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1 BACKGROUND

Culverts are important hydraulic control structutieat allow water to flow under a road, railroad,
trail, or similar obstruction. The proper undersliawg of flow and sediment transport through culsert
is therefore necessary to evaluate and improve pegformance in flood situations in order to guar-
antee safe roads and further infrastructure irattafis.

The hydraulic performance of culverts under sedintiemsport conditions has been in the focus
of a scale model study in the NTNU hydraulic labona (Vassdragslaboratoriet) which has been
embedded in the research projBieturfare-infrastruktur, flom og skred (NIFS) managed by Norges
vassdrags- og energidirektorat (NVE), Jernbaneveske Statens vegvesen. The objective of the
study is to contribute to the development of newigie guidelines for culverts taking into accourd th
effect of debris and sediments. For this purposange of experiments have been carried out in the
framework of MSc-theses and student-project work®rder to investigate the effect of different
boundary conditions on the culvert capacity. Inadethe experiments have been carried out using
different inlet setups, inlet geometries, and vagygeometries of the sedimentation basin. All exper
iments have been carried out with both clear wededitions and using coarse sediment as bed load
material and the measurements have been usedatdigstdischarge curves for the different culvert
designs with and without effect from accumulatedirsents.

2 TASKS

Until today, many experimental data have been aedun the project, which have been summarized
in a total of 5 student-theses. These data havelynagéen analyzed with regard to the boundary con-
ditions of the respective experimental study. Tfogee the present study will provide a unifying
analysis of the available data in order to identifg favorable culvert inlet design under sediment
transport conditions. The thesis should cover tiewing issues:
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Literature review of culvert hydraulics and seditagion transport through culverts with par-
ticular focus on steep streams

Review of the work carried out in the preceding MBeses and student-projects
Description of the available data

Unifying analyses of the available data

Discussion of results and identification of thedeable inlet design

Preparation of a report

ouhrwN

Discussions with the supervisors will be used fmeedetails of the individual tasks.
3 SUPERVISION AND DATA

Professor Jochen Aberle from NTNU will be main-sus®r of the thesis. Joakim Sellevold from
Statens Vegvesen and Sandor Baranya from Budapestrisity of Technology and Economics will
be co-supervisors. Discussions and input from agles and other researchers at NTNU, Statens
Vegvesen, SINTEF etc. is recommended. Significamats from others shall, however, be referenced
in an adequate manner.

The research and engineering work carried out byctindidate in connection with this thesis shall
remain within an educational context.

4 REPORT FORMAT AND REFERENCE STATEMENT

The MSc-thesis shall be typed by a word processdrfigures, tables, photos etc. shall be of good
report quality. The report shall include a summafynot more than 450 words that is suitable for
electronic reporting, a table of content, listdiglires and tables, a list of literature and ottedéevant
references and a signed statement where the cémdiddes that the presented work is her own and
that significant outside input is identified andereed. The report shall have a professional stinect
assuming professional senior engineers (not inhiegoor research) as the main target group. The
thesis should be submitted in pdf-form in DAIM aindthe form of three hardcopies that should be
sent to the supervisor/department via the pringingp. The thesis should not be delivered later than
Tuesday, June 10, 2015.

Trondheim, 13.01.2015

Jochen Aberle
Professor
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Abstract

Culverts are important hydraulic structures whosgnnpurpose is to safely convey water
through infrastructures crossing streams (e.g.gp&kveral design guidelines exist for clear
water conditions, but none of them takes into antdhe sediments. Therefore, in the
framework of the Natural hazards — Infrastructure ffoods and landslide (NIFS) project,
five student-theses have been prepared in orderidge this knowledge gap, and contribute
to development of new guidelines for culvert desifhe theses were based on model tests
(1:20) which were designed to specifically study teffect of sediment transport. The
culvert’'s hydraulic capacity was investigated wdiifferent boundary conditions, under both
clear water condition and sediment load. The ptestaialy is the first joint analysis of all the
data from these studies, which identifies the faable culvert inlet design, under sediment
transport. The experiments were carried out witlkedhdifferent inlet types (cut, projecting,
wingwalls) under inlet control focusing on the etteof the expansion section geometry, the
installation of reserve barrel, sediment countesusss, feeding method, sediment size and

sediment amount.

The main findings of the thesis were the followingsmder jet dominated flow, the
wingwall-inlet provided the highest capacity whitecase of milder slope (1:9) and installed
energy dissipation, the projecting inlet. The egalgsipator blocks have been installed for
generation of a hydraulic jump. Both width and lgngf the expansion section influenced the
culvert’'s hydraulic capacity. The culvert showedemally the highest performance for the
shortest expansion section length (315 mm; modalescand for the widest expansion
section width (876 mm; model scale). Sediment arpmrts showed that sediment load
generally decreased the culvert’s hydraulic capastthe deposited sediment obstructed the
flow through the barrel. From the two sediment fegdnethods (gradually, all at once) the
all at once feeding resulted in higher headwateelteas more sediment deposited in the
basin. Although sediment size and amount had oslight effect on the culvert performance,
the water level was generally higher when moremsedt (7 kg) was fed to the model. The
installation of a reserve barrel, located at a @iglevel compared to the main culvert,
increased the safety of the structure as it was f@ene to be blocked by sediments.
Experiments with sediment countermeasures showaetl hbth trash racks and debris

deflectors are efficient in sediment retention. lewer, installation of these structures



decreased the culvert’'s hydraulic capacity. Basethese results, an analysis was carried out
focusing on hydraulic capacity, embankment safehd acosts to find the optimal
configuration. The identified configuration is peased and corresponding sketches have been

developed.



Osszefoglalo

Az atereszek fontos hidraulikaittdrgyak, melyek ékegitik a vizfolyasok és vonalas
letesitmények (pl. utak) biztonsadgos keresmiézét. Szamos ateresz tervezési Utmutato
ismert, azonban mindegyik csak tiszta vizes all@p@zaz hordalék figyelembevétele nélkil
javasol nfiszaki megoldast. A Natural hazards — Infrastructoréloods and landslide (NIFS)
project keretein belll 5 diplomamunka készilt antitteimi NTNU egyetemen, melyek
elssdleges célja ennek a tudasbeli hianynak az attsdaltetve egy 0j, a hordalékterhelést is
figyelembeved tervezési utmutato kifejlesztésének aigseditése. A diplomamunkak egy a
hordalékterhelés hatasait vizsgalé kisminta mod#&il0) alapjan késziltek. Az ateresz
hidraulikai kapacitasat kiulonbézperemfeltételek mellett, mind tiszta vizzel, mimordalék
adagolasaval vizsgaltak. A jelen tanulmany céljazagalati téma bemutatasa, a vizsgalati
modszerek ismertetése, az emlitett tanulmanyoknegagleinek elemzése és osszefoglalo
értékelése, majd javaslattétel egy, a hordalékesten keresztil valé vandorlaséat is
figyelembe ved optimalis ateresz kialakitasra. A modellvizsg&dtasoran harom kulonbéz
kitorkol6 fej kialakitas (rédss, fugdgleges, szarnyas) kerult tesztelésre, felviz altal
szabalyozott aramlasi viszonyok mellett. Az atefiejanellett a kbvetkez paraméterek hatasa
kerilt vizsgalatra: felvizi medence geometridjatalék ateresz telepitése, hordalékfogok
alkalmazasa, adagolasi modszer, hordalék szemoseésdmennyiség.

A diplomamunka ledfbb eredményei a kdvetkélz a legnagyobb kapacitast vizsugar
uralta aramlas esetén a szarnyfalas, mig enyhgbb de energiatér alkalmazasanal a
fuggoleges atereszfej kialakitds mutatta. Az energiatélepitésének, a vizugras generalasa
volt a célja. Az ateresz kapacitasat a felvizi nmmede hossza és szélessége egyarant
befolyasolta. A legnagyobb vizatvegdiepességet altaldban a legrévidebb (315 mm; modell
méret) és a legszélesebb (876 mm, modell méretenoedalkalmazasa eredményezte. Az
elvégzett kisérletek alapjan altalanossagban elhaind hogy az adagolt hordalék
csOkkentette az ateresz kapacitasat, hiszen a beyids ebtt lerakédott hordalék
akaddlyozta a viz aramlasat az atereszen keresxtikét vizsgalt adagolasi mddszer
(fokozatos, egyszeri) kozil az egyszeri adagoladmeényezte a magasabb felvizszinteket,
hiszen tébb hordalék rakodott le a felvizi mederoel\nnak ellenére, hogy a hordalék méret
€s mennyiség csak kis mértékben befolyasolta aesateéeljesitmeényét, a vizszintek altalaban
magasabbak voltak, amikor tobb hordalék (7 kg) kexdiagolasra. A tartalék ateresz, ami a

fé6 ateresznél magasabb szintre kerllt telepitésrendwetie a szerkezet biztonsagat, hiszen



kevésbé volt hajlamos a hordaléklerakodas okortenétiésre. A hordalékfogds vizsgalatok
alapjan kiderilt, hogy mind a gereb, mind az uskadéeb hatékony eszkdz a hordalék
visszatartasara, jollehet ezeknek a hordalékfogokezeteknek a telepitése csokkentette az
ateresz vizatvezétkapacitasat. Az emlitett eredmények mind hidraulikapacitas, mind
toltés biztonsag, mind koltség szempontbol elenezdseriltek az optimalis kialakitas
megtalalasa céljabol. Végul a kivalasztott kialakitbemutatasra és vazlatrajzokkal

illusztralasra kerdilt.
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Abbreviations- and Notations list

Abbreviations

NIFS

NNRA
NRPA
NTNU

NVE

Notations

D

d

Dr
Fr
ft
ft3/s

hcr
ho

HW
Ka

Ko

kg

Natural hazards — Infrastructure for floodd &éandslide / Naturfare —
infrastruktur, flom og skred

Norwegian National Rail Administration / Jeaneverket

Norwegian Public Roads Administration / Stateagvesen
Norwegian University of Science and Technoldgyorges teknisk-
naturvitenskapelige universitet

Norwegian Water Resources and Energy DireatoratNorges

vassdrags- og energidirektorat

Culvert barrel diameter [m]

Grain diameter [m]

Reserve culvert diameter [m]

Froude number [-]

Foot

Cubic foot/second(s)

Gravitational acceleration [m]s

Water depth [m]

Headwater depth [m]

Height of approach channel [m]

Height of expansion section (basin) [m]
Height of upstream (collecting) reservoir [m]
Water depth in pipe (free surface flow) [m]
Tailwater depth [m]

Headwater depth [m]

Roughness of approach channel'fts]
Roughness of basin ffis]

Roughness of barrel [f¥s]

Kilogram(s)
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Ps

Length dimension

Litre/second(s)

Length of approach channel [m]

Length of expansion section (basin) [m]

Barrel length [m]

Length of upstream (collecting) reservoir [m]

Metre(s)

Mass dimension
Metre/second(s)

Metre/square second(s)

Cubic metre/second(s)
Weight of fed sediments [kg]
Millimetre(s)

Weight of transported sediments [kg]
Discharge [rs]

Dimensionless discharge [-]
Dimensionless discharge [-]
Reynolds number [-]

Slope of approach channel [-]
Slope of expansion section (basin) [-]
Slope of culvert [-]

Slope of reserve culvert [-]
Time span of feeding [s]

Time dimension

Tailwater depth [m]

Flow velocity [m/s]

Width of approach channel [m]

Width of expansion section (basin) [m]

Width of upstream (collecting) reservoir [m]

Dynamic viscosity [kg/m/s]
Dimensionless dynamic viscosity [-]
Fluid density [kg/m3]

Sediment density [kg/th
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1 Introduction

Culverts are important hydraulic control structyuneBose main purpose is to convey the
required volume of water effectively and safelyotigh infrastructure, such as roads and
railroads. The hydraulic capacity of culverts dejgenon hydraulic flow conditions,
transported sediment and debris. During flood esye¢ht amount of transported sediment and
debris increases, which increases the risk of mdiwapacity and complete blockage of the
culvert. Furthermore, hydrological conditions axpected to change in Norway as a result of
climate change, so increased precipitation and nitiense storm events are predicted.
Consequently, the existing culverts will have tonoey more water than what they were
designed for, and there is a need to upgrade tagpacity. However, solely improving the
discharge capacity is not sufficient. Catchmententrdnsport processes also have an effect on
culvert performance, thus both sediment load armtisi@ccumulation have to be taken into
account (Aberle, 2015). Therefore, the proper wtdading of both water flow and sediment
transport through culverts are necessary to assebsipgrade their performance, in order to

ensure safe roads and future infrastructure irastafs.

Unfortunately, the existing knowledge of culverssigm in steep mountainous areas with
consideration of sediment transport is insufficidntorder to bridge this knowledge gap, a
scale model study in the NTNU hydraulic laboratf¥pssdragslaboratoriet) was initiated by
the Norwegian Public Roads Administration (NRPA tat&ns vegvesen), the Norwegian
National Rail Administration (NNRA — Jernbanevejkeind the Norwegian Water Resources
and Energy Directorate (NVE — Norges vassdragserogrgidirektorat) within the research
programme Natural hazards — Infrastructure fordkand landslides. The main purpose of
the study is to contribute to the development o mgiidelines for culvert design in steep
streams, under inlet control, taking into accotmet éffect of transported debris and sediment.
In order to investigate the effect of different hdary conditions a range of experiments have
been carried out in the framework of MSc-theses sindent-projects. In addition to the
effectivity of different inlet shapes, the effedtthe sedimentation basin geometry and the
sediment feeding process (size-, amount-, feediatpoad of sediment) were investigated. All
experiments were carried out with both clear watanditions and coarse sediment as bed
load material. The experimental data were usedta@bsh discharge curves for the different

culvert geometries and sediment load conditionsthie framework of these theses the



ecological aspect of the culverts was not examioaty, the hydraulic capacity of the culvert

and the sedimentation pattern at the differentaintionditions.

To date a total of five student-theses have beepgped in the framework of the project.
All of them considered different boundary condigsoand analysed their effect on culvert
performance. The main aim of the present study iprovide an overarching and unifying
analysis of the available data from the five stadia order to identify the favourable culvert
inlet design under sediment transport conditionse Thesis is structured as follows: in
Chapter 2 a general overview is presented relaiethé culverts, culvert hydraulics and
culvert design. Furthermore, existing knowledge uabthe sedimentation and debris
accumulation at the culvert areas is discussecerAfte literature review the applied scale
model and its attributes are presented in Chapterdr8 Chapter 3.2 the results of the previous
studies are analysed and the effects of the diffaratial conditions are summarized. As a
result of the unifying analysis which is presentied Chapter 4, an optimal culvert
configuration is chosen and presented in Chaptén Ehapter 7 proposals are presented for

the further work.



2 Culverts

2.1 Background

Culverts are hydraulically short structures buneder high-level embankments to convey
stream flow safely under them (Novak, et al., 200@rman, et al., 2001). In Norway, free
openings under transportation lines which havedihwiess than 2.5 metres are called culverts
(Statens Vegvesen, 2011). A wide range of culvertfiguration exists including different
construction materials, shape and inlet designséliect the appropriate culvert attributes, the
following factors are necessary to be taken intasaderation: roadway profiles, channel
characteristics, flood damage evaluations, constru@nd maintenance costs, and estimates

of service life (Norman, et al., 2001).

Culverts are closed conduits or open-bottom cuvébth types are available with various
cross-sectional shapes. The most commonly useédlosnduit shapes, depicted in Figure
2.1, include circular, box (rectangular), ellipticand pipe-arch. All closed conduits are
constructed such that the entire perimeter consfdtse same material. Open bottom culverts,
on the other hand, use the natural stream bedeasotitom section and only the upper part is
manufactured from artificial materials. Figure 2shows the common arch and box

configurations (Schall, et al., 2012).

Pipe Arch Box (Rectangular)

Circular Elliptical

Figure 2.1 Commonly used closed conduit shapes (Sdhet al., 2012)



Arch Concrete Box Metal Box

Low Profile Arch Arch

High Profile Arch

Figure 2.2 Commonly used open bottom culvert shapéSchall, et al., 2012)

Additionally, a multi-barrel system might be ne@yso convey water through low fills or
on wide, shallow streams. This solution is moreneooical than the use of a single wide
span. Nevertheless sedimentation and debris acatiorulare significant problems related to
multi-barrel systems. To reduce this problem, thlvearts in these systems are installed on
two levels thus only the lower ones are susceptiblelogging by debris and sediment
(Schall, et al., 2012).

Nowadays culverts are typically constructed frornarete (both reinforced and non-
reinforced), corrugated metal (aluminium or stemtd plastic (high-density polyethylene
(HDPE) or polyvinyl chloride (PVC)). The selectiof construction material depends on the
required structural strength, hydraulic roughnedsyability (corrosion and abrasion
resistance), and constructability. In some casediting of a culvert with another material
may be necessary to inhibit corrosion and abrasiotp reduce hydraulic resistance (Schall,
et al., 2012).



Numerous different inlet configurations are used ¢alvert barrels. They are either
prefabricated or constructed in-place. Four stahddet types are depicted in Figure 2.3, and
include projecting, wingwalls, precast end secti@ml culvert ends mitred to conform to the
fill slope (Schall, et al., 2012). “Properly desgghentrance structures prevent bank erosion
and improve the hydraulic characteristics of thivexd” (Novak, et al., 2007). For example
wingwalls provide structural stability to the culvas they retain the embankment slopes and

improve the hydraulic capacity by funnelling flomto the culverts (Creamer, 2007).

PROJECTING BARREL

PRECAST END SECTION

Figure 2.3 Four standard inlet types (Norman, et al 2001)

Sedimentation and debris accumulation are widedppeablems for culverts. To avoid or
reduce the risk of culvert blockage structural awoa-structural measures have been used.
The structural measures include debris deflectaessks, -risers, -cribs, -fins, dams and
basins, and non-structural measures include theageanent of the upstream watershed and

continuous maintenance (Bradley, et al., 2005).



2.2 Culvert hydraulics

The openings of culverts are usually smaller thHaa: dross-section of natural channels.
Culvert barrels, therefore act like an obstructmn streams and cause reduction of their
hydraulic capacity. As a result the water depthtnglasn of the structure, termed headwater,
increases (Creamer, 2007). This larger water dgptivides the gravitational (potential)
energy required to force the flow through the crtlvEhe inlet edge of the culvert causes flow
contraction, which in turn results in flow energgs$ at the entrance of the barrel. This energy
loss can be decreased and the hydraulic performahdtke culvert can be increased by
creating a more gradual flow transition at the @mte area by using curved ed@égure 2.4)
(Schall, et al., 2012).

Contraction of Flow Minimum Flow
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Figure 2.4 Entrance contraction (Schall, et al., 2IP)

Culverts not only increase headwater depth, but&jly also increase flow velocity in the
barrels, as a result of flow constriction. Highlemf velocities can result in streambed scour or
bank erosion around the culvert outlet. To avoasthproblems, increased barrel roughness or

use of energy dissipators could be necessary (Sehal., 2012).

Flow in the culvert is usually non-uniform, withgiens of both gradually varying and
rapidly varying flows, and an exact theoretical lgsia of flow conditions would be
extraordinarily complex. Eighteen different culvéaw types have been defined by the U.S.
Geological Survey based on inlet and outlet subererg, flow regime in the barrel, and
downstream brink depth. Change in flow rate anhivedaer depth can cause change of the



flow type (Norman, et al.,, 2001). The tailwaterdsfined as the downstream water depth,
which is measured from the outlet invert (Schdlkle 2012).

The flow through the entrance at low flows behalies weir flow, while at much higher
flows acts like orifice flow. In the case of weloW the entrance is unsubmerged and there are
some predictable relationships between the disehangl the depth, whereas in the case of
orifice flow the entrance is submerged and theldisge through the opening increases as the
headwater depth above the opening increases (Cre206%).

2.2.1 Flow conditions

Two types of flow conditions occur in culverts: gsarised or free surface flow. The flow
type depends on upstream and downstream conditioasel characteristics, and inlet
geometry (Schall, et al., 2012).

Pressurized flow occurs when the culvert's entraoicexit is submerged and water is
under pressure as a result of backpressure dughadilwater elevation, or high headwater
depth. Regardless of the cause, the upstream amdstteam conditions and the hydraulic
characteristics of the culvert affect the capaoity culvert that operates under pressure flow
(Schall, et al., 2012).

Free surface flow occurs in a culvert when the flowhe barrel does not fill the culvert’s
cross-sectional area. Three different flow reginae defined: subcritical, critical and
supercritical flow. These flow regimes are definemsed on the evaluated dimensionless

number termed Froude number (Fr):

Fr:L

Jon 2.1)

where v is the average flow velocity, g is the gedional acceleration and h is the
representative depth (typically the equivalent deptthe hydraulic depth). Flow is subcritical
when Fr <10, supercritical wherFr > 1.0 and critical whenFr =1.0. The critical flow
condition gives the lowest specific energy for flg@hanson, 2004). The three flow regimes
are illustrated in the flow conditions over a sn@dim in Figure 2.5. Upstream of the dam
crest, high water depth and low flow velocity resuih subcritical flow, while downstream of

the dam crest, supercritical flow occurs due to Mater depth and high velocity. The



dividing point between the sub- and supercrititadvfat the dam crest is where the critical
flow occurs (Schall, et al., 2012).

CONTROL SECTION
F =1

_ SUBCRITICAL SUPERCRITICAL
o FLOW FLOW o

(LOW VELOCITY) | (HIGH VELOCITY)
F <1 F >1

ADDED DEPTH
DUE TO BACKWATER

Figure 2.5 Flow conditions over a small dam (Schalkt al., 2012)

This type of flow distribution may occur in a stemgvert that is partly full (Figure 2.6). In
this case subcritical flow exists in the upstreamammel, critical flow occurs at the culvert
inlet and due to flow acceleration supercriticalfl exist in the culvert barrel (Schall, et al.,
2012).

Headwater

Tailwater

Figure 2.6 Typical inlet control flow section (Schi, et al., 2012)
2.2.2 Types of flow control

Depending on the location of the control sectiow filow control types exist: inlet and
outlet control. At the control section a uniqueatinship is discernible between the flow rate
and the elevation of the upstream water surfaceniido, et al., 2001). The ideal location of



the control section depends on the pressure cleaisitdts and the subcritical and supercritical
flow regimes in the barrel (Schall, et al., 201@gnerally, culverts that are operating on mild
slopes, the control section is located around titteb Conversely, on steep slopes the inlet
control is used more commonly (lowa Department afuxal Resources, 2009).

In case of inlet control, the control section isdted close to the inlet and more water can
be conveyed through than entering the barrel. Assalt, the headwater level depends on the

culvert entrance characteristics (lowa Departméhtatural Resources, 2009).

Outlet control is when flow is controlled by dowrestm conditions. In this case the
predominant factors in determination of the headwétvel are the head losses caused by

tailwater conditions and barrel friction (lowa Depaent of Natural Resources, 2009).

The influencing factors on the hydraulic capacity both cases are shown in detail in
Table 2.1.

Inlet Outlet

Factor Control Control
Headwater Elevation X X
Inlet Area X X
Inlet Edge Configuration X X
Inlet Shape X X
Barrel Roughness X
Barrel Area X
Barrel Shape X
Barrel Length X
Barrel Slope G X
Tailwater Elevation X
*Barrel slope affects inlet control performance to a small
degree, but may be neglected.

Table 2.1 Factors influencing culvert performancellorman, et al., 2001)

There are different examples for both inlet andleutontrolled flows depending on the
submergence of the inlet and the outlet. The fakhgwable (Table 2.2) and the sketches in
Figure 2.7 show the specifications of the differéoiv types.
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Figure 2.7 Examples for inlet and outlet control (Queensland Government, 2013)
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Submerged Submerged

Flow type| Flow Control Inlet: HW>g:|L.2D Outlet: TV?/>D Length Full
Type 1 | Outlet contrql No No None
Type 2 | Outlet contrql No No None
Type 3 | Inlet control No No None
Type 4 | Inlet control No Yes Part
Type 5 | Inlet control Yes No Most
Type 6 | Outlet contrql Yes No All
Type 7 | Outlet contrql Yes Yes All
Type 8 | Inlet control Yes No None

Table 2.2 Flow types in culvert

Type 1 flow is a condition where both the inlet ahd outlet are unsubmerged, the barrel
flows partly full over its length and the criticdépth occurs just downstream of the culvert
entrance hence the flow in the barrel is subctiti€gpe 2 flow is similar to the previously
described condition, with the difference that théwtater depth is higher than the critical
depth. Type 3 flow is when both the inlet and theles are unsubmerged and the control
section is close to the inlet, In this case ther&ylic jump occurs at the outlet thus the flow is
supercritical in the barrel. Type 4 flow occursiwilet control and a submerged outlet, but in
this case a hydraulic jump occurs within the culMaarrel. In case of Type 5 flow the
entrance is submerged, the control section is docaight after the entrance and a wave
occurs in the barrel, which is then followed by thmsubmerged outlet. Type 8 flow is similar
to this, but here the flow is supercritical withitre barrel and the hydraulic jump occurs right
after the outlet section. Type 6 and 7 flows shew dutlet controlled situations. Type 6 flow
occurs with a submerged inlet and an unsubmergddtothe barrel flows fully over its
length, but the water level decreases right afterarrel. Type 7 flow occurs when both ends

of the culvert are submerged.

2.2.3 Performance curves

A performance curve is a plot that shows the r@fabietween the headwater depth and the
flow rate. This graphical depiction of the culvegeration is a good representation of the
hydraulic capacity of the culvert for different lleaters. The dominant control at a given
headwater is difficult to predict, hence a plot ladth the inlet and the outlet curves is
necessary (Schall, et al., 2012). On the left siiéghe Figure 2.8 a typical performance

diagram is shown with both inlet and outlet corédlcurves.
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All the experiments that are presented in thisithe®re carried out under inlet control.
Therefore, only the performance curves with inlentcol are presented in more details. The
performance curve of a culvert under inlet contnals three different regions. At low
headwater, the entrance of the culvert is unsubadeagd operates as a weir. In this case the
upstream elevation can be predicted for a givechdige. At higher headwater the entrance is
submerged and operates as an orifice. The tramsitoe between weir and orifice control is
poorly defined. This zone then is approached byctieg the unsubmerged and submerged
flow equations and connecting them with a line &ardo both curves (Norman, et al., 2001).

A typical inlet control performance curve is depition the right side of the Figure 2.8.
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Figure 2.8 Performance curves (Norman, et al., 2001
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2.3 Culvert design

In Norway the regulations for culvert design arélmined by the NRPA in a manual called
Handbok 018 Vegbygging. This book is a guidelinerfsad building and contains the most
important information for the planning, design aastruction process.

Table 2.3 shows data from this handbook describonwg culvert diameter and the type of
the inlet influence the hydraulic capacity of thdvert. The table describes inlet controlled
flow situations where the ratio between the headwalkepth (h) and the inside culvert
diameter (D) equals unity. The three inlet types @nesented in Table 2.3 and are illustrated

in Figure 2.9.

Table 2.3 shows that when the culvert diameter dumsexceed the one metre, the
wingwalls inlet has the best hydraulic performanites cut inlet has the highest hydraulic
capacity for the diameters greater than one mditne. projecting inlet shows the lowest

capacity for all culvert diameters.

Diameter [mm]
300 400 500 600 800] 100

Inlet design 1200 1400 16Dp0

)
Wingwal [s]| 67 | 135 | 232| 361| 726 1247 1940 2818 38b5

Cut [Vs] 65 | 132 | 228| 357| 723 125p 1994 2851 39b6
Projecting [Is] 57 | 117| 204] 3200 654 1193 1780 26p7 3628

Table 2.3 Hydraulic capacity of culverts with inletcontrol, h/D = 1.0 (Statens Vegvesen,
2011)

Figure 2.9 Inlet types: A — Wingwalls; B — Cut; C —Projecting (Statens Vegvesen, 2011)

The manual also prescribes, that straight culweits a length less than 15-20 metres
should be designed with inlet control for the regdidischarge, hence further the design
process for circular culverts with inlet controlpsesented briefly based on the guideline from

the Federal Highway Administration.
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Nomographs are used to determine the headwaten @dp¥) under inlet control for the
designed discharge (Q) and a selected culvertgunaiion (see Figure 2.10 for an example).
If the headwater is larger than the allowable lemelovertopping limit the configuration
should be changed (Schall, et al., 2012). The opprhg limit in Norway is defined as
double the culvert diameter from the upstream inokthe culvert (Statens Vegvesen, 2011)
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Figure 2.10 Nomograph for culvert design (Schall,teal., 2012)
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2.4 Sedimentation in culverts

Sedimentation in culverts is a common and costhpblem (Flanagan, et al., 1998; Rigby,
et al., 2002; Ho, 2010; Queensland Government, 20k8 et al., 2013). Culverts are
typically constructed on relatively mild slopes awoid supercritical flow upstream of the
entrance of the barrel, even though culverts on sldpes tend to have larger problems with
sediment deposition (Ho, 2010). Similarly Flanagdral. (1998) describe the ratio of the
culvert slope to the channel slope as an indexevldu the sediment plugging hazard. On a
steep stream a relatively flat culvert is more prdn sediment deposition than steeper

culverts (Flanagan, et al., 1998).

Accumulation of sediment commonly causes partiaickhdge at the culvert entrance,
thereby reducing the hydraulic capacity of the etlvVegetation, which usually colonizes
and strengthens the accumulated sedimentary dsposakes it also harder to erode, further
exacerbating the problem. In lowa, for examplegkeavation of the deposited sediment from

the culvert is necessary usually every two years @ilal., 2013).
The blockage of culvert barrels has four main cqueaces (Rigby, et al., 2002):

* Flood levels increase upstream of the culvert.

» Downstream of the culvert flood peak discharge miagnge, due to the attenuation
effect of the stored water upstream of the strectur

* Floodwater may reach other parts of the catchmeettd the increased headwater
level.

* Overtopping flow scours the road or rail embankménis increasing the possibility
of collapse. Failure of the embankment, then releas surge of water towards the

downstream channel.

Most of the currently existing guidelines providesdn prescriptions for clear water
conditions only. The investigation of culvert perf@ance is complicated when the effect of
sedimentation is taken into account. Sediment aoatatron around the culvert is influenced
by many factors, such as the size and characterisfithe stream's bed and bank material,
the hydraulic characteristics of different hydrotogvents, culvert geometry and transition
design, and the vegetation present around the ehgiiio, 2010). Consequently, flow
conditions around the culvert are complex and diffi to predict. Creation of design

guidelines for sedimentation-free culverts, orltidding of sedimentation preventing control
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measures is, therefore complex. For a better utadelisig of flow patterns and sedimentation
characteristics at culverts, experiences with ggstulverts, the currently available methods
and results from laboratory and field measuremants simulation models are used (Ho, et
al., 2013).

2.5 Debris accumulation at culverts

In addition to sedimentation, debris accumulatienaiso a major problem at culverts.
During flood events, streams commonly carry flogitamd submerged debris which can plug
the culvert entrance or accumulate in the barrehd®, et al., 2012). Generally the culvert
diameter is less than the width of the stream bhatiwincreases the probability of debris
accumulation. Therefore, small culverts in reldyvevide channels are more prone to
blockage by woody debris. An increase of the culdeameter reduces the risk of blockage,
as longer pieces of woody debris are required iteaia culvert plugging. As a result, “the
ratio of culvert diameter to stream bed width pde& one indication of plugging potential in

woodland settings” (Flanagan, et al., 1997).

Widening of the stream channel immediately upstreaimthe culvert increases the
probability of culvert blockage. In the wideningcen floating debris starts to rotate due to
turbulent eddies and then accumulate at the cubrdgrance, which initiates plugging (Figure
2.11). Straight, narrow channel approaches aregfitre recommended (Flanagan, et al.,
1997).

Typically the accumulation of woody debris is théiating factor of culvert plugging as it
forms an obstruction at the culvert entrance, whrelps sediment. Figure 2.12 depicts the
process of the culvert plugging by debris and sedinfFlanagan, et al., 1998).
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Increasing plugging potential

>

Figure 2.11 Plugging potential of culverts (Flanaga, et al., 1997)
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Figure 2.12 Plugging process of culverts (Cafferataet al., 2004)
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The following techniques facilitate the passagevobdy debris and sediments (Cafferata,
et al., 2004):

» Significantly smaller headwater depth to culverardeter ratio than 1.0 (i.e. at

maximum flow, the culvert flows one-half or two-tthifull)

As wide, or nearly as wide culvert diameter as whdth of the active stream

channel (particularly for small streams)

Installation of the culvert at the same gradienthasnatural steam channel

Parallel aligned culvert to the natural channel @voiding angular deviation)

Application of a single large culvert than sevesall ones as it is better for wood

passage

Increasing Plugging Hazard

HW/D<1 HW/D>1

Figure 2.13 Influencing factors of culvert plugging(Cafferata, et al., 2004)
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3 Experimental setup and data

This chapter presents the general experimentap setad in the studies related to culvert
sedimentation carried out at NTNU hydraulic laboratin framework of the NIFS-project. In
addition, a brief overview on the main resultstod 6 theses which have been prepared so far

will be given.

3.1 Experimental setup

The culvert scale model that was used in the frexipus student-theses was set up in the
NTNU hydraulic laboratory (Vassdragslaboratoridthe model was based on the Froude-
similarity with a scale 1:10 and mimics a culverta steep stream. The main components of
the model were the upstream (collecting) reservapproach channel, expansion section

(basin) and the single culvert barrel with the euwivnlet (Figure 3.1).

& T
///
o

/f}"““"w—:::::::::::f:::j::j">~~---—J:'{_,m___A_“ Expansion section (basin)

sJ i T
Upstream (collecting) PProach .. <
reservoir b Chanpg| /0 g

.'_'EI \'?r

Iv

Figure 3.1 Basic configuration of the model (modi&d from a figure of Dirks (2014))

The slope of the approach channel, the width aedahgth of the expansion section and
the culvert inlet were variable. The three diffdremet configurations which were examined
in the theses are wingwalls with an angle of 4B&, ¢ut inlet and the projecting inlet. The
inlet configurations are shown in Figure 3.2. Farthore, other additional structures were
added to the model in the different projects suleraergy dissipator blocks (Hendler, 2014),
reserve culvert barrel (Faqiri, 2014), debris defie or trash racks (Dirks, 2014). Figure 3.1
depicts the basic configuration of the scale moadetl Table 3.1 gives the technical
specifications of the models in the individual s
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Figure 3.2 Culvert inlet shapes: A) Wingwalls, B) @t inlet, C) Projecting inlet
(Gotvassli, 2013)

mm

Gotvassli, 2012 Hendler, 2014 Putri, 2014  Fagqiri, 2014 Dirks, 2014
Upstream reservoir
~ length [mm] & 785 785 785 785 785
~ width [mm] Wer 535 535 535 535 535
~ height [mm] far 420 420 420 420 420
Approach channel
~ length [mm] d 2400 2400 2400 2400 2400
~ width [mm] Wy 230 230 230 230 230
~ height [mm] h 300 300 300 300 300
~ slope S 15 15 19 19 19
1:9 19
1:50
Expansion section
~ length [mm] I 876 876 876 876 876
625
315
~ width [mm] | wy 1100 1100 876 1100 1100
657
555
438
292
~ height [mm] 1] 300 300 300 300 300
~ slope $ 2% 2% 2% 2% 2%
Embankment slope 1:2 1:2 12 1:2 1:2
Culvert
~ diameter [mm]] D 100 100 100 100 100
~ slope ) 2% 2% 2% 2% 2%
Elnergy dissipatior 20x20x20 mm | 20x20x20 min  20x20x20 njm  20x20x20
ocks (3 pcs) r[n
Reserve culvert
~ diameter [mm] D 60
~ slope =Y 2%
Debris deflector v
Trach racks v

20

Table 3.1 Technical specifications of the model



The basic construction material of the model wasvpbd. The culvert was made of a
plastic barrel with a diameter of D=100 mm, whiab¢ording to the model scale represents a
culvert with a diameter of D=1 m. The debris defbeand trash racks were milled from an

aluminium plate.

The scale model was designed to examine the peafazenof a culvert on steep stream
under inlet control; therefore, the measurementsevetopped when the culvert started to
work under outlet control. Furthermore, the flondeninlet control was only influenced by
the inlet and the upstream conditions (Table Zhiistinstead of the whole culvert, only the
culvert entrance was built in the model. In additithe water in the model falls freely from
the outlet, so the downstream water level neveuded outlet control. Outlet control can be

assumed when the barrel runs full.

During the experiments discharge and water levedsewneasured under steady flow
conditions. Flow discharge was controlled by a gand measured with a magnetic-inductive
flow meter (Siemens Sitran FM Magflo MAG500) whilee water levels were measured with
ultrasonic sensors (Microsonic mic+ Ultrasonic &8s The experiments were carried out
with both clear water and with sediment load. Sedliwas fed using a vibration machine
and depending on the setup it simulated a landédili@t once feeding) or a steady sediment
transport (gradual feeding), which are common iturah streams. After the experiments the
accumulated sediment in the expansion section a$ age the transported sediment
downstream of the barrel were collected and weigdeguhrately. The measuring system is
depicted on Figure 3.3: a) depicts the flow mebdrshows the vibration machine and c)

illustrates the ultrasonic sensors.

Supply pipe

Upstream reservoir

e
APProach chanpe] — —_
Expansion section

Figure 3.3 Measuring system: a) flow meter, b) vikation machine c) ultrasonic sensors
(Dirks, 2014)
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3.2 Data

Data collection from the experiments, comprise ltisge measurements [I/s], water levels
[mm] and sediment weights [kg]. From the discharged water levels performance curves
were obtained. In this subchapter the focus andh mesults of the five previous projects are

presented.

3.2.1 Length effect under jet dominated flow

Gotvassli (2013) examined the effect of inlet sh@gp@gwalls, cut inlet, projecting inlet),
the basin length (876, 625, 315 mm), the slopehef approach channel (1:5, 1:9), the
sediment feeding method (gradually, all at oncey] the size (8-16 mm, 16-32 mm) and
amount (5 kg, 7 kg) of the sediments. The applesthical specifications of the model are
shown in Table 3.1. After the experiments, perfarogacurves were established to compare
the influence of the different factors on the cul\sehydraulic capacity. Based on the results
of the experiments, the inlet shape was found tahlbemost influencing factor on culvert
performance. The inlet with wingwalls was the madiable shape as high amount of water
was conveyed through the culvert under stable fbawditions. The application of the cut
inlet, in contrast, turned had the lowest capaditg to the often unstable and oscillating flow
conditions. The basin length also influenced thgacdy. The capacity was higher with the
shortest length, because the jet, which occurredtduhe steep approaching channel, was
directed towards the barrel. Additionally, the sreapproach channel (1:5) had a higher
capacity, although the flow was more stable witl thilder slope (1:9). The results of the
experiments under sediment load showed a tendeh@n ancreased capacity with both
gradually and all at once feeding. This is not acadance with the existing knowledge on
the subject, as the decrease of the capacity wasmasl under sediment load. In the
experiments, the flow pattern strongly influencé@ tsediment deposition. The resulting
altered inlet shape and basin geometry are impoféators in sedimentation. The sediment
preferentially accumulated in front of the culvetien the inlet shape and the basin geometry
resulted in a lower capacity. These experimentewarried out under jet regime, as flows
were supercritical in the steep approach chanre$ Goundary condition was not intentional,
and strongly influenced the results, as the flowerofbecame unstable and the jet often
oscillated. It is important to take this effectanaccount when we would like to compare

results from Gotvassli (2013) with the results frtia other theses.
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3.2.2 Effect of energy dissipation structure

Hendler (2014) focused on the effect of the slopa @ avoid the jet regime which was
specific to Gotvassli (2013). The experiments weaeried out with the variation of the
following parameters: inlet shape (wingwalls, culet, projecting inlet), slope of the
approaching channel (1:5, 1:9, 1:50), positionh& tulvert (centred, moved to the right),
energy dissipator blocks (with, without them), seeint feeding method (gradually, all at
once), and size (8-16 mm, 16-32 mm, sand: 0.4-0r§ of the sediments. As a result of the
application of the energy dissipator blocks thedweser levels increased in the experiments,
so the hydraulic capacity was reduced. With thekdahe projecting inlet showed the best
performance, while the wingwalls showed the woildte experiments resulted in higher
headwater depths, so lower hydraulic capacity withapplication of the milder slope (1:50)
than with the steeper slope (1:5). However, in aafssteep slopes the flow energy is high
which is undesirable due to embankment stabiliigsoms. Therefore, additional energy
dissipation structures should be used to decréastiaw energy (i.e. flow velocity) upstream
of the culvert. The sediment experiments witholttesushowed that the capacity is lower with
the all at once feeding than with the graduallydfieg and when the energy dissipation was
installed more sediment stayed in the expansiotioseand in the approaching channel. The
displacement of the culvert influenced both therbytic capacity and the sediment pattern a
little. As a result more sediment stayed in theamgion section and the capacity was also
decreased slightly. The experiments with sand wareed out to investigate the sediment
deposition pattern in case of fine sediment fothake inlet types.

3.2.3 Effect of varying expansion section width

The main focus of Putri (2014) was to examine tifeueénce of the different basin width
(876, 657, 555, 438, 292 mm) on the culvert cagagitditionally, similarly to the previous
studies, the effect of the inlet shape (wingwatist inlet, projecting inlet), the sediment
feeding method (gradually, all at once), and tke $8-16 mm, 16-32 mm) and amount (5 kg,
7 kg) of the sediments were investigated. The teahrspecifications of the model are
presented in Table 3.1. In Putri (2014) three endigsipator blocks were used in the model,
which were developed in Hendler (2014) to avoid uhstable, oscillating flow regime and
induce a hydraulic jump before the culvert entraridee results of the experiments showed

that the most influencing factor is the inlet shageat was also found in the previous studies
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also and for the same discharge, the hydraulicaitypaecreased with decreasing width. The
experiments with sediments generally showed lowairdulic capacity and the narrower
expansion section turned out to transport lessrssai through the culvert. Furthermore, the
sedimentation pattern was strongly influenced kg Itication of the hydraulic jump as the
sediments tended to deposit right after the emergehthe hydraulic jump. Nevertheless, the
feeding method, size and amount of the sedimentihsidnificant effect on the culvert

performance.

3.2.4 Effect of reserve barrel

Faqiri (2014) focused on the use of multi-barrelvert system. The experiments were
carried out with different inlet shapes (wingwalst inlet, projecting inlet), sediment feeding
methods (gradually, all at once) and with differsizie (8-16 mm, 16-32 mm) and amount (5
kg, 7 kg) of sediments. To avoid the jet regime amtlice the hydraulic jump before the
culvert, energy dissipator blocks were used. Thartieal specifications are shown in Table
3.1. In accordance with the previous studies tiet ishape turned out the most influential
parameter on the culvert capacity. The wingwalld #me cut inlet gave similar capacity
results, however the flow conditions were more Istatath the wingwalls inlet. In contrast,
the projecting inlet had lower performance, whiidhe sediment transport it turned out to be
more efficient than the two other inlet shapes. application of the reserve barrel increased
the total barrel cross-section thus increased tydraalic capacity for all tested inlet
configurations. As this second barrel was instatiaca higher elevation than the main barrel
it was less prone to be blocked by sediments thus gxtra safety to the culvert system. The
reserve barrel basically did not influence the seht pattern, only decreased the headwater

level.

3.2.5 Effect of sediment countermeasures

The focus of Dirks (2014) was to investigate tHeafof trash racks and debris deflectors
on the hydraulic capacity and also on the sedinientaThe experiments were carried out
with the three different inlet shapes (wingwallst alet, projecting inlet) under clear water
conditions and under sediment load. During thersedt experiments the feeding method
(gradually, all at once) and the size (8-16 mm326m1m) of the sediment were varied. The

technical specifications are presented in TableThg results from the tests showed that both
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the trash racks and the debris deflectors redueesdldiment transport through the barrel.
Furthermore, the installation of these structurestroicted the flow through the culvert, thus
negatively influenced the hydraulic capacity of thdvert. The debris deflectors kept back
more sediment, but the hydraulic performance whgmt were more reduced than with trash

racks. In conclusion, these structures increasedéadwater depth, so the embankment was
overtopped at lower discharges than without them.
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4 Data analysis and results

This chapter provides a unifying analysis of thaikable data in order to identify the
favourable culvert inlet design under clear wated @aediment transport conditions. The
results will also be presented in a dimensionlassnéwork and for this purpose; a

dimensional analysis is carried out first.

4.1 Dimensional analysis

“Dimensional analysis is a rational procedure fambining physical variables into
dimensionless products, thereby reducing the numbeariables that need to be considered”
(Hughes, 1993).

The first step of the dimensional analysis is twl fthe physical variables which have an
effect on the studied phenomenon. In case of thidied scale-model under clear water
conditions Table 4.1 summarises the relevant physiariables for inlet control conditions.
Taking these parameters into account and applyihg Buckingham Pi-theorem
(Buckingham, 1914), dimensionless pi parametersbeaformed. The Pi-theorem says that:
“In a dimensionally homogeneous equation involvifig' variables, the number of
dimensionless products that can be formed from Vafiables is “n-r” where “r’ is the
number of fundamental dimensions encompassed byahables” (Hughes, 1993). As it is
shown in Table 4.1 in case of the present modeéthee 19 variables and 3 base dimensions

(mass (M) — length (L) — time (T)) which means 1®e&hsionless products can be formed.
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Section Parameter Unit Dimension Description
Governing parameter Q s LT Discharge
Approach channel S - - Approach channel slope
la m L Approach channel length
Wa m L Approach channel width
ha m L Approach channel height
Ka m"%s L3 Roughness of approach channel
Culvert basin ) m L Headwater depth
S - - Basin slope
Ib m L Basin length
Wp m L Basin width
ho m L Basin height
Ko Vs L3 Roughness of basin
Culvert D m L Barrel diameter
Kc m"%s L3 Roughness of barrel
Inlet shape - - Inlet shape
Barrel position - - P osttion of culvert barrel
Fluid N kg/m® M/IL®  Fluid density
n kg/m/s M/L/T  Dynamic viscosity
Gravitation g m/s’ L/T®  Gravitational acceleration
19 variables .3 basg
dimensions

Table 4.1 Physical variables in case of clear wateonditions

The dimensionally homogeneous equation of the sysehe following:

Q= 161, w,,h,k,,h,S,.l,, W, h, k,, D, k., Inlet shapeBarrel position o, i, Q)

The main purpose of the steep approach channeigooafion was to mimic flood flow
situations in mountain streams thereby acknowlegithat the setup was rather generalised as
detailed features of mountain streams were not lsed. However, the steep channel setup
resulted in supercritical approach flow conditidhat may indeed occur in mountain streams.
In the dimensional analysis the attributes of thantel were considered as fixed boundary
conditions so they were not taken into accounts kvorth mentioning that the slope was
varied during the experiments. For all slopes suparal flow prevailed in the approach
channel. Furthermore, basin roughness and slope na¢rvaried. Therefore, these parameters
and the height of the basin, as it had no effedhencapacity, were not taken into account in

the dimensional analysis. The position of the cadlMearrel was also neglected in the

dimensional analysis either as it was investigatdg in one thesis.

In conclusion, the Equation 4.1 after the simpéifion has the following form:

27




Q= f(h,l,,w,D,Inlet shape o, 1, g) (4.2)

To eliminate the 3 base dimensions, mass-lengtb-tind density, barrel diameter and the

gravitational acceleration were used respectively.

Firstly the discharge (Q) was made to dimensionibgsdividing it with the square root of
the gravitational acceleration (g) in order to étate the time dimension then the length
dimension was also eliminated by using the barn@mdter (D). The result is the
dimensionless discharge (Equation 4.3) which wasl i create dimensionless performance
curves (Equation 4.3 exemplarily shows dimensiohghe individual parameters). This

expression has the form of the Froude number (geation 2.1).

L° L°
Q To|T
Q= - | — 15|75 4.3)
@DS/Z LL‘F’/Z E
2
T T

Secondly the water depthofhthe basin length )l and the basin width (vwere made to
dimensionless by dividing them with the barrel deden (D).

At last the dimensions of the dynamic viscosity (vere eliminated as well. For this
purpose the viscosity was divided by the fluid densitp)to eliminate the mass dimension
then by the square root of the gravitational aceélen (g) to eliminate the time dimension.
Last the length dimension was eliminated as wethwising the barrel diameter (D). The
result is shown in the Equation 4.4. The recipramfakhis expression has the form of a

Reynolds number.

Mo M
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In conclusion, the Equation 4.2 has the followirgni after rearranging it into a new

equation expressed in terms of dimensionless pteduc

W,
= —,—>,Inlet sha 4.5
gD5/2 D pe ( )

Q _fholb
D'D

K
p@D3/2
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For illustration purposes, only clear water hasnbkmked at but if the effect of the
sediments is also taken into account the dimenksmmaysis becomes more difficult as the
number of the influencing factors would increaggngicantly. For the present study Table
4.1 is supplemented with the grain diameter, sedirdensity, weight of fed and transported

sediments, and with the time span of feeding, sea# sediment transport (Table 4.2).

Section Parameter Unit Dimensior Description
Sediments d m L Grain diameter
Ps kg/m3 MIL®  Sediment density
Sediment transport im kg M Weight of fed sediments
My kg M Weight of deposited sediments
t S T Time span of feeding

Table 4.2 Physical variables related to sediments

Due to the previously mentioned difficulties in tipeesent study only the sediment
deposition {g) is investigated related to the sedimentation tvhecthe weight ratio of the
deposited (g and fed (r9) sediments (Equation 4.6).

_my M
ng=— - — 4.6
‘ m; M (4.6)

4.2 Clear water experiments

At first clear water experiments were carried outhwhe different configurations in all
previous studies. This subchapter gives a sumnfaheceffects of the different factors on the

hydraulic capacity of the culvert.

4.2.1 Effect of the slope and the energy dissipation

The effect of the slope was investigated in Gotv#2613) and Hendler (2014). First, the
different slopes were tested without and then weitlergy dissipator blocks. Without energy
dissipation and with a slope of 1:5, jet regime dw@ted in the expansion section and the
flow was always supercritical in the approach clehnhhe jet, as it flowed directly through
the barrel, and increased the hydraulic capacitypaoed to the existing guidelines (e.g.
(Statens Vegvesen, 2011)). Besides the high kinetiergy which was caused by the
previously mentioned flow condition, the oscillatiof the jet was a constant problem,

especially at the application of the cut inlet. SThascillating jet strongly influenced the
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capacity as it was moving from side to side anduaed waves which often overtopped the
embankment. The oscillation was reduced with wirlprv@nd with slope of 1:9. Hydraulic

jump only seldom occurred at the slope transition [bwer discharges while at higher
discharges it was more prone to develop. The ergisgypator blocks in Hendler (2014) were
installed to trigger the hydraulic jump on the agwh channel and let subcritical flow
through the culvert. Consequently the kinetic eperfythe flow was reduced and the water

surface became calmer which is favourable due toe@kment safety reasons.

In general for all inlet types the installationtbe energy dissipator blocks increased the
headwater depth in the expansion section but tbe ftonditions were much calmer.
However, a small jet was still visible with the @cting inlet. Without energy dissipation the
wingwalls setup showed the best performance whitb the installation of the blocks the
projecting inlet turned out to have the highestagdty. In conclusion, the blocks had the least
influence in case of projecting inlet while in cagehe other two inlet types the changing was
bigger. Figure 4.1 summarizes the effect of thekdoon the hydraulic capacity for the three
inlet types with a slope of 1:9. A similar effecagram in case of 1:5 slope with wingwalls is

shown in Figure A.1.

2.5
O (@ ®
2.0
5 )
— 15 v,
= (@)
2 O O

® ®

0.5 é e
O O
02 04 06 08 1.0 12 1.4 1.6 18

Q* [-]

0.0

@ Cut inlet, 1:9 without blocks OCut inlet, 1:9 with blocks
®Projecting, 1:9 without blocks OProjecting, 1:9 with blocks
® Wingwalls, 1:9 without blocks OWingwalls, 1:9 with blocks

Figure 4.1 Effect of the energy dissipation with slpe 1:9 (based on the results of
Gotvassli (2013) and Hendler (2014))
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The different slopes also influenced the perforneaié the culvert. In general the
hydraulic capacity was higher or the same withdtezper slopes. However, the inlet shape
had bigger influence on the culvert performancee Bummary diagrams are shown in

Appendix A. for all three inlet types (Figure AHigure A.2, Figure A.3, Figure A.4).

In addition to the previously mentioned investigai, experiments with culverts which
were moved 10 cm to right from the centreline oé tmodel in Hendler (2014). The
experiments were carried out with projecting antliglet, with slope 1:9 and 1:50. In general
the displacement of the culvert caused an incraaige headwater level. This increase was
negligible in case of cut inlet with slope 1:50 {ghin case of projecting inlet with slope 1:9
the difference between the two curves was biggeeaally at higher discharges. Summary
diagrams are in Appendix A. (Figure A.5, Figure A.6

4.2.2 Effect of the expansion section geometry

The effect of the expansion section geometry wagstigated in two M.Sc. theses
(Gotvassli, 2013; Putri, 2014). In Gotvassli (2013¢ focus was on the effect of the basin
length while in Putri (2014) it was on the effedttbe basin width. The length effect was
examined with a slope of 1:5, without energy diaBgn while the width with a slope of 1:9

and with the application of energy dissipator bkck

In the experiments of Gotvassli, (2013) a jet regidominated which oscillated in the
expansion section especially in case of cut inlgie oscillating pattern (Figure 4.2)
sometimes also appeared when projecting inlet wad but with wingwalls it was rarer. This
phenomenon strongly influenced the capacity ofdhigert as the flow became unstable and
waves occurred in the basin. The results showedthleasetup with the shortest length gave
the best performance for the cut and the projedtiteg as the travel distance was shorter and
the jet was directed towards the culvert. In thesses the performance curves were smoother
than the one with the longer basin lengths (Figdi®). With the wingwalls setup the
performance curves were similar for all lengthsg(fe 4.3 red marks) consequently the
capacity did not depend on the basin length asnvihgwalls directed the flow through the
barrel. All in all the wingwalls turned out to hatiee highest capacity with a stable flow
condition while the projecting inlet showed the &s# capacity. However, with the cut inlet
setup the flow conditions were more unstable thendne with the projecting inlet and the

oscillating pattern was more likely to appear whiglundesirable and should be avoided due
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to embankment safety reasons. Basin length effeagrains for the different inlet

configurations are shown in Appendix A. (Figure A-fgure A.8, Figure A.9).

Figure 4.2 Oscillating jet with projecting inlet (Gotvassli, 2013)
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Figure 4.3 Basin length effect with slope 1:5 (badeon the results of Gotvassli (2013))

The test series in Putri (2014) were carried ouh vapplication of energy dissipator
blocks. This improvement induced a hydraulic junmptbe approach channel consequently
the flow was supercritical on the approach chammel subcritical in the expansion section.
Furthermore, the jet regime which was specific xpeziments in Gotvassli (2013) was
avoided as the energy excess was reduced withngalation of the blocks. The location of
the hydraulic jump was influenced by the water Heptthe basin as the back water effect
which occurred at higher water depths, shiftedityperaulic jump further up from the slope
transition. With the projecting inlet setup sidesvisscillation (Figure 4.4) was visible for low
discharges so when the culvert was unsubmergedhésvater depth increased, the culvert

started to be submerged this oscillation graduatignged into wave movements. The cause
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of this phenomenon was presumably the larger wadtthe flow compared to the culvert
barrel diameter. This oscillation was also visii¢h the cut inlet but not with the wingwalls

because the wingwalls directed the flow throughatigert and prevent the oscillation.
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Figure 4.4 Sidewise oscillation with projecting ingt (Putri, 2014)

The results showed that the performance of theeptiog inlet was influenced the most by
the basin width compared to the two other inleesypl'he wingwalls showed almost the same
performance for all the investigated basin widthlevthe one with the cut inlet only small
deviations were visible between the curves. Thgepting inlet performed the highest
capacity with the widest basin (876 mm) and theeswvwith the narrowest (292 mm) as the
narrow width caused a water depth increase dubdadackwater effect. The performance
curves with the projecting inlet setup are showRigure 4.5. The effect diagrams for the two
other inlet types are shown in Appendix A. Summagz with the 876 mm width the
projecting inlet showed the best performance coegptr the other inlet configurations. With
the other widths the performance curves were sinfida all inlet types. Summary effect
diagrams are in Appendix A. (Figure A.10, Figurd B.Figure A.12).
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Figure 4.5 Basin width effect with projecting inlet slope 1:9 (based on the results of
Putri (2014))

4.2.3 Effect of a reserve barrel

The effect of a reserve barrel was investigatedraniri (2014) A smaller (d=60 mm),
additional barrel was developed into the existirafdel. The reserve barrel was built a centre-
to-centre distance of 420 mm from the main cuhzrtl an elevation of 40 mm from the
embankment toe (Figure 4.6). The approach chanmgt svas 1:9 and the energy dissipator
blocks were installed at the entrance of the exparsection. The expansion section was 876
mm long and 1100 mm wide. The experiments werdethiout with single barrels and with
multi-barrel systems. The different tested confegians are shown in Table 4.3. The
measurement of the discharge in the individual ed$vin the multi-barrel system was not

possible. Therefore, the results were analyseldentodel scale.

Barrel combinations Inlet type
Cut Proje cting Wingwalls
Only main culvert X X X
Reserve barrel main culvert: close
Main culvert + Reserve barrg|l X X X

Table 4.3 Clear water experiments in Faqiri’s thes
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Figure 4.6 Model configuration with reserve barrel(Faqiri, 2014)

The energy dissipator blocks induced a hydraulimguon the approach channel and
increased the water depth in the expansion seas@anergy and the velocity of the flow were
reduced. However, in the experiments a jet flow ik visible but not as strong as in the
test series of Gotvassli (2013). The hydraulic doos were different with the 3 inlet
configurations when the culvert was unsubmergedcdee of projecting inlet sidewise
oscillation, water circulations and surface wavesewisible while in case of cut inlet higher
water level was measured above the culvert (Figufe The wingwalls setup gave the most
stable flow conditions as only small circulationere visible during the measurements. On
the other hand as the water depth increased andutiiert became submerged the jet flow

and the circulations disappeared and only surfaees/were visible for all inlet types.

Figure 4.8 shows how the inlet shapes influence gedormance of the multi-barrel
systems. The results with wingwalls and cut inket @ose to each other except at discharge
of 6 I/s where the cut inlet gave higher hydragkpacity. The projecting inlet shows better
performance from 6 |I/s but the assessment of tlietozonditions presented that the culvert
operated under outlet control from 8 I/s so thesgpuee flow resulted in lower headwater
depths for this inlet type. The two other inlet égpoperated under inlet control for all

examined discharges.
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Figure 4.7 Hydraulic conditions with projecting (left) and cut inlet (right) (Faqgiri, 2014)
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Figure 4.8 Effect of the inlet shape on the performnce of the multi-barrel system (based
on the results of Fagiri (2014))

The hydraulic conditions with single barrel setugrevsimilar to the multi-barrel systems’.
The only difference was the decreased headwateh agfh the multi-barrel system. In the
multi-barrel systems the total cross sectional avas bigger. Furthermore, the velocity was
also higher due to the higher discharge for theesheadwater depth. These reasons caused

the decrease of the headwater level. Figure 4.&Wdeghis water depth decline in case of the

! For the performance curve of the multi-barrel eyswith wingwalls the data from the experimentsahhi
were carried out in February 2014 were used instdathe ones from May 2014(which were presented in
Fagiri's thesis) because in case of the two othlet shapes also the data from February 2014 vss=é.u
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wingwalls. Performance curves for the cut and tlogegting inlet are in Appendix A. (Figure

A.13, Figure A.14). The head differences for 4altsl 6 I/s in case of projecting inlet and for 2
I/'s and 4 I/s in case of cut inlet were negative doi uncertainties in the measurements.
Theoretically the headwater level cannot be highieen the cross sectional area is bigger for
the same discharge. Therefore instead of the nvegatilues zero differences were taken into

account.
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Figure 4.9 Effect of the reserve barrel with v);/ingwﬂs (based on the results of Faqiri
(2014)

The capacity of the reserve barrel was measureadiduglly as a simulation of the case
when the main culvert is clogged by sediments agtatid. The hydraulic conditions in this
case were more stable and tranquil compared tanthig-barrel and the other single barrel

experiments. Performance curve for this case is/sho Figure 4.10.

2 For the performance curve of the multi-barrel syswith wingwalls the data from the experimentsahhi
were carried out in February 2014 were used instdathe ones from May 2014(which were presented in
Fagqiri’s thesis) because in case of the two othlet hapes also the data from February 2014 ws=e.u
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In conclusion, the installation of the reserve elimcreases the hydraulic capacity for all
inlet types. Furthermore, the safety of the stnecig also increased as the reserve culvert is

less prone to be blocked by sediments and debris.

250

Q [Vs]

Figure 4.10 Hydraulic capacity of the reserve barre(based on the results of Faqiri
(2014))

4.2 .4 Effect of trash racks and debris deflector

The effect of trash racks and debris deflector @xammined in Dirks (2014). The model
setup was the same as in Faqiri (2014) but duesg geries in Dirks (2014) the additional
culvert was closed. The applied sediment countesarea are shown in Appendix A. (Figure
A.15, Figure A.16, Figure A.17, Figure A.18). Bdtte trash racks and the debris deflectors
were milled from an aluminium plate and for the amid projecting inlet the same debris
deflector was used.

In general the results showed that both the trasksrand the debris deflectors increased
the headwater depth in the expansion section asrépresented a local energy loss in the
flow and regarding to the Bernoulli-equation, isuéed the increase of the headwater level.
This increase was bigger at the application of idetleflector. Furthermore, with debris

deflector the flow was turbulent and sometimes atstices arose around the culvert inlet.

Without the trash racks and debris deflector thejgating inlet showed the best
performance for the clear water experiments (Figugl). Nevertheless the biggest increase
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in the water depth occurred with the projectingim/hen the sediment countermeasures were
installed in the model. The lowest hydraulic capaciccurred with the application of the
debris deflector. The performance curves with mtojpg inlet for the different cases are

shown in Figure 4.11.
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Figure 4.11 Effect of sediment countermeasures atgecting inlet (based on the results
of Dirks (2014))

The cut inlet showed similar hydraulic capacities &ll three cases. However, a small
increase was visible with the debris deflectorhe headwater depths for lower discharges
compared to the other two cases (Figure A.19). Withgwalls the hydraulic capacity was
more reduced with the application of the sedimenintermeasures than without them. In fact

the measured values with both trash racks andsldbfiectors were similar (Figure A.20).

In conclusion, the examined sediment countermeasigereased the hydraulic capacity of
the culvert for all three inlet types. The highéstadwater levels occurred with debris
deflectors. The worst performances were shown wiése structures by the cut inlet. With
trash racks the hydraulic capacity was similartfe wingwalls and for the projecting inlet
while with debris deflector the wingwalls performigg highest capacity (Figure A.22, Figure
A.23).
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4.2.5 Effect of inlet shape

The results which are presented in the previouptens show that the configuration of the
culvert inlet has a significant effect on the hydi@ capacity. In addition, the effect of the
inlet is also highly influenced by the flow conditis. For example the wingwalls turned out
as the best inlet configuration under the jet regwhich was specific to experiments in
Gotvassli (2013) where the slope of the approaanichl was 1:5 and there was no energy
dissipation. In these tests the wingwalls diredtexljet towards the culvert so it could easily
flow through the culvert (Figure 4.3). In the cadeslope 1:9 the projecting inlet also gave
interesting results. For low discharges (Q*=0.2-0tGe wingwalls showed the best
performance but for higher discharges the projgciitet gave the higher capacity values
(Figure 4.1). The application of the energy disgpablocks resulted in calmer flow
conditions in the expansion section. Due to thergnealissipation the headwater level
increased especially in case of the cut inlet amdywalls while in case of the projecting inlet
the increase was much smaller (Figure 4.1). Coresetyu with slope 1:9 and energy
dissipation the projecting inlet turned out to he best configuration. The tests with multi-
barrel systems showed similar results as the pingelet gave the lowest headwater levels
while the performance curves of the two other islepes coincided almost perfectly (Figure
4.8). The application of trash racks and debrisedtdrs equaled the performance curves of
the 3 inlet configurations thus the inlet shape i have significant effect on the hydraulic

capacity of the culvert with debris control measurestalled (Figure A.22, Figure A.23).

In conclusion, based on the experiment resultptbgecting inlet turned out to be the best
configuration while the wingwalls showed the lowgstrformance. However, under jet
regime which should be avoided due to embankmdatyseeasons, the wingwalls had higher
capacity. The results with cut inlet in most cagase the capacities between the two other

inlet types.
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4.3 Experiments with sediments

During the experiments beyond the basic flow pasighe sediment transport patterns
were examined. This subchapter gives a summaryt dbeeffect of the different geometries,

configurations and sediment features on the flod/sedimentation.

4.3.1 Effect of sediment size and amount

The effect of the fed sediment size was examinadlithe previous five theses (Gotvassli,
2013; Hendler, 2014; Putri, 2014; Faqiri, 2014;kBjr2014) while the effect of sediment
amount was examined only in three theses (Goty&&1i3; Putri, 2014; Faqiri, 2014). The
applied sizes and amounts were 8-16 mm, 16-32 narblg, 7kg respectively. There was
also one test series with sand (0.4-0.8 mm) in kzr(@014).

In Gotvassli (2013) the sediment size effect withapproach channel slope 1:5, with 5 kg
gradually fed sediments was investigated. The tesllowed that the sediment size has an
insignificant effect on the culvert capacity. Agtit difference was noticeable for higher
discharges in case of cut inlet but it only occdménen the flow changed to outlet controlled.
In Putri (2014) only the projecting inlet was exasd for the sediment size effect. The
approach channel slope was 1:9 and energy dissiplicks were applied in the tests. The
experiments were carried out with a sediment amotint kg which was fed first gradually
then all at once. The obtained performance curhesved that the sediment size does not
have a significant effect on the hydraulic capadtythe culvert (Figure 4.12). In Faqiri
(2014) the same basic model setup was applied Rstm(2014) with a 1:9 approach channel
slope with energy dissipation but in Fagiri (20a#i)the three inlet types were examined with
the application of 5 kg gradually fed sediment. Eot inlet and wingwalls the two curves
from the two different test series with the twoisseht sizes coincided well. Nevertheless in
case of projecting inlet the experiments with 16/8& sediments gave lower headwater
levels as in that case the sediments were tramspadntinuously through the barrel. In
contrast the smaller grains were first depositeftant of the culvert, and then, when there
was enough energy in the flow they were washedutirghe barrel. The sediment size effect
in Hendler (2014) was investigated with approaciinciel slope 1:50 in the case of wingwalls
at 6 I/s. As the result of the mild slope all tleelisnents with both grain diameters were settled
down in the approach channel and stayed there tinatiend of the experiments. Tests were

also carried out with sand (0.4-0.8 mm) Hendlerl@0The sand in all experiments (centre-
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lined wingwalls, cut inlet to the right, projectimglet to the right) first settled in the approach
channel, then started to move to the expansionosedd passage was created through the
sediments by the flow, but when the barrel wasldcgal to the right, a sediment heap formed
in front of the culvert, and obstructs the flowdhgh it. The sediment size effect was also
investigated with trash racks and debris deflectnstalled in Dirks (2014). With debris
deflector the grain diameter had no effect on thlwert performance but with trash racks
slight differences were noticeable in case of cudl rojecting inlet. In both cases the
headwater levels were slightly higher when the &iggediments were applied. The possible
reason for this is that the smaller particles wamge prone to get through the racks and as a

result they meant smaller obstruction for the flow.
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Figure 4.12 Sediment size effect on the culvert capity — Slope 1:9 with energy
dissipation, Projectig inlet with 7 kg fed sedimen(based on the results of Putri (2014))

In Gotvassli (2013) the same model setup was usedhie sediment amount effect
examinations as for the size effect tests. In adss@ingwalls the sediment amount had no
influence on the capacity while in case of cuttitte influence was slightly bigger. For most
of the discharges the deposited sediment amountshigger when 5 kg sediment was fed. In
case of projecting inlet the differences in thedveater levels were bigger especially for low
discharges. These differences decreased with theease of the discharge until they
disappeared completely. The higher water levelsage of 5 kg sediment were the result of

the sediment deposition in the expansion sectioiciwbccurred right after the hydraulic
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jump. In the test with the 7 kg sediment this huticajump did not occur thus the sediments
went straight through the barrel. Consequently, Weer levels were lower than in the
experiments with 5 kg sediment. The experimen®utri (2014) with energy dissipation and
slope 1:9 showed similar results with regards te #ffect of sediment amount. The
performance curves with both sediment amounts adcwell, as only small differences
were noticeable (Figure 4.13). In contrast, in caberojecting inlet the water levels at
Q*=0.6 and 0.8 were higher when 7 kg sediment washiecause when 5 kg sediment was
fed to the model, more sediment was transportezlighr the culvert. At the other discharges

the sediment amount had only a slight influencéhencapacity.

25

2.0 A

1.0 A
t A
0.5 ‘
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
Q* [
A Cut (Gradually, 5 kg) A Cut (Gradually, 7 kg)

A Projecting (Gradually, 5 kg) AProjecting (Gradually, 7 kg)
A Wingwalls (Gradually, 5 kg) A Wingwalls (Gradually, 7 kg)

Figure 4.13 Sediment amount effect on the culvertapacity — Slope 1:9 with energy
dissipation, 8-16 mm sized sediment (based on thesults of Putri (2014))

Experiments in Faqiri (2014) with the multi-barssistems also confirmed that in case of
cut and wingwalls inlet the sediment amount hdle léffect on the culvert capacity. In case of
cut inlet, the smaller while in case on wingwatlsg bigger amount of sediments resulted in
slightly lower headwater levels. In case of prajggtinlet, the two performance curves (5kg
and 7kg fed sediment) coincided well. However, ggbr difference in the headwater level

occurred at 6 |/s as more sediment deposited whensédiment was fed to the model.
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In conclusion, the sediment size had little or rfeat on the headwater level in the
expansion section. In case of the multi-barreleyswith projecting inlet the application of
the smaller grains resulted in higher water levdide in case of applied trash racks with cut
and projecting inlet, the application of the biggegdiments resulted in higher water
elevations. The experiments with focus on the sedtramount effect showed that in case of
cut inlet and wingwalls the fed amount had littteno effect on the culvert capacity. In case
of the projecting inlet the differences were bigder general the water levels were higher
when more sediment was fed to the model as moriensatlaccumulated in the expansion
section. However, the main influencing factors weéhne inlet shape and the hydraulic
conditions such as the presence and location ofhydraulic jump. For example the
experiments in Gotvassli (2013) with projectingeinshowed that as a result of the occurred
hydraulic jump more sediment deposited in the egjmmnsection than without it. This held
true even if the fed amount of sediment was smalgures with performance curves and
with deposited sediment amounts related to thiptenare presented in Appendix B. (Figure
B.1 to Figure B.18and Figure B.71 to Figure B.85).

4.3.2 Effect of the slope and the energy dissipation

Gotvassli (2013) and Hendler (2014) formed the Hase¢he determination of the slope
and the energy dissipation effect on the culverfopmance under sediment load (Gotvassli,
2013; Hendler, 2014). In Gotvassli (2013) experiteemere made with a slope 1:5 without
energy dissipation while in Hendler (2014) testgevearried out with and without energy
dissipation in case of slope 1:9. In both studige sediment feeding method were used
(gradually and all at once) and the applied sediragrount was 5 kg while the sediment size
was 8-16 mm in Gotvassli (2013) and 16-32 mm indten(2014). As the sediment size had
little or no effect as has already been mentiomedhe previous chapter, the results were

comparable.

In general the sediment transport and the sedirientpattern were related to the flow
pattern in the expansion section. In case of det ian oscillating jet was visible when the
slope was 1:5. Due to this jet which directed tosvfto the left at Q*=0.4 a local peak is
visible in the performance curve for all casesdchater, gradually and all at once feeding)
(Figure 4.14). This local peak disappeared whemtiaer slope was used in Hendler (2014).
The water levels were even lower with clear watet gradually feeding experiments as the

oscillating pattern disappeared. However, the aap&adth all at once feeding decreased as
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most of the sediments deposited in the expansictiosein front of the culvert entrance and
created an obstruction for the flow. The instatlatof the energy dissipator blocks increased
the headwater levels in both the clear water aedstdiment experiments as the decreased
energy and velocity resulted in the deposition ofersediment. In case of projecting inlet the
oscillation was not noticeable thus the jet in cakéhe slope 1:5 was directed towards the
culvert. Consequently the results of the three ewmnts (clear water, gradually and all at
once feeding) were similar. The sediment feedirgjdéttle effect on the capacity. In case of
the milder slope similarly to the case of cut inlleé capacity decreased with all at once
feeding due to the lower energy. The installatibrthe blocks also increased the headwater
levels in case of gradually feeding as the sedimdeposited right after the hydraulic jump
which was triggered by the blocks. The experimentis wingwalls showed that the sediment
did not have a significant effect on the capacliye only effect was observed at the lowest
discharge, where the flow did not have enough gnéogtransport the all at once fed
sediments. The application of the milder slope éased the water levels with all at once
feeding similarly to the other inlet types. In tuhe usage of the energy dissipation equalized

the three performance curves.
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Figure 4.14 Culvert capacity with cut inlet under £diment transport — slope 1:5 without
blocks (based on the results of Gotvassli (2013)@hlendler (2014))
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The amount of the deposited sediment was influehgethe slope, the application of the
energy dissipation, the inlet shape and the feegtiathod. The transported amount decreased
with the usage of the milder slope and the eneiggightion (Figure 4.15). The blocks had
bigger effect on the sediment deposition as thggéred a hydraulic jump. Consequently the
sediments deposited right after that. The exanonatif the accumulated sediment amount
showed that the wingwalls inlet was the most affitiin the sediment transport followed by
the cut and then the projecting inlet when enernggigator blocks were not used. However,
with the application of the blocks the projectimdet turned out to be the most efficient in
sediment transport. Furthermore, most of the albrate fed sediments accumulated in the
expansion section because at low discharges thedid not have enough energy to transport
the sediments through the barrel. At higher dispbsirthe backwater effect prevents the

sediment transport.
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Figure 4.15 Deposited sediment amount in case oftdnlet with gradually feeding —
slope effect (based on the results of Gotvassli @%) and Hendler (2014))

In conclusion, the fed sediment increased the wdeel in the expansion section
especially when the sediments were fed all at ofhlce.reason of the water level increase was
the accumulated sediment in the basin. In caséopesl:5 without energy dissipation there
were no big differences between the clear watersaaiiment experiments as the sediments
did not affect the flow significantly. In case diet milder slope the clear water and the
gradually feeding tests gave similar results betdh at once feeding results showed lower
capacities as more sediment accumulated in frotiteo€ulvert and built an obstruction on the

way of the flow. The application of the blocks hat decreased the culvert capacities as even
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with gradually feeding nearly all the sedimentsuwecalated in the expansion section. Figures
with the performance curves and with the depoststiment amounts related to this chapter
are presented in Appendix B. (from Figure B.19iguFe B.31).

4.3.3 Effect of the expansion section geometry

The effect of the expansion section geometry wasnéxed in Gotvassli (2013) and Putri
(2014). The experiments with focus on the effecth&f basin length were carried out with
slope 1:5 without energy dissipation and with thgpl@ation of 5 kg 8-16 mm sized
sediments (Gotvassli, 2013). Furthermore, the exyts with the different basin widths
were accomplished with slope 1:9 with energy desgm and the application of 7 kg 8-16

mm sized sediments (Putri, 2014).

The experiments with the cut and projecting inledvged that the application of the 625
mm basin length resulted in the lowest capacitylevhiith the other two examined lengths,
the capacity values were higher and close to edoér gFigure 4.16). The high capacities
with the application of the shortest basin lengdrevcaused by the jet which due to the short
distance could flow directly through the barrel. dase of the wingwalls all the three
performance curves with the three different basimgths coincided well which means the
length had no influence on the culvert performari¢e clear water experiments showed that
the flow with wingwalls was more stable than witte tother two inlets as in those cases an
oscillating patterns were visible and the flow wasstable especially with cut inlet. The
headwater levels in case of cut inlet with all at® feeding were higher than the ones with
gradually feeding or clear water experiment esplgcia case of the 625 mm length. The
feeding method in case of wingwalls and projectinigt had only a slight effect on the
headwater levels. Nevertheless the deposited satiameount was influenced by the feeding
method and the basin length as well. The depositedunt was bigger with all at once
feeding and smaller with the shortest basin len@ththe tested inlet types, the wingwalls
turned out to be the most efficient in the sedintesmisport and also gave the best hydraulic
capacity. The projecting inlet gave the lowest citgaand was least efficient with regards to

flushing through sediments.
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Figure 4.16 Culvert capacity with projecting inletunder sediment transport — length
effect with gradually feeding (based on the resultef Gotvassli (2013))

The results from the width effect experiments shobw®t the sediment feeding had little
or no influence on the headwater levels. In caserojecting and cut inlet the all at once
feeding caused a small headwater increase whebhasi@ was 876 mm wide. In case of
wingwalls, the three performance curves coinciddl.Wéne basin width had only a slight
effect on the hydraulic capacity in case of windgwaind cut inlet. With the projecting inlet
the two narrower setups resulted in lower capaciteampared to the wider basin, where more
sediment was flushed through the barrel. The medingent was transported through the
culvert with the 4 |/s discharge for all inlet typlecause the hydraulic jump was closer to the
barrel, and thus the sediments could easier pasggih. Under sediment transport conditions,
the projecting inlet turned out to be the mostceft while with the other two inlets nearly
no sediment went through the barrel. However, isecaf cut inlet at 4 |/s with gradually
feeding 40% of the sediments was transported bilterother cases nothing. The effect of the
feeding method on the deposited amount was onigewtile in case of the projecting inlet as

more sediment was transported with the graduadiglifegy method (Figure 4.17, Figure 4.18).
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Figure 4.17 Deposited sediment amount in case ofgecting inlet with gradually feeding
— width effect (based on the results of Putri (20)%
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Figure 4.18 Deposited sediment amount in case ofgecting inlet with gradually feeding
— width effect (based on the results of Putri (204

In conclusion, the application of the 625 mm bdemgth turned out to have the lowest
hydraulic capacities for cut and projecting inlEhe results with the other two basin length
were similar to each other. In case of the wingsydhe basin length did not have an effect on
the culvert performance so the three curves coenaiell. The sediment transport was slightly
influenced by the basin length. The feeding methad more influence on it. The gradually
feeding resulted in higher sediment transport d#pathan the all at once feeding.
Consequently the headwater levels especially ie cdscut inlet with 625 mm long basin
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were higher with all at once feeding. The basintlidffect experiments showed that the
headwater levels were lower with the widest basimare sediment was transported with it.
Furthermore, the sediment feeding method also haffact on the hydraulic capacity and on
the deposited sediment. With all at once feediregltbadwater levels were slightly higher
especially in case of the 876 mm basin width whezarly no sediment was transported
through the barrel. However, in case of the twaowaer widths even with gradually feeding

no sediment was transported except with projedtileg with 438 mm width. Figures with the

performance curves and with the deposited sediraerdunts related to this chapter are

presented in Appendix B. (from Figure B.32 to Fegx.70).

4 .3.4 Effect of a reserve barrel

Sediment experiments with the multi-barrel systevese carried out with the application
of 5 kg sediment with 8-16 mm grain diameter (Fadi014). The experiments with the
wingwalls and with the cut inlet showed that thdiseent feeding increased the water level
for all discharges with both feeding methods exaépghe case when the sediments were fed
all at once and the discharge was 6 I/s. In theg the water level was lower than in the clear
water experiment especially in case of the wingsv@fiigure 4.19). The sediments which
deposited right after the energy dissipation madenaoth transition between the approach
channel and the expansion section and helped ¢gotdine flow straight through the culvert.
In case of the wingwalls the gradually fed sedimmestiarted to deposit in the approach
channel, and were then deposited in the centrelitiee expansion section. No sediment was
deposited in the barrel. Furthermore, in case efdht inlet, the sediments first deposited
close to the culvert entrance then with the ina@eafsthe discharge they moved towards the
approach channel. At 12 I/s due to the backwafeceéll the sediments deposited right after
the energy dissipator blocks. For both inlet typles,all at once fed sediments deposited right
after the blocks for all discharges. Consequemtigre sediment was transported when the
sediment was fed gradually and more sediment digbsi the expansion section when the
all at once feeding method was applied. In casehef projecting inlet, the headwater
elevations for most of the discharges were highin Wwoth gradually and all at once fed
sediments than without them, with insignificantfeliences between the two cases. The
transport of the sediment similarly to the otheo twlet types was more efficient when the
sediments were fed gradually as the delivery of gleicles was continuous during the

experiments. The percentage of the deposited satbrshowed that the sediment transport in
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that case increased almost linearly with the disghavhile with all at once feeding until 8 I/s

more than 90% of the fed sediments accumulatelgei@xpansion section.
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Figure 4.19 Sediment effect in multi- and single bael system with wingwalls(based on
the results of Faqiri (2014) and Hendler (2014)

The results of the multi-barrel experiments wes® @ompared to the ones from the single-
barrel tests (Hendler, 2014). The headwater lewel® lower so the hydraulic capacity was
higher with the application of the multi-barrel sy due to the headwater reduction, which

was the result of the increased total barrel csessional area (Figure 4.19). Consequently, at

% For the performance curve of the multi-barrel eyswith wingwalls | used the date from the experitae
which were carried out in February 2014 insteathefones from May 2014(which were presented in Faqi
thesis) because in case of the two other inleteshafso the data from February 2014 were used.
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the same water level the discharge and the vela@tg higher in case of multi-barrel system

hence the sediment transport was also more effifiegure 4.20).
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Figure 4.20 Sediment deposition with multi- and sigle-barrel system in case of
projecting inlet (based on the results of Faqiri (214) and Hendler (2014))

In conclusion, feeding of sediment increased thedihvater levels for all inlet types with
both feeding methods due to the accumulated setsmé&he effect was greater when the
accumulation occurred around the culvert entraMgeen the maximum capacities were
reached, the discharges were similar for both sexitransport and clear water experiments.
The sediments which were fed all at once were rpooee to accumulate in the expansion
section thus less sediment was able to get thrtlugltulvert. For the three examined inlet
types, the projecting inlet turned out to be thesmefficient under sediment transport
conditions, as the ratio of the transported sedimeéncreased with the discharge. The
comparison of the multi and single-barrel systetrea®d that the application of the reserve
barrel increased the total barrel cross-sectiams the conveyed amount of water was higher
for the same headwater levels. Consequently, tensat transport was more efficient and
additionally the safety of the structure also iased due to the reserve barrel which was
located on a higher elevation and less prone tblbeked by sediments. Figures with the
performance curves and with the deposited sediraemunts related to this chapter are
presented in Appendix B. (Figure B.71 to FigureB.7
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4.3.5 Effect of trash racks

The effect of trash racks and debris deflectorshenculvert performance under sediment
load was investigated in Dirks (2014). The setups wlae same as in the clear water
experiments (S=1:9,,#876 mm, w=1100 mm). The experiments for both sediment
countermeasures were carried out with the threet ishhapes (Cut inlet, Projecting inlet,
Wingwalls), with two feeding methods (Gradually,| At once) and with two sediment sizes
(8-16 mm and 16-32 mm) and amounts (5 kg and 7 kg).

Fundamentally the main purpose of these structige® prevent the blockage of the
culvert and the failure of the structure by sedita@md debris (Dirks, 2014). The results from
Dirks (2014) show that both sediment countermeasare efficient in sediment retention.
With debris deflector 100% of the added sedimerds deposited in the expansion section.
Only with the projecting inlet when the 8-16mm sizgrains were fed all at once, at 4 I/s
around 1% of the sediments left the basin and wentgh the barrel. In case of trash racks
more sediment went through the barrel but the p¢age of the deposited sediment was still
above 94% for all cases. In case of wingwalls réigas of the feeding method and sediment
size, all the sediments were deposited in the estparsection. In case of cut inlet at 4 |/s
when the 8-16 mm sized grains were fed gradual®p @@posited. Furthermore, at 6 I/s with
both all at once and gradually feeding less thanoi%e 8-16 mm grains went through the
barrel. With regards to sediment retention, thegatong inlet turned out to be the least
efficient design in case of applied trash racksyhasn the sediments were fed gradually with
8-16 mm grain size at 4, 6 and 8 I/s around 5% efféd sediments were flushed through the
culvert (Figure 4.21). The bigger sediment particiere less prone to get through the racks.
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Figure 4.21 Projecting inlet with trash racks — seminent deposition (based on the results
of Dirks (2014))

Beside the sediment deposition, the headwater dewaglre also examined during the
experiments. As already mentioned in the discussfdhe clear water experiments (Chapter
4.2.4) the application of the sediment countermessincreased the water levels in the basin
due to induced the energy loss. Under the diffessatiment conditions in case of debris
deflectors, similar headwater levels were measudoedeach discharge regardless of the
feeding method and grain size. The same can beabaidt the wingwalls with trash racks
while in case of cut and projecting inlet the heathr levels were slightly higher when
sediments were fed to the system. The larger sedigrains increased the water levels more
for both inlet types. With the application of cutet, the all at once feeding method resulted
in higher water levels (Figure 4.22). In case dj@cting inlet, the gradually feeding resulted
in the highest water elevations.
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Figure 4.22 Performance curves in case of projectininlet with trash racks (based on the
results of Dirks (2014))

In conclusion, the debris deflector was more effitiin the retention of the sediments but
both solutions were suitable to prevent the bloekad the culvert by sediments. The
sediments with the smaller grain size were morex@rm get through the racks especially
when they were fed gradually to the system whiléhvihe all at once feeding all the
sediments were deposited in the expansion sectiorcase of applied trash racks the
headwater levels were higher when sediments wereofthe model as they were deposited at
the culvert entrance. The deposited sediments fitvemed an obstruction in the flow which
resulted in the increase of the headwater. Thidlpno was not noticeable in case of the
debris deflectors as the sediment deposition oeduurther from the culvert entrance, at the
apex of the racks. Figures with the performanceresirand with the deposited sediment
amounts related to this chapter are presented peiqix B. (from Figure B.75 to Figure
B.85)
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4.3.6 Effect of inlet shape

The experiments under sediment transport conditshrmsved similar results to the clear
water experiments regarding the effect of inletpghaUnder the jet regime which was
examined in Gotvassli (2013), the wingwalls tured to be the best inlet configuration as
the flow was more stable thus increasing hydratdijgacity and the transported sediment rate
(Figure B.86). However, due to embankment safetysiderations, this jet dominated flow
should be avoided as the flow with high velocity @ause scouring of the embankment. To
avoid this undesirable flow pattern milder slope @nergy dissipation were used. As a result
of these improvements the headwater levels incdeasd especially when the blocks were
used the amount of transported sediment decreasell finlet types. The energy dissipator
blocks had more influence on the hydraulic capaaftjhe wingwalls and cut inlet thus the
projecting inlet turned out to be the most effiti@nlet shape (Figure B.87). In case of
wingwalls and cut inlet nearly no sediment wasgpamted. With projecting inlet, up to 90%
of the fed sediments were transported through @neebwhen the sediment was fed gradually
at higher discharges (Figure 4.17). At lower disgha this amount was between 10-40%
(Figure 4.17). In case of multi-barrel system, tbaveyance capacity higher than in case of
single barrel, for any given water level, as wile &application of the reserve barrel the total
barrel cross-section was increased. As a resulhetigher velocities, more sediment was
transported through the culvert for all inlet typbst still the projecting inlet was the most
efficient configuration with regards to hydrauli@pacity (Figure B.88) and sediment
transport (Figure 4.20, Figure B.73, Figure B.7®)e inlet shape did not have a significant
effect on the hydraulic capacity when sediment tewmeasures were used as those
improvements equalized the water levels for thedlmonfigurations (Figure B.89). However,
in case of projecting inlet, when trash racks wesed and the sediment was fed gradually a
small amount of sediment passed through the cul\egure 4.21). In the other examined
cases nearly all of the sediments were depositéteiexpansion section (from Figure B.80 to
Figure B.85).

In conclusion, similarly to the clear water expezints with a slope 1:9 and energy
dissipation, the projecting inlet turned out to thee best configuration for hydraulic
performance and in sediment transport. In casehefsteeper slope and without energy
dissipation headwater levels were lower for akiripes, and the wingwalls showed the best

57



performance. However, the jet regime which was ifipeto these experiments should be
avoided due to embankment safety reasons.

4.3.7 Effect of sediment feeding method

In all the five theses two feeding methods werdiag@mnd investigated, the gradually and
the all at once feeding method. The first simulatesl steady sediment transport in natural
streams while the second one represented the tadamdslide. The expectation was that the
hydraulic capacity would be lower in case of lamsl(all at once feeding) which was
confirmed in most of the experiments. In generhg tesults from the previous studies
showed that the water levels were higher for tHeatlonce feeding as more sediment
deposited in the expansion section and increasetiéadwater level. However, results from
Hendler (2014) showed that the headwater levelg wienilar with the two sediment feeding
methods when the energy dissipator blocks wereieapjé.g. Figure B.23). Without energy
dissipation the results with clear water and withdgially feeding showed similar values (e.g.
Figure B.22). In some cases the results withoutggneissipation showed that the headwater
levels under sediment load were lower than undearclvater conditions as the sediments
deposited in wings on the two sides of the culaed directed the jet flow towards the barrel
(e.g. Figure B.22).

In Gotvassli (2013) the effect of the differentdeey methods was examined on the water
level over time in case of wingwalls with 2 I/s chsrge. The results showed that in case of
gradually feeding, the water level decreased #fieisediment feeding started while in case of
all at once feeding the water surface rapidly iaseal after the sediments had been fed to the
model (Figure 4.23, Figure 4.24). Presumably tlasaas of the water level reduction was the
previously mentioned wing shaped deposition in tfrminthe culvert which directed the flow
towards the barrel while in case of all at oncalileg the sediment deposition right before the

culvert caused the water level increase.
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Figure 4.24 Headwater over time for a culvert withwingwalls, Q = 2 I/s, basin length 625
mm, slope 1:5 and 5 kg sediments of 8 - 16 mm addalll at once (Gotvassli, 2013)

All in all the sediment transport was more effigienth gradually fed sediment while in
general the headwater levels were higher withtadhae feeding.
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5 Culvert design based on the results

The results of the experiments carried out in ikie €xamined theses, and the unifying
analysis in the present study supports an actusigeleof a culvert in a steep terrain.
Consequently, the inlet type, the expansion sedewmetry and additional structures could
be chosen for the first stage of the planning pesc€&urthermore, besides the hydraulic and
sedimentation aspects the embankment safety artdaspscts have also to be taken into
account. Sometimes the safety demands are noliddlifentirely with the optimal intake
design hence safety improvement measures are aege3fiese measures are chosen and
designed by road planners depending on costs atigality. The cost estimation of a
drainage system is complex as many factors infleenbeside the inlet configuration. Such

economical calculations are therefore outside tge of this thesis (Sellevold, 2015).

In the followings three different intake configuomts are chosen based on the results of

the unifying analysis:

» The first design shows the highest hydraulic cagaeith high velocity utilized to
flush the sediment through the culvert.

* The second design ensures stable flow conditiodseahances embankment safety
aspects. It shows relatively high sediment trartsgiiciency with more stable and
less complex flow features.

* The third version sediment countermeasures are taspdevent sedimentation in

the barrel.

5.1 General design

Based on the scale model applied in this projeet ¢hlvert diameter (D) and the
overtopping limit (2D) in the prototype accordirggthe model scale (1:10) are 1 metre and 2
metres, respectively. For the prototype the follmyvimaterials were chosen: natural
streambed for approach channel, concrete cover hen expansion section, earthfill
embankment and concrete culvert barrel. The appliddert pipe was chosen from the
catalogue of Basal Company. Technical specificatiointhe applied pipe are the followings:
inside diameter 1000 mm, wall thickness 125 mm (BAS2012). Figure 5.1 shows an

image about the applied culvert barrel.
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Figure 5.1 Applied culvert pipe (BASAL, 2012)
5.2 Type 1 — best hydraulic capacity

The best hydraulic capacity and the highest seditmansport capacity could be obtained
by applying wingwalls with 1:5 approach channelpsioand without energy dissipation
(Gotvassli, 2013). The experiments with a focusrpansion section geometry showed that
the basin length and width had slight effect onhlgdraulic capacity when using wingwalls
(Gotvassli, 2013; Putri, 2014). Consequently, aduiver costs, the shortest examined length
and width were chosen for this intake configurati@n 315 mm length and 292 mm width.
According to the model scale the length and theiwad the prototype are 3.15 m and 2.92 m,
respectively.

Experimental setup with steep slope and withoutrgnealissipation resulted in a jet
dominated flow in the expansion section which cyede the flow and the sediments
efficiently through the barrel. The high flow veltbes however, enhance the risk of the
embankment failure as locally scour developmentamnur around the inlet. Therefore, this
flow condition should be avoided or additional ésosand scour protection should be
applied. Furthermore, the construction cost of wialls is higher than in case of cut or
projecting inlet due to the applied precast comcnelet. Figure 5.2 present the configuration

of a wingwalls inlet from the catalogue of Basah@uany.
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Figure 5.2 Precast wingwalls (BASAL, 2012)
5.3 Type 2 — higher embankment safety

In order to avoid the jet dominated flow milder m0(1:9) and energy dissipator blocks
were used in the experiments. Based on the resuttsese experiments the projecting inlet
was found to be the best inlet configuration (HendR014; Putri, 2014; Faqiri, 2014).
According to the model scale (1:10) the size ofghergy dissipator blocks (3 pieces) in case
of the prototype is 20x20x20 cm and the appliedeni@t is concrete. The experiments
focusing on the width effect clearly showed thag thydraulic capacity was higher when
wider basin was used. Consequently, the widest ewghwidth, 876 mm was chosen for the
further work which is 8.76 m in the prototype. Tlagth effect was examined under jet
regime thus the oscillating jet influenced the laydic capacity of the projecting inlet. As a
result, the 625 mm long basin showed the lowesaagap while the two other examined
lengths gave similar results. Therefore, the shatpansion section has been chosen for the
culvert design having lower costs with this solntidn conclusion, the chosen expansion
length is 315 mm which means 3.15 m in case opth#otype.

The experiments with multi-barrel system showed #@wa additional culvert which is
placed on a higher level than the main culvertiogorove the safety of the structure against
clogging by sediments (Faqiri, 2014). Beside this,a result of the increased total barrel
section at the same headwater level, the dischangéshe flow velocities were increased
compared to the ones with single barrels. Therefibwe designed intake was supplemented
with a reserve barrel which was scaled up fromntloelel version so the applied diameter is
60 cm and the elevation of the barrel bottom i€#0from the embankment toe. According to
the catalogue of Basal Company the wall thickndshe barrel is 94 mm (BASAL, 2012).

The centre-to-centre distance between the two oslweas 420 mm in the model but as a

62



smaller width (876 mm) has been chosen in comparieathe one which was used in the
model (1100 mm), this distance has been reduced0® mm meaning 3 metre in the

prototype.
5.4 Type 3 — no sediment in the barrel

In some cases in order to avoid sediment depositiothe barrel and increase the
embankment safety, sediment countermeasures aliedapphe prevention of the sediment
deposition in culvert can at the same time redbeenecessary culvert diameter (Sellevold,
2015). The experiments carried out in Dirks (208d9wed that both trash racks and debris
deflectors are efficient in sediment retention the application of these structures increases
not only the construction but also the operatingt€@s the deposited sediment has to be
excavated and handled regularly. Therefore, alddtabst-benefit calculation is necessary to

make the right decision.
5.5 Discussion and conclusion

Culvert design is a complex process as not onlyhyaraulic capacity has to be taken
account but also embankment safety and econommsjaécts. All the three previously
presented intake configurations are unique fromageraspects. Type 1 presents the best
hydraulic capacity and sediment transport efficyermut due to the jet dominated flow with
high velocities the embankment safety demands airdulfilled. Moreover the construction
cost of a wingwalls inlet is higher than in casecat or projecting inlet. Type 3 gives a
solution to prevent sediment accumulation in thévert with application of additional
sediment countermeasures. These structures ameeffiin sediment retention but also
increase the construction and operating costs. 2ypresents the optimal configuration based
on the result of this thesis. Relatively high hydi@a capacity, stable flow conditions and
sediment transport efficiency, together with readde costs. Application of the projecting
inlet has lower costs than wingwalls or cut inlstred modification on the barrel (additional
inlet structure — wingwalls; mitering of the barmehd) is necessary. The construction of
energy dissipation elements increases the costgshbuesulted less turbulent flow features
support embankment safety. The reserve barrel ralsans an extra cost, but increases the
structure safety against clogging by sedimentscdnclusion, Type 2 with application of
reserve barrel was chosen as designed culvertgeoafion. The detailed drawings are shown

on D1 and D2 drawings.

63



6 Conclusion

The present study identified the favourable culvelet design under sediment transport
conditions, as the result of an overarching analgéiavailable data from five previous theses
which were carried out on a scale model in the éaork of the NIFS-project. The culvert’s
hydraulic capacity was investigated with differdsdundary conditions, under both clear
water condition and sediment load. The experimemt® carried out with three different inlet
types (cut, projecting, wingwalls) focusing on tkfects of the following parameters:
expansion section geometry, reserve barrel, sedirneantermeasures, feeding method,

sediment size and sediment amount.

Based on clear water experiments it was found ahatngwall-inlet provided the highest
hydraulic capacity under jet dominated flow. Howg\his flow condition should be avoided
due to embankment safety reasons. Therefore, teeprehe jet dominated flow in the
expansion section milder slope and energy dissipatiructure were installed to the model
(Hendler, 2014). These improvements decreased rieeyye level and flow velocity in the
expansion section, and as a consequence incrdasbeadwater level. Installation of energy
dissipator blocks had bigger effect on the hydraghpacity than changes of the approach
channel slope. Experiments with a milder slope)(ared energy dissipation showed that the
highest hydraulic capacity was obtained by instglia projecting inlet. This is different from
existing hydraulic theory, as for example in theidgline from Statens Vegvesen, the
wignwalls inlet gives the highest hydraulic capa¢Btatens Vegvesen, 2011). This difference
can be related to the model setup, since the ex@rahthe projecting inlet was closer to the
approach channel end than the entrance of the valtg\il herefore, the effective basin length
was also shorter in case of projecting inlet, whiedans the flow was directed towards the
culvert. The evaluation of the expansion sectioongetry effect showed, that both basin
length and width influenced the culvert's performanExperiments focusing on the basin
length effect were carried out under jet dominafless resulting from supercritical flow
conditions in the steep and smooth approach chaim#ie jet regime flow conditions were
more stable in case of the experiments with thegwall-inlet, thus the highest hydraulic
capacity was obtained by this inlet type. The ubeviagwalls gave similar performance
curves for all three examined basin lengths. Ire agdsthe other two inlet configurations (cut
and projecting), the highest capacity was obtailoedhe shortest basin length (315 mm) as
the travel distance (i.e. the distance betweeretiteof the approach channel and the culvert
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entrance) was shorter and the oscillating jet wesctbd towards the culvert. Experiments
with the longest basin length (876 mm) and withghertest length gave similar results for all
three inlet types, while with 625 mm basin, hydiawglpacity was lower. The effect of the
basin width on culvert performance was examinedeumdore stable flow conditions. The

highest hydraulic capacity was obtained by propectiinlet with the widest basin

configuration (876 mm), as the headwater level inaseased by backwater effect in case of
narrower basins. In case of wingwalls and cut jriteg varying basin width only had a slight

effect on the hydraulic capacity.

Experiments with sediment, similarly to clear watests showed that under jet dominated
flow the wingwall-, while under more stable flownzhtions the projecting inlet showed the
best performance. The main influencing factorshef ¢ulvert's hydraulic capacity were the
inlet shape and the hydraulic conditions which weagtly governed by the presence and
location of a hydraulic jump. These factors affddiee deposited sediment amount, which in
turn increased the headwater level in the basithénstudies two different feeding methods
were used: gradual and all at once feeding. Ths¢ $imulated a steady sediment transport
while the second simulated extreme sediment yieldditions which may occur during a
landslide event. The headwater levels were genenggher in case of all at once feeding as
more sediment deposited in front of the culverramte. Under jet dominated flow only a
small amount of sediment accumulated in the expansection, therefore experiments with
clear water and sediment showed similar results. ide of a milder approach channel slope
increased the deposited amount of the sedimentiedlgein case of all at once feeding.
However, clear water and gradually fed sedimenegrgents still showed similar hydraulic
capacities. Installation of energy dissipation lathrge effect on sediment deposition, as
nearly all fed sediment accumulated in the expansiection with both feeding methods.
Although sediment size and amount had only a skdteict on the culvert performance, the
water level was generally higher when more sedinjérig) was fed to the model, as more
sediment accumulated in the expansion section. tisadilly, the projecting inlet showed
bigger differences in headwater level, betweentést series with two different sediment

amounts.

The installation of a reserve barrel increased ¢bhaveyance capacity for the same
headwater level, thus culvert’'s hydraulic capaaityg sediment transport were also increased.
In addition the installation of the reserve bari@tated at a higher level compared to the main

culvert, increased the safety of the structure agms less prone to be blocked by sediments.
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Experiments with sediment countermeasures showed hbth trash racks and debris
deflectors are efficient in sediment retention. leer, installation of these structures
decreased the culvert’s hydraulic capacity. Thédsg headwater levels occurred with debris

deflectors as more sediment was retained by thlisnest countermeasure.

Based on all these conclusions, culvert designoaeased out in Chapter 5. As the optimal
configuration the projecting inlet with slope 1¥ith energy dissipation, with a 3.15 m long
and 8.76 m wide expansion section was chosen.diti@l a reserve barrel with a diameter of
60 cm was chosen to increase the safety of steieigainst blockage by sediment. For this

chosen configuration, sketches have been devel@gpednd D2 drawings).
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7 Further work

The present study gives a promising foundationafmew culvert design guideline which
will take into account the effect of sediment tyam$ processes at the culverts. Such a
procedure could greatly support and improve culgegigning activities at places where high
sediment load is expected, at mountains regiomsnébance, where bedload can significantly
influence the operation of culverts. There are, éav, a few more issues to deal with to have

a clear picture on the hydrodynamic and sedimanisfyort processes at culverts.

As for now the main focus was on sediment movemédnisthe characteristic flow and
turbulence features should also be studied. Sewgrab-date flow measurement methods
were tested in similar studies, such as the uskagje-Scale Particle Image Velocimetry
(LSPIV). For instance, Muste et al. (2008) appliegPIV for both field and laboratory
experiments to quantify 2D and 3D flow featured ttem be related to important morphologic
and hydrodynamic aspects of natural rivers. Acoudtppler Velocimetry (ADV) could be
applied to estimate the rate of turbulence, whiettaenly influences the sediment transport
capacity. The hydrodynamic characterization of thésert flow would also point out the
scale effect related problems of laboratory mod€&he scaling of turbulence and sediment
features is far not straightforward both havingagjranportance in the current study. In
addition, different sediment mixtures and feedingtmds should be also examined to

represent more realistic conditions.

Regarding the culvert geometry the basin lengtbcefhould be investigated also without
jet dominated flow and as a next step of this @to@ more realistic stream approach channel
should be examined. Furthermore, besides the sdsgesediment and bedload, the debris
flow also influences the culvert capacity. Therefothe effect of debris also should be

examined, in the framework of this project.
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Appendix

A. Clear water experiments

This section presents the effect diagrams for tharavater experiments for the different

setups.

Enerqgy dissipation and slope effectBasin length: 876 mm, Basin width: 1100 mm
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A Wingwalls, 1:5 without blocks A Wingwalls, 1:5 with blocks

Figure A.1 Effect of the energy dissipation at wingalls with slope 1:5 (based on the
results of Gotvassli (2013) and Hendler (2014))
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Figure A.2 Energy dissipation and slope effect atut inlet (based on the results of
Gotvassli (2013) and Hendler (2014))
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Figure A.3 Energy dissipation and slope effect atrpjecting inlet (based on the results of
Gotvassli (2013) and Hendler (2014))
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Figure A.4 Energy dissipation and slope effect at wgwalls (based on the results of
Gotvassli (2013) and Hendler (2014))
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Figure A.5 Effect of culvert displacement in casefaut inlet (based on the results of
Hendler (2014))
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Figure A.6 Effect of culvert displacement in casefgrojecting (based on the results of
Hendler (2014))
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Basin length effect:Slope: 1:5, Basin width: 1110 mm, without energgsighation
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Figure A.7 Basin length effect with cut inlet, slop 1:5 (based on the results of Gotvassli
(2013))
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Figure A.8 Basin length effect with projecting inlé¢, slope 1:5 (based on the results of
Gotvassli (2013))
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Figure A.9 Basin length effect with wingwalls, slop 1:5 (based on the results of
Gotvassli (2013))
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Basin width effect: Slope: 1:9, Basin length: 876 mm, with energyigestson
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Figure A.10 Basin width effect with cut inlet, slog 1:9 (based on the results of Putri

(2014))
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Figure A.11 Basin width effect with wingwalls, slop 1:9 (based on the results of Putri
(2014))
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Figure A.12 Basin width effect with slope 1:9 (bagkon the results of Putri (2014))
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Effect of reserve barrel: Slope: 1:9, Basin length: 876 mm, Basin width: @X0m, with

energy dissipation
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Figure A.13 Effect of the reserve barrel with cutnlet (based on the results of Faqiri
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Figure A.14 Effect of the reserve barrel with projeting inlet (based on the results of
Faqiri (2014))
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Applied trash racks and debris deflectors:

Figure A.16 Debris deflector at wingwalls: plan viev (left), side view (right) (Dirks,
2014)
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Figure A.17 Trash racks at cut (left) and projectirg (right) inlet (Dirks, 2014)

I [rT— I g

- - . . - ‘ ! &' ..-" y - -

Figure A.18 Trash racks at wingwalls (Dirks, 2014)
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Effect of trash racks and debris deflector:Slope: 1:9, Basin length: 876 mm, Basin width:
1100 mm, with energy dissipation
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Figure A.19 Effect of sediment countermeasures attinlet (based on the results of
Dirks (2014))
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Figure A.20 Effect of sediment countermeasures atimgwalls (based on the results of
Dirks (2014))
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Figure A.21 Performance curves without sediment couermeasures (based on the
results of Dirks (2014))
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Figure A.22 Performance curves with trash racks (bsed on the results of Dirks (2014))
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Figure A.23 Performance curves with debris deflecto(based on the results of Dirks
(2014))
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B.Experiments with sediments

This section presents the effect diagrams for ¥peements which were carried out with

sediments for the different setups.

Effect of sediment size:

Slope: 1:5, Basin length: 625 mm, Basin width: 1146, without energy dissipation, 5 kg

gradually fed sediment
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Figure B.1 Sediment size effect on the culvert capay — Cut inlet (based on the results
of Gotvassli (2013))
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Figure B.2 Sediment size effect on the depositeddsment amount — Cut inlet (based on
the results of Gotvassli (2013))

2.5
[ [ [ [
A Projecting (Gradually, 8-16 mm)
AProjecting (Gradually, 16-32 mm)
2.0
1.5
= A 4 A
i
0.5 A
0.0

00 02 04 06 08 1.0 1.2 1.4 1.6 1.8
Q* [

Figure B.3 Sediment size effect on the culvert capiy — Projecting inlet (based on the
results of Gotvassli (2013))

86



100 L

80

60 ﬁ A A

40

>p

Deposited sediment |%)]

20

0

00 02 04 06 08 10 12 14 16 18
Q* [-]

A Projecting (Gradually, 8-16 mm) AProjecting (Gradually, 16-32 mm)

Figure B.4 Sediment size effect on the depositeddsment amount — Projecting inlet
(based on the results of Gotvassli (2013))
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Figure B.5 Sediment size effect on the culvert capaly — Wingwalls (based on the results
of Gotvassli (2013))
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Figure B.6 Sediment size effect on the depositeddsment amount — Wingwalls (based on
the results of Gotvassli (2013))

Slope: 1:9, Basin length: 876 mm, Basin width: &6, with energy dissipation, 7 kg sediment
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Figure B.7 Sediment size effect on the depositeddsment amount — Projecting inlet
(based on the results of Putri (2014))
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Effect of sediment amount:

Slope: 1:5, Basin length: 876 mm, Basin width: 11d, without energy dissipation, gradually

fed sediment
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Figure B.8 Sediment amount effect on the culvert gacity — Cut inlet (based on the
results of Gotvassli (2013))
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Figure B.9 Sediment amount effect on the depositexediment amount — Cut inlet (based
on the results of Gotvassli (2013))
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Figure B.10 Sediment amount effect on the culvertapacity — Projecting inlet (based on
the results of Gotvassli (2013))
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Figure B.11 Sediment amount effect on the depositesdiment amount — Projecting inlet
(based on the results of Gotvassli (2013))
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Figure B.12 Sediment amount effect on the culvertapacity — Wingwalls (based on the
results of Gotvassli (2013))
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Figure B.13 Sediment amount effect on the depositestdiment amount — Wingwalls
(based on the results of Gotvassli (2013))
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Slope: 1:9, Basin length: 876 mm, Basin width: &7, with energy dissipation, 8-16 mm sized

sediment
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Figure B.14 Sediment amount effect on the depositestdiment amount — Gradually fed
sediment (based on the results of Putri (2014))
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Figure B.15 Sediment amount effect on the culvertapacity — All at once fed sediment
(based on the results of Putri (2014))
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Figure B.16 Sediment amount effect on the depositesdiment amount — All at once fed
sediment (based on the results of Putri (2014))
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Slope: 1:9, Basin length: 876 mm, Basin width: 11@®, with energy dissipation, 8-16 mm

sized gradually fed sediment (Faqiri)
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Figure B.17 Sediment amount effect on the culvertapacity (based on the results of
Faqiri (2014))
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Figure B.18 Sediment amount effect on the depositetdiment amount (based on the
results of Faqiri (2014))
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Enerqgy dissipation and slope effectBasin length: 876 mm, Basin width: 1100 mm
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Figure B.19 Culvert capacity with cut inlet under £diment transport — slope 1:9 without
blocks (based on the results of Gotvassli (2013)@ilendler (2014))

25 ~
Qo

20 -

hy/D [-]
=
o

05 - '

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8

Q* [-]

A Cutinlet, 1:9 with blocks, gradually
mCut inlet, 1:9 with blocks, all at once
@ Cut inlet, 1:9 with blocks,clear water

Figure B.20 Culvert capacity with cut inlet under £diment transport — slope 1:9 with
blocks (based on the results of Gotvassli (2013) @ilendler (2014))
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Figure B.21 Culvert capacity with projecting inletunder sediment transport — slope 1:5
without blocks (based on the results of Gotvassl2Q13) and Hendler (2014))
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Figure B.22 Culvert capacity with projecting inletunder sediment transport — slope 1:9
without blocks (based on the results of Gotvassl2Q13) and Hendler (2014))
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Figure B.23 Culvert capacity with projecting inletunder sediment transport — slope 1:9
with blocks (based on the results of Gotvassli (281 and Hendler (2014))
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Figure B.24 Culvert capacity with wingwalls under gdiment transport — slope 1:5
without blocks (based on the results of Gotvassl2Q13) and Hendler (2014))
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Figure B.25 Culvert capacity with wingwalls under gdiment transport — slope 1:9
without blocks (based on the results of Gotvassl2Q13) and Hendler (2014))
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Figure B.26 Culvert capacity with wingwalls under £diment transport — slope 1:9 with
blocks (based on the results of Gotvassli (2013) @ilendler (2014))
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Figure B.27 Deposited sediment amount in case oftdalet with all at once feeding slope
effect (based on the results of Gotvassli (2013) éiendler (2014))
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Figure B.28 Deposited sediment amount in case ofgecting inlet with gradually
feeding slope effect (based on the results of Gosali (2013) and Hendler (2014))

101



100

Deposited sediment (all at once) [%)]
W
o

]
NN

Ve,
s

avav,
NN

Vava v v,
o

Voo v,
NNy

SSSSSSSSSSSSSSSS

v

=mQ*=02
5Q*=04
@Q*=0.6
Q*=08
0Q*=1.0
oQ*=12
BQ*=14
BQ*=16

Figure B.29 Deposited sediment amount in case ofgecting inlet with all at once
feeding slope effect (based on the results of Gosali (2013) and Hendler (2014))

100
90
80
70
60
50
40
30
20
10

Deposited sediment (gradually) [ %]

0 -

e
R )

ETE IE

1:9 without blocks

1:5 without blocks

1:9 with blocks

mQ*=02
8Q*=04
z2Q*=0.6
7Q*=038
aQ*=1.0
aQ*=12
aQ*=14
8Q*=16

Figure B.30 Deposited sediment amount in case ofwgwalls with gradually feeding

slope effect (based on the results of Gotvassli @%) and Hendler (2014))
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Figure B.31 Deposited sediment amount in case ofiwgwalls with all at once feeding
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Basin length effect:Slope: 1.5, Basin width: 1110 mm
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Figure B.32 Culvert capacity with cut inlet under £diment transport — length effect with
gradually feeding (based on the results of Gotvasg¢R013))
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Figure B.33 Culvert capacity with cut inlet under £diment transport — length effect with
all at once feeding (based on the results of Gotvais(2013))
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Figure B.34 Culvert capacity with cut inlet under £diment transport — feeding effect
with 876 mm basin length (based on the results ofddvassli (2013))
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Figure B.35 Culvert capacity with cut inlet under fdiment transport — feeding effect
with 625 mm basin length (based on the results ofdvassli (2013))
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Figure B.36 Culvert capacity with cut inlet under £diment transport — feeding effect
with 315 mm basin length (based on the results ofddvassli (2013))
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Figure B.37 Culvert capacity with projecting inletunder sediment transport — length
effect with all at once feeding (based on the redalof Gotvassli (2013))
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Figure B.38 Culvert capacity with projecting inletunder sediment transport — feeding
effect with 876 mm basin length (based on the regalof Gotvassli (2013))
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Figure B.39 Culvert capacity with projecting inletunder sediment transport — feeding
effect with 625 mm basin length (based on the regalof Gotvassli (2013))
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Figure B.40 Culvert capacity with projecting inletunder sediment transport — feeding
effect with 315 mm basin length (based on the regalof Gotvassli (2013))
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Figure B.41 Culvert capacity with wingwalls under £diment transport — length effect
with gradually feeding (based on the results of Gegassli (2013))
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Figure B.42 Culvert capacity with wingwalls under £diment transport — length effect
with all at once feeding (based on the results ofddvassli (2013))
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Figure B.43 Culvert capacity with wingwalls under £diment transport — feeding effect
with 876 mm basin length (based on the results ofddvassli (2013))
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Figure B.44 Culvert capacity with wingwalls under £diment transport — feeding effect
with 625 mm basin length (based on the results ofddvassli (2013))
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Figure B.45 Culvert capacity with wingwalls under £diment transport — feeding effect
with 315 mm basin length (based on the results ofddvassli (2013))
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Figure B.46 Deposited sediment amount in case oftanlet with gradually feeding —
length effect (based on the results of Gotvassli@23))
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Figure B.47 Deposited sediment amount in case oftaalet with all at once feeding —

length effect (based on the results of Gotvassli@23))
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Figure B.50 Deposited sediment amount in case ofwgwalls with gradually feeding —
length effect (based on the results of Gotvassli@23))
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Figure B.51 Deposited sediment amount in case ofwgwalls with all at once feeding —
length effect (based on the results of Gotvassli@23))
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Basin width effect: Slope: 1:9, Basin length: 876 mm, with energyigestson
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Figure B.52 Culvert capacity with cut inlet under diment transport — width effect with
gradually feeding (based on the results of Putri (214))
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Figure B.53 Culvert capacity with cut inlet under fdiment transport — width effect with
all at once feeding (based on the results of Putf2014))
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Figure B.54 Culvert capacity with cut inlet under £diment transport — feeding effect
with 876 mm basin width (based on the results of R (2014))
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Figure B.55 Culvert capacity with cut inlet under fdiment transport — feeding effect
with 438 mm basin width (based on the results of Ra (2014))
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Figure B.56 Culvert capacity with cut inlet under £diment transport — feeding effect
with 292 mm basin width (based on the results of R (2014))
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Figure B.57 Culvert capacity with projecting inletunder sediment transport — width
effect with gradually feeding (based on the resultef Putri (2014))
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Figure B.58 Culvert capacity with projecting inletunder sediment transport — width
effect with all at once feeding (based on the redalof Putri (2014))
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Figure B.59 Culvert capacity with projecting inletunder sediment transport — feeding
effect with 876 mm basin width (based on the reswdtof Putri (2014))
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Figure B.60 Culvert capacity with projecting inletunder sediment transport — feeding
effect with 438 mm basin width (based on the reswdtof Putri (2014))
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Figure B.61 Culvert capacity with projecting inletunder sediment transport — feeding
effect with 292 mm basin width (based on the reswdtof Putri (2014))
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Figure B.62 Culvert capacity with wingwalls under diment transport — width effect
with gradually feeding (based on the results of Put(2014))
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Figure B.63 Culvert capacity with wingwalls under diment transport — width effect
with all at once feeding (based on the results ofulri (2014))
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Figure B.64 Culvert capacity with wingwalls under £diment transport — feeding effect
with 876 mm basin width (based on the results of Rii (2014))
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Figure B.65 Culvert capacity with wingwalls under £diment transport — feeding effect
with 438 mm basin width (based on the results of Ra (2014))
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Figure B.66 Culvert capacity with wingwalls under £diment transport — feeding effect
with 292 mm basin width (based on the results of Rri (2014))
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Figure B.67 Deposited sediment amount in case oftdalet with gradually feeding —
width effect (based on the results of Putri (2014))
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Figure B.69 Deposited sediment amount in case ofwgwalls with gradually feeding —
width effect (based on the results of Putri (2014))
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Figure B.70 Deposited sediment amount in case ofwgwalls with all at once feeding —

width effect (based on the results of Putri (2014))
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Effect of reserve barrel: Slope: 1:9, Basin length: 876 mm, Basin width: @X0m, with

energy dissipation
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Figure B.71 Sediment effect in multi- and single bael system with cut inlet (based on
the results of Faqiri (2014))
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Figure B.72 Sediment effect in multi- and single brael system with projecting inlet
(based on the results of Faqiri (2014))
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Figure B.73 Sediment deposition with multi- and sigle-barrel system in case of cut inlet
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Figure B.74 Sediment deposition with multi- and sigle-barrel system in case of
wingwalls (based on the results of Faqiri (2014))

126



Effect of trash racks and debris deflector:Slope: 1:9, Basin length: 876 mm, Basin width:

1100 mm, with energy dissipation
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Figure B.75 Performance curves in case of cut inletith trash racks (based on the
results of Dirks (2014))
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Figure B.76 Performance curves in case of wingwalisith trash racks (based on the
results of Dirks (2014))
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Figure B.77 Performance curves in case of cut inletith debris deflectors (based on the
results of Dirks (2014))
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Figure B.78 Performance curves in case of projectginlet with debris deflectors (based
on the results of Dirks (2014))
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Figure B.79 Performance curves in case of wingwaligsith debris deflectors (based on
the results of Dirks (2014))
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Figure B.80 B.81 Cut inlet with trash racks — sedirant deposition (based on the results
of Dirks (2014))
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Figure B.82 Cut inlet with debris deflector— sedimat deposition (based on the results of
Dirks (2014))
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Figure B.83 Projecting inlet with debris deflector-sediment deposition (based on the
results of Dirks (2014))
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Figure B.84 Wingwalls with trash racks — sediment dposition (based on the results of
Dirks (2014))
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Figure B.85 Wingwalls with debris deflector — sedirant deposition (based on the results
of Dirks (2014))
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Inlet shape effect
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Figure B.86 Inlet shape effect — Slope 1:5 withownergy dissipation, 315 mm basin
length, 5 kg, 8-16 mm sized gradually fed sedimefibased on the results of Gotvassli

(2013))
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Figure B.87 Inlet shape effect — Slope 1:9 with ergy dissipation, 876 mm basin width,
7 kg, 8-16 mm sized gradually fed sediment (based the results of Putri (2014))
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Figure B.88 Inlet shape effect - Slope 1:9 with engy dissipation, multi-barrel system,
5 kg, 8-16 mm sized gradually fed sediment (based the results of Faqiri (2013))
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Figure B.89 Inlet shape effect - Slope 1:9 with engy dissipation, with sediment
countermeasures, 5 kg, 8-16 mm sized gradually fegdiment (based on the results of
Dirks (2013))
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