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Assessment of rainwater runoff using the Rational Method and its applications
Applied to rural case studies in Ockelbo, Sweden, affected by the extreme rain event
in Gavleborg county of August 2021
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ELIN VALIKANGAS

Department of Water Environment Technology
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Abstract

The aim of this master thesis is to investigate different applications of the Ra-
tional Method (RM), applied to manually calculate rainwater runoff and estimate
culvert pipe dimensions at two rural case study areas affected 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 Flodesappen 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 affected 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, Runoff, Swedish
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

Concentration time

Culvert pipe

Gaining stream

Flodesappen

GIS

Gévleregnet

An area of which the water is drained to a watercourse
upstream of a specific point. The area is usually limited by
ridges/water dividers, which divide the flow from
precipitation etc. in different directions.

The time equal to when the whole catchment area
contributes to the runoff flow (see Runoff) in a specific
point, expressed in minutes.

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.

When a stream or creek gains water flow 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.

(English. the Flow application). A program under
development at the Swedish Traffic Administration. It was
refined to calculate precipitation runoff in rural areas.

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

data.

(English. the Gdvle rain). An extreme rainfall that occurred
in the central parts of Sweden in August 2021.
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IDF

Return period

RM

Runoff

Runoff coefficient

SCALGO Live

SMHI

STA

STA-RM

Stigfinnaren

Svenskt Vatten

SV

xviii

An acronym for Intensity-Duration-Frequency. A
relationship that is unique to each specific rain, and is often
described as a plot.

A parameter that in years describes at what recurrence rate
a special or specific weather event will take place.

Acronym for the Rational Method (Swedish. Rationella
Metoden). Further described in Chapter 2.

The amount of precipitation left to flow on surfaces after
eventual infiltration, evapotranspiration and replenishment
of water bodies.

A parameter that describes at what extent that water that
originates from precipitation will contribute to runoff. The
factor is a value between 0 and 1, where great permeability
and/or storage capacity are closer to 0 and paved surfaces

with low infiltration capabilities, closer to 1.

A program/company that utilizes 3D elevation models to
simulate flooding events by seawater rise and rain scenarios.

Acronym for the Swedish Meteorological and Hydrological
Institute. A swedish state authority with expertise in
hydrology and meteorology, specializing in forecasting
weather, climate and environment.

Acronym for the Swedish Transport Administration
(Swedish. Trafikverket). A state authority in charge of
planning, construction, operation and maintenance of state
road networks and railways in Sweden.

Acronym for STA’s version of RM. Further described in
Chapter 2.

(English. the Path finder). A web-based GIS program by
the Swedish Transport Administration that makes its
general knowledge accessible for the whole administration

(English. Swedish Water). A swedish industry organization
that gives out guide-lining documents to the water and

wastewater industry.

Acronym for Svenskt Vatten.



List of Tables

SV-RM

Trenchcoat

Truminventeringsappen

Vintersidan

VViS
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Chapter 2.
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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 runoff (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 flows 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 flows constitute a signifi-
cant part of today’s preventive work and climate adaptation (Lindeberg et al., 2019).

Heavy or prolonged rain events can cause many problems, including flooding, 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
runoff through roads and surfaces to prevent flooding 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
first 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. 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 benefit for further planning
and development.

A general and well-used method for predicting stormwater flows is the Rational
Method (RM), which has formed the basis for rough estimations of flow 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 different versions of the RM that can
be used for dimensioning of stormwater flows 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 offerings 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 Gévle and Gévleborg 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 runoff induced by this extreme rain event called
Gavleregnet, for two rural case studies in Ockelbo municipality. More specifically,
this thesis will investigate if the RM and its applications as rough estimation meth-
ods still could give an acceptable prediction of rural rainwater runoff despite its
limitations.

1.1 Aim

The aim of this master thesis is to investigate different versions and applications
of the Rational Method (RM), applied to manually calculate rainwater runoff and
estimate culvert pipe dimensions for two rural case study areas affected by the ex-
treme rainfall in Gévleborg county of August 2021. This rain event is in Sweden
referred to as Gavleregnet. 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 runoff flows by the applied methods. Fur-
thermore, the hope is that both students and stakeholders in water infrastructure
industry will understand and benefit from the outcome of the work.

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

o Calculate the peak flows 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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o Analyse and compare the results of the different 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.

e Discuss the uncertainties regarding the weather and climate that could have
affected the results of this thesis.

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

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 flow calculation and dimen-
sioning methods:
» Rational Method (RM)
o 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
— Flodesappen by the STA
— Time-area Method (T-A)
o 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) for Flodesappen.



1. Introduction

Programs and data banks that are available within the Swedish Transport Adminis-
tration intranet have been utilized, including Stigfinnaren, Vintersidan and Trum-
minventeringsappen. These programs made it possible to locate roads and culvert
pipes that have been exposed to flooding 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.

o The case study was affected by Gdvleregnet of 2021.

» Two adjacent case studies within the Gavleborg county.

Manual calculations in Excel and modelling in Flodesappen were thereafter made,
and the calculation processes are further described in Chapter 4 Methodology of the
calculation process.
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Theory

The following chapter aims to describe the theory on which this thesis is based.
The first 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 different 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-
fined versions have been developed. The Subsections 2.1.1 - 2.1.3 describe the RM
in its original form and as a version according to Svenskt Vatten (SV-RM) and the
Swedish Transport Administration (STA-RM). A description of the so-called Time-
area method (T-A) and the modelling tool Flidesappen, which 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 flows of stormwater
runoff in urban areas (Lyngfelt, 1981; Chin, 2018). Even though the method was
developed for urban areas, it can be used to predict runoff 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 first estimates of stormwater pipes because of
its rough simplifications (Lyngfelt, 1981).

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

As more intense precipitation implies increasing flows and thus increasing water
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2. Theory

velocities on surfaces and in pipes, the rainfall intensity (i) also affects 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 different ways, or decided from intensity-duration-frequency (IDF)
plots. Such plots are based on the duration (¢,) and return period (7) of the rain.
Figure 2.1 exemplifies 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).
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Figure 2.1: The rain intensity for different return periods and concentration times (IDF
plot). Data is a national corrected mean retrieved from SMHI (2009). Authors’ own figure.

In the RM, the duration of the rain is assumed to be equal to the concentration time
of the catchment area (¢, = t.), which means that the intensity becomes constant
over the time required to reach the maximum catchment runoff flow. Consequently,
in order to determine that constant value, the varying intensity of the rain over
the determined time interval is defined as the mean intensity of this interval. The
definition 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 runoff coefficient () is a hydraulic parameter describing the rate proportion-
ality between rainfall and runoff 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 runoff, 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 different land types (Lyngfelt, 1981). In total, valid assumptions of the
RM can be listed as follows:
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1. The dimensioning flow has the same return period as the rain intensity, and
is reached when the entire catchment area contributes to the runoff (Lyngfelt,
1981; Chin, 2018).

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

3. The runoff coefficient 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 flow (@) is calculated as the rainfall intensity (i) over the return period
and concentration time, multiplied with the total catchment area (A;) and the runoff
coefficient (), which together express the reduced area participating in the runoff
(A: - @) (SV, 2016). Table 2.1 presents some established tabulated values that can
be used as runoff coefficients for catchment areas with mixed land types (SV, 2016;
Lyngfelt, 1981). Furthermore, the rain duration (¢,) is assumed to be equal to the
concentration times (¢.), as mentioned above. This is only valid for ¢, > 10 minutes,
otherwise ¢, should be assumed to 10 minutes (SV, 2016; Lyngfelt, 1981).

Qa(T) =i(t,,T) Ay ¢

2.1
. (2.1)
Qq4(T) | Dimensioning flow  (I/s)
T Rain return interval (months)
i(t,, T) | Rain intensity (I/s- ha)
t, Rain duration (min)
© Runoff coefficient (—)
Ay Catchment area (ha)
te Concentration time  (min)
Table 2.1: Runoff coefficients for different land types (SV, 2016; Lyngfelt, 1981).
Area Runoff coefficient (—)

Roofs 0.9
Concrete and asphalt surfaces, exposed bedrock
in heavy tilt
Stone surface with area with gravel joints 0.7
Gravel road, heavy tilted enriched park area

. . . 0.4
without significant vegetation
Expose bedrock, not too steep 0.3
Gravel floor and gravel walkway, undeveloped

0.8

neighbourhood land 0.2
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 different 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 runoff from the
total area. The runoff coefficient is then adjusted using Equation 2.2 with regards
to the different surface properties within the total area (Lyngfelt, 1981).

oAt Ao+ v Ay
¥ = At

(2.2)

¢ | Runoff coeflicient (
©n | Runoff coefficient for sub-area N (
Ay | Sub-area N (
A; | Catchment area (

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 coefficients a, b and c¢. These
coeflicients consist of empirical values, determined for different return periods and
geographical locations. Table 2.2 presents the corresponding values evaluated for
Gothenburg according to Lyngfelt (1981).

tr+b (2.3)

o

i Rain intensity (l/s- ha)
t, Rain duration (min)
t Concentration time (min)

(

-)

a,b, c | Coefficients

Table 2.2: Values for coefficients a, b and ¢ for Gothenburg and different 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 runoff time at
the land surface (t4,q) and from diversion (¢4,), 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 runoff distance (Ljqn4,
Lgiv) and the flow velocity (vigng, vaiv) for both land and diversion. A correction
factor of 60 s/min is also added to the ratios for correct unit conversion.

Lland Ldiv

tc:tzzn +tw: + 24
T V60 vgiy - 60 24)

te Concentration time (m
tiana | Runoff time on land surface (m
taiv Runoff time for diversion (m
Liana | Longest runoff distance on land surface (m
Uiana | Flow velocity on land surface (m
Lgiv | Longest runoff distance in diversion (m
vgiv | Flow velocity in diversion (m

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

Type of diversion Velocity (m/s)
Ordinary pipe 1.5
Tunnel and greater pipe 1.0
Dike and gutter 0.5
Soil 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
refined version of the RM, which will be further described in this section (SV, 2016).

One of the main differences 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 flow (Q)4) in the latter one (SV, 2016). The calculation of the rain
intensity (i) also differs and is described as a general formula in P110 adapted to
fit 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-
fluenced 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 () Climate Factor (—)
<1 >1.25
<24 >1.20

Table 2.5: Percentual increases of climate factors for different 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 (—)

Rain duration (h) Mean High Mean High

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 runoff coefficients (¢) remain the same as in Table 2.1
and the rain duration (t,) is equal to the concentration time (¢.). In total, the
dimensioning flow is calculated according to Equation 2.5 (SV, 2016). If the runoff
coefficient needs to be altered according to different land covers in the catchment
area, the Equation 2.2 in Section 2.1.1 could be utilized.

Qa=i(tr,T) - Ar-p-cf

2.5
bt (2.5)
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Qa Dimensioning flow  (I/s)
i(t,,T) | Rain intensity (I/s- ha)
t, Rain duration (min)

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

© Runoff coeflicient (—)

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 runoff 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 runoff should be calculated by Equation 2.6 if the type of diversion is soil. The
Manning’s coefficients 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 Héggstrom, 2018). In this case, the R represents the Hy-
draulic radius and is calculated as a ratio between the wet cross section (4,) 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.

v=M~VR2-VS
A (2.6)

I
R_P

s)
3/)%/8)
m?)
m)
/

m/m)

Velocity of runoff water
Manning’s coefficient

Water depth or hydraulic radius
Wet cross section’s area

Wet perimeter

Gradient of area or creek bed tilt

3
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(
(
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Figure 2.2: Illustration of a canal’s wet cross-sectional area and wet perimeter. Authors
own figure, inspired by Bondelind and Haggstrom (2018).
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Table 2.6: Manning’s coefficient for different type of runoff sections, modified table from
(SV, 2016).

Manning’s coefficient (¢/m/s)

Runoff type Specified

Natural Constructed
Busch field 5
Land Grass field 20
Much vegetation 10 10
Canals/Creeks/Ditches Some vegetation 25 30
No vegetation 30 20
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 (7') and the concentration time (t.) (Dahlstrém,
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; Dahlstrém, 2010).

, In(t.)

i(te, T) =190 - /T - oo T2 (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 runoff
is underlined when using the RM for estimates of more or less undeveloped areas.
The assessment of the runoff time for the total catchment area is further stated as
the difficult part, but that a low value of the runoff coefficient 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 flows from natural land,
for example by using a diagram that shows the specific flow as a function of size
(in hectares) for an average catchment area and for different return times (5 -100
years). The data that the diagram is based upon is described to originate from
observations of runoff from precipitation-rich areas in western Sweden, consisting of
average forested/agricultural land.

12
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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 refined. 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 flow 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 infiltration and potential storage
capacity of permeable surfaces, due to their great potential pore volume. The abun-
dance of rainwater runoff that is not infiltrated or stored is to be considered as the
dimensioning flow, which is calculated at either an outlet point or a connection point
of the runoff infrastructure. On an annual basis, flows also need to be calculated
with regard to different 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 runoff originates from the road surface.
In cases in which the natural land is predominant, TRV Infra the method of Natu-
ral land runoff described in P110 should be utilized, although SV (2016) themselves
only state the method could be used.

The calculations according to the RM version is applied as follows; The rain intensity
(1) is calculated by Dahlstrém’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 periods (T") 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, the t. 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 flat surfaces are expected to
possess a storage capacity that is capable of managing a high rain intensity. If the
runoff 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.

13
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Table 2.7: Water velocity in different types of diversion (STA, 2021a).

Type of diversion Velocity (m/s)
Ordinary pipe 1.5
Tunnel and greater pipe 1.0
Dike (often carrying water) and gutter 0.5
Dike (rarely water carrying) and gutter 0.2
Soil 0.1

As can be seen in Tables 2.8 and 2.9 below, only runoff coefficients for impervi-
ous surfaces (i) are advised, for different rain intensities (7) 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
runoff coefficient for permeable surfaces. Instead, a factor describing the infiltration
capacity (f;) is utilized for the permeable surfaces in the road near areas.

Table 2.8: Runoff coefficients for different land covers and rain intensities (1/(s - ha))
(STA, 2021a).

Runoff coefficient (—)

Land cover i=15 80 >1i> 100 i > 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: Runoff coefficients for different land covers (STA, 2017).

Land cover Runoff coefficient (—)
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 flow by a climate factor
(see Table 2.10), with the notation that a climate factor for 1.2 is sufficient for
the most cases of natural land runoff. It is then described that the worst cases at
100-year flows must also be multiplied by a factor of 2.4 (STA, 2021a).

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

Rain duration (k) 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 infiltration 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 verification tests have been conducted in the field.

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

Type of permeable surface Infiltration capacity (I/(s - ha))
Vegetation-covered areas within
the road area

Grassy slopes and ditches >150

>100

The dimensioning flow 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.

Qa=1i(te,T) - Aimp - Pimp + Ap - (i(t:, T) — [i) (2.8)

Qg4 Dimensioning flow (1/s)

i(te,T) | Rain intensity (I/s - ha)

T Return period (months)

Aimp Impervious area (ha)

Dimp Impervious runoff coefficient (—)

A, Permeable area (ha)

fi Infiltration 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 flow 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-flushing as it becomes more
difficult 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 filled 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 filled beforehand at installation to create such
favourable conditions. The filling 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 %o adapted based on the slope of the watercourse,
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which is decisive (STA, 2021a). A slope greater than the specified 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 flows
without exceeding the velocity of the watercourse inside the pipes. These flows,
called Mean high flows (MHQ), are not directly connected to a rain scenario but are
predicted with a return period of 1-2 years.

Figure 2.3: Illustration of the shallow depth, denoted as d, in a culvert pipe for aquatic
fauna passage. Authors own figure, 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 flow calculation considering different runoff times for different
participating areas within a catchment area. Due to spatial differences in rainfall
duration and intensity, varying runoff times in different areas can thus be taken into
account. This makes T-A particularly suitable for peak flow 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 specific runoff times from different reduced areas to a specific 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 runoff time. A
breaking point of this relation occur when the total reduced area is reached for the
longest runoff 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 different sub-areas illustrated in Figure 2.5. The black line
presents the total runoff 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 first sub-catchment area starts
to contribute to the runoff. 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 runoff reaches the calculation point.

Ay

Time (min)
(b)

Figure 2.4: [llustration of isochrones and the total runoff’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 figure, inspired by SV (2016).

Reduced area (ha)

(a) Time (min)

Figure 2.5: Schematic illustration of a catchment area divided into the different sub-
areas plotted in Figure 2.4. Black dashed lines present the sub-catchment borders, coloured
presents the longest runoff 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 runoff
distance for each sub-area is thus the coloured dashed line plus the eventual travel distance
in the creek. Author’s own figure, inspired by SV (2016).

In short, the T-A method overall means that a catchment area first is divided into
different sub-areas (see Figure 2.5), where the runoff within each area is represented
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by a specific time and flow, which can be calculated with the RM (SV, 2016). The
additional runoff 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 different contributing areas at different rain durations.
By first sum up all isochrones and shifting the total TAH as described above, the
total runoff in the catchment area can then be calculated by multiplying the max-
imum reduced area by the rain intensity specific to the duration and return period
of the studied rain event.

2.1.5 Flodesappen

Flodesappen is a web-based program that the STA currently are developing together
with the executing consulting firm Geografiska informationsbyran (eng. Geograph-
ical Information Bureau). The idea behind the application was developed as a
response to the increased stormwater flows 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 flows by performing cal-
culations of upstream catchment areas. The user interface of the app is shown in
Figure 2.6 below.
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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 flow directions where the water can flow in eight different 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 different user opportunities,
for example to select different map layers as background under the field "Baskarta’.
The main function is, however, applied by clicking on the green button in the field
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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 flow for that
specific 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
exemplified catchment area have a total area of 9.27 km?2, with a share of 0.04 %
corresponding to lake surface area, and a longest runoff distance estimated to 8 069
m. Results of the different shares of land covers in the catchment area can also be
retrieved under the field "Marktdcke".
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Figure 2.7: The user interface of the first overview of an exemplified result in the Flode-
sappen. Screenshot taken from the website of the app (STA, nda).

The app is based on two different, main empirical methods for calculating dimen-
sioning water flows, which in turn are based on different assumptions and input
data. The first one is reached under the middle field "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
flow statistic method. By that, flows for different return periods, calculated on the
basis of two different intervals of statistical annual data and for different 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 field "Rationella metoden” as also can be seen in
the result window in Figure 2.7. This RM application is defined with an areal limit
which in turn is specified so that the catchment areas have to be less than 100 ha
to make the feature applicable. The calculations of the flow 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 difference is that different runoff coefficients, shown in
Table 2.12 below, are assumed for Flodesappen compared to the ones used in the
SV-RM calculation process (see Table 2.1).

19



2. Theory

Table 2.12: Runoff coefficients for different land covers (Lindeberg, 2020).

Land cover Runoff coefficient (—)
Exploited land, buildings 0.9
Exploited land, roads 0.8
Exploited land, excluding roads and buildings 0.7
Unvegetated open field 0.3
Unvegetated wetland 0.2
River and creeks 0.2
Agricultural land 0.1
Clear felled area 0.15
Vegetated open field 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 flow 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 first introduced in 1934 as an equation,
which later have been developed into diagrams, for convenience (Brkié¢, 2011). Of-
tentimes, the Rational Method (RM) utilizes its calculated flow to decide upon
which size of culvert pipe that is necessary to facilitate that particular flow.

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 fine 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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0.2 mm is also presented. To be able to use the diagram, two out of three parame-
ters need to be known; water velocity, water flow or pipe gradient (SV, 2016). The
water velocity can be determined either by calculations or eventual regulations (in
pipelines etc.), whereas the flow is determined by Equation 2.1, 2.5 or 2.8. Regard-
ing the pipe gradient, regulations may determine arbitrary values depending on the
type and function of the infrastructure (STA, 2017, 2021a). The known parameters
will give a value that lies between two dimensioning lines in the diagram, where
the larger pipe dimension should be chosen since the dimension always should be
conservatively selected to avoid underestimation.
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Figure 2.8: Colebrook’s diagram for rawness k = 1.0 (mm) (SV, 2016). Translation:
"Vattenforing L/S" = Flow (l/s), "Friktionsforlust %" = Pipe gradient (%0), "Lednings-
diameter MM" = Pipe dimension (mm) and "Hastighet M/S" = Water velocity (m/s).

The pipe material determines which roughness the method entails. Roughnesses for
typical culvert pipe materials are stated in Table 2.13 (SLU, 2014). However, the
STA (2021a) advises that the roughness factor always should be assumed to 1.0 mm
when utilizing the Colebrook’s method, regardless of culvert pipe material.
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Table 2.13: Roughness coefficient for different culvert pipe materials (SLU, 2014).

Culvert material Concrete Steel Plastic
k (mm) 1.0 0.5 0.05

The dimensioning process of culvert pipes according to SV (2016) states that the
degree of filling for a culvert pipe should not be 1:1. As mentioned in Section 2.1.3,
TRVINFRA also indicates flow limit to 85 % of the full pipe dimension. (STA,
2021a). Before employing the Colebrook’s diagrams, P110 therefore considers a de-
gree of filling in the culvert pipes. This degree can be presented as a maximum flow
percentage describing the maximum permissible fullness of the culvert pipe (X),
in turn defined as the quota between the culvert pipe flow when completely filled
(Qfun) and the flow for the desired culvert pipe dimension (Qgnew). It can also be
described as a ratio between the maximum filling height (y) and pipe dimension (D).

If the degree of filling is described as a maximum flow percentage of the full culvert
pipe, the new dimensioning flow (Qgnew) is calculated as in Equation 2.9.

X = qull
Qd,new (29)
Qa = Qpuu
X Maximum fill flow (%)
Qrui | Flow for filled culvert pipe (I/s)
Qa Dimensioning flow (1/s)
Qdnew | New dimensioning flow (1/s)

If the maximum filling instead is described in maximal filling height in relation to
the pipe dimension, this relation is described in Equation 2.10 (SV, 2016) and Figure
2.9.

qull
Qd,new

. 2. 1.
- O.46—0.5-cos<7TDy> —|—0.04-cos( g y) (2.10)

Qdnew | New dimensioning flow

[/s)
l/

(
Qrui | Flow for filled culvert pipe (I/s)
y Filling height (m)
D Culvert pipe dimension (m)
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Figure 2.9: The partial fill diagram of a culvert pipe, Authors’ own figure, based on
Equation 2.10 (SV, 2016).

Figure 2.9 translates the relation between the filling height and the culvert pipe
dimension to the degree of filling of the pipe, which then can be put into Equation
2.9 to calculate the new dimensioning flow. The figure is based on Equation 2.10.

2.3 Weather data

Since many of the running weather measuring stations nowadays only have been col-
lecting data since the 1960’s or shorter, some weather predictions can be conceded
unreliable. A few methods have been developed to get around this issue, and one of
those is the Station-year method (SMHI, 2017). This method is further described in
Subsection 2.3.1, followed by Subsection 2.3.2 which covers techniques of collecting
and measuring precipitation data.

2.3.1 Station-year method

The Station-year method combines data from several measuring stations in the vicin-
ity of the area in question (SMHI, 2017). The method assumes that the different
stations are not related, and are to be considered as independent (SMHI, 2021a).
Therefore, much larger amounts of independent data can be considered and put
into an extended time series, to thereby determine rain with larger return periods
(SMHI, 2017). The sources of error with this method includes, among others, that
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the results could be biased if the stations are too close to each other (SMHI, 2021a).

The Swedish Meteorological and Hydrological Institute (SMHI) divided Sweden into
four regions for extreme and short term (less than 12 hours) precipitation: northern
(N), central (M), as well as southwest (SW) and southeast (SE) (SMHI, 2017). The
division could help to sort precipitation data in the order of magnitude and reach a
solid foundation for statistics for each region.

2.3.2 Measurement of precipitation

In the traffic infrastructure industry, there are two main distributors of weather
data that collect the most information from weather data in Sweden; the STA or
SMHI. These authorities use different collection and measurement systems which
are further described in the following Subsections 2.3.2.1 and 2.3.2.2.

2.3.2.1 VViS

In order to enable prediction and prevention of slippage and black ice, the STA has
installed own road weather stations (VViS) in places along prioritized state roads
in Sweden where the risk of icy roads is judged to be greatest (STA, ndc). The
system was developed to help the winter road maintenance staff to "perform the
right actions at the right time", and it has been used by The STA to collect weather
data since the 1980’s (STA, 2016). In addition to increasing safety and accessi-
bility on roads through more efficient winter road maintenance, VViS is also an
important part of reducing both environmental impact and costs related to winter
road maintenance, such as by adapting and regulating road salt use (Jonsson, 2019).

In 2019, the number of existing VViS stations amounted to 775, each with the ca-
pacity to measure various weather parameters including temperature, humidity and
type and amount of precipitation (STA, ndb). These measuring stations (MS4),
developed during the late 20th century, are in their final phase of usability and have
therefore begun to be replaced with new measuring stations (MS7) with modern
technology and higher performance sensors (Jonsson, 2019). The installation of the
new sensors began during the winter season 2019-2020 by gradually establishing
MST7 stations in parallel with some already existing MS4 to compare and evaluate
their performance (Jonsson, 2020). Through this, many similarities have been dis-
tinguished between the measurement results for the two different sensors, but also
several differences. The study for example indicates increasing deviations in precip-
itation between MS4 and MS7 under windy weather conditions, and that MS4 in
some cases with either stronger winds or intense snowfall has underestimated the
precipitation of snow. Furthermore, the MS7 sensor (PWD22) has a measurement
accuracy of £10% to £15%, in comparison to +15% to +30% for the MS4 sensor
(Optic-Eye) (Vaisala, 2018; ASFT Industry AB, nd).
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2.3.2.2 Geonor

SMHI has been collecting weather data in Sweden since the 1960’s, and in 2006, the
authority had over 120 measuring stations in operation (Dahlstrom, 2006). Since
1995, the majority of the weather stations have been redone according to interna-
tional standards and certifications (SMHI, 2017).

At least once an hour, the measuring system collects data for each weather station
(Dahlstrom, 2006). The systems are fitted with a range of different weather measur-
ing equipments, among them, a precipitation gauge from Geonor (accuracy 0.1%,
FS 0.6mm). Dahlstrom (2006) mentions some uncertainties of the Geonor precipi-
tation measurements including, for example, the wind moving water particles from
the collection container or if the precipitation fall as snow. When the snow melts
in the warm container, vaporization may then occur. However, as the measurement
method is based on the weighting of precipitation, it is therefore considered to be
accurate at high intensities (Dahlstrom, 2006).
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Case study

As can be seen in Figure 3.1, the investigated case studies are located in Gévleborg
county (see (a)), north of Gévle in an urban area called Ockelbo (see (b)). More in
particular, Case 1 consists of a culvert pipe southwest of Ockelbo, while the culvert
pipe in Case 2 is found northwest of the urban area (see (c)).

Figure 3.1: A map of the case studies’ areas. The background maps collected from the
National Swedish Land Survey (nd).

In August 2021, Gévleborg was one of the counties suffering the most by the ex-
treme rainfall that fell over the central parts of Sweden (MSB, 2021). It was on
the late afternoon to night between August 17th and 18th that the rainstorm hit.
Within a week later, the extreme event had broken several records, including the
highest rainfall ever measured by the Swedish Meteorological and Hydrological Insti-
tute (SMHI) for a two hour rain duration (SMHI, 2021c; SVT, 2021). This chapter
further describes the studied case areas and the given data that have been utilized
as background information for the performed analyses and calculations of the flows
generated by this extreme rain event.
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3.1 Case study 1 - Brattfors

The first case study is a culvert pipe located on the road 545 near by the village of
Brattfors and the lake Hammarsjon, just south of Ocklebo. The annual daily traffic
(ADT) was in 2018 assumed to 340 vehicles per day (STA, 2021b). In close prox-
imity to the culvert pipe, the area is rural and surrounded of woodland, which also
houses some smaller maintenance roads and a wind farm as can be seen in Figure
3.2a. This local area is generally dewatered by the creek Norrbécken extending in
the landscape, which consists of several branches including some parts that also goes
by the name Laxdringsbicken. Furthermore, a variation between exposed bedrock on
the hillsides and lakes or creeks in the valleys is found in the surrounding landscape.
Three mountain peaks that have exposed bedrock are Rippenberget, Martensklack
and Trollberget (SGU, nd). Figure 3.2b shows that the underlying soil layers are
mostly till, but three deposits of ice river sediments are also visible in close prox-
imity, heading southeast, of the culvert pipe location (SGU, nd). Additionally, the
lake Hammarsjon is situated on post glacial sediments of sand and gravel.
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Figure 3.2: To the left a map of the Brattfors area. The dashed line presents a general
guide of the catchment area. To the right the soil type for the same area, figure retrieved
from SGU (nd).
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Sometime during the night between the 17th and 18th of August 2021, the road 545
were flushed away due to a heavy downpour, see Figure 3.3. As the figure shows,
the overlying road embankment of the culvert pipe completely collapsed and created
a large cavity in the road. A possible scenario that caused this collapse could be
that the elevated water pressure created a force in the pipe which caused a failure
in the pipe material. A crack in the pipe material could therefore have permitted
a water-flow in the embankment which in turn gave rise to the collapse by eroding
the bank material.

Figure 3.3: Picture of the flushed away road embankment in Brattfors. Reprinted with
permission from PJj Gdvleborg/Sveriges Radio (2021).
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The culvert pipe was inventoried just over a month before the heavy rain event took
place, and according to the inventory, the structure then had no obvious deficiencies.
It was a circular, steel pipe with a diameter of 1600 mm and a length estimated to 11
meters. Both the functional status and material status were classified as Atgdrd pd
sikt (eng. preparatory measures in time), which is the best marking these parameters
can have. Figure 3.4a was taken in connection with this inventory. After the rain
event, the construction has been refitted and now a trench-coat culvert pipe with
the dimension of 1 900 mm and 20 meters dewaters the area. This new, current
culvert pipe is shown in Figure 3.4b, taken by the authors during the field visit of
the 28th of April 2022.

(b)

Figure 3.4: Pictures of the culvert pipe in Brattfors. The left one was taken before the
rain incident, on July 15th 2021. The right one illustrates the new culvert pipe, inventoried
during the case study visit of April 28th 2022. The STA owns the pictures.
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3.2 Case study 2 - Vallsbo

The second case study is located just north of Ockelbo, nearby the village of Vallsbo,
and consist of a culvert pipe that brings the creek Norrénningsbécken across the road
546 to the lake Vallsjon. The annual daily traffic (ADT) on the road was in 2016
assumed to 590 vehicles per day (STA, 2021b). The majority of the local area is
forested, apart from some smaller maintenance roads and minor lakes or wetlands,
see Figure 3.5a. In the southern parts of the area, some residences on plots of agri-
cultural land by the lake Vallsjon are also found. Furthermore, the geology of the
landscape consists of mostly till (SGU, nd) as can be seen in Figure 3.5b. However,
lake Vallsjon is located in a depression of fine-grained sediments such as clay and
silt, in between two stretches of glacial river sediment. Of the mountains in the area,
only Yxursberget has exposed bedrock whereas Flaggberget and Gnuptjarnsmuren
have not that (SGU, nd).
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Figure 3.5: To the left a map of the Vallsbo area. The dashed line presents a general
guide of the catchment area. To the right the soil type for the same area, figure retrieved
from SGU (nd).
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Sometime during the night between the 17th and 18th of August 2021, the road
was flooded due to a heavy precipitation. Unlike the first case study, the culvert
pipe of this second study was not inventoried prior to the rain event that flooded
the area. What is known about the case is therefore only what the operational
managers found out during the restoration of the infrastructure. However, since
the restoration, the culvert pipe has been flushed to obtain its dimensioning flow
capabilities. Figure 3.6a and 3.6b below, taken by the authors during the field visit,
illustrates this current culvert pipe. It has a dimension of 1 200 mm, a length of 16
meters and is made out of concrete.

(b)

Figure 3.6: Pictures of the culvert pipe in Vallsbo, both taken after the rain incident
during the case study wvisit of April 28th 2022. The STA owns the pictures.
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3.3 Rain event - Gavleregnet

The heavy rain of the 17th to 18th of August 2021, Géavleregnet, was powerful
enough to destroy infrastructure in the Géavleborg area, and has been chosen as the
dimensioning event to simulate the calculations for the two previously mentioned
case studies. Data for this specific rain are available from both Geonor and VViS
measuring stations. The data from VViS, STA’s stations, are raw data, where each
station has a precipitation measurement that is representative for a varying time
period. The data from Geonor, SMHI’s stations, has a convenient data retrieving
format, where data can be collected per month, day or alike. Also, an analysis by
SMHI (2021a) of the rain event conducted on SMHI’s own measurements was avail-
able, these values are presented in Table 3.1.

Table 3.1: The maximal measured precipitation during "Gdvleregnet” at different rain
duration times, and return periods calculated by the Station-year method (SMHI, 2021a).

Rain duration () Precipitation (mm) Return period (years)

0.25 17.0 10

0.5 32.2 100
0.75 48.8 400
1 62.0 800
2 101.9 3000
3 121.1 3900
4 129.1 3600
) 133.4 3200
6 136.2 2900
12 147.4 1600
24 166.0 1000

Table 3.1 presents the maximal measured precipitation in millimeters and the cal-
culated return period at different times registered during the rain duration. As can
be seen, the return periods at the beginning of the rain (0.25 - 1 h) are significantly
smaller and more varying than the rest of the rain (2 - 24 h). The greatest extent
of return period is identified at a rain duration of 3 hours, reaching a value of 3 900
years. Furthermore, the return periods are determined according to the Station-
year method (SMHI, 2021a), previously described in Section 2.3.1, and based on
statistical data of the southeast (SE) and central (M) regions of Sweden. The data
had removed outliers to make it more reliable. This means, however, that the mea-
surements of the highest recorded precipitation are not included in the data set.
Also, since the regional division of the data only was suitable for rain durations up
to 12 hours, the italic values on the last table row are not as accurate (SMHI, 2021a).

The data that was collected from the five nearest VViS stations in relation to the
case studies are presented in Figure 3.7. As can be seen it was raining heavily
throughout that whole day of the 17th of August, and that it reached its heaviest
load in the early evening of that same day.
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Figure 3.7: The variation in precipitation measured during "Gdavleregnet" at five VVi§
stations near the case studies, reaching a peak on the evening of the 17th of August 2021.

But since hydrology is affected by more than one day of rain, it is important to re-
view a broader view. In the following Figure 3.8, precipitation data of August 2021
according to SMHI (nda), is added for each day to present the total precipitation
up to (and including) each individual day. The data is received from the nearest ad-
jacent SMHI stations, and is indicated by the solid lines. The dashed lines describe
the average precipitation of 1961-1991, plotted as a linear increase by assuming that
this same amount of rain falls every day. The plot clearly illustrates that the SMHI
weather stations have measured much greater amounts of precipitation compared to
the statistically normal values for the month of August.
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Figure 3.8: Precipitation collected per day in August 2021 and in the closest located
SMHI measuring stations, marked as solid lines and based on values according to SMHI
(nda). The mean normal values between 1991-2020 according to SMHI (2021b) are marked
as dashed lines.
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Additionally, Figure 3.9 below presents how the precipitation in July and August
2021 deviates from a statistically normal period of 1991-2020 according to SMHI
(ndb). When analysing the deviation in August, it can be observed that the month
contained around 250-300% of the statistically normal precipitation. The figure thus
illustrates that all investigated SMHI stations have shown a very wet August. How-
ever, as also can be seen in the figure, the month of July was unusually dry in the
Ockelbo area, where only 50-75% of the normal precipitation fell.
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Figure 3.9: Precipitation deviation in Sweden in July and August 2021, compared to a
statistically normal period of 1991-2020 (SMHI, ndb).
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Methodology of the analysis and
calculation processes

In this chapter, the execution of the performed analysis and calculation processes
are explained. An overall description of the purpose and execution of the field visit
is explained in Section 4.1. Section 4.2 describes the assessment of geographic and
hydrographic input data for the given case studies and the process of evaluating them
in GIS. The following section, 4.3, specifies the choices of the applied weather data for
Gldvleregnet and describes the two weather scenarios that have been analysed. The
overall procedure for the manually performed calculations is described in Section 4.4
- 4.7, where the application of the Time-area method is described separately in the
first section, followed by the remaining three sections presenting each of the three
individual methods studied. The modelling in Flédesappen is described in Section
4.8. Finally, the utilization of the Colebrook’s method and the executed sensitivity
analysis are specified separately in the last two Sections, 4.9 and 4.10.

4.1 Field visit

To experience and gather more information about the case study areas, a field visit
was executed on the 28th of April 2022. The late date in relation to the thesis
work time, was due to the location of the case studies, where it is not uncommon to
still have snow remaining in the beginning of May. During the visit, the in general
characteristics of each case study was investigated to get a sense of how well the
maps describe these areas. However, due to a limited time schedule, the visited
areas and the observations made from them had to be considered as representative
of all other comparable sites within the catchment areas.

A field checklist was summarized into following investigation points which were ex-
amined and exemplified during the site visit:

o Investigate the characteristics of the surroundings at the culvert pipes
o Investigate the characteristics of the creeks, ditches and roads
o Measure the water velocity of the creeks

For example, in Brattfors, the authors were interested to examine a branching in
the main creek, that was found during review of the map in GIS. In Vallsbo, there
were some uncertainties regarding the gravel roads of the area as there were some
differences in how these roads were presented between different maps. Therefore,
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the authors decided to investigate them further.

4.1.1 The orange-test - Velocity measurements

The method that was utilized to estimate the water velocity on site was Apelsin-
testet (eng. the orange-test). The test is a first estimation method that commonly
is utilized by hydrogeologists (A. Gunnarsson, personal communication, April 28th
2022). The test could in practice be performed with any fruit or other inorganic
thing/matter that fulfills the function of floating, but is heavy enough to float in
the water instead of on the water.

In line with the description of the method by WWF (nd), the test was carried out
by dropping an orange into the watercourse in question. When the orange hit the
water surface the timing began, which then was carried out to a specific predeter-
mined stop place. The distances were then measured, and a water velocity was
calculated. Each water course was tested four times, two times for the two oranges.
If the orange took a path that caused the orange to get stuck in branches or other
vegetation, etc., then the experiment restarted. This can be regarded as removing
of outliers. The velocity for each tested water course was then calculated as a mean
value, that was deemed as a normal to a higher normal background flow, due to the
season of spring flood was coming to an end.

The locations of the measurements were selected according to a few regulations.
One thing that was important was that the conditions in the creek should be similar
along the entire measuring distance. There was only one measurement opportunity
in Vallsbo in the creek, and this measurement spot was downstream the culvert
pipe, just after the outlet (V2). This happened because it was a small waterfall just
upstream of the pipe which would have made the measurement conditions indeed
very varied. In total the water velocity was measured at 6 different locations, as il-
lustrated in Figure 4.1a, 4.1b, 4.2a and 4.2b, where two of those were at Vallsbo and
the other four at Brattfors. The other measurement in Vallsho was made through
the pipe (V1). In Brattfors, the velocity was also measured through the pipe (B1),
but also just upstream of the inlet (B2), at a branching upstream (B4) and between
that branching and the culvert pipe (B3).
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Figure 4.1: The locations of the water velocity measurements in field for Brattfors.
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Figure 4.2: The locations of the water velocity measurements in field for Vallsbo.
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4.2 Assessment of areal parameters

The program that was mainly used to analyse the terrains and assess the geographic
and hydrographic characteristics of the catchment areas was the GIS program Ar-
c¢GIS Pro 2.8. Compared to a manual approach with traditional maps, the calcula-
tions of catchment area and concentration time themselves could thus be performed
more easily with regard to all data entered into the program. The raw data that
was utilized was collected from the National Swedish Land Survey, and contained
an elevation map, elevation contours, terrain map including information such as hy-
drographic lines, water surfaces, public and private roads.

The manual method of sketching an approximation of the total catchment area on
a traditional /physical map, in this case printed from GIS, was made as a very first
estimate to get an overview of the area before analysing it digitally. This was done
by considering the elevation contours, of which the boundaries of the catchment area
should be drawn perpendicular against. Thereafter, the total catchment area of each
case study was further estimated and defined in GIS by identifying natural water
dividers such as mountain peaks, or other inclined land surfaces and topographical
ridges, as well as depression zones like rivers and creeks constituting natural barriers
for water diversion and surface runoff in the landscape. These catchment areas were
thereafter divided into smaller sub-areas with individually defined outlet points up-
stream the culvert pipes, to fulfill the desired requirement of receiving catchment
areas covering no more than 80 ha in surface size (Chin, 2018), as described in
Section 2.1.1. Similarly, but with regards to this size constrain, the sub-catchment
areas were thus delimited as uniformly as possible considering different land types,
inclinations and natural barriers in the landscape. Roads within the total catchment
area were also, as far as possible, considered as water dividing barriers delimiting
the different sub-areas.

Within each sub-catchment area, the longest runoff distance was defined according
to a couple of assumed guidelines in order to receive the longest runoff time. Firstly,
since runoff on vegetated land can be considered to be significantly slower compared
with flows in road ditches or watercourses, the runoff was defined on vegetated land
as far as possible within each area. This means, however, that the longest runoff
time does not necessarily correspond to the longest possible runoff distance within
an area; unless natural land covers most, or even all, of the longest runoff distance
already. Secondly, it was assumed that wetlands constituted an end point for runoff
pathways as water reaching these locations was assumed to be stored, having similar
water storing properties as lakes and basins. Furthermore, runoff reaching roads was
assumed to be gathered and diverted in ditches along the banks.

To facilitate the development of the catchment area and runoff pathways in GIS, lat-
itudinal arrows created to represent in which direction the geographical formations
in the landscape are inclined. A grid of 100x100 meters between each arrow was
assumed to be most suitable for making the directions visible over the entire area
in full scale. The goal of retrieving the catchment area in GIS was eventually ac-
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complished by tracing a polygon at a separate layer according to elevation contours,
assumed water dividing barriers and the retrieved latitudinal arrows. Moreover,
SCALGO Live was also used to easily study profiles of different inclined sections,
in order to estimate possible pathways more effectively for the runoff based on the
same raw data from the National Swedish Land Survey. The longest runoff distance
was thereafter estimated in GIS by creating a polyline along the longest stretch of
latitudinal pointers that finally reaches the culvert pipe from a remote location, also
with the help of supplementary analyses of corresponding profiles in SCALGO Live.
Additionally, the gradient of the terrain along each longest runoff distance, used for
the velocity calculations according to Svenskt Vatten, was estimated from profile
charts of every individual stretch generated in GIS.

As a final step in the modelling carried out in GIS, the extent of different land covers
in each sub-catchment area for both case studies were evaluated. More specifically,
areas with wetlands, agricultural land and roads were estimated. The areas for
both wetlands and agricultural land were automatically pre-calculated in GIS by
the applied input data and were thus already available as attribute data. For these
pre-defined polygons of wetlands and agricultural lands that were not entirely within
the catchment areas but crossed or overlapped their boundaries, a visual assessment
was made of the proportions belonging to each individual area. These proportions
were then calculated separately based on the given attribute data. However, in con-
trast to the wetlands and agricultural land, the roads were predefined as polylines
and thus only had pre-calculated lengths instead of areas. The roads also spread
over several sub-catchment areas to a greater extent than the first two. Therefore,
the extent of the road sections for each sub-area were estimated simply using the
manual measurement tool in GIS. To then convert the lengths to an area, an asphalt
road width of 4 meters and 2 meters was assumed for gravel roads located entirely
within a catchment area, while half of these widths were assumed for the areas where
the roads delimit two sub-areas.

4.3 Weather data

Weather data from both the Swedish Transport Administration’s (STA) and the
Swedish Meteorological and Hydrological Institute’s (SMHI) measuring stations was
available for the case studies in question. As mentioned in Section 2.3.2.1, weather
data collected with the VViS is mainly developed and used for predicting the winter
weather for the operation managers. Therefore, there are no special analyses al-
ready made on the raw data that can be collected from those stations. Considering
the gained knowledge that the STA orders analysed weather data from SMHI when
needed, the authors of this thesis have decided to use the already available SMHI
information as they do not possess the ability to analyse weather data. This SMHI
data is analysed and evaluated from the extreme weather Gdvleregnet of 2021, and
comes from a report obtained in consultation with the municipality of Gévle. The
report is unfortunately unpublished as the document was requested and bought, but
all raw data that the report utilized are available on SMHI’s web page.
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A disadvantage of using SMHI as data source compared with VVIS is that VViS
stations are located closer to the current case studies, while the SMHI report was
conducted for the city of Gavle. But since Gévle and Ockelbo are in close geographic
relations and both are on the border between the short-term precipitation-regions
described in Section 2.3.1, assumptions were made that the data from SMHI still
would correspond to the case studies. Additionally, the VViS measurements of pre-
cipitation is not as accurate as the values retrieved by SMHI (see Section 2.3.2.1
and 2.3.2.2). It was therefore decided that the VViS data presented in Figure 3.7,
will only be utilized as a verification of the SMHI data for the case study areas.

The SMHI data discussed above was first retrieved as presented in Table 3.1, then
altered to fit the required form, which is presented in Table 4.1. The alterations
transformed the precipitation measure and its unit of mm/time to a rain intensity
and a unit of [ /(s-ha). This was accomplished by multiplying the precipitation by 10
000 cubic meters per hectare and then dividing by the time interval in seconds. For
derived unit conversion, see Appendix B. The rain intensity is presented in Table 4.1
and plotted in Figure 4.3 together with the IDF national mean curves, previously
mentioned in Section 2.1.1 and Figure 2.1.

Table 4.1: The calculated rain intensity (1/(s - ha)) for the "Gdivleregnet 2021". The
values are calculated from the given wvalues in Table 3.1 which was collected from SMHI

(2021a).

Rain duration (k) Rain Intensity (I/(s- ha))

0.25 188.9
0.5 178.9
0.75 180.7
1 172.2
2 1415
3 112.1
4 89.7
5 74.1
6 63.1
12 34.1
2/ 19.2
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Figure 4.3: The rain intensity of the Gdvleregnet (GR) and Gavleregnet extrapolated for
short and long rain durations, plotted together with the mean (reduced) rain intensity for
Sweden and different return time intervals according to (Dahlstrom, 2006). The type of
diagram is usually referred to as a IDF plot. Values for GR are produced from the data in
Table 3.1. Authors’ own work.

When considering the red curve of the real rain event in Figure 4.3, two extrapolated
trends become apparent, which are marked as the dark and light blue dashed lines.
The light blue trend line illustrates that an extrapolation of short and intense rainfall
over time corresponds to a significantly greater variation in return period seen over
the entire rain event. In contrast, the dark blue extrapolation of the prolonged rain
durations with higher return periods corresponds to a significantly greater variation
in rain intensity, also seen over the entire event. The first mentioned trend line can
therefore be considered as "the Worst Case of Return Period" (WCRP), and the
latter trend line as "the Worst Case of rain Intensity" (WCI). It can further be seen
that WCRP depicts a heavy rain that lasts a long time, while WCI depicts a heavy
rain with has a much higher intensity in the beginning that then decreases. The
analysed scenarios could therefore be seen as the flow effects of a heavy long-term
rain versus the effects of downpour that is more intense but during a shorter time.

A knowledge that motivates the value of investigating two such rain scenarios is that
impervious areas contribute to a greater runoff than permeable surfaces at shorter
rain durations. But for rains with greater durations, permeable surfaces can gener-
ally get a greater surface runoff as permeable soils get moisture saturated. The two
rain scenarios that were selected for this thesis are therefore the WCI and WCRP,
as described above.

Additionally, based on the weather conditions of the studied rain event described in
Section 3.3, the soil was assumed to have already been saturated with moisture at
the time when the heavy rainfall began. In the calculations, this assumption thus
means that the proportion of the rain that becomes runoff (depending on the runoff
coefficient) has been considered to flow directly as runoff when the rain falls on the
ground.
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4.4 Time-area method

As described in the Chapter 2 Theory, the Time-area method (T-A) should be used
when the total catchment area exceeds a certain areal requirement. Thus, the runoff
within each sub-catchment area will still be calculated separately for each variant
of the Rational Method (RM), and then the use of the isochrones as described in
Section 2.1.4 is applied to receive the total runoff to the culvert pipe when all sub-
areas contribute together.

More in detail, after the sub-catchment areas were divided according to the descrip-
tion in Section 4.2, the reduced areas were calculated by multiplying the runoff coef-
ficient with the area for each respective sub-catchment and each respective method
(RM, SV-RM and STA-RM). And the longest runoff times were also calculated in
line with what each specific method dictated. Thereafter, isochrones were generated
by plotting each reduced area to the runoff time, which is used to illustrate the
time it takes for each sub-area to contribute to runoff with its maximum capacity.
All isochrones were then added together forming the Time-area Histogram (TAH)
to get the total runoff from the reduced area to time. The total reduced area at
the time of each breaking point in the TAH-curve was thereafter multiplied with
the corresponding rain intensity for that point. Since the report investigates two
different weather rain scenarios, two different flow curves were thus finally generated
for each method and case study.

As a remark specific to the application of the T-A for these two case studies is that
no consideration needs to be given to parallel shifting of the TAH as described in
Section 2.1.4. The reason why parallel shifting is that the calculation points of the
case studies (the culvert pipes) are directly connected to the catchment areas. There
is thus no transport distance, for example in the form of a pipe, through which the
rainwater must travel before the area can begin to contribute to runoff. Therefore,
it is assumed that the sub-areas in which the calculation points are located begins
to contribute directly to the run-off when the rain starts to fall, which may reflect
that in reality precipitation falls straight down in front of the culvert pipes’ inlet.

4.5 Rational Method

To calculate the flow using the Rational Method (RM), a few assumptions and other
calculations are needed to be determined first. The overall method is described pre-
viously in Section 4.4.

For the RM it was decided only to consider the following land covers: forested
land, exposed bedrock, agricultural land, wetland and lake area. Since the road
surfaces was evaluated to less than 1% of the total area their impact were deemed
disregarded. The total catchment area and sub-catchment areas was assumed as
described in Section 4.2 and 4.4.
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As mentioned in Section 4.4, the runoff coefficient for the total areas was calculated
according to Equation 2.2 with land cover values according to Table 2.1. The se-
lected values for each land cover were 0.3 for exposed bedrock, 0.1 for forested land,
agricultural land and wetland.

The longest runoff distance was decided in accordance with Section 4.2. These values
were then utilized together with the Table 2.3 to calculate the longest runoff time
according to Equation 2.4. To calculate the flow using Equation 2.1, the summation
of isochrone plots was multiplied with the rain intensities, as described in 4.4.

4.6 Svenskt Vatten

As described in Section 2.1.2, an estimation method of natural land flows is pre-
sented by SV (2016), which is based on a diagram for natural land runoff as a
function of area size and rain return period. Due to several factors, that approach
was not applied in the flow calculations within this thesis. The main factors were
that even the highest available return period in the diagram was considered as too
low to be compared with the studied rain event, and that the data originates from
observations made in the southwestern Sweden. Consideration of the impact of
natural land runoff has therefore only been taken into account by using low runoff
coefficients to represent the natural land, which is also recommended by SV (2016).

4.6.1 Water velocity utilizing Manning’s equation

The investigated land covers are assumed as described in Section 4.5, with the same
assumptions for the road areas and runoff coefficients. What was differentiated from
the RM methodology was the calculation of the longest runoff time. The data and
general equation presented in Section 2.1.2, Equation 2.4, was the same, but in-
stead of assuming water velocities from Table 2.3, they were calculated according to
Equation 2.6 - Manning’s equation.

Firstly, the runoff was divided into four different types: exposed bedrock, land (soil),
ditch and creek. For the exposed bedrock and land, the hydraulic radius (R) was
only corresponding to the water depth since the width is assumed to be infinitely
large for water flowing on the ground surface. Thereafter, the Manning’s coefficient
(M) was selected for each type of runoff based on Table 2.6, but with some adjust-
ments. The coefficients were chosen equal to Table 2.6 for land (assessed as bush
field), ditches (specified with some vegetation) and exposed bedrock (assumed as
similar to coarse concrete in constructed coated canals). This led to values of M =
25 for ditches, 5 for land and 50 for exposed bedrock. However, a more conservative
value was chosen for the creeks, which during the extreme rain event can be expected
to have had high water flows. A value of 35 for Brattfors and 30 for Vallsbo, just
above the highest for creeks, was therefore chosen. Furthermore, the water depth
for the runoff water on exposed bedrock and land was assumed to 5 cm. For the
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creeks and ditches, the wet perimeter was calculated by assumptions of their geom-
etry made in field, these are presented later on in Chapter 5, Figure 5.1 and Table
5.1. They were also assumed to be completely filled with water, which meant that
the water depth became equal to the estimated creek depth. Lastly, before finalising
the calculation with Manning’s equation, the gradients of the area along the longest
runoff distances was estimated based on the profiles of these obtained from the GIS
analysis.

The maximal flow was calculated by multiplying the reduced area with the rain
intensity and climate factor for each respective time laps. The climate factor was
retrieved from Table 2.4. The pipe dimension was then scaled up, according to
Equation 2.10, so that the calculated flow only filled 85% of the suitable culvert

pipe.

4.7 'The Swedish Transport Administration

Initially, the authors had the intention of dividing the sub-catchments further, to
include the specific runoff flow for road and near road surfaces (Equation 2.8) that
the STA mentions in their guidelines TRV INFRA and MB310. But since the road
areas were presumed to constitute less than 1% of the catchment areas, the same pre-
sumptions were used as in RM and SV-RM when determining the runoff factor and
reduced area respectively, thus without explicit consideration of infiltration capacity.

The longest runoff time is calculated in a similar manner as in Section 4.5. But
instead of utilizing Table 2.3, Table 2.7 was employed. The method recognized dif-
ferent water velocities for creeks, dikes, soil and exposed bedrock. Where the creeks
assumed a velocity of 0.5 m/s, 0.2 m/s for ditches, 0.1 for land and 1.5 for exposed
bedrock.

When a reduced area and longest runoff time for each sub-catchment area were
achieved, the isochron and the summation of isochron were plotted. To retrieve the
dimensioning flow, the rain intensity and the reduced area were multiplied with the
climate factor retrieved from Table 2.4. Just as for SV-RM, STA-RM assumed a
filling degree of 85%.

4.8 Flodesappen

To estimate the catchment area of each case study in Fldodesappen, the pin was placed
in each creek just upstream of the culvert pipe. In Brattfors, the hydrograph-line
was incomplete in relation to the real pathway and branching of the creek. To over-
come this issue, the pin was placed on three other hydrograph-lines in the known
water direction. This created three individual parts that was summarized into one
area, depicting an estimation of the total catchment area in Brattfors. However,
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since there was no issue with the hydrograph-lines in Vallsbo, the total catchment
area was estimated as intended with only one pinpointing. Furthermore, the shares
of the different land covers for each estimated catchment area were obtained. The
different percentiles of the individual parts in Brattfors were consequently combined
into a total share to describe the land covering within the estimated total catchment
area.

As mentioned in Section 2.1.5, the runoff flow can in Fldodesappen be calculated
automatically according to MB310, TRVINFRA and RM respectively. But none of
these methods could be applied for all pinned catchments, as some needed values
were not obtained or could not be obtained, for example due to that the lowest
permitted areal size was not reached. It was therefore decided to not perform any
flow calculations in Flddesappen, since they could not be made comparable to each
other or to any of the manually calculated flow results of the RM versions. Thus,
only the catchment areas and their areal parameters estimated in Fldodesappen were
compared with the corresponding results of the assessment in GIS and the manually
performed calculations.

4.9 Colebrook’s method

The calculated dimensioning flow and the arbitrary gradient of 5 %o was utilized to
determine a suitable pipe dimension with Colebrook’s diagrams, which was done for
all manually performed methods (i.e. for RM, SV-RM and STA-RM). The rough-
ness was decided according to corresponding culvert pipe materials in Table 2.13.
For RM and SV-RM, this resulted in 1.0 mm for the concrete pipe in Vallsbo and
the 0.2 mm for the trenchcoat pipe in Brattfors since there is no Colebrook diagram
available for roughness’s as fine as 0.05 mm. But since STA (2021a) have specified
that no roughness below 1.0 mm should be utilized in any case, the calculation
method STA-RM utilized 1.0 mm for both case studies. Additionally, Colebrook’s
diagram for roughness 0.2 is available in Appendix A.

4.10 Sensitivity Analysis

It was decided to investigate the impact that some assumed factors had on the re-
sults. Following factors were considered; the runoff coefficient, the water velocity,
the sub-catchment areas and the Manning’s coefficient. These factors were selected
due to their suggestiveness, that it generalizes and potential inaccuracy. The sen-
sitivity analysis was conducted by increasing the factors by a percentage, ceteris
paribus, to investigate the impact of each increased parameter to the change in di-
mensioning flow.

The increase of the runoff coefficient was selected to mimic the result of the land

being water saturated. This was done by increasing the runoff coefficient of forested
land surfaces by 200%, from 0.1 to 0.2. Another way to resemble the land being
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saturated was to increase the water velocity on land surfaces, this was done by in-
creasing the velocity by 300%, from 0.1 m/s to 0.3 m/s.

Since the water velocity is calculated for SV-RM, the creek’s velocity was increased
by 150%. The sub-catchment areas were investigated by decreasing the size of the
sub-catchment areas to the limit of 30 ha. Since some of the calculated sub-areas
measured 80 ha, the decreasing of the areas was 62.5%, which means that they were
multiplied by 0.375. This was due to the decision to of assuming the areal limit
of 80 ha according Chin (2018) to instead of 30 ha according to SV (2016). The
longest runoff distances were also multiplied with the same factor, to match the new
catchment sizes. To investigate Manning’s coefficient, the factors for the creeks,
ditches, soil and exposed bedrock were increased to 150% of its original.

48



O

Results

This chapter presents the obtained results of the case study analyses and each sen-
sitivity analysis, divided into the following six sections. The gained knowledge from
the field visit is described in Section 5.1, whereas the areal parameters assessed from
the GIS analysis are presented in Section 5.2. Section 5.4 presents the estimated
water velocities, followed by the results of the dimensioning flows and correspond-
ing culvert pipe dimensions in Section 5.5. Finally, the outcomes of the sensitivity
analysis are given in Section 5.6.

5.1 Field visit

This section presents the discoveries and observations of the case study areas and
their area-specific characteristics made in field. These, which are described in the
following three Sections 5.1.1 - 5.1.3, provided valuable input to the analysis per-
formed in GIS.

5.1.1 Discoveries affecting catchment area boundaries

The first discovery made in field for Brattfors was registered in the creek about 350
m upstream of the culvert pipe. There in the branching of the creek, it turned out
that the flow path leading water to lake Hammarsjon was dammed. Water could
therefore no longer pass the adjacent gravel road through an existing smaller culvert
pipe. Moreover, a lowering zone was observed along the opposite side of the gravel
road in relation to the dam point. The runoff that according to the directions of the
latitudinal arrows in GIS was thought to flow from a peak and all the way to the
road will in reality stop at the depression in between. This difference in elevation
thus means that water flows off the road in the direction away from the creek rather
than towards it. As a result, the boundary of the catchment area was reshaped to
instead follow the road for about 950 m, from the dam point to the next culvert
pipe passage where the creek crosses the road. The number of sub-areas was hence
reduced from 13 to 12 compared to the initial estimation. Apart from some small ad-
justments, no further major change was made to the total catchment area thereafter.

In Vallsbo, three smaller culvert pipes were discovered along the asphalted road

X456. The boundary that extends along this stretch of road of about 1 km from the
studied culvert pipe was therefore shortened down to about 200 m, to the nearest
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smaller culvert pipe, which resulted in a significantly reduced catchment area. Fur-
thermore, it turned out that the smaller road connecting to the visited gravel road
was a shift road, probably was used as a passage for forest machines and other simi-
lar heavier vehicles. This was assumed since it was observed as slightly depressed in
relation to the surrounding terrain. The shift road itself could therefore be seen as
a low point diverting runoff back to the larger gravel road. As the same conditions
were assumed to apply to the other adjacent shift road, this observation resulted in
a further division of catchment area. In total, together with the discovery of the
smaller culvert pipes, the total catchment became reduced but the change of the
boundaries resulted in an increase of the number of sub-areas.

5.1.2 Area-specific observations - Ditches

After the discovery of the dam, the inspection in Brattfors continued along the adja-
cent gravel road until the wind farm was reached at the intersection a few kilometers
further into the catchment area, by point B4 in Figure 4.1b. The ditches along this
stretch were generally vegetated, and were estimated to be 0.2-0.5 m deep and a
maximum of 0.5 m wide. However, at the reached intersection, the elevation be-
tween the road and the ditches was leveled out. Water can thus be assumed to flow
across the road at such an intersection.

The ditches along the visited gravel road in Vallsbo were assumed to have the same
dimensions as in Brattfors. As they also were leveled out at the intersection close
to the shift roads, the same assumption applies that water crosses the intersection
on its surface. No ditches were observed at the shift road, but as mentioned earlier,
the shift roads themselves could be assumed to transport water due to their slightly
depressed shapes. However, since the properties of a road differ from a ditch in
terms of size (width and depth), such a transport can be comparable to runoff on
soil.

5.1.3 Area-specific observations - Creeks

The geometry of the creek in Brattfors was assessed when inspecting the branching
stretching from the dam point to the culvert pipe. The closer to the culvert pipe,
the narrower and shallower the creek became. Overall, it was estimated to be 1.5-3
m wide, with a creek depth varying from 0.5-1 m and a water depth about 0.2 m at
the shallow sections and 0.5 at the deep ones. The flow conditions were generally
calm, and the bed of the creek consisted mostly of rocks as hardly any vegetation
was observed.

In Vallsbo, the creek was only observed at the studied culvert pipe. As mentioned
in Section 4.1.1, velocity measurements were only performed downstream of the
culvert pipe, where the dimensions of the creek were estimated to approximately
1.5 m wide and 0.5 m in creek depth. Seen from the inlet of the culvert pipe, the
dimensions seemed to be similar upstream. But, as the water rushed down a more
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inclined terrain, the flow conditions were much more turbulent compared to the flat
and calmer conditions downstream where the creek also opens into lake Vallsjon.

The characteristics of the creeks and ditches of the area was afterwards summarized
to mean widths, water depths and shapes. These are presented in Figure 5.1 and
Table 5.1 below.

(@) (b) (©)

Figure 5.1: An illustration of the presumed cross sections of the case study areas. The h
represents the creek depth. The watercourse to the far left, (a), is the assumed creek cross
section for Brattfors. The illustration in the middle, (b), is the creek in Vallsbo, and the
illustration to the right, (c), is the assumed ditches throughout the two case studies. The
assumed dimensions of the water courses are presented below in Table 5.1.

Table 5.1: The assumed dimensions of the water courses for this thesis.

Parameter Watercourse

Brattfors Creek Vallsbo Creek Ditch
Width (m) 2.3 1.5 0.4
Creek Depth (m) 0.75 0.5 0.25

5.2 Areal parameters in GIS

The catchment areas assessed in GIS for each case study are shown in Figure 5.2a
and 5.2b below. The bright coloured dashed lines describe the initial division of the
catchment areas whereas the darker solid lines portray the final shapes and bound-
aries adjusted after the gained knowledge from the field visit. The locations of the
studied culvert pipes are marked by the darker coloured dots while the brighter dots
correspond to the position of the inventoried smaller culvert pipes. In contrast to the
ones in Vallsbo, the smaller pipes in Brattfors were already inventoried before the
field visit. Additionally, the estimated longest runoff distances are shown separately
for each case in Figure 5.3a and 5.3b and in Figure 5.4a and 5.4b respectively. They
are color-coded for each sub-area, where the outlet point of each area is marked with
a square filled in with matching colour.
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Figure 5.2: The estimated and divided catchment area for the culvert pipe of each case
study; Brattfors to the left (a), and Vallsbo to the right (b).
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Figure 5.3: The longest runoff distances in Brattfors; Within each sub-catchment area

to the left (a), and the total to the right (b).
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the left (a), and the total to the right (b).

Figure 5.4

The results of the areal parameters, sub-catchment areas and longest runoff dis-

tance, in Brattfors are presented in Table 5.2 below.

The calculated sub-catchment areas and longest runoff distances in Brattfors.

.
.

2

Table 5.

Longest runoff distance

Total (m)
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Sub-catchment Area (ha)

6 576
5 678
6 267
5 268
4 368

o082
1019
1695
1099

28
62

26
o8

041
1412

1
2
1
7

5
6
)
2

4 265

4 148
3 745

1211

921
1672
2170
1 460
1 898

3 785

80
80
30
49
685

— AN M <O O - 00D

2 550
2 083
1 898

o
i

i
—

[N}
—

Total

53



5. Results

As can be seen in Table 5.2, three of the 12 sub-catchment areas are in the upmost
areal limit of 80 ha each, whereas the smallest area corresponds to 28 ha. The
longest runoff distances within the sub-areas varies between 541 m to 2 170 m, and
the total distance to the studied culvert pipe varies between 1 898 m and 6 576
m. Furthermore, the shortest of the longest total runoff distances is given for sub-
catchment 12, in which the total is equal to the distance within area.

In Table 5.3 the land covers according to the Swedish Land survey are presented
for Brattfors. The table presents that a very great majority of the land is forested
land. Unfortunately, the Swedish Land survey does not present any variation on the
forested land-category in the map that this thesis utilized. For example, it does not
say if the forested land was clear-felled or forested wetland.

Table 5.3: The land covers of the assumed catchment area in Brattfors according to the
Swedish Land Survey, prepared in GIS.

Land cover Share (%)
Developed land 0.5
Forested land 93.5
Wetland 6.0
Agricultural land 0
Exposed bedrock 0

The sizes of the sub-catchment areas in Vallsbo, as well as their longest runoff dis-
tance within each area and in total, are presented in Table 5.4 below. None of the
8 sub-catchment areas in Vallsbo touch the areal limit of 80 ha, but there are three
sub-areas reaching over 70 ha where the largest of these corresponds to 77 ha. The
smallest area measures 31 ha. Furthermore, the longest runoff distances vary be-
tween 1 286 m and 2 858 m, and the total runoff distances differ between 1 796 m
and 4 606 m.

Table 5.4: The calculated sub-catchment areas and longest runoff distances in Vallsbo.

Longest runoff distance

Sub-catchment Area (ha) Within area (m) Total (m)

1 74 2 001 4 606
2 61 1712 3411
3 7 2 858 2 858
4 51 1 286 3 659
5 71 1 560 3 140
6 45 1622 3 310
7 31 1322 1 857
8 65 1796 1796
Total 476
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5. Results

As can be seen when comparing Table 5.2 and 5.4, the total catchment area in Brat-
tfors is almost 150 % larger then in Vallsbo, which is also illustrated by the need of
more sub-catchment areas in Brattfors to stay within the areal limit.

In the following Table 5.5 the different land covers for Vallsbo presented. The catch-
ment area consists of 5 different land types, the smallest of them being agricultural
land and the greatest forested land. In relation to the results shown for Brattfors is
it illustrated here that a greater variation was detectable for Vallsbo on the Swedish
Land Survey map utilized.

Table 5.5: The land covers of the assumed catchment area in Vallsbo according to the
Swedish Land Survey, prepared in GIS.

Land cover Share (%)
Developed land 0.8
Forested land 82.8
Wetland 2.2
Agricultural land 0.4
Exposed bedrock 1.3

5.2.1 Exceptions within the defined catchment areas

As mentioned in Section 4.2, roads within the catchment areas were as far as possi-
ble assumed to be water dividing barriers affecting the division of sub-areas. This
means that runoff reaching the roads becomes transported in the ditches along their
distribution. However, for some sub-areas, exceptions of this had to be made in
order to estimate possible runoff pathways to the culvert pipe. In Brattfors, one
exception had to be made for the stretch of the road that delineates sub-catchment
area 1. As no water otherwise would be able to cross this road section, the runoff was
assumed to flow over at its lowest point identified using the profile tool in SCALGO
Live. A probable scenario in reality could then be that rainwater accumulates at
the low point and eventually crosses the road. Therefore, as shown in Figure 5.3b,
the longest total runoff distance for sub-area 1 crosses the road at where this low
point is identified, which also thus corresponds to the defined outlet point.

Furthermore, a similar exception as above was made in Vallsbo, at the intersection
of the gravel road where sub-area 4,5 and 6 meet. Due to the leveling of the ditches
as described in Section 5.1.2, some of the runoff transported to this point can be
assumed to flow off the road and continue on the land surface. This explains why
the longest total runoff distances for these three latter sub-areas deviate from the
road at the intersection instead of following along the gravel road’s distribution (see
Figure 5.4a).

When estimating the gradient of the terrain along the longest runoff distances,

there were a few inaccuracies appearing in some of the generated profile charts in
GIS which had to be disregarded. Generally, the defined pathways for runoff usually

99



5. Results

corresponded with a declining gradient throughout the whole stretch in the profile
charts, which the gradient of the longest runoff pathway for sub-area 5 in Vallsbo
exemplifies in Figure 5.5a. However, some profiles indicated on smaller sections of
ascending inclinations along the runoff distance as Figure 5.5b shows for sub-area
10 in Brattfors. In the figure, this is specifically visible from about 1 200 m in the
horizontal direction, which corresponds to where the runoff ends up in the creek for
this defined stretch.
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Figure 5.5: The plots present two profiles of the longest runoff distances produced in
GIS, (a) presents a desirable and gradually declining silhouette which was produces for
sub-catchment 5 of Vallsbo and (b) presents a less ideal profile that was produced for sub-
catchment 10 of Brattfors.
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5.3 Areal parameters in Flodesappen

In the following section, the results from Flodesappen are presented, starting with
Brattfors and finishing with Vallsbo. The catchment areas’ shape and areal sizes as
well as the longest runoff distances and land covers are presented.

Since the hydrograph-lines of the creek in Brattfors were not completely correspon-
dent to the reality, as mentioned in Section 4.8, the catchment area in Brattfors was
depicted by summarizing three individual parts into one total area. These three
areas (part 1, 2 and 3) are shown in Figure 5.6a, 5.6b and 5.6¢ respectively. Their
different sizes and longest runoff distances are presented in Tabular 5.6 below, to-
gether with the estimated total catchment area in italic writing on the last row. It
reaches a total size of 650 ha.

() (b)

Figure 5.6: The three parts that together make up the total catchment area of the culvert
pipe in Brattfors, estimated in Flodesappen. To the left, part 1 is presented, followed by
part 2 in the middle and part 3 to the right.

Table 5.6: The calculated area and longest runoff distance of each part of the total
catchment area in Brattfors, estimated in Flodesappen.

Part Area (ha) Longest runoff distance (m)

1 5 644
2 19 1 609
3 626 6 931
Total 650
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The percentiles of different types of land covering for the three smaller catchments
in Brattfors are summarized and presented in Table 5.7 to describe the total catch-
ment area. As can be seen, there are five different land covers presented, where the
two largest shares are two types of woodlands; clear-felled area and forested land.

Table 5.7: The land covers of the catchment area in Brattfors, estimated in Flodesappen.

Land cover Share (%)
Developed land 2.0
Clear-felled land 28.7
Forested land 61.6
Forested wetland 0
Wetland 1.8
Agricultural land 0
Open land 0.8
Exposed bedrock 0

In Vallsbo, there was no issue with pinpointing the hydrograph-line corresponding
to the creek, as also mentioned in Section 2.1.5. Figure 5.7 shows the catchment
area of the culvert pipe. Its total surface area and longest runoff distance are further
presented in Table 5.8. The catchment area reaches a total size of 375 ha.

Va‘l_lg_bo

| y IR,

Figure 5.7: The catchment area of the culvert pipe in Vallsbo estimated in Flodesappen.
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Table 5.8: The size of the catchment area in Vallsbo and the longest runoff distance.

Part Area (ha) Longest runoff distance (m)
Total 375 5 316

The land covers of the estimated catchment area in Vallsbo are presented in Table
5.9. And as can be seen, all of the eight different land covers are present, where
forested land and clear-felled areas correspond to the largest shares. The smallest
recorded share is Exposed bedrock which only represents 0.01 % of the total.

Table 5.9: The land covers of the catchment area in Vallsbo, estimated in Flodesappen.

Land cover Share (%)
Developed land 1.3
Clear-felled land 18.6
Forested land 74.4
Forested wetland 2.6
Wetland 1.2
Agricultural land 1.0
Open land 0.9

Exposed bedrock 0.01

5.4 Calculated water velocities in the creeks

The measured and calculated water velocities are presented in Figure 5.8, where
the green icons are the result for Brattfors and the purple for Vallsbo. The icons
presented by circles and triangles correspond to the velocities measured in field,
where the circles symbolize the measurements through the culvert pipes while the
triangles represent the velocities from measurements in the creeks. Each location
of the measurements is clarified in Figure 4.1a and 4.1b for Brattfors and in Fig-
ure 4.2a and 4.2b for Vallsbo. Additionally, the crosses represent all the calculated
velocities for Gdvleregnet in the creeks according to the method by Svenskt Vatten
method (Manning’s equation), and the green dashed line is the tabulated value for
water velocity mentioned by Lyngfelt (1981); SV (2016); Bondelind and Haggstrom
(2018), among others.
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Figure 5.8: The measured water velocity in the creeks (triangles), measured Water ve-
locities in the pipes (circles) and calculated (crosses) water velocities in creeks for the two
case studies, compared to the tabulated value for water velocity in streams.

In Figure 5.8, it is apparent that the calculated velocities in the creeks, marked
with coloured crosses, are much higher than both the measured velocities in field,
marked in circles and triangles, as well as the tabulated velocity value. The calcu-
lated velocities in Brattfors are also higher and have a larger spread compared to
the calculated velocities in Vallsbo.

5.5 Dimensioning flows and culvert pipe dimen-
sions

The calculated flows over time for Brattfors are shown in Figure 5.9. These are pre-
sented for the three investigated applications of the Rational Method; the Rational
Method (RM), Svenskt Vatten (SV-RM) and according to the Swedish Transport
Administration (STA-RM), as well as for the two rain scenarios; the worst case
of rain intensity (WCI) and the worst case of rain return period (WCRP) of the
Gavleregnet of 2021.
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Figure 5.9: The calculated water flows due to the heavy rainfall of August 17th in Brat-
tfors, for both investigated rain scenarios, WCI and WCRP, as well as for the different
calculation methods.

As Figure 5.9 illustrates, the WCRP is the case in which the calculated flow is the
highest for all investigated methods. It becomes evident that the peak flows are
highest for the SV-RM method, and that the WCI for that particular method not
only stands out in shape but also in peak value. The WCRP plots are similar for
all three methods, but is noticeably lower for the RM compared to the other two.
Furthermore, Table 5.10 below presents the calculated and dimensioning flows for
the different methods and rain scenarios in Brattfors. The calculated flows refer to
the peak flows visible in Figure 5.9 and the dimensioning flows are represented as
the flows needed in Colebrook’s method to give the calculated flows a (maximum)
filling degree of 85% of the culvert pipe. This is only considered in the methods
SV-RM and STA-RM.

Table 5.10: The calculated peak flows presented in Figure 5.9, together with the corre-
sponding dimensioning flows with regards to a filling degree of 85% of the culvert pipes.

Flow (I/s)
iﬁion Calculated Dimensioning
WCI WCRP WCI WCRP
RM 6177 10 678 6177 10 678
SV 12 846 12 875 15113 15 147
STA 6796 12 575 7996 14 794
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In Table 5.11, the calculated pipe dimensions in Brattfors for the different dimension-
ing flows of each calculation method and rain scenario are presented. The utilized
Colebrook’s diagram with regards to roughness are also presented, where the dif-
ferences of the assumed roughnesses are due to specific regulations in the methods.
In line with the results presented in Figure 5.9, the largest pipe dimensions are
obtained for the rain scenario WCRP.

Table 5.11: The needed pipe dimensions for the different calculation methods and rain
scenarios in Brattfors

RM Colebrook’s  Pipe dimension (mm)
version roughness (mm) WCI WCRP
RM 0.2 1 600 2 000

SV 0.2 >2 000 >2 000
STA 1.0 2 000 2 400

The flows in Vallsbo are presented in Figure 5.10 below. The results are presented for
RM, SV-RM and STA-RM, as well as for the two rain scenarios, WCI and WCRP.
Similar to the results for Brattfors in Figure 5.9, the highest peak flows are obtained
for the WCRP scenario. The SV-RM method also reaches the highest peak for the
WCI scenario. However, SV-RM the flows of a smaller magnitude compared to in
Brattfors. Furthermore, the calculated and dimensioning flows in Vallsbo for each
method and rain scenario are presented in Table 5.12 below.

14 000
12 000
10 000 Version & scenario
—_ —RM WCI
é:' §000 --RMWCD
G
4000 —STA WCI
2 000 - - STA WCD
0

0 200 400 600 800 1000

Concentration time (min)
Figure 5.10: The calculated water flows due to the heavy rainfall of August 17th in

Vallsbo, for both investigated rain scenarios, WCI and WCRP, as well as for the different
calculation methods.
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Table 5.12: The calculated peak flows presented in Figure 5.10, together with the corre-
sponding dimensioning flows with regards to a filling degree of 85% of the culvert pipes.

Flow (I/s)
\If{ell/iion Calculated Dimensioning
WCI WCRP WCI WCRP
RM 2747 7015 2747 7015
SV 4926 8 564 579 9663
STA 3270 8409 3847 9893

In Table 5.13 below, the required pipe dimensions in Vallsbo are presented for the
different dimensioning flows of each calculation method and rain scenario. Since the
pipe material for this case study is concrete, the same Colebrook’s diagram was uti-
lized for all investigated methods. This resulted in pipe dimensions varying between
1 400 mm and 2 000 mm at its greatest.

Table 5.13: The needed pipe dimensions for the different calculation methods and rain
scenarios in Vallsbo.

RM Colebrook’s Pipe dimension (mm)
version roughness (mm) WCRP WCRP
RM 1.0 1 400 1 800

SV 1.0 1 800 2 000
STA 1.0 1400 2 000

5.6 Sensitivity analysis

The result of the sensitivity analysis for Brattfors are presented in Table 5.14 and
Vallsbo in Table 5.15. The colours indicate the highest and lowest influenced pa-
rameter by each method and weather scenario, where green is the highest and red
is the lowest. Also, to decide which investigated parameter that is most affected by
the percentile change, the increased percentage has been divided by the percentile
change. This makes a comparable percentile change per increased/decreased value.
From the results it becomes apparent that all changes, positive or negative, give the
same type of effect as the change, i.e. the positive changes give positive increases
and the negative changes give negative increases. This is true for all investigated
parameters, calculation methods and peak flows, except for Manning’s coefficient
in RM and STA-RM which do not consider Manning’s coefficient to calculate their
flows, since their flows are from tabulated values. There is also no apparent change
of the peak flow in relation to the increased water velocity in the creek for SV-RM
and the WCRP.
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Table 5.14: The percentage change and the percentile change per changed percentage of
the peak flows for the investigated parameters in Brattfors, for each method and scenario.
Green indicates the most influenced parameter and red the least.

. Peak flow
RM . Investigated Change WCT WCRD
version parameters (%) T%) (6 7%)
Baseline (1/s) 6 068 10 498
Runoff coeff. +100  +90% +90%  0.90

Water vel. Creek +50 +15% 0.30 +2% 0.04

RM Water vel. Land +200  +55%  0.28 +2% 0.01
Mannings coeff. +50 +0% 0.00 +0% 0.00
Catchment area -62.5 -14% 0.22 -59%
Baseline (1/s) 15 113 15 147
Runoff coeff. +100  +91% 091  +90%  0.90

SV Water vel. Creek +50 +4% 0.08 +0% 0.00
Water vel. Land +200  +81%  0.41 +5% 0.02
Mannings coeff. +50 +46% +2% 0.04
Catchment area -62.5 -12% 0.19 -60%
Baseline (I/s) 7 996 14 794
Runoff coeff. +100  +90% +90%  0.90

STA Water vel. Creek +50 +12% 0.24 +1% 0.03

Water vel. Land +200 +49%  0.25 +2% 0.01
Mannings coeff. +50 +0% 0.00 +0% 0.00
Catchment area -62.5 -14% 0.22 -59%

Furthermore, the largest change of the results in Table 5.14 is recorded from the
increase of the (forest) runoff coefficient to 200%, which gave a 91% increase of
the peak flow for the WCI scenario in the SV-RM calculation method. But, the
change of Manning’s coefficient gave the largest percentile change per increased per-
cent (0.92 %/%) for the SV-RM. For all calculation methods, the largest percentile
change per increased percent is, however, obtained for the change of the catchment
area in the WCRP scenario.

The result of the sensitivity analysis for Vallsbo are presented in Table 5.15, with the
same color-coding are the as described for Table 5.14 above. The results for Vallsbo
are similar to the results for Brattfors, where the largest increases are obtained by
the increase of the runoff coefficient for all calculation methods. Also, the catchment
area is still obtained as the parameter that changes the most in percent per increased
percentage (0.93-0.98 %/%), for all calculation methods in the WCRP scenario.
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Table 5.15: The percentage change and the percentile change per changed percentage of
the peak flows for the investigated parameters in Vallsbo, for each method and scenario.
Green indicates the most influenced parameter and red the least.

. Peak flow
e o oy
(%/%) (%/%)

Baseline (1/s) 2 747 7015

Runoff coeff. +100 +90% +92%  0.92
RM Water vel. Creek +50 +2% 0.04 +0% 0.00

Water vel. Land +200  +128%  0.64 +9% 0.05

Mannings coeff. +50 +0% 0.00 +0%  0.00

Catchment area -62.5 -11% 0.18  -58%

Baseline (1/s) 5 796 9 663

Runoff coeff. +100 +87% +92%  0.92
SV Water vel. Creek +50 +1% 0.03 +0% 0.00

Water vel. Land +200  +144%  0.72 +3%  0.02

Mannings coeff. +50 +41%  0.82  +£0%  0.00

Catchment area -62.5 -11% 017  -61%

Baseline (1/s) 3 847 9 893

Runoff coeff. +100 +88% +92%  0.92
STA Water vel. Creek +50 +2% 0.04 £0%  0.00

Water vel. Land 4200  +123%  0.62 +9% 0.05
Mannings coeff. +50 +0% 0.00 +£0%  0.00
Catchment area -62.5 -11% 0.18 -58%
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Discussion

In this chapter, the results of the thesis are further discussed and analysed in the
following six sections. Section 6.1 covers the discussion of the results of areal param-
eters and runoff distances. The water velocity, the flows and the sensitivity analysis
are analysed in Section 6.2, followed by Section 6.3 which discusses the resulting cul-
vert pipe dimensions. Further discussion about weather data, climate and weather
in general is found in Section 6.4. Sources of error are discussed in Section 6.5, and
finally, further studies are presented in Section 6.6.

6.1 Areal results and runoff distances

One of the objectives of this thesis is to examine the differences between the manu-
ally preformed calculations and the results from the modelling in Flédesappen. Since
the catchment areas for both case studies were larger than 100 ha, no flow could be
calculated with the RM in the app, unfortunately. Moreover, as the app itself has
not been developed enough to calculate the flow for rain with a return period as
great as the ones studied in this thesis, the modelling has only been focused on the
results of the comparable parameters; the areal parameters. The different included
land covers are also compared, where Flddesappen in comparison to the manual
approach takes more different types into consideration for assessment of runoff co-
efficients and areal percentages.

When comparing the results of the different areal parameters in Brattfors, shown in
Table 5.2 and 5.6, it becomes evident that the sizes of the total catchments areas
are similar in size, valued to 685 ha manually in GIS and 650 ha in Flédesappen. A
notable difference is that the total catchment area retrieved in the app needed to
be summarized to cover the runoff area all the way to the culvert pipe. This indeed
can be seen as a source of error, but which is a pronounced development point at
the time of writing, as described in Section 2.1.5.

In Table 5.3 and 5.7, the land covers in Brattfors estimated in GIS are indeed similar
to the ones from Flddesappen, above all, that the largest proportion of the catchment
area corresponds to forested land. However, one important difference is that Flode-
sappen makes it possible to separate the clear-felled areas from the forested land.
Given that trees absorb water, it is thus not unreasonable to believe that clear-felled
areas to some extent can result in an increased runoff compared to forested land,
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which makes a difference to the runoff coefficient. When it comes to the longest
runoff distances, the path calculated in Flodesappen for part 3, is actually longer
than the longest one calculated manually in GIS (see Table 5.2 and 5.6). This
may be considered quite understandable due to the fact that the path calculated
in Flodesappen manages to consider a more detailed extent of hydrographical flow
lines compared to the manual calculations and approach in GIS.

Much like the case for Brattfors, the manually drawn total catchment area for
Vallsbo was greater than the one processed by Fldodesappen, only for Vallsbo, the
percentile and valuable difference was much greater with measured catchments at
476 ha to 375 ha. Another likeness that indeed also is expected was that the longest
runoff distance for Flodesappen was longer than the hand drawn one. When it
comes to the land cover, a total of 82.8% was estimated to be covered in forests.
When summarizing the land cover categories mentioned in Table 5.9, the total per-
centage that could be interpreted as forested land adds up to 95.6%, which indeed
is a mentionable difference. Another noticeable part is that the exposed bedrock
varies between 1.3% and 0.01%. Since the total catchment differs with about 100
ha, almost 20%), it is likely that some differences in land covering may be due to that.

6.2 Velocities, flows and sensitivity

The calculated water velocities that are presented in Figure 5.8 are much greater
than the measured ones, that are plotted in the same figure. The reason for this is
that the calculated flows are for the Gdvleregnet and the once measured in field are
for a normal to slightly higher normal flow. The figure shows that the calculated
velocities indeed are greater, but since they are supposed to represent a rain with
a return period of 3 900 years, they might be reasonable. When dimensioning a
culvert pipe, a velocity inside these should not exceed 1.5-2 m/s (A. Gunnarsson,
personal communication, May 20th 2022) since too extensive erosion barriers might
then be needed. Therefore, a velocity of about 3 m/s during such a rain, might be
plausible.

What can be further seen in Figure 5.8 is that the spread of results in Brattfors
are greater than in Vallsbo. This might be due to the fact that there are more
watercourses in Brattfors and that they are located in a more varied terrain than in
Vallsbo. But as mentioned in Section 5.2.1, it is possible that some profiles might
have been placed alongside the creeks instead of exactly in the creek, which indeed
may have affected the gradient of certain runoff areas.

In Figure 5.9 and 5.10 the calculated flows for the two case studies are presented. As
can be seen, the greatest flows are obtained for WCRP for both case studies. The
values for these can be seen in Tables 5.10 and 5.12, where the calculated peak flows
are presented. When comparing the plots between each other it becomes apparent
that the greater flows are in Brattfors, which indeed seems likely due to the fact
that its catchment area is bigger than Vallsbo.
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The flow estimated for SV-RM and WCI in Brattfors, see Figure 5.9, has an inter-
esting peak that can be explained by the factors of which the flow is dependent.
The climate factor, the reduced area but mostly by the rain intensity. Since the
weather scenario, WCI, indeed has a great intensity, see Figure 4.3. The reduced
area is in that way not as decisive for the total flow as the intensity is during the
first minutes of the rain event. This is due to its initial greatness of intensity, but
since the intensity decreases much more and much faster than the WCRP scenario,
the reduced area becomes more important. The oddly shaped peak appeared due
to the fact that the reduced area is thus rising as fast as the rain intensity is dropping.

In Section 2.1.1, it was highlighted that the Rational Method (RM) is surface size
dependent as it is less suitable for larger catchment areas over a certain limit. How-
ever, this limit is defined differently by different sources and is therefore not explicitly
determined. For example, as also mentioned earlier, the RM should not be applied
to catchment areas over 80 ha according to Chin (2018). But on the contrary, SV
(2016) states the importance of utilizing the Time-area method (T-A) for catchment
areas larger than 20-30 ha, which is a significantly lower limit. Therefore, the extent
to which subdivisions of the catchment area had an effect on the result of the calcu-
lated peak flows was investigated in the sensitivity analysis (SA). In Table 5.14 and
5.15, this effect is depicted by a negative percentile change of each sub-area with
62.5%, corresponding to a change in the maximum permitted sub-areas from 80 ha
to 30 ha. For each rain scenario, it can be seen to give a relatively even reduction
of the peak flows for all three calculation methods, varying between 11-14% and
58-61% in total for both case studies.

A probable reason for this even result in the SA may be that the reduction of the
sub-areas was only applied as a percentile change without taking into account that
the same total catchment area is maintained. The most optimal reduction would
have been to re-do the sub-division of the total catchment area so that it instead
was divided into an additional number and smaller areas, but unfortunately that
would have been too time consuming and too big of a scope for a SA in this thesis.

In Section 2.1.1, it was also highlighted that the RM is an estimation method pri-
marily applied to more or less impervious surfaces in urban areas. The areas in
this thesis mainly are rural, which of course is the opposite to this, but as the aim
clarifies, this was disregarded to investigate the methods possibilities. Since the
runoff coefficients are developed for the RM it is possible that the factors are not as
suitable for rural areas alike. During the theory study it became evident that Young
et al. (2009) and Wong (2002) both doubts the reliability of the runoff coefficients
even for the RM. This of course instituted the factor as a good sensibility parameter.
The runoff coefficient for land was increased by 100% from 0.1 to 0.2 with indeed
affected the peak flows for all of the calculation method and rain scenarios. The
greatest increase in peak flow seems to be for Vallsbo and the scenario of worst case
of return period (see Table 5.14 and 5.15).
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The SA shows that an increased velocity in the creek does not affect the peak flow
for worst case of return period (see Table 5.14 and 5.15). This is probably due to
that the intensity of the rain is closer to constant during the whole event, compared
to the intensity in for worst intensity scenario. This can be seen in Figure 4.3, where
it becomes obvious that the worst intensity varies between about 1 000 to 10 1/(s
- ha), while the worst duration varies between 200 and 100 1/(s - ha). This further
means that the reduced area has greater significance for the flow and variation in
flow for the worst intensity scenario then the worst duration scenario.

What also can be stated from the SA is that the change in the velocity in the creek
does not affect the peak flows in SV-RM as clearly as in RM and STA-RM. But
a factor that increases the flow for SV-RM is the change in Manning’s coefficient,
which indirect changes the water velocity and thereby the peak flow. Manning’s
equation was only utilized in SV-RM to calculate the water velocities, and in this
thesis, it was done for all of the different runoff surfaces. A possible reason why
Manning’s coefficient in SA gave a greater result than only the increase of the wa-
ter velocity, might be that the velocity in the creeks is not the dominating factor,
but the water velocity flowing on land is. When regarding the increased percentile
change of peak flow calculated for SV-RM and velocity on land, the increase of 200%
gave an 81% higher peak flow for Brattfors and 144% for Vallsbo.

Even though some percentages presented in Table 5.14 and 5.15 might seem impres-
sive, it is important to remember that all the investigated parameters are increased
or decreased with a certain percentage. For example, the impressive change of 144%
of the Water velocity on land in Vallsbo for SV-RM and WCI might appear to give
the most increased flow. But, when compared to the percentile change of the investi-
gated parameter, it does not. Instead, as mentioned in Section 5.6, the most affected
flow is generated by the change of the catchment area for SV-RM and WCRP, which
is seen to affect the result with 0.98 percentage per percentage of change.

As stated above, when regarding Table 5.14 and 5.15 in the SA, it can be seen that
Manning’s coefficient and the runoff coefficient have a big impact on the results. To
make the model more accurate, these parameters could be adapted by examine them
more closely in field and let them vary in the model. This is a concrete example on
how the field visit could have affected the results and thereby the sensitivity analysis.

When regarding Table 5.14 and 5.15 in the SA; it can be seen that Manning’s coeffi-
cient and the runoff coefficient have a big impact on the result. To make the model
more accurate, these parameters could be adapted by examine them more closely in
field and let them vary in the model. This is a concrete example on how the field
visit could have affected the results and thereby the sensitivity analysis.
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6.3 Dimensions of culvert pipes

The required pipe sizes for the two case studies were presented in Tables 5.11 and
5.13. As mentioned in the terminology, pipes with a dimension greater than 2 000
mm are regarded as bridges. This makes the greatest proposed pipe dimensions in
Brattfors just that, bridges. For Brattfors, the pipe dimensions varied between 1
600 and 2 400 mm. The location at the time of the incident was fitted with a 1 600
mm steel pipe, after the rain incident, it was refitted with a 1 900 mm trenchcoat
pipe. In Vallsbo, the dimensions varied between 1 400 and 2 000 mm, which is at
least 200 mm greater than the current pipe.

During the dimensioning with Colebrook, two different roughness factors were uti-
lized in the Brattfors case, due to the different regulations and guidelines in the
different methods. The STA for instance advises its readers to only utilize 1.0 mm
roughness diagram, at the finest. But since the trenchcoat has a plastic lining, the
authors utilised the 0.2 mm diagram, which indeed could have affected the results
to the less conservative side. Another characteristic of the trenchcoat pipe is that
it is corrugated. This corrugation is however not mentioned to affect the result or
alter the need for any type of roughness in relation to the Colebrook’s diagrams
according to Young et al. (2009) and Wong (2002).

Since the pipe sizes required to handle the dimensioning flow actually were not that
incredibly great, the pipe break in Brattfors might be due to other causes then wa-
ter pressure. Possible factors causing this can have been that the inclination and
position of the culvert pipe in Brattfors were not ideal, or that there was a lack of
sufficient shallow depth in the pipe. According to the STA (2021a), water-carrying
culvert pipes must be provided with shallow depths, both to facilitate fauna passage
but also to prevent water flowing along the pipe on its outside. If water seeped in
along the outside of the pipe, this might have caused a lack of bearing capacity,
especially if the surrounding material was of finer friction soils, such as sand. In this
case, due to the location, the small traffic load and the location’s surrounding soil
materials, it is feasible that sand was used in the embankment.

During the field visit on both of the sites, it became evident that both locations
are equipped with protections against erosion. In Brattfors there was crossed rock
strewn along the inlet and outlet of the pipe. In Vallsbo, there was a stone wall on
each side of the inlet, to direct the water though it.

6.4 Weather and climate

The rain data that was utilized for the calculations in this report were actually data
retrieved and analysed for Gévle, although the applied case studies both are located
in Ockelbo. This is due to the close location between the city and the town (see Fig-
ure 3.1) and also the availability of processed data. It is known that weather indeed
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is really changeable (Buishand, 1991), and although it is raining on one side of town,
it could be blazing on the other, which of course is a source of error for this study.
Worth mentioning also, is that the data was analysed for Gévle, but by utilizing
the station-year method, which indeed utilizes material from measuring stations in
relatively near location. This makes the validity of the data more profound.

The Gavleregnet of 2021, indeed was a very heavy rainfall. As presented in Figure
3.8 and 3.9, the precipitation of the month of August was almost 300% of expected,
compared to the new normal values of 1991-2020 and the southern parts of Gévle-
borg. What also is presented in Figure 3.8, is that many of the stations plotted,
already had received the normal amount of precipitation for the whole month, the
day of the rain event. This can be an indication that the soil was already satu-
rated during the rainfall. When considering Figure 3.9, it becomes apparent that
the month leading up to August, July, actually had less rain volume than normal.
This knowledge together with the knowledge that the summer months generally is
the months in which the water bodies are drained, may contradict that the soil
was moisture saturated. Another statement that can support the assumption about
moisture saturation is that soil can not absorb to their full potential during full rain
with large intensities or long durations.

This report has assumed that the soil is saturated with moisture, which was based on
the claim that so much rain had come during the two weeks leading up to the studied
rain event. The sensitivity of the runoff velocity on land was therefore analysed in
the SA and it was presented that the peak flow increased up to the impressive 144%
at the most, in Vallsbo for SV-RM and the WCI scenario.

The method that was used to retrieve the rain return periods was the station-year
method. The method in itself is sensitive to utilizing of data in which the collect-
ing stations are situated too close to one another, since each station is supposed to
count as a stand-alone/statistically independent (Buishand, 1991). It is also known
to be less reliable during extreme weather analyses (SMHI, 2017). To make the
data more reliable, the Swedish Meteorological and Hydrological Institute (SMHI)
removed the outliers of the data set to make the estimation more accurate (SMHI,
2021a). And as mentioned in Section 3.3, the highest measurements of precipitation
that this report is based on is thus not included in the prediction of the return
period. The provided data actually also included return periods calculated in three
different methods, and the SMHI (2021a) thought that the Station-year method
was the method that best reflected the type of return period that the rain actually
inhabited. Since the authors does not possess the knowledge of weather estimations,
it was decided to assume return periods in line with those recommended by SMHI.
However, since the data included rain measurements that could be transformed into
a rain intensity, the return period was not utilized in any calculations.

In P110, the importance of being updated on the actual state of knowledge about
climate assessments is emphasized as continued effects of climate change emerge
(SV, 2016). The discussion about climate change scenarios including heavier pre-
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cipitation in Sweden, is oftentimes bought up. It is important to understand that
even if Gdvleregnet was extraordinary, similar rain events most likely already have
happened in Sweden. Just on locations where the event was not recorded or any
significant infrastructure damaged. If a specific rain with a specific return period
actually reoccurs more often, the statistical estimation method is not accurate. But
there are other uncertainties also. Th Swedish Council of Experts on Climate Adap-
tation (2022) says that a majority of the Swedish municipalities utilities different
climate scenarios and simulated times, and the council agrees with the statement
that the information is disseminated and needs to be collected and structured. SMHI
(2015a) mentioned that during the development of a climate scenario there are sev-
eral factors of uncertainty, like the natural variation of the climate, the models’
uncertainties and also the future emissions of greenhouse gases. The climate sce-
narios are often related to as RCP, which is the foundation for the development of
climate factors. The values for the climate factors according to the assessed climate
scenarios by SV-RM were presented in Table 2.4 and 2.5, where the factors are esti-
mated for precipitation with a 10 year return period. Unfortunately, 10 year indeed
is a low return period, and during the extrapolation to 100 years the insecurity of the
factors increases and should only be considered as an approximation (SMHI, 2015b).
According to SMHI (2015b), the percentile difference between the extrapolated 100
year precipitation and the original 10 year only differs with about 1%.

6.5 (General sources of error

During the work with this master thesis, a number of sources of error were identi-
fied. It has generally been challenging to interpret the guiding documents and find
the most appropriate data and approach for the used methods. Parts of the work
in this thesis thus needed to be based on assumptions. And many, if not all, of
these assumptions are related to the nature/character of the catchment area, as it is
the basis for area-specific input data vital for the calculation and evaluation process.

Nature is so incredibly complex and involves an enormous number of factors and
processes that in one way or another are dependent on and affect each other. Seeing
and analysing nature with the help of different maps can therefore give a limited
picture of reality. Of course, today there is much more advanced technology and
access to digital modelling tools that can provide a more comprehensive analysis
in several dimensions, in comparison with traditional analyses of graphic maps and
two-dimensional data. But no matter how good technology and data are available
it is a fact that depictions of nature will never truly correspond to reality due to its
complexity, which thus requires assessments and various assumptions to be made.
This emphasizes the importance of performing site analyses through field visits as
a complement to investigations and modelling digitally.

During the performed field visit, a few water velocities were measures according to

the orange method. The method was selected due to its simplicity and since its
accuracy was regarded as acceptable for the cause. During the process of measuring
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the water velocity, it became evident that some errors in this very simple method
indeed did occur. One of these being that the recorded time for the orange to flow
a certain distance was overestimated, implying that the measured water velocities
might be greater than presented. This is due to the measurement technique when
the orange was dropped into the water, ever so slightly and close to the surface,
it was lowered below the surface before it floated up to the surface and then went
with the water. This error is likely to affect the measurements with shorter duration
more than the longer recorded. Another error that always should be mentioned in
relation to method like this is the human factor, which indicates the reaction time
of the person timing.

Furthermore, the time factor during the field visit played a decisive role in the num-
ber of hydrographic and area-specific observations that could be made within the
catchment areas. Observations from the visited places were thus assumed to be
representative for all other such places identified in the GIS-maps, which indeed is a
simplification of the reality that implies uncertainties in the results. However, with
regard to the discussion above, it can be assumed that such uncertainties would have
become even greater if the field visit had not taken place at all. The assumptions
could then not have been based on actual perceived observations, which can be as-
sumed to have a significantly greater chance of also agreeing with more places in the
immediate area than the otherwise map-based guesses. This can also be underlined
by the results of the estimated boundaries of the catchment areas in Figure 5.2a
and 5.2b. Although no calculations were made at the initial assessment, some clear
differences can be distinguished by only looking at the shapes of the areas assessed
before compared to after the field visit.

As mentioned in Section 2.1.1, the RM includes a lot of assumptions. The constant
ratio between the runoff and the rainfall is one such assumption, which also presup-
poses that the precipitation intensity is constant and that the rain duration either
reaches or exceeds the concentration time of the catchment area (Chin, 2018). This
of course is a rough simplification of the reality, since neither rainfall nor runoff is
naturally constant over the concentration time, which Chin (2018) claim to under-
estimate the maximum runoff rate. In other words, the method does not take into
account the spatial variation of the precipitation rate that exists within a catch-
ment area, which according to both Chin (2018) and Lyngfelt (1981) is a significant
uncertainty especially for larger catchment areas. Nor does it consider any explicit
infiltration capacity for permeable land covers, other than indirectly as rainfall ab-
stractions are integrated in the runoff coefficient. As no other methods have been
studied, it is therefore difficult to conclude the trustworthiness of the calculated
results.

The methods utilized in this thesis does not consider a background flow in creeks
during the dimensioning process. It is likely that the background flow as well as
the dimensioning flow of a year-specific rain fall will increase due to climate change,
this may result in the need of a dimensioning method that includes a background
flow. Much like the lack of regard for background flow, the methods do not consider
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the process of gaining stream, which indeed might increase the flow at a point of
outflow. The value of a gaining stream flow is hard to assess, due to a wide range
of different factors contributing.

Important to mention is that the applications of the RM utilized in this report
are indeed estimation methods. Some insecurities will be present no matter how
carefully they are selected, therefore sometimes, to refine some parameters will not
change the accuracy of the result. Some sources of error could thus be seen as nec-
essary or even beneficial for such a method to make it fast and easy to use, which,
for example, is desirable when dimensioning a single culvert pipe on a road with low
traffic load, located in a rural and sparsely populated area.

6.6 Further studies

During the work with this master thesis, the authors needed to narrow down the
scope of the report a few times, given the assumptions made. Below are some ideas
that might be a good starting point for coming master theses or other academic
papers within the subject.

One factor that were found to be sought after in the industry and always made ex-
perienced engineers excited was to study the water velocity. This thesis calculated
own water velocities dependent on the Manning’s equation, but also utilized tabu-
lated values. These values are referred to in many sources, but where och how they
were developed, and how well they correspond to reality nowadays, are not really
given. Therefore, a study of water velocities in relation to different land covers and
inclinations of the terrain indeed would be of interest. Especially, further studies of
the effect that clear-felled areas have on the runoff and its velocity.

Another idea, related to the calculations of water velocity, would be to investigate

and tabulate different Manning’s coefficient for different types of land cover and
inclinations.
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Conclusion

Following conclusions of the thesis and its defined research questions are made:

e What were the estimated maximum peak flows of Gdvleregnet in
August 2021 for the two case studies, and what pipe dimensions
were desired to manage these flows?

The maximum peak flow of rainwater runoff during the extreme rainfall event of
August 2021 event in Géavleborg county was estimated to 12 875 1/s and 8 564 1/s
in Brattfors and Vallsbo respectively, which both were based on the scenario for
worst case of return period (WCRP), and are scaled up to represent a pipe with an
85% degree of filling. The flow for Brattfors was given by using the application of
the Rational Method (RM) according to Svenskt Vatten (SV), whereas the flow in
Vallsbo was retrieved by the variant according to The Swedish Transport Adminis-
tration (STA). However, in Vallsbo, the maximum flow was only marginally larger
for STA-RM than for SV-RM, barely discernible in the generated flow diagrams.
The culvert pipe dimensions needed for the maximum flows and rain scenario cor-
responded to >2 000 mm in Brattfors and 2 000 mm in Vallsbo. Hence, a culvert
pipe of maximum size is therefore sufficient for Vallsbo, but since the dimension in
Brattfors exceeds 2 000 mm, a bridge is required there.

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

The thesis investigates the influence that five different parameters had on the result-
ing peak flow for the two case studies and the two rain scenarios. The parameter
that was deemed as the most affecting for both of the case studies was the size of the
catchment area for the WCRP scenario. The second most influential parameter was
the runoff coefficient for the woodlands, the results were high for both case studies
and weather scenarios. The least affecting parameter apart from the Manning’s co-
efficient for RM and STA-RM, was the water velocity in the creek for the WCRP.
For Vallsbo, even the water velocity on land was among the least affecting ones.

Outside the scope of the research questions, it is highlighted that RM known to be
a rough estimation suitable for stormwater calculations in urban areas. Within this
thesis, the RM and some of its variants have been applied to estimate rainwater
runoff for two rural case studies which mainly consist of natural land. This was
done in order to investigate if the method still could give an acceptable estimation
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despite its limitations. And as a result, this report wants to highlight the limitations
and assumptions that can be made for these kinds of analyses. There are also a lot
of uncertainties related to the RM and its applications, especially when it comes to
assumptions of nature and weather conditions, and it is difficult to determine what
direct impact these have on the results. It is thus important to also remember the
purpose of a rough estimation method, which is literally as it phrases; a method for
rough estimations.

Finally, the authors would like to emphasize the importance of actually visiting the
case study areas. As mentioned in the discussion, the assessment of the areas varied
much between before and after the field executed visit. The result would thus have
been less reality-based if the field visit had been excluded.
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0.2 mm (SV, 2016). Translation:
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Colebook’s diagram for roughness k

Figure A.1
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A. Colebrook’s diagrams
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B

Unit conversion

In the following Equation B.1, the precipitation unit of millimeters, which indicates
millimeters per hour, is converted into the rain intensity unit of I/(s - ha). The
equation clarifies that a factor of 10*/3600 can be multiplied to a precipitation per
hour to transform that value into a rain intensity:.

mm mm <m2> - 1073 - m3

h h \m2 m2-h
_10*3-m3 104 - m?2 _1O-m3_
 m2-h ( ha )_ha-h—
C10-m® 10°-1\  10%-1 (B.1)
_ha-h'(m3>_ha-h_
101 h 10t
_ha-h'<3600-s>_3600-s-ha_
10t
" 3600 s-ha
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