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ABSTRACT

Inadequate drainage of surface and subsurface water can have significant impact on
road pavement behaviour and long-term maintenance costs. [nterception of water
before it infiltrates into the pavement foundation is essential unless the soils are truly
free draining. Most pipe culverts are not seen by the travelling public and become
noticeable only when a problem arises, such as flooding or settlement in the
roadway, Occasionally there is an accident because an unexpected hydraulic failure
of pipe culvert causes flood to overtop the roadway. In the past, the 450mm, 600mm.
1200mm and 1800mm diameter pipe culverts were used as cross drainage structures.
Due to the hydraulic inefficiencies of the 450mm and 600mm diameter pipe culverts,
the Ghana Highway Authority and the Department of Urban Roads decided in the
1980s to make the 900mm diamerer pipe culvert (or its equivalent box culvert) the
minimum cross drainage structure for their roads, as a regulatory measure. However.
the hydraulic inefficiencies associated with the 450mm and 600mm diameter pipes
were still found with the 900mm diameter pipes. This therefore necessitated the
study into its hydraulic performance using the reconstructed 30km section of the
Wenchi - Sampa Road in the Brong Ahafo Region of Ghana, as case study. Forty-
five 900mm diameter concrete pipe culverts were covered in the study. The
prevailing conditions at their locations were assessed. Generall ¥, about half the
number G_f-I:h:E Qﬂﬂmm diameter pipe culverts were silted and few had their inlets and
—— —
outlets scoured. The Regional Office of the Ghana Highway Authﬂnt}r was surveyed
— by administering a questionnaire to find from them their inspection and maintenance
programmes for the 900mm diameter pipe culverts on the project road. Much of the

information presented has been taken from the Field Survey Results. Information
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from the literature has also been incorporated and adapted where necessary, to fit

highway needs. Appropriate recommendations were made based on the findings.



TABLE OF CONTENTS

nECLARA11DN;m"m”m"m“m"m“mhm“m“m“mum“m"m_m“m"mhmum"m“mm"m“m“m“mui
o2t S e b - A i e ST

TABLEUFCGNTENT&mMMmmMmmMMmmMmmmmmmmmmmmmmmmmmmmm“mmmmlv
LIST OF TABLES (i)l st T e . |

I, SAERODUC TON oot st st s o 1
L Dkg e Pl e T e 1
12 Problem Definition and USHICHNN ....ccosisiinmie
e G S %
| LT et T ek s O S 4

EORLERRATURE REVIEW. AN M. Mo e o s 5
2.1 Culvert Hydraulics...._. . ;
201 Culverts flowing in Infet Control .. oo A e g L
212 Culverts flowing in Quilet Cum‘m!.................. TR oy o e e
2.1.3  Determination oriTentd.......... S0y Y
244 Outlet Velocity........ . PR S R e e e T
215  [Inlet Efficiency . B g O i 13
2.2 Hydraulic Design u[‘L ulucns .................................................................................................. 13
221  Hydrologic Curasm".,rarmnfar T R T Vet S e
222  Headwater Elevation.. T A T T U e i R ©
223 Tara’wmer.._.....,.___..._... T M T PO e e S . +

=24 Upsiream Storage
2.3 [‘uh-erl anauun.. o

Cr.rcu.n’ur FI}_JEF SR N e L e T e CCL

2.5
252 Multi-Barrel {'u.’verrs.._.___......__. Y A PN ol i s b LA L ]
Culw:ri Eiz:

-----------------------------------------

271 Heudwam. .rznd Wn-rgua!.r‘s v xar SR v L A el e arnt byt r b o]
272 Cutoffwalls.. TR A AP o L i g
28  Deposition in F':pr: Culw:*%s w22
29 Erosion and Seour Prateetion of Pipe Culverts.. . 4 T e e e
2890 Inler. . ;
2.9 l‘_?wfef T b TP oI s ek s pv sl e b g
293 Scour Protest S o ———— et 5 e v 84
2,10 s A T N S e i S 24
2,001 Straight Stream Channel ..., ..o
2102 Braided Stream ........... ... e s S S 25
2103 — Meandering Sreams. .. A e e e e e G
2.11 Factors that affect Stream Chanmnel ":mhrlm .......... R R U s A e S e 26
2.12 Hydraulic-Related Maintenance Cansiderations e e G
213 Design and Construction of Pipe Culverts In Ghana,..._... .. e

ke (,omfmrfmn S S
CHJ‘\PTF-R 3------1-v-------+n----"--'lllI-----lun----ur-.---- EEmEmnmn R L L E T T e pan e
3 MLIHGDDLOG'&' ................................................................................................................. 31
3 Ihinlall fﬂPGEfﬂi}h}' and Genlug, ARG B0 nc ey oo ey e e 32
3, Survey Approach

331 Field Survey ..

i O

...................................................................................................................



132 Administration of Questionnaire 1o Road Managers on pipe culvert maintenance . 34

CHAPTER 4....ciiiecmmrssrsssescsers e O
4, REG P DS OURRION o i ol menmamroncsmeorsr e 34
b el L G R S 15

4.2 The effects of Culvert Location and Channel LT R T e 4

4.3 The effects of Slope of the area....vceen e e e T S HIRE L RS 39

4.4 The effects of multi-barrel culverts...._ .. Tt o =y g 42

4.5 The effects of Stream o Runoff ChARNCT PAIEI ..ceermrnommmomss 43

4.6 The effects of Weedy Channel............. .. ... e T N N T |
I L OB o B S S 45

O e P U R it 17

44  The performance of 1200mm- and 1800mm diameter o]0 57 T R SR s on i 48

4. 10 ReView af the QUESHONNRILE .....ccoiicciliimiciesissoe s o I ]
CHAPTER o e e e TSR B S b s s et s e ]
5. COMNCLUSIONS AND BB LI 5 S AT e e b I 51
SR REDERRIEIONE v oottt S i o s e e ey 51

T RO RUERIIIDNIS . o1 S By e et 2
R_EFERENCES .......... e £5
AFP‘EH[}IICES ........................ e M T
APPENDIX A — QUESTIONNAIRE FOR ROAD MANAGERS OGN MAINTENANCE OF PIPE CULVERTS ... 58
APPENDIX B ~ FIELD SURVEY RESULTS ...oiiiciiii Praf st e sl b e



LIST OF TABLES

Table 2.1 - Minimum Depth Requirements..................... ... 21

Table 4.1 - 900mm diameter pipe culverts locations. ..., 37
Table 4.2 - Upstream and Downstream e e e 40
1851 4.3 < Multi-bariel pipe eulverts...\. ool 42
SREIG = SUSARVRUBOH Qo  PRHEEN. ... vt ciasisons oo 43
U B T e U S 44
Table 4.6 - Silted 900mm diameter L T T 46
Table 4.7 - Degraded Pipe Culvert Channel..............................__ 47
Table 4.8 - Questionnaire on pipe culvert maintenance BEEPONSE. o ks 50

vl



LIST OF FIGURES

Figure 1.1 - Location of Wenchi— Sampa Road............................_______ A
Figure 2.1 - Inlet of pipe culvert with headwall and ol o IR SRR, |
Figure 2.2 - Flow Profiles for culvert in Inlet S O,
Figure 2.3 ~ Flow Profiles for culvert in Outlet i U o o o, O 10
Figure 2.4 - Culvert Located in HaturulE‘hannrl....,....................,.__...,........._...IT
Figure 2.5 — Methods of Culvert R R SR, ©
Figure 2.6 - Stream channel L s OO SR |
Figure 2.7 — 900mm diameter pipe culverts under construction.............................30
Figure 3.1 — The Project il e e S o
Figure 4.1- Flow approaching 900mm diameter pipe culvertinlet.......................38

Figure 4.2 — Pipe culvert in natural channel: Outlet of 1No. 900mm diameter

pipe culvert at km s R T
Figure 4.3 — Pipe culvert in natural channel: Inlet of 1No. 900mm diameter pipe

culvert at km g MR T PRI . |
Figure 4.4 — Scoured outlet of 1No. 900mm diameter pipe culvert at km 4+900 —

(2.5 - 4.5% slope BICARNI. ... 7 B i L L e |
Figure 4.5 — Silted inlet of 1No. 900mm diameter pipe culvert at km 2+590 —

(0.5 1.0% slopearea)..................... B T e e o
Figure 4.6 - Silted inlet of 3No. 900mm diameter pipe culvert at km 284125 -

(0.5 - 1.0 % slope Lt RIS L R
Figure 4.7 - Silted inner barrel of 2No. 900mm dia. pipe culvert at km 21+800......... 42
Figure 4 8 — Braided outlet of 3No. 900mm diameter pipe culvert at km 28+125.. . .43
Figure 4.9 - Meandered outlet of 2No. 900mm diameter pipe culvert at km

3+f38 BT eEr A 44
Figure 4.10 -Weedy outlet of INo, 900mm diameter pipe culvert at km 3+410..........45
Figure 4.11 - Weedy outlet of 2No. 900mm diameter pipe culvert at km 9+475... ... . 45
Figure 4.12 - Silted inlet of 1No, 900mm diameter pipe culvert at km 29+525...... ... .46

Figure 4.13 = Degraded-outtetof TNo. 900mm diameter pipe culvert at km 4+900...... .47
Figure 4.14 - Weedy and silted inlet of |No. 1800mm diameter pipe culvert at km
Figure 4,15 - Weedy and silted outlet of 2No, 1800mm diameter pipe culvert at km



ACKNOWLEDGEMENTS

I am grateful to the Kwame Nkrumah University of Science and Technology.
Ministry of Transportation and the Ghana Highway Authority for their extensi ve

support of this project.

I 'would like to offer special thanks to all my Lecturers especially Dr. |, K.
Nyameche, Dr. S. I. K. Ampadu, Dr. M. Salifu. Dr. Y. A. Tuffour and Mr, C. A,

Adams for their constructive criticism and encouragement,

[ am indebted to Dr. |, K. Nyameche for spending sleepless nights to review the

project report and advising accordingly,
Thanks to my esteemed colleagues for their understanding and patience.

Finally. it is a great pleasure for me to acknowledge the patience and support of my

family, who have been silent partners in this eflort.

viii



CHAPTER 1
1. INTRODUCTION

1.1 Background of the Project

One of the most important aspects of the design of a road is the provision made for
protecting the road from surface water or groundwater. The road pavement will fail if
water is allowed to ingress into it. This means a good road drainage system should be
provided to take the water away from the roadway. This road drainage system
consists of roadside drains, subsurface drains and eross drains. The cross draing carry
water from one side of a road to the other and this could be bridges, box culverts.
pipe culverts, drifts and vented fords, The selection of any of them depends on the
location of the structure, the hydrologic characteristics of the watershed through
which the road passes, the flow of water passing under the road, the level of traffic

and the cost involved.

The principal function of culvetts is to convey water through the road embankment
while at the same time supporting the weight of overlying fill and traffic: it can be
box or pipe. There are various sizes of pipe culverts available in the country and in
the past sizes of 450mm, 600mm, 900mm. 1200mm and 1800mm diameters were
used as cross drainage structures depending on the amount of runoff that was to be
cnnveygq;acruss the road. However, in the 1980s. due to the rapid hydraulic failure
uflh&'ﬁﬁ_ﬂrﬁ;z;l and lﬁém_ n.‘:iamﬂter pipe culverts and the difficulty of

___——maintaining them, the Ghana Highway Authority and the Department of Urban
Roads decided to use the 900mm. 1200mm and 1800mm diameter pipes depending
on the flow of water, thus instituting 2 regulatory measure of using the 900mm

diameter concrete pipe culvert (or its equivalent box culvert) as the minimum cross-
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drainage structure for their roads. Easy entry into the culvert for maintenance (where
and when required) was the main criteria for the regulatory measure. The 600mm
diameter pipes were recommended for use as access culverts and it has been the

practice up to today.

The single 900mm diameter pipe culvert therefore became the minimum ¢ross
drainage structure for roads managed by the two agencies throughout the country, All
estimated runoffs crossing a road that could be contained by 450mm and 600mm
diameter pipes were sized using 900mm diameter pipes because of the regulatory

measure,

In Ghana, the most commonly used culverts are the circular concrete pipes. This
shape is preferred due to the available structural options for various fill heights,
Various standard lengths of circular pipe in standard strengths and classes are usually
available from local suppliers at a reasonable cost. Pipe culverts are also used
because of the small volume of excavation required for their installation and the ease

ol construction.

1.2 Problem Definition and Justification

The 900mm diameter pipe culvert is now the minimum size used as cross drainage
structure; it requires that small volume of excavation be done during its construction.
This giﬁ;;utverl is foundTrsingles and multiples, on all the roads in the country.

Although it is relatively easier to maintain than the 450mm and 600mm diameter

e | e
pipe culverts, it is still susceptible to many types of problems found with the 600mm

and 450mm diameter pipe culverts. The more serious problems are the following;

* debris blockage,



* overtopping and washing out of embankments,
* aggradation of river beds requiring frequent cleanout,

* undermining due to artificial deepening of channel especially at the

outlet end,
o erosion of fill at the inlets and
* pullet ernsion

These hydraulic problems of the culvert are evident on most of the roads in the
country. Thus, the problems which plagued the 450mm and 600mm diameter pipes
have not been solved by the regulatory measure. The result is that there is reduction
in its performance and the service life, This, therefore, calls for research into its

hydraulic performance so as to improve its working efficiency. This study is the first

of its kind in Ghana.

The reconstructed section of the Wenchi — Sampa road has 82% of its cross drainage
structures being 900mm diameter pipe culverts. The road has. therefore, been chosen

tor a case study into the hydraulic performance shortfalls of this pipe culvert.

1.3  Objectives
The objectives of the'sTudy are the following:

* To assess the prevailing conditions at the 900mm diameter pipe

culvert locations on the road.

* To investigate the hydraulic performance of this culvert on the road,

fad



» To determine the construction and maintenance interventions which

will help promote the hydraulic performance of this culvert.

It is worth noting that culverts can also be assessed on such aspects as their structural
performance, environmental impact, etc. The main emphasis in the study is the

hydraulic performance.

1.4 Scope

The study was limited to the first 30km of the reconstructed Wenchi-Sampa road as
shown in Fig.1.1. This covered all the 900mm diameter pipe culverts (singles and
multiples). The hydraulic performance of the bigger sizes, which are 1200mm and
1800mm diameter pipe culverts, were also investigated and the results compared to

those of the 900mm diameter pipe culverts..

Figure 1.1 — Location of Wenchi — Sampa Road ——
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CHAPTER 2
2. LITERATURE REVIEW

The most comprehensive publications available in the Iterature dealing with culvert
design are the AASHTO Highway Drainage Guidelines and the Ontario Ministry of
Transportation and Communication (MTC) Drainage Manual. These publications
feature sections on design considerations, conventional culvert design, culvert end
treatment and design, list of figures, design charts, performance curves, tables and

forms.

Both AASHTO Drainage Guidelines and Ontario MTC Drainage Manual define
culvert hydraulics design in terms of inlet and outlet control depending on the
variables that influence the head required to push the flow through the barrel. Inlet
control occurs for steep culverts flowi ng with free surface where flow goes through
critical depth near the inlet. Flow in the culvert barrel below the critical depth section
is supercritical flow that does not propagate downstream surface disturbances
upstream. The only variables that affect the headwater are the discharge intensity and
the geometry of the inlet, Outlet control oceurs for gentle slope culverts where free
surface flow is sub-critical and for any slope when the barrel is com pletely
submerged. In these cases, the tailwater, which is typically known, is the control, and
the hﬂﬂd_jfgater 1s affected by tailwater depth, outlet loss. friction loss, elevation

’ e --r"'"'r._._-—-_— ! - . . ! i
difference. and the éntrance loss (which is a function of the discharge intensity and

___the inlet geometry),

The hydraulic performance and backwater at various stream stages are the first

measures generally used to judge the acceptability of an alternative highway stream

crossing system design. The introduction of a constriction in a stream channel with

wn



supercritical flow conditions, such as highway crossing, will not cause backwater
above the constriction. Constriction results in the conversion of potential energy (o
kinetic energy and, therefore there is rise to the water surface elevation upstream n-.l‘
the introduced constriction as far as the constriction is minor and does not cause a

hydraulic jump to oceur at the outlet,

A highway facility, like the pipe culvert (Fig. 2.1), which constricts a stream with
sub-critical flow conditions will cause higher water surface elevations upstream of
the crossing than prevailed during floods prior to construction of the facility. The
higher water surface elevations represent the amount of kinetic energy converted to
potential energy to overcome losses comprised principally of contraction and
expansion losses. Other losses include those from friction from longer paths and if
submerged. Friction losses can be significant if the flood plain constriction is
relatively severe and the resistance to flow in the flood plain is high, as in forest

areds,

The increase in water surface elevation upsiream of the culvert is refarred to as
backwater. It is measured upstream of the waterway opening above the theoretical
water surface elevation prior to construction of the culvert. Backwater above a
culvert will cause incremental depth and duration of flooding, and increased area of
inundatinnﬁi_‘nr a given flood magnitude. The incremental flooding associated with
various flood Hﬂagnim es should_he considered in evaluating the risks associated
___with alternative designs of the culvert, The effects on the velocities. flow

distribution, stream environment, scour, construction cost, and risk costs are highly

responsive to the total design of the culvert.



Figure 2.1 - Inlet of pipe culvert with headwall and wingwall

[Drainage Criteria Manual ( Kelly, 2001)]

2.1 Culvert Hydraulics

The culvert size and type can be selected after the determination of the design
discharge. culvert location, tailwater and controlling design headwater, The location
at which a unique relationship exists between the flow rate and the depth of flow
upstream from the culvert is the control seetion {Garber and Hoel. 1992). The control

section of the culvert is used to classify different culvert flows.

2.1.1 Culverts flowing in Inlet Control
Most culverts operate under inlet control which occurs when the culvert barrel is

capable of carrying more flow than the inlet will accept. The flow in culverts

_F"-FFF

operating under inlet eorol conditions is supereritical within the culvert barrel with
high velocities and low depths {W.do’[.ca,gnvthmppdfhdmfpdf'feng!ishﬁ:hp
000

0820.pdf). As discussed earlier, factors that affect the hydraulic performance of a

culvert under inlet conditions are:

* the headwater depth,



e the inlet area.
» the inlet shape, and

¢ the inlet edge

In all culvert design, headwater (HW ) or depth of ponding at the entrance to a culvert
(Fig. 2.2) is an important factor. When a given culvert operates under inlet control.
the headwater depth determines the culvert capacity with the barrel usually flowing

only partially full (Jacobsen, 1995).
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Figure 2.2 — Flow Profiles for culvert in Inlet Control
[Ontario MTC Drainage Manual (Harris, 1985)]



2.1.2 Culverts flowing in Outlet Control

A culvert flows under the outlet control when the barrel is incapable of transporting
as much flow as the inlet opening will receive (Garber and Hoel. 1992). Factors th-;.lﬂ
affect the hydraulic performance of culverts under outlet control include that of the

inlet control and

e taillwater depth and

* certain culvert characteristics, which include the roughness, area, shape and

length.

Outlet control is the more general case where the entrance loss is just one component
that affects the headwater and usually is not the dominant component compared 1o
the tailwater elevation and friction in the barrel. The hydraulic analysis of culverts

flowing under outlet control is based on energy balance..

2.1.3 Determination of Head

The head H (Fig. 2.3), or encrgy required to pass a given discharge through a culvert
in outlet control with full flow throughout its length, is made up of three major parts.
These parts are usually expressed in metres of water and comprise the velocity head

within the barrel H,, the entrance loss H.. and the friction loss Hy.
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Figure 2.3 — Flow Profiles for culvert in Outlet Control
[Ontario MTC Drainage Manual (Harris, 1985))

The energy is derived from ponding of water at the entrance and from the velocity

head in the entrance pond, and can be expressed in equation form:
H=H,+ H.+ Hy (2.1)

The velocity head H, is given by

e == __.;--"'"-_-___._
=V/2¢g (2.2)
where V is the mean velocity in (he culvert barre] (m/s) and g is the acceleration due
to gravity (9.81 m/s*), The mean velocity is the discharge Q, in m™/s, divided by the

cross-sectional area A, in m?, of the barrel.



The entrance loss H. depends upon the geometry of the inlet edge. This loss is

expressed as a coefficient k. times the barrel velocity head, or
H. = k. V128 (2.3)
where V = mean velocity in the culvert cross-section (m/s).

The friction loss Hy is the energy required to overcome the roughness of the culvert

barrel:
He=[19.6n"L/R" *)v?12g (2.4)

where n = Manning roughness coefficient.

L = length of culvert barrel (m),

V = mean velocity of flow in culvert barrel (m/s).

g = acceleration due to gravity (9.81 m/s%),

R = hydraulic radius = A/P (m),

A = cross-sectional area of flow (m?),

p = wetted perimeter (m).

-

Substifuting in equaim simplifying, we get for full flow:

—-—-_._-_._

H=[1 +ke+19.6n°L/R"¥] v?i2¢g (2.5)
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2.1.4 Outlet Velocity

The outlet velocity of culverts is the velocity measured at the downstream end of the
culvert and it is usually higher than the maximum natural stream velocity [Ilighw;y
Drainage Guidelines, 1992). In erodible soils this may result in a scour hole
immediately downstream. The outlet velocity should be calculated at sites where
erosion may be harmful, to ascertain whether erosion control measures or
medifications to the culvert design are required. The slope and roughness of the

culvert barrel are the principal factors affectin g outlet velocity,

Outlet velocities for culverts flowing in inlet control may be assumed equal to the
mean velocity of flow in the culvert, This may be determined based on Mannings

equation:
V = (R"78" 3y (2.6)
where V = mean velocity of flow (m/s).
R = hydraulic radius (m),
S = culvert bed slope and
n = Manning’s roughness cocfficient

In nytli;-_f_f_égntm], thE_-gijmJ.re%acity is the discharge divided by the cross-sectional

area of flows at the outlet. This flow area is measured up to the critical depth or

Ao Bl
tailwater depth, whichever is higher, but cannot exceed the full area of the culvert

(Harris, 1985).



2.1.5 Inlet Efficiency

The capacity of a culvert operating in inlet control can be significantly increased by
providing an efficient inlet, which reduces the flow contraction at the entrance and |
increases the flow depth in the barrel. Inlets of skewed culverts should preferably be
oriented normal to the stream flow, for both hydraulic and structural reasons. This is
especially important for multi-barrel culverts, since inlets parallel to the highway
may cause unequal flow and sedimentation. In outlet control, the entrance losses, and

major inlet improvements are not justified (Harris. 1985).

2.2 Hydraulic Design of Culverts

The ultimate objective in determining the hydraulic requirements for any drainage
structure is to provide a suitable structure size that will economically and efficiently
dispose of the expected runoff. Certain hydraulic requirements should also be met to
avold erosion and/or sedimentation in the system. Drainage structures should be
sized such that the headwater eleyation resulting from the design discharge is
somewhat lower than the road shoulder break point at the low point in the road. This
difference in level is referred to as the freeboard. The freeboard will vary according
to the importance of the road but is ustally set at 250mm for maior roads and 100mm

for minor roads (Harris, 1985),

2.2.1 Hydrologic Consideration for Culverts
gL
In order to determine requircments for culvert as cross drainage structures,
___—information must be collected and predictions made about the level of traffic and the
likely flow of water passing under the road, This enables decisions to be made about

the size of the structure and the number required. In order to determine the maximum



likely flow of water to be accommodated by the chosen structure, information may

be needed on the following:

* water catchment area

« rainfall characteristics

* topography

* vegetation and soils

» catchment shape

* available storage upstream and

» urban development (if any)

The peak flow rate can be obtained from many rainfall-runoff models such as the

unit hydrograph at the culvert site or by using the Rational formula,
Q=0278C. 1 A, (2.7

where Q is the peak flow rate [11'13-"5}, C 15 the runoff coefficient, [ is the rainfall
intensity (mm/hr) and A the catchment area (km®). The return period is selected such
that construction and maintenance costs balance the probable cost of damage to

adjacent properties if the storm should occur (Garber and Hoel, 1992),

2.2.2 Headwater Elevation
Any Cifﬁ';rt.which constriets-the natural stream flow will cause a rise in the upstream

water surface to some extent. The total flow depth in the stream measured from the
gl =

culvert inlet invert is termed headwater, Desi gn headwater elevations and selection

of design floods should be based on these risk considerations:

. L
* damage to adjacent property, TWang Hﬂiﬁ: R&Rr
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* damage 1o the culvert and the roadway,

* traffic interruption,

* hazard to human life, and

* damage to stream and floodplain environment ( Highway Drainage Manual,

1992).

The headwater elevation for the design discharge should be at least 0.5m below the
edge of shoulder elevation. A ratio between headwater depth and hei ght of culvert
opening (HW/D) equal to 1.2 is recommended in cases where insufficient data are
available to predict flooding effect from hi gh headwater. Headwater depth is a
function of the discharge, the culvert size and the inlet configuration (Jacobsen,

1995).

2.2.3 Tailwater

Tailwater is the flow depth in the downstream channel measured from the invert at
the culvert outlet. It is an important factor in culvert hydraulic design because a
submerged outlet may cause the culvert to flow full rather than partially full
(Highway Drainage Guidelines, 1992), High tailwater elevations may occur due to
the hydraulic resistance of the channel or during flood events if the flow downstream

is obstructed (Garber and Hoel, 1992),

A field inf._ﬁ;_;.;ljun of Eljg_ggﬂumam channel should be made to determine whether

there are conditions that facilitate high tailwater elevations. These conditions include
S

* channel constrictions,
® intersections with-other water courses,

® downstream impoundments,



® channel obstructions and

o tidal effects

If these conditions de not exist, then the tailwater elevation is based on the elevation

of the water surface in the natural channel (Garber and Hoel, 1992),

2.2.4 Upstream Storage

The ability of the channel to store large quantities of water upstream from the culvert
may have some effect on the design of the culvert capacity. The detention of flood
flows in lakes and wetlands can greatly reduce peak rates of runoff. The storage
capacity upstream should therefore be checked using large-scale contour maps, from

which topographic information is obtained (Garber and Hoel, 1992),

2.3 Culvert Location

The most appropriate location of a culvert is in the existing channel bed (Fig. 2.4),
with the centreline and slope of the culvert coinciding with that of the channel, At
this location the minimum cost associated with earth and channel work is achieved
and stream flow disturbance is minimized. The basic principle used in locating
culverts is that abrupt changes at the inlet and outlet of the culvert should be avoided

(Garber and Hoel, 1992).

Culvert Iggatinns normal to the roadway centreline are not recommended where

severé'b?;br:;i:;t chanmuel alignment are required upstream or downstream
__—ofthe culvert (Fig. 2.5). Abrupt changes in channel alignment downstream of

culverts may cause erosion on adjacent properties. Short radius bends are subject to

erosion on the concave bask and deposition on the inside of the bend.. Abrupt

changes to a flatter grade in the culvert or in the channel adjacent to the culvert will
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induce deposition. hh“ﬁwunﬂmmwhwm

(Highway Drainage Guidelines, 1992)
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Figure 2.4 - Culvert Located in Natural Channel
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Figure 2.5 Methods of Culvert Locations
[Highway Drainage Guidelines (1992)]
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2.4 Culvert Classes

Culverts may be divided into two broad classes, the closed mvert type and the open
footing type. The closed invert type such as pipe or box culverts, have invert which
torms an integral part of the structure (Harris, 1985). Open footing culverts usually
have inverts of natural material such as soil or bed-rock, but may occasional ly be
provided with a floor of concrete or gabions which is not structurally integral with
the walls. Closed invert culverts can withstand much hi gher velocities and therefore

require smaller barrels than open footing culverts for the same d ischarge.

2.5 Culvert Shape and Cross-section

The most suitable cross-sectional shape of culvert depends largely on the height of
fill and depth of flow (Harris, 1985). Circular, rectangular or arch shapes of equal
hydraulic capacity are generally satisfactory. However, it is often necessary for the
culvert to have a low profile because of the terrain or limited fill heights.
Construction cost, the potential for clogging by debris, limitations on headwater
clevations, fill height, and the hydraulic performance of the design alternatives enter

into the selection of the culvert shape,

2.5.1 Circular Pipes
The circular shape is the most common shape manufactured for pipe culverts. It is
h ydrau!ic?{ﬁ}f and structurally efficient under most conditions. Possible hydraulic
drawbacks are that circular pipe generally causes some reduction in stream width
T 4 " :
during flows. It is also more prone to clogging than some other shapes due to the

diminishing free surface as the pipe fills beyond the midpoint (www.ct.govidot/

cwp/view.asp?a=3200 2601 16) ,



2.5.2 Multi-Barrel Culverts

Culverts having more than one barrel or cell may be necessary for wide streams
having relatively low depths of flow, and for shal low fills. Multi-barre] culverts
suffer the disadvantage that on debris-carrying streams they are more susceptible to
blockage, and on curved stream alignments, the inner barrel is more prone to silt
deposition (Harris, 1985). The practice of altering the channel geometry to
accommodate a wide culvert will generally result in deposition in the widened
channel and in the culvert (H ighway Drainage Manual, 1992). To avoid widening of
the natural channel, provide overflow (flood) relief, support environmental
preservation, and to reduce sedimentation and debris problems, it is good practice to
install one barrel of the multiple-barrel culverts of the flow line of the stream while
the other barrels are set at slightly higher invert elevation (Highway Drainage

Guidelines, 1992),

2.6  Culvert Size

Some of the standard sizes of pipe culverts are 450mm diameter. 600mm diameter.
900mm diameter, 1200mm diameter and 1800mm diameter. Connecticut Department
of Transport Drainage Manual recommends that 600mm diameter should be the
minimum size for circular shapes as cross drainagé to avoid maintenance problems
and clogging. In New Zealand, the recommended minimum diameter is 300mm and

-

the reasenris that smal-cilverts are easily blocked by only a small amount of debris

(www.mfe.govt.nz/publications/land/ culvert-bridge-Oct04/himl/page2 html), The
ek

Transport and Road Research Laboratory (TRRL) recommends in Overseas Road
Note 5 (1988) that pipes of less than 1000mm should not be used hecause they are

difficult to maintain, In Ghana, the recommended minimum size of pipe [or cross

drainage is 900mm diameter.
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2.7 Culvert End Treatment

The term end treatment encompasses the shape of the culvert ends, end structures
and erosion control measures for the adjoining fill and channel (Harris, 1985). Some

of the typical culvert ends include

* headwalls and wingwalls,
e cutoff wall (toe wall),

® projecting ends,

* mitered ends, and

® pipe end sections

Headwalls and wingwalls, and cutoffs are the culvert end treatments found on the
project road. Culvert end treatments may be required to perform one or more of the

following functions:

* 1o prevent erosion of the fill,
* to improve culyert capacity,
* (o inhibit seepage through the bedding and backfill,

® o retain the fill.

to prevent the undermining of culvert ends,

* toimprove aesthetics,
== = _,_,..-o—'—""-_--_._
® 1o resist hydraulic uplift forces, and

— * tomeet traffic safety requirements,
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2.7.1 Headwalls and Wingwalls

Headwalls and wingwalls are generally cast-in-place concrete structures commonly .
constructed on the ends of culvert barrels. Although headwalls are ske wed to the
culvert barrel to fit the embankment slope, an alignment normal to the direction of
flow provides a more hydraulically efficient opening (Highway Drainage Manual,
1992). Headwalls should extend at least 0.3m above high water or flood level and
should be long enough to keep the fill out of the waterway. If a concrete or gabion
apron is provided to prevent undermining of wingwalls a cutoff should be included.
Slope paving should be keyed into the slope at its ends to prevent undermining

(Harris, 1985),

2.7.2 Cutoff walls

A cutoff (toe wall) is a vertical wall constructed below the end of a culvert, apron or
other structure to prevent undermining or uplift, Concrete cutoffs shall extend at least
0.5m below the estimated limit of scour subject to the following minimum depth
requirements in Table 2.1, The minimum depth requirements shall not apply if highly

scour-resistant material is encountered at a higher elevation (Harris, 1983).

Table 2.1 - Minimum Depth Requirements

Span or diameter(m) Maximum depth below _1

_ culvert invert (m)

e

“Tp6le — 1.0

_———  More than 1.0 1.2

[Ontario MTC Drainage Manual (Harris, 1985)]
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2.8 Deposition in Pipe Culverts
Deposition oceurs in culverts because the sediment transport capacity of flow within
the culvert is often less than in the stream. The following factors contribute 1o

deposition in culveris:

* at moderate flow rates, the culvert cross-section is larger than that of the
stream, thus the flow depth and sediment lransport capacity is reduced,

® point bars form on the inside of stream bends and culvert inlets placed at
bends in the stream will be subjected to deposition in the same manner. This
effect is most pronounced in multiple-barrel culverts with the barrel o the
inside of the curve often becoming almost totally plugged with sediment
deposition, and

* abrupt changes to a flatter grade in the culvert or in the channel adjacent to
the culvert will induee deposition. Gravel and cobble deposils are common
downstream from break in grade because of the reduced transport capacity in

the flatter section (Highway Drainage Guidelings. 1992).

2.9 Erosion and Scour Protection of Pipe Culverts

2.9.1 Inlet

Unchecked erosion is the prime cause of culvert failure. At culvert inlets erosion may

be cgu_séid by high inlet Hewvetocity. Where the flow enters the transition between

the embankment and the wingwalls, high local velocities and flow disturbances are
e

expected, justifying the slope protection to be extended a certain distance beyond the

wingwalls upstream. In cases where it is impossible to locate the culvert in the same

direction as that of the stream, for example, culverts carrying water below the road

from one side ditch to the other, water may flow along the embankment before



entering the culvert. As runoff begins, the water will flow along the embankment
with a relatively small depth, but not necessary with a low velocity until reaching the
culvert entrance. Care should therefore be taken to protect the embankment upstream
of the culvert from erosion. If the flow velocities near the inlet indicate a possibility
of scour threatening the stability wingwall footings, erosion protection should be
provided. A concrete with cut off wall between wingwalls is the most satisfactory

means of providing protection (Jacobsen, 1995).

2.9.2 Outlet
Erosion at culvert outlets is a common problem. Determination of flow condition,
scour potential and channel erodibility at the outlet should be standard procedure in
the design of all road culverts. A reasonable procedure is to provide at least
minimum protection and then inspect the outlet channel after major rainfalls 1o
determine if the protection must be increased or extended. Two types of scour can
oceur in the vicinity of culvert outlets — local scour and general channel degradation.
Local scour is the results of high velocity flow at the culvert outlet, but its effect
extends only a limited distance downstream. Natural channel velocities are almost
universally less than culvert outlet velocities. because the channel cross-section
including its flood plain is generally larger than the culvert flow area. Channel
degradation may proceed in a fairly uniform manner over a long length, or may be
evidemiﬁ;;E'ﬁr more abrupl drops progressing upstream with every runoff event,
The latter type referred to as head cutting. can be detected by periodic maintenance
I
inspections following construction. The highest velocities will be produced by long,
smooth-barrel culverts on steep slopes. These cases will no doubt require protection

of the culvert channel at most sites. However. protection is also often required for

culverts on mild slopes (Jacobsen, 1995).



o —— Broces Stroight

2.9.3 Scour Protection

To prevent scour at outlet, energy dissipators such as drop structures, riprap basin, :
stilling basin, etc. are the most far-reaching anti-erosion devices. Standard practice is
often to use the same treatment at the culvert entrance and exit. [t is important to
recogmze that the inlet is designed to improve culvert capacity or reduce head loss
while the outlet structure should provide a smooth flow transition back to the natural

channel (Jacobsen, 1995),

2.10 Stream Channel Types

Streams are classified in two broad general categories, those with floodplains and
those without. Floodplains are usually not a direct result of large flood flows but
rather the result of lateral movement of the stream from one side of the plain to the
other through geologic time, Streams are more specifically classified as straight,
meandering or braided (Highway Drainage Guidelines. 1992). Figure 2.6 shows the

different types of channel characteristics.

ld-un-dqrmg

Figure 2.6 — Stream channel types
[Highway Drainage Guidelines (1992)]

24



2.10.1 Straight Stream Channel

Straight channels are sinuous to the extent that the thalweg (that is, path of deepest .
flow) usually oscillates transversely within the low flow channel and the current is
deflected from one side to the other. The current oscillation usually results in the
formation of pools on the outside of bends while lateral bars, resulting from
deposition, form on the inside bends. Artificial straight channels in alluvium may be
very unstable. Straightening of meandering channels results in steeper gradients and
degradation and bank caving upstream are common as the stream attempts to
establish equilibrium. The eroded material will be deposited downstream resulting in
reduced stream slopes, reduced sediment transport capacity, and possible braiding

(Highway Drainage Guidelines, 1992),

2.10.2 Braided Streams

A braided stream is one that consists of multiple and interlacing channels. Causes of
braiding are bank caving and a large quantity of bed load which the stream is unable
to transport. Deposition occurs when the supply of sediment exceeds the stream’s
transport capacity. As the stream bed aggrades from deposition, the downstream
channel reach develops a steeper slope which results in inereased velocities. Multiple
channels develop on the milder upstream slope as additional sediment is deposited

within the main channel and these interlaced channels cause the overall channel

-

—

system to widen, resultiag-radditional bank erosion. The eroded material may be

deposited within the channel to form bars which can become stabilized islands. A
s i

braided stream is difficult to stabilize in that it changes alignment rapidly, is subject

to degradation and aggradation, is very wide and shallow even at flood stage and is,

in general, unpredictable (Highway Drainage Guidelines, 1992).
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2.10.3 Meandering Streams

A meandering stream consists of alternating bends of an S-shape. In alluvial streams,
the channel is subject to both lateral and longitudinal movement through the
formation and destruction of bends. Bends are formed by the process of erosion and
sloughing of banks on the outside of bends and corresponding deposition of bed load
on the inside of bends to form point bars. The point bar constricts the bend and
causes erosion in the bend to continue, accounting for the lateral and longitudinal
migration of the meandering stream. As a meandering stream moves along the path
of least resistance, the bends will move at unequal rates because of differences in the
erodibility of the banks and floodplain. Bulbs form which are ultimately cut off
resulting in oxbox lakes. After a cutoff is formed. the stream gradient is steeper and

the stream tends to adjust itself upstream and downstream.

Modification of an alluvial channel from its natural meandering tendency into a
straight alignment usually requires confinement within the banks. A stream thus
confined may become braided or degrade its bed due to the steeper gradient in the
straight alignment. When an unprotected straight channel is constructed, the current
will tend to oscillate transversely and initiate the formation of bends. Eventually, the
straight channel reaches may be destroyed as a result of the natural migration of

meanders upstream of the modified channel (Highway Drainage Guidelines, 1992).
=

= ! e
2.11 Factors that affect Stream Channel Stability

— Factors that affect stream stability and potentially culvert and highway stability at
stream crossings, can be classified as geomorphic factors and hydraulic factors

(Www.ct.gov /dovewp/view.asp?a=3200 260116), Geomorphic factors include:

*  siream size,
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* valley setting,

® sinuosity,

width variability,

natural levees,

bed material,

flow habit,

tflood plains,

channe| boundaries.

degree of braiding,
® tree cover on banks,
* bar development, and

® apparent incision

The hydraulic factors include

magnitude, frequency and duration of floods,

bed configuration,
* resistance to flow and

* water surface profiles

Rapid and unexpected changes may oceur in the streams in response to man's

activities m the watershed such as alteration of vegetative cover. Changes in
———Tmperviousness can alter the hydrology of a stream, sediment yield and channel

geometry. Channelization, stream channel straightening, stream levees and dikes,

culverts and bridges, reservoirs and changes in the land use can have major effects on

stream flow, sediment transport and channel geometry and location (www.ct.gov
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Idot/cwp/view.asp?a=3200 2601 16). Natural disturbances such as floods, drought,
carthquake, landslides and forest fires can also cause large changes in sediment load

and thus major changes in the stream channel.

2.12 Hydraulic-Related Maintenance Considerations
A comprehensive programme of channel maintenance should include periodic
inspections and routine repair of these facilities and extraordinary inspection and

repairs following major floods. The maintenance programme should include removal

of

* rtubbish,
* sediment and

o debris

Channel linings should be promptly repaired to prevent extensive damage during
subsequent floods, The growth of weeds, brush and trees in a channel may reduce the
conveyance efficiency well below design values. The channel may also reshape and
realign itself in response to natural or man-made morphological changes. For this
reason, a channel must not be re-graded simply to maintain the as built geometry. In
many instances, the re-grading effort will prove expensive and fruitless as the
channel 1wﬂl only revert to a more natural shape and alignment. Major channel
reconstriction should betndertaken only when it is determined that extensive
____rs_c_unstruclinn is necessary to repair damages or increase the hydraulic capacity of

the channel. This does not preclude maintenance gangs from accomplishing channel

cleaning and minor erosion repair (Highway Drainage Guidelines, 1992),
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2.13 Design and Construction of Pipe Culverts in Ghana
2.13.1 Design

The return period used for the hydrological analysis is 15 vears. The maximum
runoff from the catchment is obtained fro the Rational Formula (equation 2.7), Most
of the culverts are designed as performing under inlet conditions. The pipe discharge

is obtained from the equation:

Q.= AV (2.8)
where Q. = Pipe Discharge Capacity ( m'/s)

A = Sectional Area (m?)

V = Average Velocity of Flow (m/s)

The actual sectional area of discharge includes a clearance of 20 - 30% to serve as a

freeboard (Road Design Guide, 1991).

[f nomographs are to be used then Headwater to Diameter ratio (HW/D) of 0.8 is to
be used to determine the pipe discharge. The 0.2 serves as a freeboard. A minimum
velocity of 0.8 m/s is adopted to avoid sedimentation of the pipes. The maximum

velocity is 3.0 m/s to prevent scouring at the culvert outlets (Road Design Guide,

iqg]} =< 4
2.13.2 Construction
o

Most of the concrete pipes used in the country are precast, non-reinforced and
normally in one-metre spans. The excavation for the culvert is compacted 1o 93%
MDD to a depth of 150mm immediately before concrete is cast (Standard
Specifications for_Rm and Bridge Works, 2006). A concrete surround of 150mm




minimum is placed to protect the pipes from possible damage and to make them
water proof. Most of the culverts are fitted at the ends with headwalls, wingwalls,
aprons and cut off walls. The angle of flare for the wingwalls is 30 — 75 degrees
(Road Design Guide, 1991). The depth of headwalls is 500mm minimum depending
on the amount of fill on the culvert. The thickness of the apron is such that it should
be flushed with the inverts of the pipes. A cutoff wall of 500mm minimum depth is
provided to protect the ends from scouring. The backfill for the culvert is compacted
to a dry density of 93% MDD (Standard Specifications for Road and Bridge Works,
2006). The outlet channels are lined with concrete in settlements and they are seldom
done in the remote sections of the roads. Flow speed reduction measures are
normally incorporated to reduce the flow energy and thereby prevent scouring at the
outlets. Figure 2.7 shows some 900mm diameter concrete pipe culverts under

construction on the project road.

Figure 2.7 — 900mm diameter pipe culverts under construction
[Wenchi Sampa Road Project (2001)]
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CHAPTER 3

3. METHODOLOGY
3.1 The Project Road

The study was conducted on the first 30km section of the road from Wenchi to
Sampa. This is a Regional Road, R93, under Ghana Highway Authority Road
classification system. The upgrading of this section of the road was started in the
Year 2000 and was completed in the Year 2005. The road is located on the right hand
side of a ridge travelling in the direction of Wenchi and that almost all the streams
and runoffs move from left side to cross the road to the right side of the terrain. Apart
from two long span bridges on River Tain and River Nimpeni, which were
constructed several years ago, all other cross drainage structures were made up of

concrete circular pipes. The study road is as shown in Figure 3.1.

E =1 i -._.'-.f ’ d - il
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Figure 3.1  The Project Road
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3.2 Rainfall, Topography and Geology of the area

The project road is located in an area where the rainy season is limited to about five-
months in the year. The area lies in the savannah zone of the country where there is
not much vegetation cover. The lopography is gently undulating to stronger rolling.
The parent rocks are phyllites, schists, granites, sandstone, sandy and pebbly beds,
shale, mudstone, quarzites, conglomerate, metamorphosed lavas and pyroclastic
rocks (The Agro-Ecological Zones of Ghana, 1996). The natives are mostly farmers

and the occurrence of bush fires are annual events.

3.3 Survey Approach

Two approaches were taken to achieve the study objectives, These were the

following:

* A field survey of all the existing 1N0.900mm diameter pipe culverts and its
multiples was conducted, The other bigger sized culverts, which included
1200mm diameter pipes and 1800mm diameter pipes, were also inspected so
that a very good hydraulic perfn_rmancf analysis of the 900mm diameter pipe
culverts could be made.

* A questionnaire was administered to some personnel of the Ghana Highway

Authority in the Brong Ahafo Region regarding construction and

m‘c_ﬁﬁt_enance E{Iﬂiﬁﬁulﬂpipt culverts,
~__3.31 Field Survey

The field survey was conducted on the entire 30km stretch of the road as shown in

Figure 3.1 above. The survey was done in four parts:

* Survey of the approach roadway and embankment.
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* Survey of the waterway or the channel.
* Survey of the culvert barrel and end treatments and

* Survey of the aprons and energy dissipators

All survey findings are documented in Appendix B. The approach roadway and the
embankment were inspected for signs of erosion or failure of the embankment slope
over the culvert, The embankment protection against erosion such as slope paving or
vegetation was also inspected. In conjunction with the design drawings the approach
fills were determined to evaluate whethet the culverts had fanctional inlet invert

levels.

The waterways or channels were surveyed for the nature of the horizontal and
vertical alignments. The horizontal alignment was used to evaluate the straightness
or otherwise of the channels. The channel bends and their respective distances from
the inlets and outlets of the culverts were noted. The profiles of the channels were
investigated using level instrument to measure the levels at both ends of the culverts
and beyond for every culvert location. The slopes for the culvert barrels, upstream
and downstream channels were then caleulated. Any abrupt changes in the
longitudinal slopes of the channels were noted, The velocities of flow in the culvert
barrels were computed for all the culverts using the Manning's formula (equation

2.6). Channels were also checked for aggradation and degradation.
i el s

The patterns of the streams or channels were determined as the channel being

e —

straight, meandered or braided has influence on the flow through the culvert and
therefore its hydraulic performance. The weedy channels were also noted and

checked for deposition,
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The culvert headwalls, wingwalls, cutoff walls and slope protection were checked for
any deficiencies and deterioration including undermining, scour and slope failure,
The lengths of the culvert barrels were all noted since they were major determinant
of the friction losses in the culvert barrels. Culverts were checked whether they were
located in their natural channels and were normal to the road centreline. Debris or

sediments built-up within the barrels were all documented.

The aprons which reduce erosion at inlets and outlets of the culvert were checked for
deterioration, missing stones and undermining of slab due to scour. The culverts
were checked whether they had any energy dissipaters which reduce the velocities of
outflow and the downstream erosion.
3.3.2 Administration of Questionnaire to Road Managers on pipe
culvert maintenance
The questionnaire requested information about the Agency's inspection programme,
maintenance programme and the types of pipe culverts used as cross drainage
structures in the region, The survey questions were designed to provide a logical
approach to pipe culvert assessment. As an overview of the survey approach, il was
important to know if the Agency had incorporated the culverts on the project road
into their maintenance programme. This Wwas so because the section of the road being
sludied was reconstructed and completed in the year 2005. The questionnaire sought
to ﬁﬂd_tbi’i;eqmency of inspection and maintenance, and whether the culverts were
immediately inspected after heavy downpour. The questionnaire also asked the

—-—-._._._
Agency the type of maintenance interve ntions carried on the pipe culverts.

The final areas of interest on the questionnaire were to find from the Agency the last

time that any maintenance activity was carried out on the culverts on the road and
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whether human beings were made to enter the culverts to ¢lean them. A copy of the

questionnaire is provided as Appendix B. Two questionnaires were sent to the

Regional Office of the Ghana Highway Authority in Sunyani to be completed.



CHAPTER 4

4. RESULTS AND DISCUSSION
4.1 Data Collected

Fifty-five pipe culverts were investigated during the study on the 30km stretch of the
project road. These included forty-five 900mm diameter pipe culverts, five 1200mm
diameter pipe culverts and five 1800mm diameter pipe culverts. The forty-five
900mm diameter pipe culverts consisted of thirty-four single barrels and eleven
multiple barrels. All the culverts were circular in shape, made with concrete material
and had headwalls and wingwalls, and cutoff walls (toe walls) as culvert end
treatments. All but one culvert alignment were normal to the road centreline. The
results have been documented in Appendix B. The results have further been grouped
under the following and their effects to be discussed:

* culvert location,

® channel alignment,

e slope of the area,

» multi-barrel culverts,

® stream or runoff channel pattermn

* weedy channel

e 3 _'_'_._,_...--'-_'_
» silted inlet and outlet, and

— & channel degradation

4.2 The effects of Culvert Location and Channel Alignment
Twenty-four 900mm pipe C'LIl"-"El‘Lb were located in the existing bed (Table 4.1). Two

of them had their outlets scoured, and they were located in the 2.5 — 4.5% slope areas

(Appendix B). Eleven were silted. and they were found in 0.5 — 1.0% slope areas.
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The silted culverts had their flow areas reduced. The 900mm pipe culverts were
located on the existing alignments and aligned to give the stream or runoff a direct
entrance and a direct exit (Fig. 4.2 and Fig, 4.3). Eleven of them had their culvert
barrel slopes almost the same as the channel bed slopes and the alignments were
straight resulting in steady flow velocities.

The other twenty-one 900mm diameter pipe culverts which were located at low areas
(0.5 ~ 1.0% slope areas) and impoundment areas created by the roadway
embankment, had no channels upstream. The inlets received runoff from a wide area
upstream and the side drains. Twelve of them were silted. Six of them had constant

slopes with the channels and had no adverse effect.

Table 4.1 - 900mm diameter pipe culvert locations

Item Existing channel New channels
Total Number of culverts 24 21
No. with scoured outlet 2 4
No. silted 11 | 12
| No. of culverts with the 11 6
same bed slope as channel

An important feature of the Project Road is that it is ali gned along a path with gentle
s

undulations in the East-West direction and perpendicular to steeper slopes in the
North-South direction, The 900mm diameter pipe culvert is located in the lowest
points of the undulations where there are no clearly defined water channels. With the
roads acting as dikes to the flow of water in the North-South direction. most of the

water flowing into the culverts approach the inlets in directions perpendicular to the
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culvert barrels (see Fig. 4.1). Three distinct flows Q;, Q; and Q; approach the inlet of .
the culvert as shown in Figure 4.1 with Q, and Q; greater than Qs. This results in a
lot of turbulence at the inlet resulting in energy losses. Scouring or siltation will

result depending on the soil at the inlet and the resultant energy levels there.

I] Sampa /E'Dﬂmm diameter pipe culvert
A
SOUTH : / NORTH
Ly
Buthde = & / Outlet
\fl.‘.'l.. [ LR RN ‘I'!I'./ —_—_——— - — = ——
R
—_
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e
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Inlet (area of turbulence) I
Q;

Wenchi

Figure 4.1 — Flow approaching 900mm diameter pipe culvert inlet

Figure 4.2 — Pipe culvert in natural channel: Outlet of 1No. 900mm diameter

pipe culvert at km 4+425
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Figure 4.3 — Pipe culvert in natural channel: Inlet of 1No. 900mm diameter pipe

culvert at km 23+450

4.3 The effects of Slope of the area

Seventeen pipe culverts had upstream average slope of 3.0% and sixteen had the
same slope downstream (Table 4.2). All the pipe culverts with this average slope had
average flow velocity of 4.3m/s in the culvert barrels at design discharges. Six of
them had abrupt changes in the slopes either at the inlet or the outlet and these had

either scouring or deposition of sediments at the inlets and outlets.

Thare_xa:rg'g' one pipe cWh had silt deposition at the inlet but serious scouring
at the outlet (Fig. 4.4). This pipe culvert had an upstream slope of 4.0%, culvert
ft;;::rﬂl slope of 2.0% and downstream slope of 4,5%. This phenomenon occurred
because the change of 4.0% slope upstream to the flatter grade of 2.0% in the culvert
resulted in the loss of merg_y at the inlet, At moderate flow rates the culvert cross

section was larger than that of the stream or runoff so the flow depth and sediment

transport capacity were reduced. Four pipe culverts had abrupt change in the culvert

39



alignments 1o a steeper slope of the channel alignments (that is, from 2.0% to 4.5%

slope), and these had a lot of turbulent flows at the inlets and high outlet flow

velocities (more than 5.2m/s). Local scour thus occurred at the inlets and the outlets

of the culverts, with some exposing the apron slab. Seventeen pipe culverts with

constant average slope of 3.0% at both ends had no defect because of uniform flow

through the channels and the culverts. Twenty-one out of the thirty-eight pipe

culverts in the terrain of 0.5 — 1.0% slopes were silted. Figure 4.5 and Figure 4.6

show two of them. This happened because of relatively low velocities of flow.

Table 4.2 - Upstream and Downstream Slopes

Slope Range | Av. Slope | Av. barrel flow | Number of Culverts
(%) (%) velocities (m/s) |  Upstream Downstream
05-1.0 0.75 212 20 18
1.0-25 1.75 3.24 8 11
25-45 3.0 4.30 17 16

Figure 4.4 — Scoured outlet of 1No. 900m
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m diameter pipe culvert at km 44900 —

2.0 ~ 4,5% slope area — The result of inadequately sized outlet earth channel
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Figure 4.5 — Silted inlet of 1No. 200mm diameter pipe culvert at km 2+590 -

0.5 — 1.0% slope area — loss of energy to carry sediment through culvert barrel

(hence deposition)
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Figure 4.6 — Silted inlet of 3No. 900mm diameter pipe culvert at km 28+125 -

0.5 — 1.0 % slope area (loss of encrgy as in Figure 4.5)
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4.4 The effects of multi-barrel culverts

These consist of 900mm diameter pipe culverts with two or more barrels at the same
location. The total number was eleven with five silted, and three outlets scoured
(Table 4.3). The silted 900mm diameter multi-barrel pipe culverts had their inner
pipes mostly affected. Figure 4.7 shows one of them. This was due to the curved
nature of the alignment before the inlet. There was no upstream channel and the inlet
received runoff mostly from the side drains. The high energy flow from the side
drains upstream, after passing the bend at the inlet, suffered energy loss and that all
the sediments could not be transported through the pipes. The inner pipe therefore

had sediment built up.

Table 4.3 - Multi-barrel pipe culverts

Item Multi-barrel culverts
Total Number 11
Number Silted 3
Number with outlet scoured 3

Figure 4.7 — Silted inner barrel of 2No. 900mm dia. pipe culvert at km 21+800

(Possible rise in Tailwater Level thus reducing average velocity in barrel)

42




4.5 The effects of Stream or Runoff Channel Pattern

Forty pipe culverts had runoff channels being straight, three being meandered and
two braided (Table 4.4). All the braided channels were found in the 0.5 — 1.0% slope
areas and were silted. Figure 4.8 shows one of them. This was due to low flow
velocities (such as 1.7m/s) which had made the supply of sediment load exceed the
runoff transport capacity. The meandered channels had abrupt changes in their
alignment slopes and they were all degraded (Fig. 4.9). These happened due to high
flow velocities (such as 5.2m/s) which caused turbulence at the bends resulting in

Erosion.

Table 4.4 - Stream/Runoff Channel Pattern

Type of channel Straight Meandered Braided
Total number 40 3 2
Number silted ' 21 | 0 2
No. with outlet scoured 3 3 0

Figure 4.8 - Braided outlet of 3No. 900mm diameter pipe culvert at km 28+125
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Figure 4.9 — Meandered outlet of 2No. 900mm diameter pipe culvert at km

3+188

4.6 The effects of Weedy Channel

Due to lack of maintenance fourteen of the culvert channels had become weedy.
Figure 4.10 and Figure 4.11 show two of such culvert channels. The resultant effect
was that all the affected culverts had silted up (Table 4.5). This was due to the high
roughness of the channels which reduced flow depths. Sediments deposited in the

culvert by upstream flow were therefore not able to be transported downstream.

Table 4.5 - Weedy Channels

Item Weedy Channels

Total Humher = 14
Eu_mher Silted 14

Number with cutlet scoured 0
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4.7 Silted Inlets and Outlets

Twenty-three pipe culverts had their inlets or outlets or both silted (Table 4.6). These
culverts also had their channels aggraded. These culverts were found mostly in areas
of average slope of 0.75% where relatively low flow velocities existed (1.7m/s
minimum). All the silted culverts were more than one-third full with sediments.
Figure 4.12 shows one of the affected culverts. The sediments deposited in the pipes
reduced the cross-sectional area. The flow rates through the affected culverts were,
therefore, reduced and that the performance of the culverts was minimal. Continuing

build-up of sediment deposits would eventually block some of the culverts.

Table 4.6 - Silted 900mm diameter pipe culverts

Item 900mm diameter pipe culvert
Total number 23

General slope of area | 0.5-1.0%

Average flow velocity 1.7m/s

Average silted area of pipe More than 1/3

Figure 4.12 — Silted inlet of 1No. 900mm diameter pipe culvert at km 29+528
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4.8 Degraded Pipe Culvert Channels

Six of the pipe culverts had their channels degraded, some seriously (Table 4.7).
Three of the degraded channels had become meandered. Two of the six pipe culverts
had their outlets scoured exposing the apron slabs. These could be as the results of
local scouring and not general scouring which had caused the channel degradation
(Figure 4.13). All the degraded channels were located in 2.5 — 4.5% slope areas
where high flow velocities existed. Those with serious outlet scour, exposing the

apron slabs, could fail structurally,

Table 4.7 - Degraded Pipe Culvert Channel

Item Degraded Channel
Total Number of Culverts 6
Number with meandered channel 3
Number with outlet scoured 2

Figure 4.13 — Degraded outlet of 1No. 900mm dia. pipe culvert at km 4+900
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4.9 The performance of 1200mm- and 1800mm diameter pipe
culverts

All the bigger size culverts with site conditions similar to the affected 900mm
diameter pipe culverts performed in the same manner. These are culverts located in
areas with streams which flow in well-defined channels during the rainy seasons but
dried up during the six to seven months of dry season in the area. Weeds often grow
in the channels, thus creating conditions similar to the location of the 900mm
diameter pipe culverts. There was one 1800mm diameter pipe culvert at km 5+075
(Fig. 4.14) which had abrupt change in the channel alignment slope from 4.0% to
1.0% at the inlet and had a weedy outlet channel. The resultant effect was that the
inlet and outlet were all silted and the outlet channel aggraded. There was another at
km 19+500 (Fig. 4.15) with abrupt change in the alignment direction downstream.
This was silted up and had both the inlet and outlet ponded. This meant that
irrespective of the size of the culverts, the existing site conditions determined the

flow rate through them.
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Figure 4.14 — Weedy and silted inlet of 1No. 1800mm diameter pipe culvert at

km 5+075 i
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17/0372008

Figure 4.15 — Weedy and silted outlet of 2No. 1800mm diameter pipe culvert at

km 19+3500

4.10 Review of the Questionnaire

Two questionnaires were sent to the Regional Office of Ghana Highway Authority to
be completed. All the two responded. The questionnaire was to find out from them
the inspection and maintenance programmes they had for the pipe culverts in the

Region including those on the project road.

According to the respondents (Table 4.8), the pipe culverts were inspected once a

ear. However, the culverts were not inspected immediately after heavy downpour to
y loweve tecui‘___?g___ sp ediately after heavy po

see the effects of the flood that would occur. The culverts were maintained once a

e

year. The type of maintenance interventions carried out included desilting of

culverts, scour checks at the inlets and outlets, and desilting and clearing of weedy
channels. The last time that any maintenance activity was carried out was September,

2007, five monthe after which this study was done,
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Most of the culvert channels were avergrown with weeds. Their state w

as the surrounding vegetation, Most of the silted culverts were more than half full.

Those with scoured outlets were so serious that the apron slabs had been

as the same

undermined. The inability to inspect the culverts immediately after heavy downpour

would not provide the opportunity to assess the total performance of the culverts,

Table 4.8 - Questionnaire on pipe culvert maintenance response

' Ttem Response
Frequency of inspection Once a year
Culverts inspected immediately after Not done
heavy downpour
Frequency of maintenance Once a ycar

Type of maintenance activities

Date last maintenance carried out

Desilting of culverts, desilting and
clearing of weedy channels, Scour

checks at inlets and outlets

September, 2007
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CHAPTER 5

5.
5.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The major conclusions of this study are the followi ng:

The twenty-three 900mm diameter pipe culverts that were silted were located
in both existing beds and new channels created as a result of low slopes and
roadway impoundment. The average slope of such areas was 0.75%, except
rare cases where there was change in higher channel alignment grade
upstream to flatter grade of the pipe culvert (such as, 4.0% slope upstream to
1.0% culvert barrel slope). The four 900mm diameter pipe culverts that had
their inlets or outlets scoured were located in areas of relatively steeper slopes
(2.5 —4.5%). Fourteen 900mm diameter pipe culverts had weedy channels,
and these could be found anywhere along the project road irrespective of the
nature of the terrain. There were no signs of maintenance for the past two
years. They were all silted. There were twenty-one 900mm diameter pipe
culverts that had no channel upstream: the inlets of such culverts received

runoff from widwﬁﬂm and the side drains. The prevailing conditions

at the culvert locations did not therefore improve the flow capacities of some
of the 900mm diameter pipe culverts,

Eighteen 900mm diameter pipe culverts had ali gnments with the same slopes
as the upstream and downstream channels, The alignment grades were
between 1.0% and 4.0%. Such culverts had steady flow velocities (between

2.5m/s and 4.9m/s) which enhanced their performances. These were the

L.BRARY
KWAME NKRUMAK UNIVERSITY @
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culverts which were not silted or had their ends scoured even though the

maximum flow velocity in concrete pipe to prevent scouring is 3.0m/s (Road

Design Guide, 1991),

On the other hand, twenty 900mm diameter pipe culverts that were silted
were all located in low slope areas (0.5 — 1.0%) where flow velocities were
between 1.7m/s and 2.5m/s, However, the minimum flow velocity in concrete
pipes to prevent silting is (.8m/s (Road Design Guide, 1991) which is far
lower than the 1.7m/s minimum attained, The change in the alignment grade
from relatively steeper slope to flatter slope of the pipe culverts (such as,
4.0% to 1.0%) also resulted in the silting of two pipe culvert inlets, The lack
of channels upstream for some of the 900mm diameter pipe culverts made the
inlets to take runoff from the side drains which behaved as a bent alignment
at the inlet. This situation resulted in the silting of the inner barrel of three
double 900mm diameter pipe culverts. The deposition of sediments in such
900mm diameter pipe culverts reduced the flow area of the pipes which in

turn reduced the flow capacity.

Fourteen 900mm diameter pipe culverts had weedy channels downstream.
The high roughness of the channels reduced the sediment conveyance ability

of the flow through the pipes. Deposition of sediments then oceurred in the

pipes. Flow rates in the pipes were therefore reduced.

The 900mm diameter pipe culverts were not inspected immediately after

‘heavy downpour to observe the effect of floods on their performances. The

er silting in the culverts or scouring at the
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culvert ends and these were not promptly rectified. The performance of the

pipe culvert was therefore reduced in such circumstances.
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Recommendations

The following recommendations are for consideration by the Ghana Highway

Authority to enable it improve upon its regulatory policy:

The 900mm diameter pipe culverts should be provided with excavated
channels upstream and downstream in all locations, especially the multi-
barrel ones, to prevent silting of the inner pipes. The excavated channels
should be at least 25m,

A constant slope should be established for the 900mm diameter pipe culvert
alignment, the upstream channel and the downstream channel, especially in
areas of 1.0% slope or higher to ensure steady flow velocities.

The 900mm diameter pipe culverts should be inspected immediately after
heavy downpour. Any damage caused by the flooding waters should be
promptly rectified to prevent extensive damage.

Due to the entry conditions at the inlets which result in scouring and or
siltation measures such as catchpits, lining, etc. be studied and recommended
for construction,

The frequency of maintenance of 900mm diameter pipe culverts which is
nr_lcé a year shug!_t]ﬂ't_:g__mﬁinmined. However, the supervision of the works
should be strengthened to ensure that they are done.

Since this is the first serious study of culvert performance in the country, and
restricted to only one Road. it is recommended that more such studies be
carried out on other roads in the various ecological zones of the country so

that comprehensive findings will be obtained for better designs.
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APPENDIX A - Questionnaire for Road
Managers on maintenance of Pipe Culverts
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KWAME NKRUMAH UNIVERSITY OF SCIENCE AND TECHNOLOGY
COLLEGE OF ENGINEERING

DEPARTMENT OF CIVIL ENGINEERING

Questionnaire for Road Managers on Maintenance of Pipe Culverts

Any information provided will be treated as highly confidential

used for academic purposes.

Write the answer next to the question or tick the correct answer if a choice is

given.

B Position

------------------------

* What types of cross drainage structures are under your jurisdiction?

(] Bridges (] Box Culverts O Pipe Culvert

O Drifts Ll Vented Fords

 List the sizes of the pipe culverts that can be found in the Region (eg.
600mm, 900mm diameters, etc)

*  Which of them are used as cross drainage structures?

* What type of materi w_ pipe culverts made of? (eg. concrete, timber.
etc)

A A i e R S 1 L s A

* How are the pipe culverts maintained?

[J By Contract [ By Force Account

* Do you inspect the pipe culverts immediately after heavy downpour?

] Yes ] No

and will only be
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e What is the frequency of inspection in g year? ;

* Whatis the frequency of pipe culvert maintenance in a year? ........... ..

* What type of maintenance interventions are carried out?
Desilting of culverts

Scour checks at inlets and outlets

O]

[

[J Removal of debris blocking the inlets
O Desilting and clearing of weedy channel
O

Construction of a basin or catch-pit structure at the outfall of the culvert to
reduce the speed of flow

* Ifthere is any maintenance intervention that was not mentioned above, please
state it

® Please, have you incorporated the culverts on the reconstructed section of the
Wenchi — Sampa road in your maintenance programmes?

[ Yes [] No

e If Yes, whendiditstart? ........... iy S i S, R T

® And when was the last time that any maintenance activity was carried out on

the culverts anthe rosd? ... 0 ol e s s it e G

Do human beings enter the 900mm pipe culverts to clean them?
O ves U No
¢ If Yes, what are some of their complaints? ......couiiniviniiieeiiiiiiiriiernnnnss

FAFBE R E R A AR R AR R RN SR B R R R R AR RN R R R A G R R R AR AR e

B R RE R A B R EE RS EE S E S EEE RN e E RN BN RS E R P UEE R PR R R A AT R RN NN R R E R AR SRS AR A kA EE e R

.....................................................................
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