated.

2.1 Applications of the Rational Method

As the RM has been applied for a long time without any major changes, some re-
ned versions have been developed. The Subsections 2.1.1 - 2.1.3 describe the RM
in its original form and as a version according t&venskt Vatten(SV-RM) and the
Swedish Transport Administration (STA-RM). A description of the so-called Time-
area method (T-A) and the modelling toolFlédesappenwhich both involve the RM,

Is given in Subsection 2.1.4 and 2.1.5 respectively.

2.1.1 Rational Method

The RM is a statistical method developed for calculation of peak ows of stormwater
runo in urban areas (Lyngfelt, 1981; Chin, 2018). Even though the method was
developed for urban areas, it can be used to predict runo in rural areas as well
(STA, 2017). It is a functional method for dimensioning stormwater management
systems that has been widely applied since the mid nineteenth century (Chin, 2018).
Thus, the RM has stayed unchanged and been applied by generations of engineers
for over 150 years. As more advanced methods and understanding have been fur-
ther developed during this time, the conventional RM should be seen as a standard
method for an initial dimensioning or rst estimates of stormwater pipes because of
its rough simpli cations (Lyngfelt, 1981).

At the time when the entire catchment area participates in the runo , the maximal
discharge ow is attained (Lyngfelt, 1981). This specic time factor, named the
concentration time (t.), is theoretically described as the time needed for the water
to ow from the most remote location to the out ow of the system. It could fur-
thermore be regarded as a site-speci ¢ parameter since it is deeply dependent on
the size, gradient and shape of the catchment area.

As more intense precipitation implies increasing ows and thus increasing water
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velocities on surfaces and in pipes, the rainfall intensityi) also a ects how the
concentration time varies in the catchment area (Lyngfelt, 1981). This parameter
depicts the hydrological properties of the area and can either be empirically calcu-
lated in several di erent ways, or decided from intensity-duration-frequency (IDF)
plots. Such plots are based on the duratioft,) and return period (T) of the rain.
Figure 2.1 exempli es what an IDF plot may look like, in this case based on statis-
tically measured national data of annual average precipitation between 1995-2008
according to SMHI (2009).

Figure 2.1: The rain intensity for di erent return periods and concentration times (IDF
plot). Data is a national corrected mean retrieved from SMHI (2009). Authors' own gure.

In the RM, the duration of the rain is assumed to be equal to the concentration time
of the catchment area(t; = t;), which means that the intensity becomes constant
over the time required to reach the maximum catchment runo ow. Consequently,

in order to determine that constant value, the varying intensity of the rain over
the determined time interval is de ned as the mean intensity of this interval. The
de nition of combining the duration and intensity in this way, called block rain, can

be used for one or more individual rain events, i.e. as a single block rain or as a
series of block rain.

The runo coe cient (') is a hydraulic parameter describing the rate proportion-
ality between rainfall and runo in the catchment area (Chin, 2018; Dhakal et al.,
2013; Lyngfelt, 1981). Within RM, this ratio is assumed to be constant under the
assumptions that the duration of precipitation either reaches or exceeds the concen-
tration time of the catchment area, and that the rainfall intensity remains constant
(Chin, 2018). The precipitation is also inferred to be uniformly distributed over the
entire catchment area. Due to these assumptions of spatial uniformity regarding
rainfall and runo , the method is most suitable to portray medium to small catch-
ment areas, less than 80 ha (Chin, 2018), as well as evenly distributed ones with
regards to di erent land types (Lyngfelt, 1981). In total, valid assumptions of the
RM can be listed as follows:
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1. The dimensioning ow has the same return period as the rain intensity, and
Is reached when the entire catchment area contributes to the runo (Lyngfelt,
1981; Chin, 2018).

2. The precipitation is uniform throughout the catchment area, and both the
rainfall rate and the ratio between runo and rainfall is constant (Chin, 2018).

3. The runo coe cient integrates all rainfall abstractions (Chin, 2018).

Equation 2.1 below, based on Lyngfelt (1981), shows the relation of all previously
mentioned parameters which together form the conventional RM formula. The di-
mensioning ow (Qy) is calculated as the rainfall intensity(i) over the return period
and concentration time, multiplied with the total catchment area(A;) and the runo

coe cient ('), which together express the reduced area participating in the runo
(A;y ") (SV, 2016). Table 2.1 presents some established tabulated values that can
be used as runo coe cients for catchment areas with mixed land types (SV, 2016;
Lyngfelt, 1981). Furthermore, the rain duration(t,) is assumed to be equal to the
concentration times(t.), as mentioned above. This is only valid fot, > 10 minutes,
otherwiset. should be assumed to 10 minutes (SV, 2016; Lyngfelt, 1981).

Qu(T) = i(t;T) A¢

t, = tc 2.1)
Qq(T) | Dimensioning ow  (I=s)
T Rain return interval (months)
i(t,; T) | Rain intensity (I=s ha)
ty Rain duration (min)
' Runo coe cient ()
Ay Catchment area (ha)
te Concentration time  (min)

Table 2.1: Runo coe cients for di erent land types (SV, 2016; Lyngfelt, 1981).
Area Runo coe cient ()
Roofs 0.9
Concrete and asphalt surfaces, exposed bedrock 08
in heavy tilt '

Stone surface with area with gravel joints 0.7

Gravel road, heavy tilted enriched park area
without signi cant vegetation

Expose bedrock, not too steep 0.3
Gravel oor and gravel walkway, undeveloped

0.4

neighbourhood land 02
Park with rich vegetation and hilly mountainous 01
woodland '
Agricultural land, grassland, meadows 0-0.1
Flat, densely forested land 0-0.1
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Larger catchment areas often consist of a complex mixture of both developed and
unused land (SV, 2016). For such areas with di erent land types, and where the
proportion of developed land constitutes a smaller part of the total area, a division
of sub-areas(Ay) can simplify the calculation of the contributing runo from the
total area. The runo coe cient is then adjusted using Equation 2.2 with regards
to the di erent surface properties within the total area (Lyngfelt, 1981).

1 At At +'n An

"= 2.2

A (22)
Runo coe cient ()
"N | Runo coe cient for sub-area N ()
Ay | Sub-area N (ha)
A; | Catchment area (ha)

The rain intensity can be calculated by Equation 2.3 (Lyngfelt, 1981). Judging by
its composition, the intensity seems to only depend on the rain duration in this
equation, but the return period is considered by the coe cientsa, b and c. These
coe cients consist of empirical values, determined for di erent return periods and
geographical locations. Table 2.2 presents the corresponding values evaluated for
Gothenburg according to Lyngfelt (1981).

. a
r

t, = t¢

(2.3)

[ Rain intensity (I=s ha)
tr Rain duration (min)

te Concentration time (min)

a; b;c| Coe cients ()

Table 2.2: Values for coe cients a, b and ¢ for Gothenburg and di erent return periods,
according to Lyngfelt (1981).

Return period (years) a b c

5 3950 12 6
2 2790 10 6
1 2000 9 6
1/2 1430 8 6
1/3 1130 7 6
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To calculate the concentration time within the catchment area, the runo time at
the land surface(tang) and from diversion(tgy), such as via ditches or pipes, are
summarized according to Equation 2.4, based on SV (2016). The concentration time
is thus described as the sum of the ratios between the longest runo distande g,
Lgiv) and the ow velocity (Viand, Vaiv) for both land and diversion. A correction
factor of 60 s/min is also added to the ratios for correct unit conversion.

L L gi
land + div

te = tiang + taw =
c land div Viand 60 Vi 60

(2.4)

te Concentration time (min)
tanda | RUno time on land surface (min)
taiv Runo time for diversion (min)
Liang | LOngest runo distance on land surface (m)

Viand | Flow velocity on land surface (m=s)
Lgiv | Longest runo distance in diversion (m)

Vgiv | Flow velocity in diversion (m=s)

Table 2.3: Water velocity in di erent types of diversion, according to Lyngfelt (1981).

Type of diversion Velocity  (m=9)
Ordinary pipe 15
Tunnel and greater pipe 1.0
Dike and gutter 0.5
Soll 0.1

2.1.2 Svenskt Vatten

The report P110 - Drainage of storm-, drainage- and wastewater (SV, 2016), is a
manual published by Svenskt Vatten (SV) for the purpose of ease the dimensioning
of drainage systems. During the dimensioning of stormwater systems, P110 utilizes a
re ned version of the RM, which will be further described in this section (SV, 2016).

One of the main di erences between the RM and the SV's version of RM described
in P110 (SV-RM) is that a climate factor (cf) is added in the approximation of the
dimensioning ow (Qq) in the latter one (SV, 2016). The calculation of the rain
intensity (i) also diers and is described as a general formula in P110 adapted to
t rain intensities around the globe. Otherwise, the relationship between duration
and return period is still the same as in the conventional RM, where the intensity
can be obtained from IDF plots and selected as a constant value for a certain return
period and a duration corresponding to the concentration time.
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To enable designs of stormwater systems that are adapted to future changes in pre-
cipitation, a climate factor (cf) is added as previously mentioned (SV, 2016). It

is dependent on geographical location and rainfall duration, and is also greatly in-
uenced by the assessments made of the climate scenarios (RCP) for global future
greenhouse emissions. Based on the state of knowledge at 2015, a set of general
climate factors for Sweden presented below in Table 2.4 and 2.5 have been assessed
by SMHI (2015b). Table 2.4 accounts for which factors are recommended for rain-
fall durations shorter than one hour and up to one day, while a future percentage
increase of the climate factors for a 10-year rainfall is reported in Table 2.5 for dif-
ferent climate scenarios (RCP mean and high).

Table 2.4: General climate factors in Sweden, depending on rain duration (SMHI, 2015b;
SV, 2016).

Rain duration (h) Climate Factor ( )
<1 >1.25
<24 >1.20

Table 2.5: Percentual increases of climate factors for di erent rain durations of a 10
year rain, for both the mean and the high RCP climate scenarios (SMHI, 2015b). The
latter scenario is the most conservative, pessimistic option among the simulations by SMHI
(SMHI, 2015b; SV, 2016).

2021-2050 () 2069-2098 ( )
Mean High Mean High

Rain duration (h)

0.3 1.19 1.23 1.30 1.51
1 1.14 1.16 1.20 1.34
3 1.13 1.13 1.17 1.29
12 1.12 1.14 1.18 1.29

The catchment area and the rain duration are estimated equally as described in
Section 2.1.1, where the runo coe cients (' ) remain the same as in Table 2.1
and the rain duration (t;) is equal to the concentration time(t;). In total, the
dimensioning ow is calculated according to Equation 2.5 (SV, 2016). If the runo
coe cient needs to be altered according to di erent land covers in the catchment
area, the Equation 2.2 in Section 2.1.1 could be utilized.

Qu=i(t;T) Ar ' cf

2.5
L=t (2.5)
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Qq Dimensioning ow  (I=s)
i(t;; T) | Rain intensity (I=s ha)
tr Rain duration (min)

te Concentration time (min)
Ay Catchment area (ha)

' Runo coe cient ()

cf Climate factor ()

The concentration time(t.) is calculated in the same fashion as in Section 2.1.1 and
Equation 2.4. To calculate the runo time from the catchment area and the diver-
sion, either tabulated values could account for the velocity, or it could be calculated.
Tabulated values are listed in Table 2.3. According to SV (2016), the velocity of
the runo should be calculated by Equation 2.6 if the type of diversion is soil. The
Manning's coe cients for regular land types and diversions are found in Table 2.6
(SV, 2016). The Equation 2.6 can also be used to calculate the velocity for water
in canals (Bondelind and Haggstrom, 2018). In this case, tHe represents the Hy-
draulic radius and is calculated as a ratio between the wet cross sectiph,) and
the wet perimeter (P) (Bondelind and Haggstrom, 2018; SV, 2016). The relation
between the wet cross section's area and the wet perimeter is illustrated in Figure 2.2.

__p_
v=M ? Rz S
5 Ap (2.6)
P
v | Velocity of runo water (B1=s)
M | Manning's coe cient (° m=s)
R | Water depth or hydraulic radius (m)
A, | Wet cross section's area (m?)
P | Wet perimeter (m)
S | Gradient of area or creek bed tilt (m=m)

Figure 2.2: lllustration of a canal's wet cross-sectional area and wet perimeter. Authors
own gure, inspired by Bondelind and Haggstrom (2018).
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Table 2.6: Manning's coe cient for di erent type of runo sections, modi ed table from
(SV, 2016).

<O

. Manning's coe cient  (° m=s)

Runo type Specied Natural Constructed
Land Busch eld 5

Grass eld 20

Much vegetation 10 10
Canals/Creeks/Ditches Some vegetation 25 30

No vegetation 30 50

Coarse concrete 50
Coated Canals Fine concrete 65

Wood 65

The rain intensity is calculated by Dahlstrém's Formula according to Equation 2.7,
which is adjusted to Swedish conditions (Dahlstrém, 2010). The formula is highly
dependent on the return period(T) and the concentration time (t;) (Dahlstréom,
2010; SV, 2016; STA, 2017). Additionally, it is valid for return periods between 1
month up to 10 years and during concentration times that vary between 5 minutes
to 24 hours (STA, 2017; Dahlstrom, 2010).

. R— In(t)

i(te;T)=190 °T tgrgz +2 (2.7)
i(te; T) | Rain intensity (I=(s ha))
T Rain return interval (months)
te Concentration time  (min)

In P110 (SV, 2016), the importance of assessing the impact of natural land runo
is underlined when using the RM for estimates of more or less undeveloped areas.
The assessment of the runo time for the total catchment area is further stated as
the di cult part, but that a low value of the runo coe cient for the natural land

is often used for consideration of its impact. Furthermore, it is also stated that
estimation methods can be used to estimate dimensioning ows from natural land,
for example by using a diagram that shows the specic ow as a function of size
(in hectares) for an average catchment area and for di erent return times (5 -100
years). The data that the diagram is based upon is described to originate from
observations of runo from precipitation-rich areas in western Sweden, consisting of
average forested/agricultural land.
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2.1.3 The Swedish Transport Administration

In 2010, the Swedish Transport Administration (STA) inherited calculation meth-
ods for dimensioning of infrastructure from the Swedish Road Administration, and
since then many alterations have been re ned. These methods are compiled in a
document with advises that STA use as guidelines, referred to as TRVINFRA (STA,
2021a), which within time will replace the previous version entitled as MB310 (STA,
2017). At the time of writing this thesis, both documents are valid, since MB310 is
still used in projects initiated before 2020 when TRVINFRA got introduced.

To calculate the dimensioning ow from a catchment area, the guiding documents
advises another version of the RM as well as methods according to P110 (SV, 2016).
The version is adapted with considerations to the in Itration and potential storage
capacity of permeable surfaces, due to their great potential pore volume. The abun-
dance of rainwater runo that is not in ltrated or stored is to be considered as the
dimensioning ow, which is calculated at either an outlet point or a connection point

of the runo infrastructure. On an annual basis, ows also need to be calculated
with regard to di erent rain intensities and durations, as the annual precipitation
varies over the year (STA, 2021a).

TRV INFRA also clearly states that the version of RM only should be utilized in
road near areas in which the majority of the runo originates from the road surface.
In cases in which the natural land is predominant, TRV Infra the method of Natu-
ral land runo described in P110shouldbe utilized, although SV (2016) themselves
only state the methodcould be used.

The calculations according to the RM version is applied as follows; The rain intensity
(1) is calculated by Dahlstrom's formula which is the same formula as mentioned in
Section 2.1.2. For some Swedish cities, statistics of precipitation rate and intensity
are available and can be used for more accurate predictions. Generally, the formula
Is considered valid for return periodgT) ranging between 1 month up to 10 years
and during concentration times(t.) that vary between 5 minutes to 24 hours. How-
ever, both documents implies that the formula should be used for return periods up
to 20 years, but STA (2021a) also claims it to be acceptable for return periods up to
100 years. Furthermore, thd. is calculated as described in Section 4.5 and Equation
2.4 but with velocities described in Table 2.7 (STA, 2021a). The dimensioning rain
return period is predetermined due to the expected consequences when the capacity
is exceeded. During rainfalls with short duration, the at surfaces are expected to
possess a storage capacity that is capable of managing a high rain intensity. If the
runo in the area has an expected concentration time longer than 15 minutes, that
computed time should be selected. The concentration time is also calculated in the
same fashion as described in Section 2.1.2.
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Table 2.7: Water velocity in di erent types of diversion (STA, 2021a).

Type of diversion Velocity  (m=9)
Ordinary pipe 15
Tunnel and greater pipe 1.0
Dike (often carrying water) and gutter 0.5
Dike (rarely water carrying) and gutter 0.2
Soill 0.1

As can be seen in Tables 2.8 and 2.9 below, only runo coe cients for impervi-
ous surfaceq' imp) are advised, for di erent rain intensities (i) according to STA
(2021a) and in general according to STA (2017). The reason why the tables does not
present any permeable surfaces is simply since Equation 2.8 does not consider any
runo coe cient for permeable surfaces. Instead, a factor describing the in Itration
capacity (f;) is utilized for the permeable surfaces in the road near areas.

Table 2.8: Runo coe cients for di erent land covers and rain intensities (I=(s ha))
(STA, 2021a).

Runo coe cient ()

Land cover =15 80>1>100 1> 200
Coated road surface 0.7 0.9 0.95
Uncoated road surface 0.6 0.8 0.87
Other types of hardened surfaces 0.7 0.6-0.9 0.73-0.95

Table 2.9: Runo coe cients for di erent land covers (STA, 2017).

Land cover Runo coe cient ()
Coated road surface 0.9
Uncoated road surface 0.8

Other types of hardened surfaces 0.6-0.9

Further, STA (2021a) advises to multiply the dimensioning ow by a climate factor
(see Table 2.10), with the notation that a climate factor for 1.2 is su cient for
the most cases of natural land runo . It is then described that the worst cases at
100-year ows must also be multiplied by a factor of 2.4 (STA, 2021a).

Table 2.10: Climate factor for di erent rain durations (STA, 2021a).

Rain duration (h) Climate factor ( )
1 1.3
1-24 1.2
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Generally, road areas and banks are designed with an adequate permeability (STA,
2017). Values of the in Itration capacity (f;) can be assumed according to Ta-
ble 2.11. However, this capacity can be higher, but greater values could only be
appointed after veri cation tests have been conducted in the eld.

Table 2.11: In Itration capacity for land covers (STA, 2017).

Type of permeable surface In Itration capacity (I=(s ha))
Vegetation-covered areas within
>100
the road area
Grassy slopes and ditches >150

The dimensioning ow is calculated according to Equation 2.8 (STA, 2017). The rain
intensity is calculated by the same formula as stated in Section 2.1.2 and Equation
2.7.

Qu=1(T) Aimp "imp + Ap (I(t;T) fi) (2.8)
Qq Dimensioning ow (I=s)
i(te; T) | Rain intensity (I=s ha)
T Return period (months)
Aimp Impervious area (ha)
" imp Impervious runo coecient ( )
Ay Permeable area (ha)
fi In Itration capacity (I=s ha)

According to STA (2021a), the design of culvert pipes is also restricted under cer-
tain advices including elevation and slope. The design and elevation setting of a
pipe with a circular cross-section should be established so that the water level at
the dimensioning ow event does not exceed 85% of its dimension. In addition, as
shown in Figure 2.3, culvert pipes must be dimensioned with a so-called shallow
depth which means that their lower inner edge is lowered in relation to the bottom
level of the connecting watercourse or ditch. This promotes the hydraulic proper-
ties of the culvert pipe and reduces the risk of under- ushing as it becomes more
di cult for water to divert on the outside of the pipe. Since bottom material in the
form of stone and gravel is transported by watercourses, the shallow depth will to
some extent get lled with material that creates similar conditions as in the natu-
ral watercourse bed. However, for pipes with a large shallow depth and long span,
the bottom material may need to be lled beforehand at installation to create such
favourable conditions. The lling material must for these cases be adapted so that
they resemble the natural bottom substrates, specially for pipes that functions as
aquatic fauna passages.

Furthermore, culvert pipes intended for aquatic fauna passages should be con-
structed with a slope between 0-5 adapted based on the slope of the watercourse,
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which is decisive (STA, 2021a). A slope greater than the speci ed range can be
accepted as long as the structure maintains an acceptable function for the aquatic
fauna passage. The structure must also be designed to withstand certain high ows
without exceeding the velocity of the watercourse inside the pipes. These ows,
called Mean high ows (MHQ), are not directly connected to a rain scenario but are
predicted with a return period of 1-2 years.

Figure 2.3: lllustration of the shallow depth, denoted as d, in a culvert pipe for aquatic
fauna passage. Authors own gure, inspired by STA (2017).

2.1.4 Time-area method

According to SV (2016), the Time-area method (T-A) is described as a graphical
approach that enables ow calculation considering di erent runo times for di erent
participating areas within a catchment area. Due to spatial di erences in rainfall
duration and intensity, varying runo times in di erent areas can thus be taken into
account. This makes T-A patrticularly suitable for peak ow calculations within
larger catchment areas, referred to areas larger than 20-30 ha.

The approach includes the production of so-called isochrons, lines that describe and
link speci c runo times from di erent reduced areas to a speci ¢ calculation point
SV (2016). When plotted in a Time-Area Histogram (TAH), the isochrones function
as a linear relation between reduced contributing area and longest runo time. A
breaking point of this relation occur when the total reduced area is reached for the
longest runo time within a sub-area, after which the reduced area remains constant
with time. This is illustrated in Figure 2.4a, where the coloured lines correspond
to the isochrones of the di erent sub-areas illustrated in Figure 2.5. The black line
presents the total runo for the total catchment area, i.e. the summation of all
individual isochrones, often referred to as the TAH (Sabzevari, 2017). Figure 2.4b
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further shows a parallel shifting of the TAH where it is replicated at regular intervals
corresponding to the duration of the rain until the rst sub-catchment area starts

to contribute to the runo . This is useful, for example, to be able to determine the
maximum reduced area at a certain rain duration even if the rain has ceased before
the runo reaches the calculation point.

Figure 2.4: lllustration of isochrones and the total runo 's Time-Area Histogram (TAH)
in (a), and of the TAH with replicates shifted in parallel in (b). Both based on the sub-
catchment areas in Figure 2.5. Author's own gure, inspired by SV (2016).

Figure 2.5: Schematic illustration of a catchment area divided into the di erent sub-
areas plotted in Figure 2.4. Black dashed lines present the sub-catchment borders, coloured
presents the longest runo distance within each sub-catchment area. The connection points
to the main line, for this case in a creek, are marked with black dots. The longest runo
distance for each sub-area is thus the coloured dashed line plus the eventual travel distance
in the creek. Author's own gure, inspired by SV (2016).

In short, the T-A method overall means that a catchment area rst is divided into
di erent sub-areas (see Figure 2.5), where the runo within each area is represented

17



2. Theory

by a speci c time and ow, which can be calculated with the RM (SV, 2016). The
additional runo that remains from the outlet point of each sub-area to the deter-
mined calculation point for the total catchment area, is the one described by the
isochrones, which depicts the di erent contributing areas at di erent rain durations.
By rst sum up all isochrones and shifting the total TAH as described above, the
total runo in the catchment area can then be calculated by multiplying the max-
imum reduced area by the rain intensity speci c to the duration and return period
of the studied rain event.

2.1.5 Flodesappen

Flodesapperis a web-based program that the STA currently are developing together
with the executing consulting rm Geogra ska informationsbyran (eng. Geograph-
ical Information Bureau). The idea behind the application was developed as a
response to the increased stormwater ows due to climate change, with the aim of
promoting the work of assessing risks that this may entail against socially impor-
tant operations at critical points, such as infrastructure networks and installations
at low points (Lindeberg et al., 2019). Additionally, the goal is for the application
to become a simple tool that estimates dimensioning water ows by performing cal-
culations of upstream catchment areas. The user interface of the app is shown in
Figure 2.6 below.

Figure 2.6: An example of the general user interface of Flodesappen. Screenshot taken
from the website of the app (STA, nda).

As a basis for calculating catchment areas, the app uses a processed elevation model
with a raster grid of ow directions where the water can ow in eight di erent direc-
tions at each grid point Lindeberg et al. (2019). The sidebar menu on the right side

in the interface, as shown in Figure 2.6, provides some di erent user opportunities,
for example to select di erent map layers as background under the eltBaskarta".

The main function is, however, applied by clicking on the green button in the eld
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"Avrinningsomrade". This allows the user to place a pin at any hydrograph-line on
the map to obtain the calculated catchment area and its dimensioning ow for that
speci c point, as can be seen in Figure 2.7. The data for all points on the map
have thus already been calculated and stored in order to be able to quickly give a
result. For example, as shown in the results window on the left in Figure 2.7, the
exempli ed catchment area have a total area of 9.2km?, with a share of 0.04 %
corresponding to lake surface area, and a longest runo distance estimated to 8 069
m. Results of the di erent shares of land covers in the catchment area can also be
retrieved under the eld "Marktacke".

Figure 2.7: The user interface of the rst overview of an exempli ed result in the Fléde-
sappen. Screenshot taken from the website of the app (STA, nda).

The app is based on two di erent, main empirical methods for calculating dimen-
sioning water ows, which in turn are based on di erent assumptions and input
data. The rst one is reached under the middle eld"Vattenforing" in the result
window to the left as shown in Figure 2.7. This calculation form includes data from
measurements of catchment areas with known properties and can be described as a
ow statistic method. By that, ows for di erent return periods, calculated on the
basis of two di erent intervals of statistical annual data and for di erent climatic
factors, can be obtained. The calculation can also be applied so that the result is
based on MB310 and/or TRVInfra.

Furthermore, the second calculation method is the RM which is applied as a separate
feature within the app, under the eld "Rationella metoden"as also can be seen in
the result window in Figure 2.7. This RM application is de ned with an areal limit
which in turn is speci ed so that the catchment areas have to be less than 100 ha
to make the feature applicable. The calculations of the ow and rain intensity are
based on the same equations as mentioned earlier in Section 2.1.2, see Equations 2.5
and 2.7. However, the main di erence is that di erent runo coe cients, shown in
Table 2.12 below, are assumed for Fl6desappen compared to the ones used in the
SV-RM calculation process (see Table 2.1).
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Table 2.12: Runo coe cients for di erent land covers (Lindeberg, 2020).

Land cover Runo coe cient ()
Exploited land, buildings 0.9
Exploited land, roads 0.8
Exploited land, excluding roads and buildings 0.7
Unvegetated open eld 0.3
Unvegetated wetland 0.2
River and creeks 0.2
Agricultural land 0.1
Clear felled area 0.15
Vegetated open eld 0.05
Forest in and out of wetland 0.05
Water bodies 0

It is important to highlight that the application is under developing progress. At
the time of writing this thesis, there are thus some limitations that have not yet
been dealt with. For example, not all roads have been cut at the locations of
existing culvert pipes, meaning that water accumulates at the road instead of being
transported through the culvert pipes as in real life. The road thus becomes a basin
at these locations. However, a temporary solution to this meanwhile is that when
the hydrographic lines meet an elevated obstacle in the terrain that is less than a
certain length (round 15 meters), such as a road bank, it breaks through anyway
(A. Gunnarsson, personal communication, 20th of May 2022).

Another current limitation in the app is that generated catchment areas can not
be divided or merged. This is mentioned in the development report by Lindeberg
et al. (2019) as an improvement point that would give the user the opportunity for
extended ow calculations. It is also mentioned as a solution to overcome some
deviations related to the accuracy of the elevation model, for example get around
changes in the landscape originating from anthropogenic activities.

2.2 Dimensioning with Colebrook's method

A method that is commonly utilized for the dimensioning culvert pipes and regu-
lar pipes is the Colebrook's method, sometimes referred to as the Colebrook-White
Equation (Brki¢, 2011). The method was rst introduced in 1934 as an equation,
which later have been developed into diagrams, for convenience (Brki¢, 2011). Of-
tentimes, the Rational Method (RM) utilizes its calculated ow to decide upon
which size of culvert pipe that is necessary to facilitate that particular ow.

The diagram is available for a range of roughnesses, which refers to the smooth-
ness of the of the water-bearing surface. Where a rough surface like concrete has a
greater value, and a ne surface like plastic a lower (SLU, 2014). Figure 2.8 presents

the Colebrook's diagram for roughness 1.0 mm. In Appendix A, the diagram for
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