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MODEL INVESTIGATION INTO THE HYI»tAULIC PERFORMANCE OF MATTRESS 
PROTECTS) SLOPES OF LOW HEAD HmEtAULIC STRUCTURES 

by 
Taha Huhanraed Ahmad Tahir 

The aim of this study was to provide some information about the 
hydraulic performance of mattresses protecting slopes of low head 
hydraulic structures. The flow resistance as well as stability of 
slope were investigated. 

The experimental programme was conducted in the Chilworth 
Hydraulics Laboratory, Department of Civil Engineering. Two 
models were constructed and tested. The inpermeable model (first) 
had a slope of 1:7 (V;H) with mattress dimensions of 320x350mm 
and a height of 40mm. The permeable model (second) was built with 
the same slope except that the mattresses were protecting a sand 
core. 

The flow resistance of the mattresses was studied which included 
Manning's roughness coefficient, Chezy's resistance factor and 
Darcy-Weisbach friction factor. Velocity distribution above the 
mattresses was evaluated and found well describing the flow. 
The stability of the mattresses and their ability to resist 
failure when exposed to higher discharges were also examined and 
found stable under the discharges tried. 

Detailed measurement of pressures were conducted in the permeable 
model in order to study their effects on the stability of the 
mattresses; such as; pressure distribution above the mattresses, 
uplift pressures and seepage forces. Shear stresses due to 
seepage forces were found very small and could be neglected. 
Comparison with the results of smooth board simulating a 
reinforced concrete structure, favours the mattresses as a means 
to control erosion and dissipate energy efficiently. 

Measures were suggested in terms of installation to reduce the 
drag and uplift forces. A design procedure for a slope protected 
by mattresses was set up and followed by a numerical example 
implementing the results obtained in this study. 
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SYMBOLS AND NCXDVTIGNS 

A Projected area of an object on a plane normal to the flow 

direction or total cross sectional area normal to the 

direction of flow. 

Ap Area rnclosed between the parabola and the y-axis (within 

the mattress element). 

Aĵ , A2 Constants to be determined experimentally. 

a' Height of the roughness element. 

B Width of the flume (the working width). 

b Width of a mattress element. 

bg Thin plate weir effective width. 

b' A constant varying from 2.27-7.17. 

C Chezy's roughness coefficient. 

Cg Form drag resistance coefficient. 

Local pressure distribution coefficient. 

Cg Coefficient of discharge. 

Cg Skin friction coefficient. 

Cy Coefficient of uplift pressure. 

Cq a constant depending upon size of material used, void 

ratio, etc. and equal to 1.85. 

C^ A constant to be determined experimentally (8.5 according 

to Nikuradse). 

C2 A constant to be determined experimentally (6.25 

according to Nikuradse). 

C A constant depending upon a relative spacing between the 

roughness elements. 

c A constant which varies from 1.2-2.8 with 2 as a 

standardised value. 

c" A constant depending upon the roughness concentration. 

D Effective depth. 

Dg Sieve size. 

The diameter of the sample which is x%( 84,90%..) is 

finer by weight. 

d Uniform depth of flow. 
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The median diameter of the surface layer grains in mm. 

dg Stone size (particle grain size). 

du/dy Velocity gradient. 

E Specific energy. 

e Void ratio. 

e^ Uncertainty in width measurement. 

edg uncertainty due to the zero setting of the point gauge. 

ed^ uncertainty due to the vernier reading. 

ed2 uncertainty due to the tapping local effects. 

ehg uncertainty due to zero setting ^Aen measuring the head 

of the thin plate weir. 

ehĵ  Uncertainty in head measurement of the thin plate weir, 

ekĵ  Uncertainty in term. 

ek^ Uncertainty in k^ term. 

Drag force due to form drag. 

Force due to the mattresses weight. 

F^ Froude number. 

Fg Seepage force. 

f Darcy-Weisbach friction factor. 

fĵ  Darcy-Weisbach friction factor related to bed. 

Gg Specific gravity of sand or stone. 

g Gravitational acceleration. 

H Head loss between the upstream and downstream sides. 

h Mattress or element thickness. 

hg Effective head of the thin plate weir. 

hg Static head measured in the stilling well. 

h Measured head of the thin plate weir. 
w 

i Hydraulic gradient. 

k The roughness height. 

kĵ , kĵ  Corrective terms determined experimentally, 

k Permeability coefficient. 

kg The main diameter of the sand grains used by Nikuradse 

and known as Nikuradse's sand roughness (equivalent sand 

roughness). 

K^, K2 Constants to be determined experimentally (1.31 and 4.7) 

respectively according to itobinson and Albertson, (1952). 
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k2Q Permeability at the standard 20°C. 

L Length of the mattress element (spacing between roughness 

elements). 

Length scaling ratio. 

1^ Prandtl mixing length. 

mV Millivolts. 

Number of stones. 

Ng Number of equipotentials. 

n Overall Manning's coefficient of roughness, 

n^ Manning's roughness coefficient related to bed. 

np Porosity of the material. 

n^ Number of readings. 

n^ Manning's roughness related to wall. 

P Overall wetted parameter. 

P^ Wetted parameter related to bed. 

Pp Average pressure distribution. 

P^ Local pressure distribution. 

Py Average uplift pressure. 

P^ Local uplift pressure. 

P^ Dynamic pressure. 

P^ Wetted parameter related to wall. 

p The height of the crest of the thin plate weir relative 

to the bed of the flume. 

Pg Static pressure at a point (local static pressure), 

p^ Total pressure at a point (local total pressure). 

Q Discharge. 

Qg Seepage flow. 

Overtopping discharge. 

q Discharge per unit width. 

Threshold flow at which movement of stones on the slope 

commences. 

qg Failure discharge per unit width. 

q ^ ^ Iftiit discharge inside the mattresses. 

q^gp Unit discharge above the mattress (overtopping). 

R Overall hydraulic radius. 

Rĵ  Hydraulic radius related to bed. 
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Rg Reynolds number. 

Hydraulic radius related to wall. 

SF Factor of safety. 

s Slope of the downstream face. 

t Student's t. 

Ub Uncertainty in the effective width. 

UCg Uncertainty in the discharge coefficient. 

Ud uncertainty in the depth measurement. 

Uh Uhcertainty in the effective head. 

u Local velocity at a distance y from the bed. 

V The mean velocity in the channel. 

Vĵ  The mean velocity related to bed. 

V The mean velocity related to wall. 
w 

V Velocity through voids. 

v^ Discharge velocity. 

Vg Seepage velocity. 

V* Shear stress velocity. 

v^ Local shear stress velocity. 

W Average weight of an individual rock. 

w Weight of stones per unit area. 

X Any location along the surface of the element and the 

mean of the readings. 

X. The ith reading of the variable x. 

V Distance measured from the virtual bed level to the 

measured local velocity-y+Ad. 

y Vertical distance measured from the top of the roughness 

element to the measured local velocity. 

y^ Critical depth. 

S The boundary layer thickness. 

Ad An increment measured from the top of the roughness 

element to the virtual bed level. 

AE Loss of energy. 

AH Head loss between two adjacent equipotential lines. 

Ah water head difference. 

A1 Horizontal distance between two adjacent equipotentials. 

V Unit weight of water. 
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Yg Unit weight of stone or fill material. 

Ygat Saturated unit weight of soil. 

Y' Submerged unit weight of soil. 

K von Karman universal constant. 

p Fluid density. 

a The standard deviation of the measurement. 

a The standard deviation of the mean. 
m 

T Shear stress at any point in the flow. 

Shear stress on the bed. 

fj Dynamic viscosity of water. 

V Kinematic viscosity of water. 

u A given volume of soil. 

Kinematic viscosity at the test tenperature T. 

V2Q Kinematic viscosity at the standard tenperature 20°C. 

6 The angle of inclination of the downstream slope. 

6^ Angle of friction on underlayer. 

i A function relation. 

<|) Angle of internal friction (angle of repose). 

X A roughness parameter depending upon the size, shape and 

spacing of the roughness elements. It describes the 

boundary roughness and has dimension of length. 
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CHAPTER ONE 

INTRODUCTION 

1.1 General 

The continuous increase in population in the world, particularly 

in developing countries, requires an increase in food efficiency. 

Irrigation projects have been initiated in order to establish 

steady increase in food production to prevent a worldwide 

starvation. Conveyance canals and their related structures are of 

great inportance in any irrigation project. Numerous canal 

structures are needed to convey water to irrigation areas, to 

dissipate excess energy and to minimise or possibly prevent 

erosion of the canal and the structure. Different types of 

materials are utilised in the construction of such structures. 

The term rockfill is used to describe loose rocks of various 

sizes and grades. It is used in different contexts such as, 

tipped rock, packed rock, shaped rock, gabion, and other types of 

loose rock (Smith, 1982). 

The first use of rockfill for engineering purposes appeared in 

California gold fields. Since then, new en5)hasis has been placed 

on finding means of stabilising steep rockfill slopes against 

forces resulting from flowing water. Early developments in the 

techniques of passing water over rockfill took place in the 

Soviet Union. The work indicated that this type of structure is 

2-2.5 times cheaper than concrete or earth alternatives (Parkin 

et al., 1966). 

Examples of historical failures of rockfill dams are available in 

the literature, e.g. Hell Hole dam (Western Construction, 1965) 

and Ghana's Akosombo dam (Ware and Hooper, 1964). 

- 1 -



Gabions (stones bounded by wire baskets) have greater stability 

than other types of rockfill. This advantage lies in the fact 

that they release water pressure (are permeable) yet have the 

stability of larger units. Stones are packed in wire mesh baskets 

forming a bulk unit weight thus providing greater stability. 

Additionally, steeper slopes are feasible using gabions and 

mattresses. 

In addition to the above, the properties of gabions which can be 

employed advantageously by hydraulic engineers include the 

following; 

1. Weight which increases the structural stability. 

2. Porosity which enhances drainage. 

3. Availability, even in the most remote areas. 

4. Low cost compared with other alternative materials. 

5. Greater roughness for energy dissipation. 

6. Attractive as they have natural appearance. 

7. Availability of different shapes. 

Gabions are used successfully in erosion control and gully 

stabilisation in different parts of the world. Their primary 

function is to dissipate excess kinetic energy of flowing water 

at a specific point within a water course for the expressed 

purpose of preventing or minimising scour and erosion. They are 

particularly suited to difficult foundation conditions, 

intermittent watercourses, locations with sources of gabion rocks 

and gravel and construction under winter conditions. 

Gabions can be formed into several shapes namely, gabion boxes, 

mattresses and sack gabions. 

Durability of the wire mesh depends on the quality of the 

material and the workmanship. It is subject to corrosion and 

flexing due to impacts of stones in the flowing water. The wire 
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mesh life time is uncertain because data on annual operation and 

maintenance is lacking. However, a report in Civil Engineering 

(1974) suggests that at least 25 years life time is achieved. 

Agostini et al. (1981) suggested that a lifetime of 35 years and 

more is possible. 

Utilising local materials such as rocks in the construction of 

hydraulic structures has been proven economically and 

hydraulically viable. A typical cost reduction of 50% can be met 

vAien protecting the slopes with gabions rather than reinforced 

concrete (Smith and Sir William Halcrow and Partners, 1979). 

The awareness of costs, economic stability and inflation rates 

particularly in developing countries leads to a requirement for 

cheaper materials and low cost in labour. Therefore the use of 

local materials and labour, is not only economically justifiable 

but also have secondary benefits such as improved self-help. 

Gabions provide a solution in many circumstances such as dams, 

weirs, channel linings, breakwaters and revetments, river bank 

protection, erosion control and gully stabilisations. 

1.2 The Objectives of the Project 

Despite the sinplicity of construction and the low costs 

involved, very limited information is available concerning the 

hydraulic performance of mattresses. 

This study is aimed at evaluating the hydraulic performance of 

mattresses vdien used as a means of protection of steep slopes of 

low head hydraulic structures. A hydraulic testing programme was 

conducted at Chilworth Hydraulics Laboratory of the University of 

Southampton to provide experimental data concerning the hydraulic 

performance of mattresses. The experimental data were then 

analysed and the results were compared with those of similar 

investigations, /^propriate measures were suggested according to 
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the obtained results. A design procedure for mattresses 

protecting slopes was outlined employing the results obtained 

form this study. A numerical exanple was introduced to design a 

low head hydraulic structure according to the suggested design 

procedure. 

Major tasks involved the following: 

1. Review of the methods of slope protection, flow resistance and 

the related formulae. 

2. Evaluating the stability of mattresses under various flow 

conditions. 

3. Evaluation of the mattresses roughness. 

4. A study of the velocity profiles above the mattresses to 

evaluate the effects of the velocity distribution on the 

mattresses. 

5. Comparison of the energy dissipation results of a mattress 

protected slope with those of a sloping face made of wood 

sheets simulating a slope constructed from reinforced 

concrete. 

6. A study of the seepage effects on the mattresses \dien 

protecting a permeable soil. 

7. Evaluation of the effects of the pressure distributions above 

the mattress, the uplift pressures and the shear stresses due 

to seepage forces. 

8. Practical inplementation of the results. 

1.3 Layout of the Work 

This project is mainly experimental and naturally is divided into 

several interrelated chapters. 

The second chapter deals with a review of slope protection 

methods and with the development of flow resistance formulae. 

The third chapter discusses some fundamental considerations 
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related to this study. 

The fourth chapter outlines the purpose of the equipment used and 

their accuracy. Detail description of laboratory facilities, the 

equipment and their calibration are listed in i^pendix A. 

The fifth chapter describes the impermeable model (first). The 

aims of this model were to investigate the stability of the 

mattresses subjected to various rates of flow and to evaluate the 

flow resistance of the mattress protected slope. Establishment of 

the virtual level with regard to this study was also 

investigated. Construction of the model and stone specifications 

are discussed in ̂ pendix B. 

The sixth chapter defines the permeable model (second) which 

contained a sand core in order to investigate the effects of 

seepage on the mattress protected slope. The pressures, above and 

beneath the mattresses, and their effects on the mattress 

protected slope were also studied. Model construction, sand and 

filter size distribution and other related tests are discussed in 

Appendix B. 

The seventh chapter deals briefly with the energy dissipation of 

the mattress protected slope, Conparison with that of a sloping 

board simulating a reinforced concrete structure was achieved. 

The eighth chapter summarises the results and some practical 

implementation measures. It also details a design procedure of a 

low head hydraulic structure built on intermittent water courses 

acconpanied by a numerical example. Analysis of the results were 

discussed, i^pendix C lists the data and the output of the design 

example. 

Chapter nine summiarises the general conclusions and the 

recomnnendations. 
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CHAPTER TNO 

LI7!EBATURE REVIEW 

2.1 Introducticni 

Since the early years of this century several researchers 

commenced either experimental work or field work to investigate 

the possibility of determining a suitable method of construction, 

economically and technically viable, for the purpose of building 

safe dams, weirs and slopes. Hydraulic engineers are always 

looking for elements with surfaces that can provide stability, 

economic viability and high resistance. 

The problem of flow resistance was investigated by many 

researchers. This investigation was initiated in relation to 

pipes and later was introduced to open channels. The resistance 

of flow requires the prediction of the flow velocity arising from 

the channel boundary conditions. 

Flow over gentle or steep protected slopes is similar to that 

over gentle or steep channels. Most of the review presented in 

this chapter refers to channels. 

In the ensuing lines I shall review some of the works which are 

relevant to this study as well as the developnent of flow 

resistance formulae. 

2.2 Ifethods for the Protection of Slopes 

In 1963 Wilkins suggested that unreinforced rockfills are 

unstable and collapsible if overtopped. The angle of repose of a 

rockfill is generally close to 37°. If the downstream slope of a 

rockfill is built at the angle of repose, failure is possible and 
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reinforcement is required to produce stability. Accordingly, 

Wilkins conducted experiments to examine this suggestion. 

A series of model tests was made to obtain a typical pore 

pressure distribution to draw flow nets. Stability analyses of 

selected slip circles was made v^en the models were reinforced 

with anchor bars. Factors of safety were obtained using several 

methods with increasing headwater levels, but zero tailwater and 

increasing tailwater levels with zero overtopping. Table 2.1 

outlines the results. Figure 2.1 illustrates the variation of the 

factors of safety with head and tailwater levels. It can be noted 

from the graph that increasing the tailwater levels increase the 

safety factors to a marked extent. Wilkins recommended factors of 

safety of 1.50 and 1.25 for permanent and tenp^rary works 

respectively. 

Arrangement of anchor bars posses several possibilities. Figure 

2.2 illustrates these possibilities. Arrangement (d) seems more 

logical as the forces increase in magnitude with depth. 

Stephenson (1979) investigated stability against sliding and 

overturning of slopes protected by gabions. Experimental results 

were analysed and design equations and charts were devised. He 

also investigated the ability of gabion weirs to dissipate energy 

and suggested that dissipation occurs Wien overflow mixes with 

flow through the rock whether the downstream face is stepped, of 

the over-fall type or sloped. Stephenson suggested that 

assessment of the energy loss in gabions under through flow is 

difficult due to the difficulty in measuring the respective 

conponents. 

Additional investigations were carried out regarding size of 

stones in the upperlayer and in the underlayer and the thickness 

of the underlayer. In the case of exposed unpacked stones, a 

larger nominal size or successive underlayers may be required. 
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Gerodetti (1981) suggested that the downstream face is the most 

endangered region over which water flows with great velocities. 

In his studies of El Cajon rockfill dam in Honduras, downstream 

face protection is needed if overtopping is likely to occur. 

Effective protection can be sought by providing a built-in 

sheetpile barrier at the crest and an armoured gabion constructed 

on the downstream face. Figure 2.3 illustrates a model 

construction of the prototype gabion. 

During the first overflow test the gabions were not anchored. 
3 3 

Flow rates ranging from 1.2m /s to 3.0m /s were used. At a flow 

rate of 1.5m^/s, through flow causes seepage forces to push the 

gabions out of line. In the second overflow test the gabions were 

fixed with horizontal anchors into the dam filling. Flow rates up 

to 30.6m^/s were experienced. No motion of the gabions occurred 

with the exception of their tips, which were near the hydraulic 

jvrap, hopped slightly up and down inplying a low stability point. 

It was believed that the reason was that the model gabions were 

not interconnected and due to the presence of pressure 

fluctuations. 

Smith and Sir William Halcrow and Partners (1979) carried out an 

experimental programme to examine the behaviour of various 

materials used to protect earth weirs such as gabions, tipped 

rock and packed rock. It was part of the test programme to 

investigate the characteristics of relatively thin gabion 

mattresses in line with the idea of protecting an earth core by 

covering the slope with gabion mattresses as well as the stilling 

basin. Conventional hydrodynamic theory suggests that such a weir 

would fail by sliding of the mattresses over the underlayer when 

the drag of the flow on the mattress plus its submerged weight 

component down the slope exceed the frictional force below it. 

Accordingly, Smith conducted experiments to verify this theory. 

Two types of weirs were used: (i) a weir with the stone 

protection placed on a sand earth core and (ii) a weir with the 

stone protection resting on a sloping board. In both models the 
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predictions of failure discharge were very close. 

Figure 2.4 shows a definition sketch of a gabion mattress on a 

slope. Smith derived a stability equation for the gabion mattress 

to resist failure: 

c b 
1/10 

I A + 1 

10/9 

J/10 

A tan* 
u 

A + 1 
- s 

10/9 

( 2 . 1 ) 

In Wiich: 

h = the mattress thickness 

d^ = the critical depth 

c = constant related to Strickler's constant 

= angle of friction on underlayer 

b^ = a dimensionless constant 

A = a ^s -
( 2 . 2 ) 

w 
and a = 

^s h 

(2.3) 

In which a is related to the solidity of the mattress, w is the 

weight of stones or rocks per unit area and Yg is the stones or 

rocks unit weight. The physical principles of equation 2.1 lie 

upon the weight and the frictional resistance between the 

mattresses and the underlayer. 

Saunders et al. (1981) conducted model tests of channel control 

structures constructed of concrete and gabions. The purpose of 

these tests was to determine the discharge characteristics, to 

prevent scour downstream of the structures and to evaluate the 

stability of gabion structures. 
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A limited attenpt was made to develop a generalised guidance for 

the stability of gabion structures. A stability criteria chart as 

well as equations were developed. They found out that the gabion 

structure was very stable and quite capable of withstanding 

higher flow conditions. They concluded that the stability of 

gabions under various flow conditions in the field depends upon 

construction methods, filter material, layout of the gabions and 

design of the structure. 

Model-scale hydraulic testing programme on mattresses was 

performed by Simons et al. (1984). The objectives were to 

evaluate the performance of Maccaferri Reno Mattresses \dien used 

as means of protection for river, canal bank and bed revetment. 

Four types were tested namely 6, 9, 12 and 18 inches (150, 220, 

295 and 440mm). A maximum velocity attained was 6.1n%/s. Several 

parameters were investigated such as incipient motion, 

deformation of mattresses, roughness of mattresses, velocity at 

the mattress/filter and at the filter/soil interfaces and filter 

requirement. 

Simons et al. suggested that mattress is highly dependent on the 

velocity rather than the depth of flow and that riprap required a 

thickness of 1.5-3 times that of a mattress under the same flow 

conditions. This meant that the mattress structure will be more 

stable and economical than riprap. Propagation of rocks within 

the mattresses towards the downstream were observed under high 

velocities which resulted in a rippling deformation surface. 

Deformed mattresses will still be effective for channel 

protection if the reduced thickness is not less than the rocks 

median size and the protected soil is not exposed. They indicated 

that mattress roughness is mainly caused by the filling rocks and 

that the wire mesh has insignificant effect. Simons, et al. found 

out that the velocity at the mattress/filter and at the 

filter/soil interfaces were significant and a gravel filter or a 

combined gravel/geotextile filter is required to stabilise the 

base soil. 
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2.3 Flow Resistance 

2.3.1 Develc^xnent of Flow Resistance Fonnulae 

A French engineer named Chezy developed probably the first 

uniform flow formula in 1769 which can be expressed as: 

V = C (R s)^/^ (2.4) 

In vAiich: 

V = the mean velocity 

R = the hydraulic radius 

s = the slope of the bed surface 

C = Chezy's roughness coefficient [L^^/T] 

g = gravitational acceleration 

Since then several formulae have been developed based on Chezy's 

formula such as Ganguillet and Kutter in 1869, Manning in 1889 

and Bazin in 1897. Manning's formula has been widely used in open 

channel hydraulics. Its form is as follows: 

V = R^/^ (2.5) 
n 

Values of Manning's n for various kinds of channels can be 

obtained from tables in most hydraulic texts such as Chow (1959). 

Chezy's C can be expressed in terms of Manning's n as: 

C (2.6) 
n 

The ASCE Task Committee (1963) suggested that friction in open 

channels over a wide range of flow conditions is better expressed 

by the use of Darcy-Weisbach friction factor f which is defined 

as: 

8 g R s 

(2.7) 
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Prandtl established the theory of the mixing length which has 

been explained by Schlichting (1979) and French (1985) and was 

found very useful in the calculation of turbulent flows. He 

stated the following assumptions in order to develop a velocity 

distribution law: 

(i) The mixing length 1^ is linearly proportional to the 

distance from the boundary (1^ = K y). 

(ii) The shear stress remains constant at any point in the flow 

2 
T = p (Ky) 

r du 1 2 

. dy , 
( 2 . 8 ) 

In vAich: 

1^ « Prandtl mixing length 

K = von Karman universal constant 

y = distance from the boundary wall 

= shear stress on the bed 

T = shear stress at any point in the flow 

p = fluid density 

du/dy = velocity gradient 

u = local velocity at a distance y above the bed 

Introducing the shear velocity v* as: 

V* = (2.9) 

In vdiich; 

v^ = shear velocity 

Rearranging equation 2.8, and substituting equation 2.9 we get: 

1 dy 
du = [v*] (2.10) 

K y 

Integrating the above equation and changing to common logarithms: 
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u 2.3 y 

= log (2.11a) 

K Yo 

In which Yq is a constant of integration that have length 

dimensions and measured from the wall to a reference level 

(virtual level), (Ackers, 1958 and Webber, 1987). For rough 

boundaries, yQ=k/33 where k is a linear measure of the roughness 

projections. Replacing k with k^, the above equation becomes: 

u 2.3 y 
A + log (2.11b) 

Equation 2.11 is commonly known as the Prandtl-von Karman 

universal-Velocity Distribution Law vdiich is logarithmic and is a 

function of the vertical distance y. 

According to Nikuradse's data on rough pipes, equation 2.11b can 

have the following form (Keulegan, 1938 and Schlichting, 1979): 

u y 
8.5 + 5.75 log (2.12) 

"s 

The work of von Karman and Prandtl at higher Reynolds numbers, 

resulted in the development of a resistance formula for turbulent 

flow in rough pipes: 

2 log 
3.7 d 

ks 

(2.13) 

In vAiich: 

kg = the sand grains diameter known as Nikuradse sand 

roughness and depends on the wall roughness 

d = pipe diameter 

Attempts were made by Colebrook and White (1937) and Colebrook 

(1939) to develop a formula which correlates the whole transition 

region from hydraulically smooth to completely rough flow. 
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Accordingly, experiments were conducted on pipes artificially 

roughened with two sizes of sand grains arranged in different 

patterns. Also analysis of numerous test records on commercial 

pipes was performed. The outcome of these efforts was the 

establishment of the following expression: 

-2 log 
kg 2.51 

3.7 d r 
R_ 4 

(2.14) 

e 

which is known as Colebrook-White transition formula. The 

transition curve representing this formula was found in agreement 

with the experimental data. 

The above formulae were based mainly on Nikuradse's data of 

frictional resistance in pipes for smooth, partly rough and fully 

rough flows. Attempts to apply the above analysis to open 

channels were carried out by a number of investigators at which 

the pipe diameter d was replaced by the hydraulic radius R. This 

process of transformation proved to be logical in that the shape 

effects are accounted by the hydraulic radius (Ackers, 1958). The 

following resistance formula for fully rough uniform flow in open 

channels was obtained with the appropriate coefficients according 

to several investigators; 

r a (4R) 
= c log 

"s 

(2.15) 

In vrtiich; 

c = a constant which varies from 1.2-2.8 with 2 as a 

standardising value 

a = a constant varying from 2.22-3.7 

Furthermore, Keulegan (1938) was the first to introduce the 

Universal-Velocity Distribution law to open channels. He related 

Bazin's roughness patterns to the uniform sand roughness of 

Nikuradse. He found that vrtien introducing the hydraulic radius as 
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the characteristic length, Nikuradse's formulae for pipes flow 

can be applied to open channels. Introducing the mean velocity, 

Keulegan developed the following equation in terms of the 

hydraulic radius by integrating equation 2.12: 

6.25 + 5.75 log 

2.3 
or CL + log (2.16) 

v. K ks 

Chezy's and Darcy-Weisbach roughness coefficients can be 

expressed in a similar form to the above equation. Rearranging 

equations 2.4 and 2.7 whilst dividing by the shear velocity and 

equating the results to the relative velocity y/V*, the following 

resistance functions can be obtained; 

V* 

c 8 2.3 R 
= C, + log (2.17) 

f K k_ 

2.3.2 Artificied and Natural Rougpiness 

Robinson and Albertson (1952) attempted to establish a standard 

artificial roughness with channels of very rough boundaries. They 

pointed out that there are 13 relatively inportant factors 

contributing to the effects of artificial roughness on flow in 

open channels. By means of dimensional analysis, they have chosen 

only three parameters out of the thirteen, the resistance 

coefficient Q/g^^, the relative roughness d/a' and the Reynolds 

number R^. The following formula was suggested in terms of the 

relative roughness; 

C d 
= + K2 log (2.18) 

a' 
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and Kg are constants determined experimentally to be 1.31 and 

4.7 respectively. The range of the variables involved in the 

experiment were: d/a'=4-17, s>0.001-0.04, V=0.3-5.0ft/s 

(0.09—1.52ny^s) and Rg=3.5x10^-2.5x10^. In this study baffle 

plates were used as the artificial roughness which were made of 

very thin sheet metal. 

Logarithmic formulae were developed by Sayre and Albertson (1961) 

relating the roughness factor to the size and spacing 

characteristics of the roughness elements. Six patterns of 

artificial roughness elements consisting of sheet metal baffles 

placed on the flume floor having various longitudinal and 

traverse spacings were used. As a result of dimensional analysis 

they found out that the resistance function is dependent on the 

relative roughness, and F^. Itiey added that and can be 

eliminated in the presence of large roughness elements and in the 

absence of surface waves or disturbances respectively. It is 

evident, they suggested, that the variation of Chezy resistance 

function with the relative roughness is logarithmic in nature. 

The following formula was derived: 

C d 
= Cg + 6.06 log (2.19) 

In vAiich: 

C2 « a constant depending upon the relative spacing 

between the roughness elements 

a' = the height of the roughness element 

The experimental data which fell within the subcritical range was 

plotted on a semi-logarithmic paper and found to form a family of 

parallel lines each representing a particular roughness pattern. 

Other investigators, they added, such as Koloseus in 1958 

conducted tests within the supercritical range with brass cubes 

as roughness elements, produced experimental data fitting the 

above equation. The only variation was found to be with the 
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constant C2 vAiich was attributed to the change in the relative 

spacing. 

They introduced a parameter x which describes a roughness 

parameter depending upon the shape, size and spacings of the 

roughness elements. In other words, it describes the boundary 

roughness emd has length dimension. Equation 2.19 was simplified 

to the following: 

r 7 

d 
= 6.06 log (2.20) 

X 

Mirajgaoker and Charlu (1963) used six different patterns of 

boulders arranged on the bed of a laboratory flume to investigate 

the effect of large natural roughness in open channels. The 

arrangements were similar to those of Sayre and Albertson (1961) 

except that the type of elements used were to create natural 

conditions in the flume. They observed that the Chezy resistance 

function, C/g^^, is related to the relative roughness by means 

of a logarithmic equation. A resistance diagram was developed 

relating the resistance function and the Reynolds number over a 

range of 10^-10^ in which was found to depend more on the 

relative roughness than R^. Subcritical flow was studied due to 

the low range of discharges used. They found that C/g^'^ is a 
2 

function of d/a', d/Xt (d , R^ and where S is a parameter 

describing the roughness density in terms of number of stones per 

unit area having a dimension of [L] which is first introduced 

in the above relation. A relationship of C/g^'^ with the relative 

roughness d/a' was obtained: 

C d 
= C, + 6.06 log (2.21) 

I ' a' 

In T^ich: 

C2 = a constant varying from 1.36-4.12 
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Experimental work has been conducted by O'Loughlin and MacDonald 

(1964) on the overall resistance in channel surfaces roughened by 

cubical elements and natural sand grains of variable 

concentrations. The variation of the resistance coefficient 

1/f^^ with the relative roughness 4(dAg) was plotted and a set 

of parallel lines were fitted, each representing a concentration 

pattern, in nine of the ten patterns used, the von Karman 

constant was conpated and found to vary (see table 2.2). 

Excluding the two higher values, an average value of 0.33 was 

taken rather than the general value of 0.40. 

2.3.3 Flow Resistance in Steep Channels 

Considering flow in channels of steep slopes such as mountain 

streams, it is evident that their type of flow is different from 

that found in channels of gentle slopes. It is characterised by 

rapid motion (Scheuerlein, 1973) with extremely high turbulence 

often combined with air. The factors responsible for this kind of 

flow are mainly steep slope and high roughness. Several 

investigators developed formulae describing this kind of flow. 

Although the range of these formulae is rather limited, they are 

often applied to flow conditions of different characteristics 

than those they were initially developed from. 

Scheuerlein 1973 reported that relatively few investigators, in 

addition to himself, had studied the flow resistance in steep 

slopes including both natural and artificial roughness. They are; 

Powell (1946), Mohanty (1959), Kharrufa (1962) and Herbich and 

Shulits (1964). Table 2.3 shows a conparison between the various 

slopes tested. 

Regarding the results of the various investigators, Scheuerlein 

noted that they tried to develop a flow resistance formula which 

came to be logarithmic. It is worth noting that the von Karman 

constant is not a true constant but it becomes so within a 

certain test region. It was found that as the Froude number 
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becomes low, k reaches a constant value of 0.40 (Sayre and 

Albertson and Mirajgaoker and Charlu) and with higher number k 

becomes low and this was verified by Powell and Scheuerlein v^o 

found ic-0.32 and 0.25 respectively. 

Tominaga and Nezu (1992) conducted experiments in steep open 

channel slopes over smooth and rough beds with slopes varying 

from 0.002 to 0.04. The Froude number varied from 0.5 to 3.0 

according to the slope. The purpose of their experiments was to 

measure accurately the velocity profiles and to clarify the 

resistance law in steep open channel flows. The measurement of 

the local velocities was carried out by using a fibre optic 

laser-Doppler anemometer which produced high accuracy results. 

Referring to equation 2.16, they have established that the von 

Karman constant 8=0.41 is universal for steep slopes in both 

subcritical and supercritical flows. They also added that the 

constant has a value of 5.29 within subcritical flows, whereas 

in supercritical flows it decreases with the increase in the 

Froude number. 

2.3.4 Concepts of Drag Resistance 

The resistance to flow arising from objects situated in a moving 

fluid is divided into two conponents. The first is called skin 

friction drag and is due to the friction between the surface of 

the stationary (or moving) object and the fluid. The second is 

called form drag and is due to the shape of the object and its 

alignment with the flow (Dake, 1972). 

The form drag exists if the shape of the object is such that a 

pressure difference is produced due to the difference between the 

low pressure in the wake and the positive pressure upstream the 

object. This leads to a force on the object in the direction of 

flow known as form drag and is expressed as: 
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p V ^ 
Fd = Cjj A ( 2 . 2 2 ) 

In vrfiich: 

Fg = the drag force due to form drag 

Cg » the form drag force coefficient 

A = the projected area of the object on a plane normal 

to the direction of motion. 

V = the mean flow velocity 

When the flow occurs parallel to a surface, the fluid exerts a 

drag force on the surface as a direct result of viscous action. 

At sufficiently high R^, form drag dominates and Cp becomes 

independent of R^. The drag is then due to the pressure 

distribution round the roughness element. This study is 

characterised by high R^, thus, the viscous action has negligible 

effects and the form drag dominates. 
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2.4 Conclusion 

Protection of slopes is necessary vAen overflowing water is 

present. Low economic costs, easy and speedy construction and 

high stability are important factors to bear in mind vrtien 

protection of slopes is required. The review above suggests that 

stones enclosed in baskets would provide these three factors. 

Thus, it was decided to investigate the stedaility of such slopes 

v^en protected by mattresses. Economical and construction factors 

were dealt with by others such as Maccaferri and Smith et al. 

(1979). The prototype stone size (d50=200 m m ) used in this study 

is readily available along the wadis. The basket size was chosen 

to represent a manufactured prototype gabion mattress. Thus, 

field applications are easily achieved with the appropriate scale 

ratio. The weir slope of 1/7 used in this study is steeper than 

the 1/10 of Smith's (1982), therefore it was decided to examine 

the stability of the mattresses with such slope. 

It is evident from the detailed search on the literature that a 

general resistance formula is not available yet. Before applying 

any of the above developed formulae, a careful judgement should 

be sought by investigating the particular conditions such as 

slope, Froude number, relative roughness, Reynolds number etc. 

Comparing such conditions with those existing vAien a particular 

formula was developed may provide a clear understanding of the 

appropriate method and formula to be used. Regarding the 

mattresses, it was decided to develop a resistance formula which 

can be correlated with the other developed formulae so as to draw 

closer to a general formula for all materials. Supercritical flow 

is common in practice along with high so as to neglect the 

viscous effects and to concentrate more on the effects of surface 

roughness on the flow. The flow in this study is characterised by 

R_>10* due to the high mean velocities (>1.30 m^/s) and kinematic 
T —6 

viscosities v^.OxlO . It is clear that von Karman constant is 

not universal and depends on the test conditions. 
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Table 2.1 calculated factors of safety (Wilkins, 1963) 

Test 
No. 

Calculated Factors of Safety 

Model material Test 
No. 

Usual method 
of slices 

Modified slices 
method 

Bishop's 
method 

Model material 

1 0.81 1.06 1.00 Crushed dolerite 

2 0.77 1.10 0.91 Crushed dolerite 

3 0.92 1.18 1.05 Crushed dolerite 

4 0.49 1.00 0.93 Crushed brick 

5 0.80 1.00 0.91 Crushed coal 

Table 2.2 the computed von Karman values 

cubes Scind 

concentration K concentration K 

0.11 0.33 0.0077 0.40 

0.25 0.32 0.09 0.33 

0.44 0.36 0.27 0.33 

0.70 0.46 0.45 0.33 

0.64 0.34 

Adapted from O'loughlin and MacDonald (1964) 
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Table 2.3 various slope values tested by different authors^ 

author 

slope 
tana 

relative 
roughness 

* 

Fr 
* * % 

author 
mcuc min max min max min max 

Sayre & Albertson, 1961 0.003 0.13 0.49 0.08 0.4 1.9 6 

Mirajgaoker & Charlu, 1963 0.005 0.23 0.85 0.20 0.5 1.6 80 

Herbich & Shulits, 1964 0.030 0.56 3.33 0.09 0.4 5.0 30 

Powell, 1949 0.030 0.03 0.25 0.08 2.1 0.4 40 

Mohanty, 1959 0.083 0.23 0.85 0.80 4.1 4.0 17 

Kharrufa, 1962 0.090 0.21 2.78 0.14 2.7 0.3 10 

Scheuerlein, 1973 0.667 0.28 0.92 0.44 4.8 8.5 200 

$ Adopted from Scheuerlein (1973) 

* Froude number 

** Reynolds number is multiplied by 10^ 
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Figure 2.1 Variations of factors of safety with head and tailwater 

levels (Wilkins,1963). 
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Figure 2.2 Possible arrangement of reinforcement (Wilkins, 1963) 
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Figure 2.3 The planned construction of the prototype gabion of El 

cajon dam (Gerodetti, 1981) 
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Figure 2.4 Section on slope protected by gabion mattresses 

(Smith, 1982) 
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chapter obree 

basic considerations and assumptions 

3.1 Introduction 

Considerations for analyses are presented in this chapter making 

use of the results of previous investigators as well as necessary 

assumptions before pursuing the analyses of the experimental 

data. 

Several aspects are found essential in understanding the 

performance of gabion mattresses under different flow conditions: 

- The flow resistance of steep slopes protected by mattresses. 

The variables considered include: velocity distribution formula 

flow resistance formulae and Manning's roughness coefficient. 

- The stability of the mattresses. Their ability to resist 

movement by the flow is studied in relation to the following: 

the effects of uplift and pressure distribution, seepage forces 

and the form drag resistance on the mattresses. 

Few investigators have studied steep slopes protected by 

mattresses and this study is an attenpt to throw some light on 

the performance of such mattresses. 

3.2 The Establishment of Uniform Flow 

Flow in open channels is said to be uniform if the following 

features are present: (1) the depth of flow, the velocity of 

flow, the channel slope and the channel cross sectional area are 

all constant from section to section. (2) the energy line, the 

water surface and the channel bottom are all parallel. It is also 
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said to be steady if the flow depth does not change with time. 

This study is characterised by steady uniform flow type. The 

results obtained from uniform flow conditions are approximate and 

general, however, they provide relatively single and satisfactory 

solution to many practical problems (Chow, 1959 and Massey, 

1983). 

Uniform flow zone was located by measuring water depths at 

several positions along the centre line of the downstream slope 

by point gauges. The uniform flow zone was then located within 

the region of equal flow depths. These depths are called normal 

flow depths d. Figure 3.1 shows the location of the uniform flow 

zone. 

3.3 The Virtual Bed Level 

The concept of a virtual level has been introduced by Schlichting 

(1937). It can be defined as the plane located within the 

roughened layer a distance D below the water surface, vrfiere D is 

the effective depth. The representative velocity of the interflow 

at that level can be assumed to be zero. This level should be 

located so that the measured normal depth is incremented by a 

certain value Ad. The effective depth is then expressed as: 

D = d + Ad (3.1) 

In vAiich: 

D « the effective depth 

d = the normal depth measured from the water surface to 

the top of the roughness element 

Ad = an increment measured from the summit of the 

roughness element to the theoretical level = a d^ 

a = a factor to be determined 

dg = the particle grain size 

Table 3.1 lists values of a obtained by several authors. 
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The search conducted by the author produced four methods at which 

the virtual level was located by. They are: (a) linearising the 

velocity distribution law (b) utilising Manning's or Chezy's 

equations (c) concerned with the geometrical shape of the 

elements and (d) regarding the top or the bottom of the roughness 

elements as the virtual level. 

- Method (a); 

This method utilises the Prandtl-Karman velocity distribution 

formula to estimate the location of the virtual level: 

u 2.3 y Ad 
— = A + log + 

v^ K dgQ dgo 

(3.2) 

In ^ich: 

u = local velocity at a distance y from the bed 

V* = local shear velocity 

A = constant to be determined 

K = von Karman constant 

y = a vertical distance measured from the top of the 

roughness element to the measured local velocity 

dgQ= median diameter of the stones 

A straight line is obtained if values of u/v* are plotted against 

the logarithm of (y+M)/dgQ. Different values of Ad/dgQ are to be 

tried with von Karman constant of 0.4 during each trial. The 

value of Ad/dgQ v^ich produces a straight line with the highest 

correlation factor r is chosen. 

Amongst the researches vrtio used this method were: Einstein and 

El-Samni (1949), O'loughlin eind MacDonald (1964), Blinco and 

Parthenaids (1971), Grass (1971), Yates (1972), Kanphuis (1974), 

Zagni (1975), Bayazit (1976), Zippe and Graf (1983), Putrus 

(1986), Kirkgoz (1989) and several others. 
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-Method (b); 

It adopts Manning's and Chezy's equations to predict the location 

of the virtual bed level. If Q is plotted against ^^2/3^1/2 ^ 

equation of the following form is expected; 

Q - [1/n] A s^/^+ c (3.3) 

where c is the intercept of the fitted line and its slope is the 

reciprocal of Manning's coefficient. Equation 3.3 should have the 

same form as per equation 2.5. This can be attained if the flow 

depth is incremented by Ad so that c=0. When this condition is 

fulfilled, Ad is then considered as the incremental value 

necessary to adjust the flow depth. Overton (1967) and Cheng and 

Clyde (1972) were users of this method. 

-Method (c): 

The location of the virtual level in this method depends on the 

shape of the roughness elements, their concentration and flow 

conditions. No specific generalisation can be deduced from this 

method except in the case of using the same shape. Each 

researcher, therefore, produced different location according to 

the elements used such as Gordienko(1967) staggered baffles of 

concentration L/h>1.41, Pillai (1979) with solid triangular 

elements and Noori (1985) with triangular steps. 

-Method (d); 

Suggests that the virtual level is either at the top of the 

roughness element or at the bed of the flume. Morris (1955), 

Herbich and Shulits (1964) and Sayre and Albertson (1966). 

3.4 Bed Roughness Correction 

The bed surface of this study is hydraulically rough compared to 

the smoothness of the flume side walls, thus, the bed mean shear 

stress Tjj will be greater than the mean value for the entire 

solid boundary T. In addition, the bed hydraulic radius and 
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the bed Manning roughness will conprise different values than 

the overall R and n. It is our concern in this study to establish 

certain formulae in relationship with the bed rather than the 

overall. 

Investigators produced several procedures for such correction and 

they have made assumptions to fulfil their task. Simons et al. 

(1984) utilised Manning's equation vAiich is a commonly used 

relationship to approximate the average velocity in open 

channels. They made the following assunptions: 

1. The cross sectional area is divided into two sections, 

Wiere resistance to flow is caused by the bed and the walls. 

Each section has its own wetted parameter and and its 

own hydraulic radius and R^. 

2. The mean velocity in each section is the same and equal to the 

mean velocity in the vAiole channel. 

V - Vb - Vw 

3. The energy gradient is the same for both sections. 

Accordingly, the following formulae can be found; 

V 

s 

2 , ^2/3^2 ^ j^/3^2 ^ ^2/3,2 

n V n. 

w 

n 
w 

n. 

i n ; 

3/2 

and n. 

h 3/2 p _ (r^)3/2 2D ^2/3 

B 
(3.4) 

The model side walls made of glass panels with a wall roughness 

n^=0.012 (Chow, 1959). Equation 3.4 can be simplified after 

substituting the value of as 0.012: 
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P - 0.003 D 

% 
B 

(3.5) 

Where n can be found from equation 2.5. Consequently, the bed 

mean shear stress can be found from the following equation 

when Py is known; 

" Y s (3.6) 

and the bed mean shear velocity V* can also be found easily: 

V* J (g Rb 

Manning's equation relative to bed is; 

(3.7) 

V = 

n. 
(3.8) 

r V n^ 
hence s = 

,2 

2/3 (3.9) 

substituting equation 3.9 into equation 3.6 we get a relationship 

between ib, Rb and V; 

„ 2 

Tĵ  - [Y (3.10) 

4 ' ' 

Thus, parameters related to the bed will be used throughout this 

study and for convenience the subscript b will be omitted. Any 

shift from this direction will be mentioned vrtiere appropriate. 

3.5 Dimensional Analysis 

This permits the application of limited experimental results to 

situations involving different physical dimensions and different 

fluid properties. Dimensional analysis makes possible the 

presentation of the results of any investigation to others in a 
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more meaningful way to facilitate their use. In other words, it 

recognises the fact that physical factors influencing any 

physical phenomenon should be related in an equation which is 

dimensionally homogeneous. 

Previous knowledge of the dependent variables in this case of 

study, and in any other case, is essential in order to perform 

dimensional analysis. The number of variables in any problem is 

too great to be heuidled. The task then is the simplification of 

the problem without undermining the significance of the 

approximated relationships to be determined. The Buckingham Pi 

theorem was used in an attempt to produce a rational correlation 

among the variables. 

3.5.1 Flow Resistance 

In analysing the forces acting on the flow, boundary shear stress 

is found to represent the resistance to flow. Although it is 

possible to solve for the boundary shear stress by analytical 

means, the use of dimensional analysis would show clearly the 

influence of the variables involved. 

The variables in mechanics of fluid fall into three classes 

(Rouse, 1959). The variables used in the dimensional analysis 

were chosen so as to represent the experimental conditions of 

this study. Those variables affecting the shear stress along the 

boundary could be grouped under three classes as follows: 

i. Variables describing the boundary geometry: 

dgg = median grain size 

B = width of the channel 

h = element thickness 

s = slope of the channel 

X = shape factor of the channel 

a = shape factor for the roughness element 

ii. Variables describing the flow characteristics 

-33-



V » mean velocity of flow 

R = hydraulic radius 

T = boundary shear stress 

iii. Variables describing the fluid characteristics: 

p = density of fluid 

g = gravitational acceleration 

/u = dynamic viscosity of fluid 

The relationship exist amongst these variables can be stated as: 

T = $ (V/ p, R, dgQ, B, h, S/ X, Of g, //) (3.11) 

In vAiich: 

$ = a function relation 

Choosing V, p and R as repeating variables and using the 

Buckingham Pi theorem, with appropriate inverting and taking the 

square roots, equation 3.11 becomes; 

R B R 

1^50 ^ ^ 

, S, X, ff, F^, Rg (3.12) 

or T = pV^ $ 
r R 

U c 

but 

30 

T = pg R s 

B R 
, , S, X, (J, F , R 

R h 
(3.13) 

(3.14) 

Arranging equations 3.14 and 2.7 of Darcy-Weisbach and into 3.13: 

= 

' R B R 
/ , / S, X, a, F , R 

. d^Q R h 
(3.15) 

In a wide channel, R=d so equation 3.15 becomes: 

' d B d 
I / t S, X, (T, F , R 

Idgo d h 

(3.16) 

Robinson and Albertson (1952) suggested that if the channel to be 
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studied is rectangular in shape and the width of the channel 

remains unchanged, the shape factor can be replaced by the 

parameter B/d (the relative width). The resistance in this study 

was related to bed which contained the roughness elements whereas 

the side walls were made of glass; side wall effects were 

negligible conpared with the bed, hence, the effect of B/d 

becomes laninportant. Therefore: 

8 
— = $(-
f ^ 

r d d 

-/ S, ff, Fj,, Rg 
h 

(3.17) 

The mattress depth, though, has substantial influence on the 

stability of the slope, little known about its effect on the flow 

resistance. Zagni and Smith (1976) suggested that there is a 

transition zone extending a distance from the bed surface. 

Energy is dissipated within it and additional energy loss is 

resulted due to fluid momentum exchange across the interface 

which might lead to an increase in boundary resistance. The 

increase would depend on the relative magnitudes of the effects 

of the energy dissipated and the momentum exchanged (Zagni and 

Smith, 1976). Models were developed to predict the transition 

depth dp,' the values predicted were unrealistic in which they 

were smaller than had been observed in the dye tests. Zippe and 

Graf (1983) studied turbulent flows over permeed^le and 

nonpermeable rough surfaces. They concluded that flow resistance 

of the permeable surface is higher than that of the nonpermeable 

having identical surface texture. So far, several researches 

admitted that the turbulent flow interaction between the porous 

layers and the main flow is difficult to assess due to the 

complex nature of the porous material (Zagni and Smith, 1976, 

Zippe and Graf, 1983 and Mendoza and Zhou, 1992). 

According to the above discussion, there should be a parameter 

included with the roughness element which adds to the resistance. 

Such parameter was not investigated in this study assuming that 

its effects would be absorbed in the roughness element and in the 
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coefficients of the developed formulae (3.22). Thus the stone 

size will be taken to represent the resistance to flow rather 

than mattress thickness. This assumption simplifies 3.17 to: 

8 

f 
$6 

U 
S, a, Fj., Rg 

50 

(3.18) 

Sayre and Albertson (1961) introduced a parameter x describing 

size, spacing, and shape of the roughness element; in other words 

it describes the boundary roughness and has the dimension of 

length. In this study, spacing between the stones was random and 

sought to represent natural conditions, therefore, was not 

considered. Regarding the size of the stones, it is very well 

represented by the dgg term. Though the shape factor of the 

element is undoubtedly variable, it is known to produce little or 

no effect since the stones are enclosed in baskets in addition to 

its conplexity. The term dgg is, by itself, a significant 

parameter representing the boundary roughness. 

The slope of the channel s was kept constant in this study and 

can be eliminated so: 

8 

f I d 
^r' *e 

50 

(3.19) 

As a result, the resistance to flow is strongly dependent on 

4/dgQ and weakly on R^ and according to the test conditions 

used in this study. 

The normal depth d is replaced by the effective depth D which was 

measured from the virtual level to the water surface. Equation 

3.19 then is reduced to the following : 

8 

f Id, 
•' *e 

50 

(3.20) 
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w i t h reference to equation 2.17, equation 3.20 can be related to 

Chezy's resistance factor and the relative velocity V/V* so that 

any dimensional analysis of any term proves the other. Thus: 

8 

f 

V r D 
u , 

*e 
50 

(3.21) 

The flow resistance can be obtained by the following formula: 

8 D 
— = C, + C, log 
t ^ ^ d 

(3.22) 

50 

Where the constants Cg and Cg are to be determined 

expe r imental ly. 

Pursuing the analysis with a new repeating variable // instead of 

R, resulted in the following dimensionless groups: 

(VpR Vpd 

v2 

50 
VpB Vph /yg ' 

» / S/ X, ff/ 

/w 

(3.23) 

Massey (1971) said that several other sets of repeating variables 

are possible in any dimensional analysis as long as they confirm 

to the following features: " Its constituent magnitudes must 

among themselves involve each of the fundamental magnitudes (L, M 

and T) at least once, and yet it must not be possible to form a 

dimensionless group from the recurring set alone." Regarding the 

two sets used above, they follow these features. 

Equation 3.23 may look different from 3.12, but they are 

essentially the same. In fact further utilisation of the n 

theorem would enable the transformation of equation 3.23 to the 

form of equation 3.12. This was done by combining two groups each 

time from equation 3.23 so that to produce dimensionless groups 

similar to those in equation 3.12. Let us take the first two 

groups as follows; 
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VpR VpdgQ 
and ^2 = 

^ U 

R 
then (3.24) 

"2 ^50 

The dimensionless group in equation 3.24 is found similar to the 

first group in equation 3;12. This sort of transformation is 

often useful bearing in mind that the same number of ns must be 

similar to that specified earlier before any multiplication or 

division taken place. Regarding the new set of repeating 

variables (V, p and //) and also the transformation technique, a 

similar result was obtained as that of equation 3.12. 

3.6 The Equivalent Sand Rou^^iness 

It has been suggested in the previous chapter that Nikuradse's 

sand grain roughness has become a standard practice to express 

the boundary roughness both in pipes and open channels. 

It can be seen that the equivalent sand roughness is not a 

measure of the physical roughness height of the element but 

rather of the effect of the roughness element on the flow. 

Keulegan (1938) suggested that the hydraulic effect of a 

roughness element of arbitrary size and distribution, dgp in our 

case, can be described by comparing it with the effect of a rough 

surface of the type used by Nikuradse. That is comparing it with 

Nikuradse equivalent sand roughness k^. This is achieved by 

comparing equation 2.16 of Keulegan with that derived from this 

study such as equation 5.7. 

Several investigators confirmed that k^ can take values much 

larger than the size of the roughness element. Values of k^ 

obtained by several authors are listed in table 2.4. 
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3.7 Air Entrainment 

The process of mixing air with the water flowing over steep 

slopes is controlled by many variables. Argyropoules (1965) found 

that air entrainment depends on the intensity of the turbulence, 

the flow rates eind the energy gradient. He suggested that air 

entrainment occurs when the flow mean velocity reaches values 

between 3.5 and 5.0^/s. This experimental study was carried out 

with velocities below that range, Webber (1987) pointed out that 

air entrainment occurs at velocities in excess of 6.0n%/s where 

flow becomes unsteady and pulsating in character. This study is 

characterised with uniform flow which was verified experimentally 

in section 3.2. Furthermore, the interstices of the mattresses 

contained air before exposing them to the flow Wiich removed them 

allowing itself to flow through the voids freely. Observations 

during the experimental runs support the previous sentence. 

However, insignificant air entrainment might be present in the 

flowing water. Hence, small error might be expected in the 

formulae developed for flow resistance. 

3.8 Seeding Ratio 

Hydraulic modelling can be defined by the fact that the 

observations made on a model must be transferable to natural 

conditions or exhibit a direct similarity relationship to 

problems of hydraulic engineering (Kobus, 1980). This entails 

geometric (shape), kinematic (motion) and dynamic (force) 

similarity (Webber, 1987). 

Laws of similarity depend on the behaviour of the fluid and the 

type of structure used. The fluid motion in open channels flow 

and other hydraulic structures with open surface gradients are 

predominated by gravity. The Froudian law was used to express 

the mathematical relationship between the dimensions and the 

hydraulic quantities of the model studied and its prototype. 
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The general relationship was expressed in terms of the length 

ratio L^. In our case a model scale ratio of 1:10 was chosen. 

The scale relationships are presented in table 3.3. 
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3.9 Conclusion 

Method (b) would result in a variation of n every time the 

iteration is coupleted. This means that reliability on this 

method is missing. In addition, very few researchers applied it. 

Methods (c) and (d) depend mainly on the researcher's judgement 

and on the types of roughness elements used so they are rejected. 

It seems that linearising the velocity distribution law in order 

to locate the virtual level, is a choice favoured by many 

researchers. It implies that better judgement cam be sought vhen 

using the method. 

Dimensional analysis introduced the relative roughness as an 

important factor that influences flow resistance, whilst Re and 

Fr have lesser influence on the flow resistance according to our 

case. This agrees well with other investigators such as Robinson 

and Albertson (1952), Sayre and Albertson (1961), Mirajgaoker and 

Charlu (1963), and Noori (1985) vdio worked with high R^. 

-41-



Table 3.1 values of a Obtained by different authors*. 

Author Roughness element type 

Schlichting (1937) spheres 0.16 
Einstein & El-Samni (1949) hemispheres 0.20 
O'loughlin & MacDonald (1964) sand 0.27 
Goma & Gelhar (1968) spheres 0.23 
Blinco & Parthenaids (1971) irregular particles 0.27 
Grass (1971) gravel 0.18 
Bendict & Christeansen (1972) spheres 0.198 
Cheng & Clyde (1972) spheres 0.15 
Yates (1972) gravel 0.60 
Kanphuis (1974) gravel 0.30 
Bayazit (1976) hemispheres 0.35 
Zagni (1975) spheres: permeable bed 0.68 
Zippe & Graf (1983) spheres: 

-permeable bed 0.20-0.80 
-inpermeable bed 0.5 

dg is the roughness element size 
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Table 3.2 Equivalent sand roughness ks by different authors* 

Author Roughness element ks 

Leopold et al. (1964) gravel 3.5 D84 
Limerinos (1970) gravel 3.0 D84 
Kanphuis (1974) gravel 2.0 D90 
Bayazit (1976) hemispheres 2.5 D 
Charlton (1978) gravel 3.5 D90 
Hey (1979) gravel 3.5 D84 
Thompson & Campbell (1979) gravel 4.5 D90 
Gladki (1979) gravel 2.5 D80 
Bray (1980) gravel 3.5 D84 

gravel 3.1 D90 
Griffiths (1981) gravel 5.0 D50 

* Adopted from Putrus (1986) 

In vAiich: 

h = element thickness 

D 
•̂ 84'90' size of particles of which 84%, 90%, 

is finer 

Table 3.3 scale ratio 

Dimension Ratio Scale 

Length 
^r 1 10 

Area 
V 1 100 

Velocity 
V 1 3.162 

Discharge Qr= 
.2.5 

1 316.23 

Time 
^r" 

1 3.162 

Unit Discharge 9r= 
,1.5 

1 31.62 
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cb2vfter pour 

experinonsvl apparaxus and equifmq4t 

4.1 Introduction 

The experimental work for this study was carried out at Chilworth 

Hydraulics Laboratory of the Ifiiiversity of Southampton. This 

study involved the measurements of flow depths, local velocities 

discharges and pressures. Accordingly, several equipment and 

apparatus were used such as: a flume, point gauges. Pitot-Static 

tubes, transducers, thin plat weir, to name but a few. This 

chapter will outline briefly the type of measurements taken, 

their purpose and the equipment used. Accuracy of measurements is 

also discussed. 

Full description of some parts of this chapter is listed in 

i^pendix A as well as the necessary calibration. 

4.2 The Large Flume 

It has a 21.4m working length, a 1.37m width and 0.61m depth (see 

figures 4.1 and 4.2). It can accommodate a total flow of 0.47m?/s 

circulated through three centrifugal pumps. A schematic 

arrangement of the system is shown in figure 4.3. 

It was decided to construct the models in this flume. The length 

it has enabled the author to place the models in the middle so 

that discharge measurements D/S the flume were not affected by 

the hydraulic jump. Also the approach channel was provided with 

ample space U/S the slope. It was possible to use the three pumips 

together, particularly vdien stability evaluation was studied in 

order to expose the mattresses to higher dishrags. More details 

about the flume can be found in ̂ pendix A. 
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4.2.1 Flume Slope Measurement 

The purpose of this measurements was to set the flume at a 

straight level so that the slopes used were those of the models. 

To do this, the flume slope should be approximately zero. 

Accordingly two methods were used with different 

instrumentations. Method 1 utilised an automatic levelling 

instrument v^ilst Method 2 considered two static levels a certain 

distance apart (more details in ̂ pendix A). Method 2 was 

conducted to check the accuracy of Method 1. The flume was 

adjusted by Method 1 to give a slope of 0.0025mq/1n which was 

considered near zero. A similar result obtained by Method 2 

(0.0024mq/k) which suggests that slope adjustment of any flume 

could be achieved by applying Method 1. 

4.3 Depth Measuring Equipment 

A uniform flow was established in order to measure the flow depth 

which is defined as the average difference between the water 

surface and the bed surface. Investigation of the uniform flow 

zone was carried out in section 3.2 and was supported by other 

studies such as Zagni (1975), Noori (1985), Putrus (1986) and 

others. 

Point and hook gauges, with a vernier scale reading to O.lmm 

mounted on rail carriages, were used to measure the water surface 

at several points. The rail carriage facilitates the measurement 

of the flow depth at any section of the flume. A stilling well 

was fixed to the outside part of the flume and connected to the 

gabion mattress surface via a clear plastic tubing. As will be 

seen later, the stilling well was necessary to measure the flow 

depth at times vAien the water surface was undulating. In 

addition, comparison of the two types confirmed their 

applicability and support the accuracy of the measurements. See 

J^pendix A for stilling well installation. The normal depth used 

in the calculations was the average of five local measurements 
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taken within each run. 

4.4 Discharge Measuring Equipment 

The author decided to chose a rectangular thin-plate weir for the 

task of discharge measurements. Previous studies of methods on 

discharge measurements were reviewed by Putrus (1986) vdio 

suggested that the thin-plate weir is an accurate and convenient 

method to measure discharges. Other publications such as those of 

the FAD cuid the ILRI support this. Using the British Standard 

3680: Part 4A; 1981, a rectangular weir was designed (Ahmed, 

1988). 

Calibration of the weir was conducted using equation A.5 (see 

/^pendix A) resulting in an equation with a correlation 

coefficient of r=0.995: 

Q = 2.19 h^'^^ (4.1) 

Figure 4.4 illustrates the calibration curve. 

4.5 Velocity Measuring Equipment 

Measurement of the local velocities on the protecting mattresses 

were obtained by using: Pitot-Static tube, pressure transducers, 

transducer/converter and a data logger. Order of connection, 

description, and calibration are listed in J^pendix A. 

4.5.1 Measurements of Local Velocities 

The SE labs transducer was used to convert the pressure 

difference at any specific point into local velocities. The 

pressure difference at any point is expressed by the following 

equation: 
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t s 

In vAiich: 

pu2 

(P. - p.) (4.2) 

= total pressure at a point (local total pressure) 

Pg « static pressure at a point (local static pressure) 

u = local velocity at that point 

Equation 4.2 can be written in terms of head difference 

pu^ 
pg (Ah) «= 

or u = Jzg (Ah) (4.3) 

Equation 4.3 needs a corrective coefficient say C to be applied 

due to nose and leg disturbances. Since the Pitot-Static tube 

used was similar to the Prandtl tube type, this coefficient was 

considered unity due to the accuracy in the design which 

accounted for these disturbances, therefore, calibration of the 

Pitot tube was not needed (Streeter and Benjamin Vlylie, 1979). 

The Pitot tube (8mm outside diameter) was placed flush on the 

mattress surface which meant that the centre of the total 

pressure hole was 4inn above the mattress surface. Hence, the 

first local velocity measured was not a representative for the 

velocity at the bed surface (Uq). Such velocity was difficult to 

measure in this study. A realistic approach then was to calculate 

Uq from the measured local velocities u^, Ug . Each local 

velocity was measured at a distance y from the mattress surface. 

at yl=4mm (Wien the Pitot tube was flush with the mattress 

surface). U2 at y2=3mm above yl and Ug at yg=6mm above y^. if 

and U2-u^=z, then UQ=^-[ (x+z)/2]. This approach would 

provide as close a value as possible to the real surface 

velocity. 
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4.6 Accuracy of Measurements 

It is evident that measurements of any physical quantity will 

include errors and uncertainties. Errors and uncertainties are 

usually random, systematic and accidental (spurious). 

Random errors are caused by the absence of sensitivity of the 

measuring equipment. These can be attributed to changes in 

pressure, humidity, room tenperature, vibration and/or 

fluctuations in electricity mains supply. These can be minimised 

by repetitive measurements and then taking the average vAiich 

should be close to the true value. 

Systematic errors arise from the characteristics of the measuring 

equipnent. This is attributed to installation errors, incorrect 

adjustment of the zero, calibration errors and/or malfunctioning 

errors. These types of errors can be minimised to a satisfactory 

level by using with care more accurate equipment during 

installation, calibration and zero adjustments. 

Accidental errors are caused by incorrect experimental techniques 

or calculations. They must be conpletely avoided. 

The uncertainty due to random errors can be calculated 

statistically in terms of the standard deviation a: 

a = 
Z(x. - X)^ 

- (4.4: 

"r-l 

In which: 

= the ith reading of the variable x 

X = the mean of the readings 

n = number of readings 

The standard deviation of the mean ly is given by: 
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'm 14-5) 

nr 
The uncertainty can be found multiplying by the appropriate 

value of the Student's t to obtain the 95% confidence level 

(Kinghorn, 1982). Whilst systematic uncertainties can only be 

assessed experimentally on the basis of the knowledge of the 

equipment emd the techniques involved. 

4.6.1 Accuracy of Depth Measurements 

In the first experimental stages the purpose was to check the 

various equipment against errors. For example, water level was 

measured by point gauges and DRUCK pressure transducers. It was 

noticed that due to the disturbances in the water surface, it was 

difficult to measure the water depth to a satisfactory degree by 

the point gauges. Consequently, five DRUCK pressure transducers, 

were installed but they produced ambiguous readings. This 

measurement technique was abandoned. 

A third method consisted of installing a stilling well and a hook 

gauge. 

The static head h^ was then converted to the normal depth d by: 

d = hg cose (4.6) 

In \Aich: 

hg = the stilling well static head 

9 = The downstream slope angle 

The errors in the normal depth measurements rise as the flow rate 

increases. The uncertainty in the water depth measurements was 

obtained by combining the related errors which occur due to the 

zero setting, the vernier reading, the local effects at the 

surface tapping (Ackers et al., 1978) and the uncertainty in the 
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standard deviation of the mean which can be related to the 

confidence level by multiplying its calculated value by the 

Student's t. Chatfield (1983) suggested that the t value 

decreases as the number of readings increase. For of 4, 8, 12, 

20, and =», the t values are 3.18, 2.36, 2.2, 2.09 and 1.96 

respectively. In our case only 5 measurements were taken at each 

run and then were averaged to obtain the mean. Accordingly a 

value of t-=3.0 was taken. The following equation can be used to 

calculate the uncertainty in the depth measurements: 

100[ edn + ed? + ed? + 
Ud = ± (4.7) 

d 

In Wiich: 

Ud = the uncertainty in the depth measurement 

edg = the uncertainty due to the zero setting +0.3mm 

ed^ = the uncertainty due to the vernier reading +0.1mm 

ed2 = the uncertainty due to the tapping local effects 

+0.2mm 

ta^ = the uncertainty of the standard deviation of the 

mean at the 95% confidence level. 

t = the Student's t taken as 3.0 

d = the normal depth of each run 

The overall uncertainty due to the measured depth was estimated 

from the above equation for the two models: 

t=3.0 

Model 1 1.72%-4.12% 

Model 2 0.89%-1.47% 

4.6.2 Accuracy of Discharge Neeusurements 

The flow rate measurements were achieved by using a thin plate 

weir. Considering the weir formula A.l, possible sources of error 

which contribute to uncertainties in the measurements of the flow 
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rate are mainly due to (BS 3680, part 4 1981) 

1. Hie discharge coefficient C^. 

2. The measured width of the weir b. 

3. The corrective terms ky and k^. 

4. The measured head h^, which depends on the zero setting. 

5. The uncertainty due to the standard deviation of the mean a . 
m 

The percentage of error and uncertainty in the flow rate thus 

estimated by a combination of the various uncertainties involved 

and can be calculated from: 

UQ = ± [ UCg + Ubg +(1.5Uhg)2]l/i (4.8) 

2 2 
100[ e^ + ekj ] 

where Ub^ = + (4.9) 

100[ ehg + ehj + + {taj 
and Uh = + (4.10) 

hw 

In vAiich: 

UCg = the uncertainty in the discharge coefficient with 

a recommended value of +1.5%. 

Ubg = the uncertainty in the effective width. 

Uhg = the uncertainty in the effective head. 

eĵ  - the uncertainty in width measurement +0.5mm 

eky = the uncertainty in ky term with a recommended 

value of +0.3mm 

b = the width of the notch 

ehp = the uncertainty due to zero setting +0.3mm 

eh^ = the uncertainty in head measurement +0.1mm 

ek^ = the uncertainty in kĵ  term with a recommended 

value of +0.3mm 

ta^ = the uncertainty of the standard deviation of the 
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mean at the 95% confidence level. 

t = the Student's t taken as 3.0 

« the measured head at each run 

The overall uncertainty of the measured discharge was calculated 

from equation 4.8 for the two models at t=3.0: 

Model 1 1.52%-3.26% 

Model 2 1.53%-1.97% 

4.6.3 Accuracy of Velocity Measurements 

The local velocities were measured using a Pitot-Static tube, 

differential pressure transducer and a transducer/converter. 

The Pitot-Static tube used has an ellipsoidal probe which is 

known to give more accurate reading provided that the direction 

of flow is known to within 15° and that the disturbance effect on 

the velocity reading is negligible (Chue, 1975). 

The local velocity measurements were made possible by converting 

the SE transducer output voltage into a head difference. Equation 

4.3 is further simplified: 

u = (2g)^/^(Ah)^^ (4.11) 

Differentiating this equation with respect to Ah: 

1/7 3(Ah) 
3u = 1/2 (2g)^/^ (4.12) 

Dividing equation (4.12) by (4.11) and multiplying by 100: 

3u 9(Ah) 
= 0.5 % (4.13) 

u Ah 

In vdiich: 
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9u 
« fractional error in the local velocity in percentage 

3h 
9(Ah) 

due to the fractional error in 
Ah 

The uncertainties calculated from equation 4.13 for the two 

models are summarised as follows: 

Model 1 1.86%-2.29% 

Model 2 1.77%-2.36% 
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Figure 4.2 cross section of the flume 
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1% 

V4 V5 V6 

1 GLASS SIDED ADJUSTABLE SLOPE CHANNEL. 
2 RESERVOIR OR SUMP RETURN. 
3 CENTRIFUGAL PUMP I 2 0 0 IMP.G.P.M. 
4 CENTRIFUGAL PUMP 3 0 0 0 IMP. G.RM. 
5 CENTRIFUGAL PUMP 2 0 0 0 IMP G.RM. 
6 VENTURI TUBES. 
7 AXIAL FLOW TRANSFER PUMP 3 0 0 IMP G.RM. 
8 CHANNEL END WEIR. 
9 SEDIMENT RETAINING WEIR. 
10 FLOW INDICATOR AND SIGNAL GENERATORS. 
11 AMPLIFIER. 

12 INTEGRATOR. 
13 TOTAL FLOW RECORDER. • ' 
14 AUTOMATIC FLOW CONTROL SELECTOR. 
15 CONTROLLER. . . 
16 ELECTRICALLY OPERATED BUTTERFLY 

VALVE AND FEEDBACK SIGNAL 
GENERATOR. 

17 MANIFOLD. 
VI T O V I 6 MANUALLY OPERATED VALVES 

FOR ISOLATION OR TRIMMING. 

Figure 4.3 a schematic arrangement of the flow system 
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Figure 4.4 calibration curve of the thin plate weir 
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CHAPTER FIVE 

THE IMPERMEABLE MOEm. 

5.1 Introduction 

The purpose of this model was two fold, firstly to conpare the 

results of the flow resistance of permeable and iirpermeable 

surfaces protected by mattresses and secondly, to use these 

results as the basis of designing the permeable model. At certain 

instances the two models will be referred as inper and perm for 

the sake of sinplicity. 

Although the gabion mattresses were modelled using galvanised 

wire mesh having very low tensile strength and small diameter, 

scaling the wire mesh was a constraint in these models. 

Indications of durability and resistance of the wire mesh were 

not provided by these tests. 

The virtual level of this study was determined by comparing two 

methods; linearising the velocity distribution and the continuity 

methods. 

The stability of the mattresses was evaluated vrtien undergoing 

various discharges and the unit failure discharge was predicted. 

Velocity profiles were plotted and velocity distribution formula 

was developed. A representative value of Manning's n of the model 

was obtained. Resistance formulae related to Chezy's and to 

Darcy's-Weisbach resistance factors were formulated. The results 

of this model were compared with those of other investigators. 

Surface profiles of the mattresses were con^iared with those of a 

smooth board. 
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5.2 Model Constructirai 

A prototype weir 2 was chosen from a research study by Smith and 

Sir William Halerow and Partners (1979) which had U/S and D/S 

slopes of 1/3 and 1/10 respectively. However, the model was built 

with a 1/7 slope to evaluate the performance of mattresses on a 

steeper slope, A model scale ratio of 1:10 was adopted in 

modelling the weir. A plan of the model is shown in figure 5.1. 

The construction procedure and stone specifications are explained 

in ̂ pendix B. 

5.3 Die Testing Programme 

The testing programme was set up to investigate the stability and 

the flow resistance of the gabion mattresses. Several initial 

runs were made to test the various equipment used, to establish a 

procedure in taking the measurements and to locate the range of 

the uniform flow. This decision was verified in section 3.2, 

The local velocity measurements were taken at one location at the 

centre of the 26th mattress. They were measured at several points 

along the vertical with an increment of 3mm, 

Different discharges varying from a minimum value were allowed to 

flow over the mattresses. This range of flows was covered in 6 

runs namely KLHl to MlH6. Table 5.1 lists some of the 

experimental data obtained from the testing programme, Plate 5.1. 

shows the model during a test run, 

5.4 Establishment of the Virtual Bed level 

Section 3.3 highlighted several methods to establish the virtual 

bed level. Linearising the velocity distribution method was found 

to be a preferable choice. Therefore along with linearising the 

velocity distribution method, I would examine the applicability 
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of the continuity method with reference to the experimental data 

of this study. As it is the purpose of this section to locate the 

virtual level, the method found suitable will then be used to 

determine the location. 

5.4.1 Linearising the Velocity Distribution Method 

The experimental data of the inper and perm were used to estimate 

Ad assuming io=0.4. The following equations represent the best fit 

with the highest correlation factors r»0.92, r=0.84 and r=0.89 

for the inper, perm and the combined imper and perm respectively: 

y + 24.0 ' 

inper 

perm 

inper & 
perm 

u 

u 

V, 

u 

Vj 

6.25 + 5.75 log 

6.22 + 5.75 log 

6.26 + 5.75 log 

1 ^50 

' y + 23.0 ' 

^50 

' Y + 23.4 ' 

'50 

(5.1a) 

(5.1b) 

(5.1c) 

The resulted Ad values were 24.(hnm, 23.0mm and 23.4mm for the 

three categories respectively. 

The factor possesses almost a constant value in the three 

equations with slight variation. It does not take the value of 

8.5 (as per equation 2.12), which means that the variations in 

the test conditions and the boundary roughness geometry were 

absorbed into vdien choosing ic=0.4. The following paragraph 

supports this. 

As outlined in section 2.3.3, von Karman constant varies 

appreciably. However, this method assumed a value of B=0.4 as a 

constant value. Zagni (1975) had conducted an intensive search 

upon the validity of von Karman constant of 0.4. He concluded 

that R=0.4 is an acceptable value providing that other constants 

that appear in the equation accounts for this choice. 
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5.4.2 The Continuity Method 

A correlation of the total flow, the overflow (above the 

mattresses) and the interflow (inside the mattresses) was made 

possible by using the continuity equation between two sections; 

the first section across the slope \diere the measurements were 

taken and the second was across the flume, upstream of the thin 

weir Wiere the total discharge was measured: 

9 - Itop + 9mat (5-2) 

In v^ich: 

q = total unit discharge 

^top " discharge above the mattresses (overflow) 

q^^^ = unit discharge inside the mattresses (interflow) 

Equation 5.2 was used to estimate the unit interflow for each 

nan. Leakage from D/S the slope was negligible in conparison with 

the interflow, so was not considered. 

The velocity profile of the interflow was assumed to be parabolic 

following the trend of the turbulent overflow velocity profile so 

that it coincides with the y-axis at u-0.0 and at y=Ad below the 

summit of the stones. Furthermore, the area enclosed between the 

parabola and y=Ad was 2/3 the area of a rectangle and was equated 

to the interflow; 

2 
' S - W — (5.31 

and thus Ad = 1.5 
(%at 

(5.4) 

In vdiich: 

Ap = Area between the parabola and Ad 

Uq = velocity at the surface of the mattress (refer to 

section 4.5.1 for its measurement) 
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M = the incremental value needed to adjust the flow 

depth. 

Figure 5.2 illustrates the virtual level. Table 5.2 lists the 

calculated interflow values for each run of the two models. 

If the depth of the permeable layer is small, the virtual level 

will be contained within it. When the depth increases, the level 

will increase to a certain limit after which additional depth 

will have no effects on the level. This is supported by the 

results obtained for both the inper euid the perm by the two 

methods. 

It depends on the interflow, which in turn, depends on the 

overflow. The overflow increases as the depth and the mean flow 

velocity increase to the extent that the magnitude of 

becomes similar to the total unit flow q. This is apparent in the 

last runs of each model. 

It is also dependent upon the size of the grains and upon their 

arrangement. If the grains were of small diameter, the level 

tends to be closer to the crests surface (Yates, 1972; Zagni, 

1975 and others, see table 3.1). The reason is that the voids are 

getting smaller in such a way that the grains tend to form a 

conplete solid surface. In the case of larger grains diameter, 

the voids tend to form a substantial volume within the layer so 

that the virtual level is formed below the summit of the grains. 

Taking the mean of the calculated of each model and then 

rounding off into two decimal places, a value of q^^=0.02m^/s 

was obtained. The local velocities were also averaged resulting 

in Ug=1.27m/s and 1.28i%/s for the iirper and the perm models 

respectively. Inputting these values into equation 5.4 produced 

A&=23.6mm for the inper and Ad-23.4 for the perm. These two 

averages compare favourably. Furthermore, they show a good 

agreement with the values obtained by the linearised method 

outlined above. 
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5.4.3 Compariscm 

The linearised method depends on choosing a representative value 

of von Karman constant of 0.40. Choosing this value inputs 

certain conditions. That the water is clear of sediments, no 

secondary flow occurs and that any variation, which may result 

for this choice, is related to roughness and channel shape and 

are absorbed by another factor in the equation. The variations of 

K is more evident in rough boundaries. 

The continuity method involves a practical investigation of the 

proportion of flow in the mattress which influences the virtual 

level location. The available experimental data can be used to 

calculate the interflow volume and subsequently to locate the 

virtual bed level. In the review conducted in section 3.3 no 

researcher, for ny knowledge, has established the virtual level 

using this inethod. Hence, the advantage of comparison is absent. 

Nevertheless, the result obtained above by the linearised method 

support the applicability of the continuity method. 

5.4.4 Conclusion 

Thus the continuity method will be used to predict the location 

of the virtual level. The flow depth will then be corrected by 

adding Ad=23inm so that the effective depth will be D=Ad+d. 

Disregarding the decimals will not affect the analysis. This was 

supported by evaluating the velocity distribution equation using 

Ad as 23.6, 23.4, 23.5 (average of 23.6 and 23.4) and 23.0mm 

which resulted in negligible variation in the coefficients and in 

similar correlation factors. The effects of seepage regarding the 

representative Ad value, will be discussed later in the permeable 

model. 

As a result, plotting V/V* vs D/d^Q, with Ack23mm for the two 

models produced high correlation factors of r=0.992 (see equation 

—64— 



5.7) and r-0.982 (equation 6.1) with K=0.42 and 0.40 for imper 

and perm respectively. These values are in close agreement with 

those obtained by Tominaga and Nezu (1992) vrfio conducted 

experiments on steep slopes over smooth and rough beds, to 

measure the velocity profiles and to clarify the resistance laws 

in steep open channels. A fibre optic laser-doppler anemometer 

was used to measure the local velocities with a high-degree of 

accuracy. An average value of ic=0.41 was taken from a plot of K 

against for both smooth and rough beds (in their rough beds, 

varies from 1.75-2.54 for slope of 1/25 and the range of this 

study was 2.07-2.51 for a slope of 1/7). The plot was reproduced 

in figure 5.3. It demonstrates that the von Karman constant for 

rough boundaries varies from 0.39-0.45 with an average value of 

0.41. 

5.5 Stability Evaluation 

The stability of the slope is controlled by the ability of the 

mattresses to resist movement. In this model, the mattresses were 

subjected to various discharges starting from minimum to a 

maximum value of 0.30 m^/s at a maximum velocity of 3.0ny^s. 

Twenty runs were conducted namely MlSTl to M1ST20. During each 

run careful observation of the slope was maintained to spot any 

possible movement which might occur. Not a single mattress slid 

or plucked away from the slope. Plate 5.2., photos I & II 

respectively illustrate the intensity of the hydraulic jump 

across the last row. No movement of the stones inside the baskets 

was recognised at low discharges; as the discharges increased 

some stones started to vibrate and moved downstream within the 

basket causing slight deformation on the wire mesh. When the 

velocity increased, its downstream drag conponent pushed forward 

some stones which collided with the wire mesh and eventually with 

each other causing a deformation. At the end of the last run this 

movement resulted in a formation of a hunp on the second quarter 

of the mattress closer to the upstream edge which varied from 

5-7mm measured from the original level of the mattresses before 
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the fitst run. 

Had the stones not been contained inside the baskets, a conplete 

failure of the slope will occur at an early stage. 

Failure of the slope didn't occur due to the following reasons: 

1. The surface of the roughened underlayer exhibited an 

appreciable roughness preventing the mattresses from sliding. 

2. The mattresses weight. 

3. The maximum discharge available was not high enough to cause 

failure. 

It was possible to predict the unit failure discharge, q^, by 

using Smith's equation 2.1. The data needed were as follows: 

2 
Weight per unit area (w)= 68.3 kg/m 

Stone unit weight (Vg) » 2700 kg/m^ 

Angle of friction of underlayer =37® 

Solidity constant (a)= w/Vgh =0.60 

Thickness of mattress (h) = 40mm 

Median stone size (dgg) = 21.2mm 

Roughness factor (b)= dgg/h = 0.53 and a bed slope of 1/7. 

The constant c in equation 2.1 was found from the following 

equation derived by conparing Manning's and Strickler's equations 

relating n to the d^g: 

(5.5) 

The measured normal depths and the calculated critical depths 

were substituted in the above equation. An average value of c was 

obtained as 0.412 and substituted in equation 2.1 along with the 

variables listed above. A predicted critical depth of 248mm was 
2 

obtained which resulted in a unit failure discharge of 0.39m /s. 
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Smith in his model testing used mattress thickness of 12.8mm with 

stone size of 8mm and a slope of 1/10. Accordingly, the predicted 
2 

unit failure discharge was 0.049m /s vrfiich he suggested was about 

half the observed unit failure discharge. The discrepancies 

between the observed and the calculated failure may be due to the 

presence of pressure difference between the fast-moving flow 

above the mattresses and the slow-moving flow below the 

mattresses (Smith, 1982). Experimental verification was not 

possible due to the limited capacity of the flume. However, this 
investigation (according to equation 2.1) produced a prototype 

2 

g=12.3m /s which is similar to the designed flow assigned for 

weir 2 by Smith and Halcrow 1979 (q=12.0m^/s). 

For the sake of comparison, the weight per unit area (w) used in 

this study was about 4 times that used by Smith which resulted in 

a predicted failure discharge 8 times greater than that predicted 

by Smith. It seems that as w increases, stability of the slope 

increases as might be concluded from this comparison. 

5.6 Flow Resistance 

5.6.1 Velocity Profiles 

The local velocities at several points along the vertical were 

measured at an increment of 3nm. Figures 5.4 and 5.5 show the 

local velocity profiles of the six runs. Each local velocity 

plotted represents the weighted average of five averages each 

corresponding to 100 readings recorded by the data logger in an 

interval of 10 seconds. 

5.6.2 Velocity Distribution Formulae 

The average local velocities were plotted in figure 5.6 against 

Y/dgQ (Y=y+Ad). It can be seen from the figure that the 

experimental data obtained were well represented by the following 

equation with linear regression analysis gives a correlation 
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factor r-0.957: 

u 
6.53 + 5.43 log (5.6) 

^50 

The mean velocities were calculated from the velocity profiles. 

Cortparison of the above equation and the general equation 2.12 

developed by Keulegan (1938), implies that agreement is reached 

particularly on the slope of the equation. However, the other 

coefficient differs by the order of 2.0 and the reason is 

attributed to the different test conditions. 

A plot of the relative velocity y/V* against the relative 

roughness is shown in figure 5.7. The following equation 

describes the fitted line of the experimental data with r=0.992: 

3.37 + 5.54 log (5.7) 

V. <50 

The resulted equation is well defining the velocity of flow of 

the model. 

The relative velocity in the above equation can be replaced by 

C/g^^ on the basis of the results of the dimensional analysis in 

order to coitpare it with the results of other investigators. A 

plot of C/g^'^ vs D/dgQ was illustrated in figure 5.8. Several 

curves were superimposed in the same figure by interpolating the 

data from figure 5 of Sayre's and Albertson (1961). Additionally, 

three more curves were plotted related to Noori (1985) and Putrus 

(1986). Comparing those curves with those of this study, suggests 

that there was negligible variation of slope of the fitted lines. 

This may be attributed to the difference in slopes of the 

channel, the shape of the channel and the type of roughness 

elements employed. Sayre and Albertson added that the slope of 

the fitted line does not vary with roughness spacing. Whereas the 

coefficient C2 (3.37) depends on the relative spacing L/h where L 

is the longitudinal spacing between the roughness elements and h 

is the height of the element. This is clearly seen from figure 
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5.8. Regarding this study, the stones were packed randomly; the 

relative spacing was not clearly defined. 

5.6.3 Darcy-Weisbach Friction Factor 

The bed friction factor f was evaluated by plotting the variation 

of l / ( f w i t h D/dgQ in figure 5.9 and the following equation 

represents the best fitted line of the experimental data with 

r=0.992: 

1 D 
1.19 + 1.96 log (5.8) 

J T 

Putrus (1986) in his study of riprap protecting a drop with 1/10 

slope, developed an equation relating the friction factor to the 

relative roughness as follows: 

1 D 
= 1.59 + 2.04 log 

J T "so 

The variation in a (1.19) between equations 5.8 and the above, 

can be attributed to the steep slope employed in this study. It 

also depends on the channel shape, spacing and relative roughness 

type (ASCE, 1963). The value of the coefficient c (1.96) in 

equation 5.8 agrees well with the standardised value of 2 

suggested in equation 2.15. 

5.6.4 Manning's Roug^iness Coefficient 

Manning's roughness coefficient n with respect to bed was 

calculated assuming the channel has a single value of Manning's 

roughness which mainly depends upon the bed roughness. This 

assunption is common among hydraulic engineers. However, Chow 

(1959) stated that the value of Manning's roughness is highly 

variable and depends upon many variables such as vegetation, 
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channel irregularities, channel alignment, silting and scouring, 

obstruction, size and shape of channel and stage and discharge. 

It will be seen below that a conparison was made between the 

results obtained from this model and those of Putrus (1986) and 

Simons et al (1984). Amongst the variables described by Chow, 

only two are of apparent variation in these three studies; the 

boundary roughness and stage and discharge. 

Equation 3.5 was used after knowing overall n, P and D with 

D=1.37m. The average Manning's n was obtained using the eibove 

equation for the six runs. An average value of n=0.033 was 

obtained. Regarding the permeable model, a value of n=0.034 was 

found which is similar to the value of this model. Manning's 

roughness for this study will be taken as 0.034 since the perm 

model represents a more practical situation. Riprap protection 

studies conducted Putrus (1986) produced a value of n-0.035 

under normal depths of 23-77mm and discharges of 0.03-0.22m^/s 

(compare with 28-77mm and 0.08-0.21m^/s of this study). Putrus 

took the boundary roughness size as dgQ=33.25mm. Conparison 

between these two studies, suggest that n values coitpare 

favourably. 

A plot of T against illustrated in figure 5.10 produced a 
2 

slope defined by the term yn . Equation 3.10 becomes: 

T = 10.32 (5.9) 

The value of n obtained was 0.032 which is very close to the 

value obtained from equation 3.5. The value of the unit weight 

of water y was 9807.1 N/in̂  at an ambient tenperature of 10*C. 

Linear regression analysis was performed and r=0.90 was obtained. 

Simons et al. (1984) indicated that equation 3.10 is applicable 

to compute n. Their data superingosed on figure 5.10. Regression 

analysis was performed resulting in r=0.974. Their average 
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Manning's coefficient was estimated to be 0.025. Although the 

correlation factor r is reasonably high in both studies and the 

roughness element is the same, n values were not similar. 

A main reason for the variation of n in both studies, could be 

due to the shallow depths presented in this model (*=27-61mm) 

compared with depths of 628-790mm in Simons' et al study. This 

means that the effects of the roughness elements on the flow 

became more pronounced at shallow depths. 

5.7 Equivalent Sand Roug^iness 

The evaluation of for this study would show the effect of the 

roughness element on the flow. As outlined in section 3.6, 

equation 2.16 was coitpared with equation 5.7 derived for this 

model. They are as follows; 

V D 

3.37 + 5.54 log (5.7) 

^50 

V D 
« 6.25 + 5.75 log (2.16) 

ks 

The con^jarison resulted in a value of kg=3.3dgQ. This value is 

well within the range obtained by other investigators as outlined 

in table 3.2. 

5.8 Surface Profile 

During the experimental runs, water surface undulations were more 

noticeable at lower depths, vAiilst at higher depths less 

undulation were noticed. 

It was decided, therefore, to draw two surface profiles for the 

mattress surface at 0=0.063mVs and Q=0.124mVs. This was done by 

means of a point gauge used to measure the water depths at 119 

locations at an increment of lOmm which covered a total distance 
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of 1180mm. 

5.8.1 Mattress Surface 

The distance included the first and second rows of the 

mattresses, the crest of the weir and part of the upstream slope 

at which the measurements stopped v^en the depth was becoming 

uniform. Figure 5.11 illustrates the two profiles. From the 

figure it can be seen that at Q=0.063m^/s the water surface was 

similar to dunes and antidunes over the two rows of the 

mattresses, vdiereas at Q=0.124m^/s the water surface tends to 

contain less undulation. Again this behaviour inplies that the 

effect of bed roughness is more exposed (clear) at shallow 

depths. This indicates that at higher depths roughness effects is 

also apparent but due to the increase of the number of water 

layers and the flow velocity, loss of head is not noticed. It 

will be shown later that in both cases there is a loss of energy 

(Chapter 7). 

5.8.2 Smooth Board 

The performance of the mattress surface noticed above requires 

further verification. This was done by allowing water to flow 

over a smooth board so that coitparison of the two surfaces can be 

achieved. The smooth board was meant to simulate a reinforced 

concrete surface. 

When dismantling the slope of the inpermeable model, the rigid 

surface (board) was utilised to evaluate the dissipation process 

on smooth surface after removing the roughened underlayer. 

Accordingly, the weir crest was lowered 60mm to form a smooth 

transition between the crest and the downstream slope. The 

upstream slope was then reconstructed to keep its original shape. 

Figure 5.12 illustrates a plan of the smooth slope with a 

longitudinal section across the crest. 
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Two surface profiles were plotted at two different discharges 
3 3 

namely 0=0.064m /s and (^0.126m /s using the same procedure 

described above. Figure 5.13 illustrates the two profiles. The 

profiles are identical and demonstrated no undulations due to the 

absence of roughness elements. The smx)thness of the profiles 

inplied that energy dissipation is low compared with the rougher 

profiles of the mattress surface. 

This conparison shows that the profiles of a mattress surface is 

rougher than those of a reinforced concrete surface. This implies 

that dissipation of energy is more evident along a mattress 

surface than along a smooth surface. Further verification is 

pursued in Chapter 7 vdiere energy dissipation of the two surfaces 

were determined and then conpared. 
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5.9 Cancliisim 

Several parameters were investigated in this model to provide the 

basis in evaluating the hydraulic performance of the mattresses 

and their stability. In summary, the following conclusions were 

obtained: 

1. The establishment of the virtual level for this study was 

investigated. The continuity method was utilised to predict 

the incremental value needed to adjust the flow depth. So far, 

many researchers utilised the linearised method for such 

purpose. The results found from the two methods conpare 

favourably which justify the applicability of the continuity 

method. 

2. Stability evaluation of the mattresses was conducted and 

different discharges were allowed to flow over the mattresses. 

A maximum unit discharge of q=0.22m /s was reached without any 

movement of the mattresses. Further increase was not possible 

due to the limited capacity of the flume. Failure discharge 

was predicted by using the stability equation 2.1 developed by 

Smith. The predicted value was conservative since 

observational confirmation was not possible. However; the 

assuitption that the model unit discharge is the unit failure 

discharge, means a prototype q£=7m /s. 

3. Velocity distribution equation was developed and was found 

well defining the velocity of flow for this type of surfaces. 

Flow resistance functions in terms of Chezy and Darcy-Weisbach 

were developed with high correlation factors. They conpared 

well with functions obtained by other studies. 

4. Manning's roughness n was obtained for this study and was 

conpared favourably with the value obtained by Putrus (1986) 

vdio conducted experiments under similar test conditions; such 

as similar roughness elements, channel shape and geometry flow 

depths and discharges. 
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5. The mattress water surface profiles were noticed to contain 

undulation behaviour, whilst the board profiles were smooth. 

This conparison implied the ability of mattresses to dissipate 

energy. 
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Table 5.2 the calculated incremental value Ad 

Run 

no. 

uO 

va/s 

V 

Itv/S 

d 

mm 

q 2 
m /s 

qtop 
2 

m /s 

qroat 
2 

m /s 

Ml.l 1.22 1.462 27.7 0.0584 0.041 0.017 

Ml.2 1.27 1.649 36.4 0.085 0.060 0.025 

Ml.3 1.26 1.874 44.4 0.104 0.083 0.021 

Ml.4 1.27 2.053 51.9 0.126 0.107 0.019 

Ml.5 1.28 2.138 56.3 0.139 0.120 0.018 
Ad 
mm Ml.6 1.33 2.273 60.7 0.147 0.138 0.009 
Ad 
mm 

Av. 1.27 0.02 23.6 

M2.1 1.22 1.616 39.0 0.074 0.063 0.011 

M2.2 1.25 1.793 48.0 0.099 0.086 0.013 

M2.3 1.27 1.856 52.0 0.113 0.097 0.016 

M2.4 1.28 1.986 56.0 0.136 0.111 0.025 

M2.5 1.31 2.137 63.0 0.154 0.135 0.019 

M2.6 1.28 2.290 68.0 0.171 0.156 0.015 

M2.7 1.35 2.342 72.0 0.186 0.169 0.017 

M2.8 1.30 2.423 77.0 0.198 0.187 0.011 

Av. 1.28 0.02 23.4] 
1 
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Plate 5.1 the model during a test run 
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Photo I looking downstream 

Photo II view of the jump through the glass of the flume 

Plate 5.2 intensity of the hydraulic jump during stability test 
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CHAPTER SIX 

THE PERMEABLE MODEL 

6.1 introducticHi 

The inpenneable model used in Chapter 5 necessitated the 

construction of a permeable model to investigate the hydraulic 

performance of the mattresses protecting a sand core. This is a 

more practical situation. Consequently a permeable model was 

constructed to investigate the effects of seepage and water 

pressures on the slope protected by the mattresses. 

The following were examined in the model: 

-Flow resistance of the mattresses was investigated in the 

in^rmeable model; it would be worth evaluating a single 

resistance function to understand vAiether it is affected by 

seepage. 

-Pore pressure distribution to enable the construction of the 

flow net system for the model; evaluate the effects of seepage 

on the slope. 

-Measurement of local pressure distribution on the upper surface 

of the mattress, local uplift pressures underneath the mattress 

and shear stress effects on the lower surface of the mattress 

due to seepage flow. 

The stability of the slope as a whole was examined in order to 

pave the way for evaluating the performance of the mattresses as 

single element. If the slope was not stable, it would be 

unrealistic to analyse the mattresses behaviour protecting 

unstable slope. Studies of flow net, safety against deep circular 

failure and safety against seepage forces are related to 

stability of the vAiole slope. Whilst pressure studies are related 

to the behaviour of mattresses. Both studies are interconnected 
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and depend on each other. 

Details of construction of the model with some relevant tests on 

the filter and the sand are explained in Appendix B. 

6.2 Die Testing Programme 

The testing programme in this model was divided into four series. 

The first series was related to the flow resistance. This series 

was divided into eight runs namely M2Hl-4<2H8. Table 6.1 lists the 

experimental data. 

The second series was allocated to study the distribution of 

pressures above the mattresses, uplift pressures, total and 

static pressures under the mattresses. Seven runs were conducted 

and symbolled M2P1-M2P7. 

The mattresses tend to form low areas at the joints which in turn 

influences the pressure behaviour. It was decided to measure the 

pressures after filling these areas with stones and covering them 

with wire mesh so that the surface is reasonably flush. The 

purpose of the third series, therefore, was to conplete this 

task. This was achieved in seven runs M2K)l-M2Pb7. For the sake 

of conparison, the same discharge values were used in both 

series. 

The task of the fourth series was to measure the pore pressures 

at 21 tappings across the artificial side wall in order to draw 

the flow nets for the model. Five runs namely M2F1-M2F5 were 

completed. 

During each run within each series, common measurements were made 

such as the normal water depths, discharges, local velocities, 

temperatures and upstream and downstream depths. Plate 6.1 shows 

the model during a test run. 
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6.3 Flow Resistance 

The Darcy-Weisbach friction factor f tended to decrease as the 

relative roughness D/dg^ increases as can be seen from figure 6.1 

This phenomenon was evident in both the inper and the perm 

models. Additionally, comparison of the behaviour of the two 

models graphically (figure 6.1) suggests that frictional losses 

in the perm exceeded those of the inper. This was due to the 

seepage effects of this model. Similar behaviour was also noticed 

by Zagni (1976). 

The variation of C/g^^ and D/d^^ was studied and was defined by 

the following equation: 

C D 
2.78 + 5.74 log (6.1) 

iT 
A best fit was plotted with r=0.982 which was superimposed in 

figure 5.8. It can be noted from the figure that this equation 

follow the same pattern as those of the other researches plotted 

in the figure. However, there was a variation in the coefficients 

of the above and equation 5.7 which can be attributed to the 

contribution of the seepage flow which added to the loss of 

friction. This agrees well with the above paragraph. 

In summary, the frictional losses increase in the presence of a 

permeable boundary. Although assessment of the losses is 

difficult and requires thorough understanding of the permeable 

layers nature, its representation is well established by the 

derived formulae. 

Further investigation of the flow resistance, was thus, not 

pursued. The above equation yielded a von Karman coefficient of 

0.40. This was resulted by comparing the slope of equations 5.7 

and 6.1 with that of equation 2.16 developed for channels by 

Keulegan with B=D in our case, therefore: 
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2.3 
slope of best fit = 5.74 » 

2.3 
or K = = 0.40 

5.74 

The K values for the inpermeable and permeable models were within 

the range initiated by Tominaga and Nezu (1992) discussed in 

section 5.4.4. It is worth noting that a universal constant for 

von Karman coefficient, is in doubt since the variation in K was 

evident amongst many researchers. 

6.4 Seepage theory 

It is essential for engineers to understand seepage principles 

\idien designing hydraulic structures which can be damaged by water 

pressures or seepage forces . A fundamental principle is Darcy's 

law. Its relationship is written in several forms; 

Og = kiA (6.2a) 

Qg = VjA (6.2b) 

ki v, 
or Vg = = (6.2d) 

"p "p 

In #iich: 

Qg = seepage flow quantity 

k = coefficient of permeability 

i = hydraulic gradient 

A = total cross sectional area normal to the direction 

of flow 

Vj = discharge velocity = ki 

Vg = seepage velocity 

and n^ » porosity of the soil 

The validity of Darcy's law, however, is rather limited since it 

holds for gradients <1. In the analysis of seepage in coarse 

sand and gravel, Darcy's law is not applicable. It's validity is 
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an essential assunption for laminar flow. 

Laplace's equation is another inportant principle. To develop 

this equation vAiich represents the flow of water through soil, 

several assumptions were considered (Cedergren, 1989): 

1. The soil 4s homogeneous. 

2. The voids are completely filled of water. 

3. The soil and water are incompressible. 

4. Darcy's law is valid (laminar flow). 

5. No consolidation or expansion of the soil takes place. 

Two common forms of Laplace's equation are derived, three 

dimensional and two dimensional. In our case we are concerned 

with the two dimensional flow of water which has the form: 

3^h B^h 
(6.3) 

3x^ 3z^ 

Equation 6.3 represent two lines (curves) intersecting at right 

angles forming squares between them known as a flow net. 

6.4.1 Flow Net 

A flow net is composed of two sets of lines, one set is called 

flow lines \(^ich represents the water flow paths and the other 

set is called the equipotentials which are lines of equal energy 

head. To determine the flow net, pore pressures were measured at 

21 points on the side of the miodel (see fig. B.5 of Appendix B). 

The flow lines were then drawn intersecting the equipotentials at 

right angles. This was not possible in the first stage. Minor 

adjustments were then necessary in order to obtain figures as 

close to squares as possible. This was achieved after several 

trial stages. Seepage flow was estimated from the flow net of run 

M2F5 which was illustrated in figure 6.2. The calculated seepage 
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quantities were shown in the same figure. The following equations 

were used in the calculation: 

a 
Aq = k AH (6.4) 

61 

or 6q = k i a (6.5) 

and qg - E6q (6.6) 

In vAich: 

Aq = seepage quantity flowing between two adjacent flow 

lines (per flow channel) 

k - coefficient of permeability 

AH = head loss between two adjacent equipotentials 

= H/N^ 

H = head loss between the U/S and the D/S 

Ng = number of equipotentials 

a = vertical distance between two adjacent flow lines 

A1 = horizontal distance between two adjacent 

equipotentials 

i = hydraulic gradient = AH/Al 

qg = total seepage quantity per unit length 

The seepage velocities were calculated from equation 6.2d. It can 

be seen from the figure that seepage quantities have a very small 

magnitude. Hence, seepage forces did not cause any damage to the 

slope. Noori (1985) investigated the effects of seepage on a 

slope containing sand core with dgQ-0.91mm protected by stepped 

blocks. The U/S side of his structure was permeable. Referring to 

the fourth run (last) in his permeable model, the seepage 

quantity was 0.35 1/s coitpared with 0.023 1/s of the fifth run 

of this model. Total discharges for his fourth run was 50.9 1/s 

and for the author's fifth run was 129.0 1/s. 

The solid crest and the upstream solid face, provided a means of 

obstructing incoming flow from seeping into the sand core; 

reducing the seepage pressures. This was clearly seen in the 
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comparison between the fifth n m of this study and Noori's fourth 

run. The mattresses were an additional means that reduces the 

seepage pressures. This is due to their ability to relieve 

pressures. Several measures were tried to validate the above 

finding which discussed below. 

6.4.1.1 Safety Against Deep Circular Failure 

The safety factor of the slope was determined using the 

simplified method developed by Bishop 1955. Seven trial circles 

were located. Each one was divided into a number of slices. 

Figure 6.3 illustrates the critical slip circle of the slope. 

The weights calculated were due to the soil in the slice, the 

water above the slice, the mattress layer and the filter layer. 

The submerged unit weight was used in the calculations. The pore 

water pressure of each slice was measured from the flow net. The 

lowest safety factor obtained was 2.4 which suggests that the 

slope is safe against slip circular failure. 

6.4.1.2 Safety Against Seepage Forces 

The seepage force acting on a given volume of soil can be 

estimated by; 

Fg = Y i V (6.7) 

In \Aich: 

Fg = seepage force in N 

V = a given volume of soil 

Seepage forces can be determined in connection with a flow net. 

Figure 6.4 illustrate a typical element abed having a thickness 

perpendicular to the page. Element abed has a soil volume 

i^O.lllm^. The head loss between two adjacent equipotential was a 

constant value and was found by dividing head loss AH by the 

number of equipotentials N^. The distance A1 between two adjacent 
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equipotentials were measured from the flow net. The hydraulic 

gradient was taken as the average. The seepage force was then 

estimated to be F -140 N. The force, F„, exerted by the 
5 lu 

mattresses in 1id2 area was calculated with reference to section 

B.2.2.3 and was found to be 700.0 N and acting downward. The 

location and direction of the seepage force was determined 

inspection of the element abed of figure 6.4. It was found acting 

through the centre of gravity of the element, parallel to the 

flow and along its direction. This is true if the gradients in 

the element were uniform. If this condition was not fulfilled, 

then the direction of the force should be shifted slightly 

towards the higher gradients (Cedergren, 1989). 

The resolved forces perpendicular to and along the slope resulted 

in resisting forces and driving forces F^^ respectively. They 

were shown in figure 6.4 and are expressed in the following 

formulae: 

^dr ^ ^re (6.8a) 

Fg + Sine < (F^ cose) tan * (6.8b) 

Where F^^ are forces that resist sliding and F^^ are those which 

cause sliding. Inputting the relevant values in equation 6.8b, 

resulted in greater resisting forces than the driving forces. 

This implies that the slope is safe against seepage forces. 

However, it is recommended that measures against seepage forces 

should be well established in any design of hydraulic structures. 

6.4.2 Seepage and the Virtual Level 

The establishment of the virtual level was discussed in section 

5.4 and a common increment Ad-23.0mm was adopted. The flow 

interchange between the mattress surface and the permeable layer 

in the two models contained similar characteristics. The reason 

was that the mattress was thick enough to exhibit the pam* 
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characteristics. This supports the suggestion outlined in section 

5.4.2 that the virtual level is independent of the depth of the 

permeable layer. To support this argument, equation 5.2 was used 

with an extra parameter in the FHS of the equation, that is the 

seepage flow. The resulted interflow produced 6d almost similar 

to those in table 5.2. The difference was negligible that the 

general value of Ad suggested before was not altered. The seepage 

flow obtained from the flow net in section 6.4.1 above was too 

small to produce any effect on the interflow. 
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6.5 Pressure Eqieriments 

The stability of the slope as \Aole indicates that the protecting 

element are safe against slip circular failure and seepage 

forces. It is important to study the behaviour of the protecting 

elements exposed to high discharges to understand their 

contribution towards a more stable slope. Pressures are present 

above and underneath the mattresses. The effects of these 

pressures will decide v^ether the mattresses are good protecting 

elements. Therefore, it was sought that the following sections 

will provide the needed answer. 

Additionally, It is worth mentioning that in practical terms, 

with particular reference to places of quality labour and 

machinery, a high degree of installation is achieved. However, in 

remote areas of cheap low quality labour and machinery, 

installation problems arise, and as a result, the behaviour of 

the mattresses in such circumstances needs to be investigated. 

6.5.1 Pressure Distribution 

A basic characteristic of the mattresses is that they are not a 

rigid block. They tend to fit into a system with more flexibility 

than other hard rigid blocks such as concrete slabs. Care was 

taken to shape them into the required shape cund dimensions. The 

surface of the slope was made reasonably even, undulation of the 

water surface was apparent under low discharges. The hump 

location was seen to rise above the centre of the mattress and 

drop towards the edges vdiere the mattresses met. An increase in 

discharges resulted in a rise in the height of the huitp which was 

measured as up to 7mm. This behaviour was also noticed in the 

impermeable Model (Chapter 5). 

Measurement of the local pressure distribution was conducted by 

installing four pressure tubes evenly along the length of the 
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mattress surface. Four 10 mm diameter 200 mm length stainless 

steel tubes were installed in the 17th mattress (plate 6.2). 

Their top ends were made reasonably flush with the surface and 

the other ends were connected to a transparent flexible tubing 

system v^ich in turn was connected to the manometer bank. Figure 

6.5 illustrates a plan and a section of the mattress. 

6.5.1.1 The Measuranents 

Two series of test runs were involved in completing the pressure 

distribution measurements. They were denoted M2P and M2Pb. Each 

series constituted of seven runs with pressure measurements at 

four locations 64 mm apart starting at 64mm from the downstream 

edge of the mattress towards its upstream edge. These locations 

were tap 1 (X/L=0.2), tap 2 (Vl>0.4), tap 3 (3^0.6) and tap 4 

{X/I^O.6). X denotes the distance from the mattress downstream 

edge to the tap location and the letter L denotes the mattress 

length. The discharges of series M2P were also used in series 

M2Pb by adjusting the valve of the 10" puitp to the required value 

and crosschecking the correct discharge by means of ultrasonic 

equipment. At the beginning of each series the surfaces of the 

mattresses were made reasonably flush with each other with extra 

care taken not to disturb the underlayer or the tubes. 

Series M2P; 

Despite the fact that manual arrangement of the surface was 

tried, water surface undulation was still apparent. The first run 

produced almost a straight curve rising up slightly at tap 3 

Wiereas the other three locations measured the same value (this 

series is represented by solid curves and symbols), see figure 

6.6. (Note that the inclined surface of the mattress is shown 

horizontal on this figure and the other pressure figures for 

convenience of plotting). 

The curves plotted for the measurements of the second, third and 
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fourth nans differ from the 1st run. This can be attributed to 

the rearrangement of stones in the basket which was necessary so 

that the basket as a whole reaches a more stable configuration. 

The local pressures at taps 1 and 2 tended to behave the same way 

v^ilst in location 4 it tended to increase sharply as the flow 

rate increased. 

The fifth, sixth and seventh runs were of a similar nature in 

that the first two locations tended to produce almost similar 

values in each run and increased slightly as the discharge 

increased. The rise in pressure from locations 2 to 3 was very 

sharp. The reason was that the back face of the hxjnp sloped 

sharply towards the flow direction. Meanvdiile the local pressure 

at the fourth location was increasing with the discharge and 

rising slightly above that of location 3. 

It can be concluded that due to the rise in discharges, a hump 

was forming closer to the third and fourth locations with its 

peak at 4. In confirming this statement another two runs of 

higher discharges were conducted, see figure 6.6. It can be seen 

from the figure that the local pressure increased slightly from 

locations 1 to 2 and from 3 to 4 v^ilst it increased sharply from 

2 to 3. The configuration of the mattresses can be visualised to 

be similar to antidunes. Table 6.2 lists the pressure 

distribution data. 

The increase of the local pressure in the top edge of the 

mattress and the decrease at the bottom edge suggested that there 

was a pressure difference caused by the form drag (see below). 

Due to the flexibility of the mattresses any further increase in 

the flow rate may cause greater deformation leading to a failure 

of the mattresses. If pressures of the other mattresses were 

investigated, the resulted curves would show similar shapes to 

those of figure 6.6. The reason was that the mattresses were 

exposed to similar flow conditions. Extrapolation of the pressure 

curves along the other mattresses would provide a clear idea of 
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the areas affected most on the slope. Figure 6.7 illustrates the 

pressure curves of mattresses 14, 17 and 20 (see figure B.4 for 

mattresses location). 

The pressure line plotted connecting the tappings of run M2P1, 

formed almost a straight line due to the low discharge. The 

maximum variation was only 0.03kN/ta , that is, 4% of the maximum 

pressure reached in this run. In the following runs, the pressure 

lines became more deviated from a straight line as the discharge 

increased, hence the velocity of flow, resulting in much greater 

variation in the pressure readings. This was apparent in run M2P7 

with 0.28kN/a!i variation, corresponding to an increase of 22% of 

the maximum pressure reached in this run. This series produced a 

significant increase of 44% between the first and the seventh 

run. This indicate that the increase in the flow velocity caused 

an increase in the pressures which means an increase in the drag 

force which was, consequently, resulted in a formation of a hunp 

with its peak between taps 3 euid 4. 

Preventing the formation of such hunp would lead to lowering the 

drag force acting on the mattress; minimising the deformed areas, 

hence, protecting the wire mesh from breaking. This could be 

achieved by establishing smooth and continuous pressure curves 

along the mattresses by reducing the pressures in taps 3 and 4. 

Series M2Pb: 

The purpose of this series was to find a way to reduce the 

pressures in the last two locations. This was done by filling the 

low areas with stones and covering them with wire mesh. This 

procedure was sought to make the mattresses surface flush with 

each other and to prevent the impact of the flow to deform the 

mattress. 

The discharges used were the same as before to enable conparison. 

Figures 6.6 and 6.7 illustrate the results of this series by 
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dashed curves. It can be seen that there was a reduction in the 

local pressures as the flow rate increased compared with the 

previous series. Table 6.3 lists the pressure data for this 

series. For the sake of conparison, the maximum increase in the 

pressure between run M2Pbl and run M2Pb7 was 39%. The maximum 

variation of the pressure in run M2M)7 was 13% compared with 22% 

of M2P7. The reason was that the hunp was prevented from 

formation (or reduced) vAien the low areas were filled with stones 

and covered with wire mesh. Subsequently, the local pressures of 

taps 3 and 4 were effectively reduced, thus, the objective of 

this series were justified. 

6.5.2 Form Drag Resistance 

Replacing A by Ap in equation 2.22 which is the area of a 

particle and it is a function of a characteristic length 

expressed by the stone size which was represented by the dgg. 

Equation 2.22, thus, can be expressed as follows: 

2 
• S ^50 <6.91 

A similar expression to 6.9 was obtained by Stephenson (1979) 

with an additional constant k to the right side: 

2 P 
Fjj = Cp k dgQ (6.10) 

Naylor (1976) suggested that k=l for crushed or broken stone of 

spherical or roughly cubical shape. This is similar to the 

crushed stones used in this study. Thus, equation 6.9 will be 

used to calculate the form drag resistance by measuring the 

pressure distribution round the roughness element. The form drag 

resistance coefficient can be found in terms of the mean 

pressure distribution P^, mean velocity of flow V and water 

density p as follows; 
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p 

Cp p (6.11) 
(1/2) p\r 

It can be expressed in a power form such as: 

Cjj - a [D/dgg]'^ (6.12) 

In vAiich a and n are constants to be determined experimentally. 

"Hie form drag resistance coefficient was plotted against the 

relative roughness D/dgQ in a log-log plot. Figure 6.8 shows the 

two curves for series M2P euid H2Pb. The following two equations 

best represent the two series respectively; 

2.11 
Cp (6.13) 

[D/d5o]l'10 

2.49 
(6.14) 

[D/d5o]l'24 

The correlation factors for equations 6.13 and 6.14 were r=0.961 

and r=0.968 respectively. 

The above two equations show that the form drag coefficient 

decreases with the increase in the relative roughness. That is, 

the form drag coefficient is inversely proportional and strongly 

dependent on the relative roughness. Substituting equation 6.12 

into equation 6.9 leads to the following general expression; 

n 4 o " ̂  ^ 
Fjj = (a ID/djo)") (6.15) 

An increase in the velocity will increase the drag force. This 

means that the drag force is strongly dependent on the velocity 

and weakly dependent on the depth. A similar results were 

obtained by Simons et al. (1984) and Fiuzat, et al. (1982) (cited 

in Simons et al. reference). 
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The drag force expressed by equation 6.15 was calculated using 

the data of series M2H and substituting the appropriate a and n 

constants. The outcome was that the drag forces correlated with 

equation 6.13 were higher than those correlated with equation 

6.14 for D/d50>2.8. As an additional confirmation to the 

objective of series M2Pb, a reduction in the drag force was 

resulted and the deformation of the mattresses will be 

practically minimised, if not avoided, when the above measure is 

applied in the field. 

6.5.3 Uplift Pressure 

Inadequate measures to control seepage and to provide well 

designed and constructed filters and drains can lead to damage 

and failure of a hydraulic structure. One reason, among many, is 

that when natural water paths are obstructed, a build up of water 

pressures may result in upward hydrostatic pressure called uplift 

pressure. 

The mattresses have greater stability than other solid blocks. 

This advantage lies in the fact that they release water pressures 

efficiently due to the presence of the pore spaces which act as 

relief holes. It was decided to measure the local uplift 

pressures beneath mattress 20. 

Four tap locations were used to measure the local pressures 

beneath the mattress by means of L-shaped 10mm hard plastic tube. 

One end of each tube was placed flush with the mattress bottom 

surface and was kept open. Locations of the uplift taps are shown 

in figure 6.9. The other end was connected to the manometer board 

via transparent flexible plastic tubing. 

Seven runs were conducted within each series with local pressure 

measurements at four tap locations 64mm apart starting at 64inn 

from the downstream edge of the mattress towards its upstream 
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edge. 

Figure 6.10 combines the curves of the two series at which the 

local pressures were plotted against the tap location. The figure 

indicates that the blocked gap between mattresses 17 and 20 

caused a reduction in the uplift pressures measured in series 

H2Pb particularly in tap 4. This suggests that, before blocking 

the gap, water was flowing in freely between the mattresses with 

a higher velocity causing an increase in upward pressures beneath 

the mattress upstream quarter. When the gap was blocked, the 

stones formed a barrier which reduced the velocity as it was 

seeping in beneath the mattress. This was very clear in the last 

four runs. The maximum reduction reached 6% in run 5. 

The variations of the local uplift pressure values along the 

mattresses were small (refer to tables 6.4. and 6.5. for series 

M2p and M2A) respectively). This suggests that the uplift 

pressures were released efficiently through the mattresses. 

The average coefficient of the mean uplift pressures was 

obtained in terms of the mean flow velocity V, the water density 

p and the average uplift pressure Py from the following 

expression: 

r ^ (6.16) 
(1/2) pV ^ 

The variation of and the relative roughness C/dgg was then 

plotted in figure 6.11 and two equations were obtained with 

r=0.973 and r=0.945 for series M2P and M2Pb respectively: 

1.17 

Cu (6.17) 

[D/d5o]0'70 

1.31 

Cy (6.18) 
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Equation 6.18 indicated a reduction in , consequently, a 

reduction on the uplift forces. This agrees well with the drag 

force calculated by equation 6.15. In summary, the filled gap not 

only reduced the inpact of the drag forces on the mattresses, but 

also minimised the uplift forces beneath them. 

6.5.4 Shear Stress Underneath the Mattress 

Seepage forces may result in shear stresses acting on the 

mattress lower surface. The magnitude of such forces may result 

in structural failure. The purpose of this section was to 

determine vAiether such shear stresses have effects on the 

mattresses. 

Two types of tubes were installed to determine the total head and 

the static head. The difference between the total and static 

measurements would produce a dynamic head. Tables 6.6 and 6.7 

list the dynamic pressures. 

Four 10 mm stainless steel (total) tubes were fixed to the bottom 

surface of the mattress parallel to the weir slope at four 

locations 64 mm apart along the mattress length and 20 mm apart 

along the width. Their open ends facing the upstream direction 

and the other ends were connected to a manometer board via 8 mm 

diameter transparent flexible tubing. The static tubes were made 

of L-shaped hard plastic tubes soldered at one end below which 

two 1 mm holes were drilled on two opposite sides. This end was 

tied to the bottom surface of the mattress at the same tap 

locations facing downward so that the two static holes were 

exposed to the flow below the mattress. The other ends were 

connected to a manometer board. A plan and a section of the 

mattress indicating the positions of these tubes are illustrated 

in figure 6.9. 

Figure 6.12 combines only the total pressure graphs of the two 

series. It is clear that a reduction of the total pressure was 
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achieved in series M2Pb, which reached 12%, particularly as the 

rate of flow increased. This means that the velocity of flow 

between the mattress and the filter was slowed down. The reason 

being that the flow which seeped into the mattress was weakening 

as it entered. This was evident, as before, in the tap 4 region. 

Conparison of the total and static pressures of series M2P and 

HZPb is shown in figure 6.13. It can be seen that slight 

variation was evident which in^lies that dynamic pressures were 

of lesser effects on the mattresses than the other pressures 

studied above. The presence of the negative and zero values may 

be attributed to the movement of some unstable filter stones 

causing ein obstruction to the flow path in the neighbouring areas 

of the tubes resulting in a slower flow. However, relying upon 

the other tubes, it can be said that shear stresses due to 

seepage forces have negligible effects on the mattresses Wien 

compared with the drag forces effects. This agrees well with the 

findings of Noori (1985). 
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6.6 Conclusion 

The flow resistance investigation resulted in a slight increase 

in the loss of friction. The reason was that through flow 

enhanced flow dissipation in the permeable layers, as a result, 

increased the resistance to flow. 

The slope as a vdiole was found safe against deep circular failure 

and seepage forces. In addition, drag and uplift forces were 

ineffective on the mattresses due to the permeable surface, their 

flexibility and monolithic weight. These characteristics resulted 

in relieving the build up of pressures underneath the mattresses, 

counteracting plucking away by the uplift forces and shape 

themselves to stand against further drag forces. This is true up 

to a certain limit Wiere the forces may cause damage to the 

slope. However, other types of protecting elements such as rip 

rap fails sooner than such limit. 

With both high and low qualities of installation, there will 

exist low areas, particularly at the joint of each two adjacent 

mattresses which would require a special attention during 

installation and maintenance processes. Therefore, in the light 

of the above findings, the author suggests that these low areas 

are filled and covered flush with the other compartments. Another 

way to prevent the formation of the low areas is to increase the 

number of conpartments by installing diaphragms. 
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Table 6.2 pressure distribution data for series M2P 

Run 
Number 

D 

(mm) 

V 

nv/s 

Q 

m V s 

Pj (kN/m^) 

Po 

kN/m^ 

Run 
Number 

D 

(mm) 

V 

nv/s 

Q 

m V s 
TAP 
1 

TAP 
2 

TAP 
3 

TAP 
4 

Po 

kN/m^ 

M2P1 53.0 1.312 0.020 0.73 0.72 0.73 0.70 0.720 0.789 

M2P2 58.0 1.500 0.039 0.82 0.78 0.78 0.82 0.800 0.716 

M2P3 61.0 1.613 0.055 0.86 0.81 0.84 0.90 0.853 0.678 

M2P4 66.0 1.753 0.073 0.90 0.86 0.92 1.00 0.920 0.623 

M2P5 69.0 1.873 0.092 0.93 0.91 1.04 1.09 0.993 0.594 

M2P6 76.0 2.000 0.117 0.95 0.96 1.17 1.20 1.070 0.535 

M2P7 80.0 2.040 0.131 0.98 1.00 1.24 1.26 1.120 0.507 

Table 6.3 pressure distribution data for series M2Pb 

Run 
Number 

D 

(mm) 

V 

nv/s 

Q 

m^/s 

P j (kN/m^) 

kN/m^ 

S 
Run 

Number 
D 

(mm) 

V 

nv/s 

Q 

m^/s 
TAP 
1 

TAP 
2 

TAP 
3 

TAP 
4 kN/m^ 

S 

M2Pbl 53.0 1.311 0.020 0.76 0.76 0.72 0.70 0.735 0.805 

M2Pb2 58.0 1.500 0.039 0.81 0.80 0.77 0.81 0.798 0.720 

M2Pb3 61.0 1.613 0.055 0.84 0.85 0.83 0.90 0.855 0.677 

M2Pb4 66.0 1.752 0.073 0.87 0.87 0.89 0.99 0.905 0.614 

M2Pb5 70.0 1.873 0.092 0.92 0.90 0.98 1.01 0.953 0.581 

M2Pb6 76.0 2.000 0.117 0.96 0.96 1.09 1.09 1.025 0.516 

M2Pb7 80.0 2.033 0.131 1.00 1.00 1.13 1.15 1.070 0.484 

In Wiich: 

"D 

local pressure distribution 

average pressure distribution 

form drag resistance coefficient 
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Table 6.4 uplift pressures data for series M2P 

Run 
Number 

D 

(mm) 

V 

nv/s 

Q 

3 
mVs 

P^ (kN/in^) 

Pu 

kN/m^ 

Run 
Number 

D 

(mm) 

V 

nv/s 

Q 

3 
mVs 

TAP 
1 

TAP 
2 

TAP 
3 

TAP 
4 

Pu 

kN/m^ 

M2P1 53.0 1.312 0.020 0.57 0.56 0.54 0.53 0.550 0.617 

M2P2 58.0 1.500 0.039 0.68 0.62 0.61 0.63 0.635 0.579 

M2P3 61.0 1.613 0.055 0.76 0.70 0.69 0.73 0.720 0.559 

M2P4 66.0 1.753 0.073 0.83 0.76 0.80 0.82 0.803 0.529 

M2P5 69.0 1.873 0.092 0.90 0.83 0.89 0.91 0.883 0.513 

M2P6 76.0 2.000 0.117 0.99 0.89 0.95 0.97 0.950 0.480 

M2P7 80.0 2.040 0.131 1.02 0.94 1.00 1.01 0.993 0.463 

Table 6.5 uplift pressures data for series M2Pb 

Run 
Number 

D 

(mm) 

V 

iq/s 

Q 

mVs 

P^ (kN/m^) 

kN/m^ 

Run 
Number 

D 

(mm) 

V 

iq/s 

Q 

mVs 
TAP 
1 

TAP 
2 

TAP 
3 

TAP 
4 kN/m^ 

M2Pbl 53.0 1.312 0.020 0.57 0.57 0.57 0.54 0.563 0.615 

M2Pb2 58.0 1.500 0.039 0.65 0.62 0.61 0.60 0.620 0.571 

M2Pb3 61.0 1.613 0.055 0.73 0.69 0.69 0.68 0.698 0.547 

M2Pb4 66.0 1.752 0.073 0.79 0.75 0.76 0.75 0.763 0.513 

M2Pb5 70.0 1.873 0.092 0.87 0.81 0.82 0.81 0.828 0.494 

M2Pb6 76.0 2.000 0.117 0.95 0.89 0.91 0.89 0.910 0.457 

M2Pb7 80.0 2.033 0.131 1.00 0.92 0.97 0.93 0.955 0.438 

In vAich: 

P = 
u 

Cu 

local uplift pressure 

= average uplift pressure 

= coefficient of uplift pressure in terms of P, 
u 
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Table 6.6 dynamic pressures data for series M2P 

Run 
Number 

D 

(mm) 

V 

iq/s 

Q 

m V s 

P^ (kNAi^) 
Run 

Number 
D 

(mm) 

V 

iq/s 

Q 

m V s 
TAP 
1 

TAP 
2 

TAP 
3 

TAP 
4 

M2P1 53.0 1.312 0.020 9.38 -1.11 -0.77 7.33 

M2P2 58.0 1.500 0.039 5.73 -3.33 -1.45 7.11 

M2P3 60.0 1.613 0.055 1.72 -4.00 0.84 4.38 

M2P4 66.0 1.752 0.073 3.45 -3.61 -1.45 3.62 

M2P5 69.0 1.873 0.092 0.11 -4.00 0.50 2.44 

M2P6 76.0 2.000 0.117 0.22 -3.77 1.73 1.12 

M2P7 80.0 2.033 0.131 2.89 -2.56 0.77 0.61 

Table 6.7 dynamic pressures data for series M2Pb 

Run j 
Number! 

D 

(mm) 

V 

iq/s 

0 

m V s 

P^ (kN/m^) 
Run j 

Number! 
D 

(mm) 

V 

iq/s 

0 

m V s 
TAP 
1 

TAP 
2 

TAP 
3 

TAP 
4 

M2Pbl 53.0 1.312 0.020 0.05 -0.01 0.00 0.03 

M2Pb2 58.0 1.500 0.039 0.04 -0.05 -0.01 0.03 

M2Pb3 61.0 1.613 0.055 0.03 —0.06 -0.03 0.01 

M2Pb4 66.0 1.752 0.073 0.03 -0.06 —0.02 0.01 

M2Pb5 70.0 1.873 0.092 0.03 -0.04 -0.01 0.00 

M2Pb6 76.0 2.000 0.117 0.03 -0.04 0.01 -0.01 

M2Pb7 80.0 2.033 0.131 0.02 -0.04 0.00 -0.02 

In vAiich: 

adynamic pressure 
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Plate 6.1 the model during a test run 
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Plate 6.2 pressure distribution tubes (1-4) and the static 

tube (5) connected to the stilling well 

-129-



V 

' 3 
, .. ^ 1 i 

WIm 
W ' f l v W i i ' i -



CH2VFEER SEVEN 

BIERGY EVALUATION 

7.1 Introduction 

During the experimental runs of the two models, water surface 

undulations were noticed. Surface profiles were plotted in 

section 5.8 and conpared with those of a smooth board (simulating 

a reinforced concrete surface). The conparison indicated that 

energy dissipation is significant in the presence of the mattress 

surface. The following is a verification for the dissipation 

phenomenon. 

An inpDrtant characteristic of the mattresses that they dissipate 

energy efficiently. The process of dissipation occurs due to the 

friction loss through the layers and due to the overflow. In 

order to evaluate and confirm this phenomenon, energy dissipation 

of a smooth solid surface was studied. Tow runs of the smooth 

board surface were compared with two runs of a mattress surface 

exhibited similar discharges; 0.06mVs and 0.13m^/s. Regarding 

the mattress surface, the total energy lines were plotted using 

the data of series M2F of the perm, particularly runs H2F2 and 

M2F5. Table 7.1 list some of the data of the two surfaces. As it 

will be seen later, the high tailwater conditions in both 

surfaces were due to the presence of the thin plate weir at the 

downstream end which produced almost similar tailwater conditions 

in both surfaces. The junp, as a result, was contained on the 

bottom slope of the surface. 

7.2 Energy Dissipation Evaluation 

The process of comparison taken was to calculate the total energy 

heads at several sections of the two surfaces and then to draw 
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the total energy lines. Figures 7.1 and 7.2 illustrate the total 

energy lines for 0=0.06m^/s and 0.13m^/s respectively. The 

following equation was used to calculate the specific energy: 

q' 
E = d + 5 — (7.1) 

2g d"̂  

In vdiich: 

E = specific energy measured from the channel surface 

d = flow depth 

q = unit discharge = Q/B 

B = channel width 

Ihe total energy head is measured from a reference datum which 

was taken as the original flume surface and expressed as follows: 

= E + Z (7.2) 

Under each discharge, the depths were measured and the specific 

energies were calculated. Using equation 7.1 with z=572mm, it was 

possible to obtain H^. The energy dissipated AE was then the 

difference between H^'s at two different sections. 

7.2.1 Mattress Surface 

Figures 7.1 and 7.2 (solid lines) suggest that mattresses 

dissipate energy efficiently. The figures imply that the energy 

head drops gradually along the slope due to the rough surface the 

flow encounters. This means that a loss of the energy head occurs 

at each single stone particle. The advantage of such gradual 

dissipation means that at the hydraulic junp region, the jxrap is 

too weak to produce any serious problem to the structure or the 

stilling basin (weak juitps for 1.7<F^<2.5). Figures 7.1 and 7.2 , 

show that the energy lost between sections (1) and (2) along the 

mattress surface were 140mm and 151mm respectively. This implies 

that dissipation takes place at higher depths even if water 

surface undulation were not noticeable. 
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7.2.2 Smooth Board 

The dissipation of energy caused by the mattresses, requires 

further verification. This was done ky allowing water to flow 

over a smooth board in order to calculate the specific energies; 

comparison ot the two surfaces can be achieved. 

Referring again to figures 7.1 and 7.2 (dashed lines), the total 

energy lines tend to follow almost a straight line with 

insignificant drop in the energy along the slope. However, energy 

loss becomes significant at the hydraulic juiip region. This might 

result in a serious damage to the structure and the stilling 

basin. This type of junp is described as oscillating jimp 

(oscillating junps for 2.5<F^<4.5) since it causes damage down 

miles of the channel (Elevatorski, 1959). 

This conparison shows very clearly the mattresses ability to 

dissipate energy. 

7.3 Conclusion 

The protrusion of the roughness elements as well as the permeable 

layers the mattresses characterised with, resulted in resisting 

the flow of water along the mattress protected slope until the 

start of the juitp. 

The mattress surface provided a means of reducing the intensity 

of the hydraulic junp without any additional structural 

installation. It dose serve a dual purpose of protecting the 

slope and dissipating the kinetic energy of the flow. An 

economical design for the stilling basin is apparent \rfien using 

mattress protected slopes, vAiilst energy dissipation apparatus 

and expensive stilling basins are required when adopting a 

reinforced concrete surfaces. 
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Table 7.1 some of the data related to figures 7.1 and 7.2 

type run 
Q 

3 

V d 
^r ^u/s ^d/s 

(1) (2) AE 

m /s iH/s mm — mm mm mm mm mm 

mattress M2F2 0.06 1.54 42 1.9 101 292 673 533 140 

surface M2F5 0.13 1.84 55 2.1 164 353 736 585 151 

Board SMI 0.06 2.37 23 5.0 100 300 672 672 0 

Surface SM2 0.13 2.54 39 4.1 166 359 738 738 0 

In vAiich: 

Eu/s = specific energy upstream the slope 

Ed/s = specific energy downstream the slope 

SM = smooth board 
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CHAPTER EIGHT 

PRACTICAL IMPLEMENTATION OF THE RESULTS 

The following symbols are used in the design example and some of 

them are shown in figures 8.1, 8.2 and 8.3: 

AFL = allowable flood level 
a = related to the solidity of the mattress 
BTL = bank top level U/S 
b^ = a dimensionless constant 
Cg = drag force coefficient 
CM = crest height 
CL = crest level 
CS = slope of main canal 
Ĉ j = uplift force coefficient 
Cw = crest width 
c = constant related to Strickler's constant 
EW = diversion weir 
D/S = downstream of the EW 
d = water depths U/S and D/S of the proposed site 
d^ = critical depth 
d^ = normal depth 
dĵ , d^ = are two consecutive depths for the purpose of 

calculating the water profile. 
dg = the sequent depth to d. 
dg « water depth taken from the CL 
Eq = specific energy U/S 

= specific energy at section 1 
E2 = specific energy at section 2 
Eg = specific energy D/S 
E » specific energy of the sequent depth d 
FB = free board ® 
F = drag force 
FD = field outlet 

FQ = flood discharge with 1:100 years frequency for medium size 
rivers 

Fy = Uplift force 
F̂ j. = driving forces 
r = force due to the weight of the mattress 
F^g = resisting forces 
F = seepage force 
H = total head 
h = mattress thickness 
i = hydraulic gradient 
K = having values of about (after Naylor, 1976): 

2 for long prismatic shape 
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1 for a spherical or roughly cubical crushed or broken rock 
1.5 for ellipsoidal shape 

LB = length of the stilling basin 
LC = length of crest 
LJ = length of the jvnip 
LS = horizontal distance between the section passing through the 

top of the slope and the section passing through the toe of 
the junp at d, 

LHF = average level of highest field 
1 = total length of the slope; from the top edge to the bottom 

edge connecting the stilling basin 
Ig = the slope length from the top of the slope to the toe of 

the juitp 
L2 = horizontal distance from the section at the toe of the 

slope to the section at the toe of the junp at d, 
MFL - maximum flood level 
N * number of layers of the filling rocks 
PC = preferred command 
RBL = river bed level U/S 
RBS • slope of river bed 
RL = river bed level D/S 
RL = the D/S river bed level after retrogression 
SBL = stilling basin floor level 
SF = safety factor 
SH = sill height 
SP = sheet pile 
s = slope of the weir 
THL = total head losses from EW to the field 
TEL(U/S) = total energy line U/S 
TEL(D/S) = total energy line D/S 
TWL = tail water level 
UFD = unit failure discharge 
U/S = upstream EW 
V • mean velocity of the flow 
V = approach velocity of the U/S 

= critical velocity 
W = weight of a rock 
w = weight of rocks per unit area 
e = angle of inclination of the slope to the horizontal 
4)̂  = angle of friction on under layer 
Yg = unit weight of rock 

= unit weight of water 
p = water density 
Ah = water head difference of U/S and D/S water levels 
6E = loss of head in jump 
AX = the distance between d_ and d. 
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8.1 Introduction 

The investigation conducted in this project was meant to provide 

some ideas about the hydraulic performance of mattresses 

protected slopes. This performance, therefore, was investigated 

through two topics; hydraulic resistance and stability of slope. 

The hydraulic resistance was studied in order to examine the 

ability of such mattresses to resist the flow, hence, common 

hydraulic resistance formulae were developed. Stability of the 

mattress protected slopes was conducted and its evaluation was 

studied through two subtopics; initiation of motion using 

equation 2.1 developed by Smith and the effects of pressures 

which were investigated in the presence of a sand core. A design 

procedure is listed and inplemented through a numerical example 

eitploying the results obtained from this study. Another purpose 

was to verify the stability equation 2.1. 

As can be assumed then, the purpose of this chapter is to analyse 

the results in such a way that they can be of interest to others 

or, at least, to provide some marks in further understanding the 

hydraulic performance of mattress protected slopes. The following 

is then an attempt along that course. 

8.2 The Hydraulic Resistance of the Mattresses 

Detailed measurements were taken of the local velocities above 

the mattresses during the experimental process as well as the 

corresponding water depths. This intensive job was purposely 

pursued so as to minimise the random errors. Velocity profiles, 

thus, were plotted and the mean flow velocities were obtained for 

each run. 

Velocity distribution equation was then developed and was found 

well defining the velocity of flow for this type of surfaces. It 

was expressed as: 

-138-



V D 
2.37 + 5.74 log (8.1) 

V* d50 

for D/d50>2.8. Accordingly, the velocity of flow can be predicted 

using the above equation. Such logarithmic formula was found 

accurately expressing the velocity of the flow. In addition. 

Manning's equation can also be used in predicting the velocity of 

mattress protected slopes using n=0.034. 

8.3 Stability of the Mattresses 

8.3.1 Equation 2.1 

The prediction of the failure discharge for a mattress having 

certain thickness and weight, can be achieved by using equation 

2.1. The results obtained in the stability analysis of Chapter 5, 

suggest that the predicted failure discharge falls shorter than 

the observed one. However, in any design a safety factor must be 

used to condensate for any shortcomings in the design, quality of 

the materials used and/or installations. Smith found out that the 

observed failure discharge was twice the predicted in his model. 

A failure of the slope was not achieved in this study, however, 

relying upon the data of Smith, I would suggest that a safety 

factor of 1.5 should be multiplied by the predicted unit failure 

discharge (DFD) using equation 2.1. Such value will be assumed 

the actual OFD which should be taken into consideration in 

design. 

The inclusion of the safety factor of 1.5 brings equation 2.1 

closer to predict safely the actual failure discharge. This 

inclusion can be justified practically in that quick and easy 

determination of the actual UFD can be sought using the 

aforementioned equation. 
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8.3.2 Pressures 

Stability of the mattress protected slopes was further evaluated 

by investigating the effects of pressures on the mattresses. The 

outcome was that mattresses are capable of relieving uplift 

pressures and are flexible to reform their shape in order to 

withstand any flow increase, hence, drag forces. Additional 

contribution should be made from the designer point of view, so 

that ways and means must be sought to increase the slope 

capabilities to withstand higher discharges without serious 

consequences. With such argument and according to the results of 

section 6.5, the author suggest that the points of weaknesses in 

a mattress protected slope are in the joints vdiere the different 

mattresses meet to cover the slope. Such joints usually form low 

areas. The technical problem lies in that as the water flows over 

these joints, it causes an inpact on the areas behind the joints, 

which are slightly higher, resulting in a deformation. The 

increase in the flow produces greater inpact; further deformation 

to the extent that the slope will fail as a result. 

There are several solutions to this problem. The first one is to 

fill up the low areas with stones of similar size to those in the 

mattresses and then cover them up with wire mesh so that the 

mattresses up and down the joint are flush with each other. The 

implementation can be started directly after construction vrfien 

the slope is ready for work. At that instance, a thorough 

inspection of the slope must take place in order to locate the 

joints with low areas. During maintenance, similar inspection 

must be pursued. This continuous process of inspection and repair 

is essential for any slope with any protecting material, hence, 

no additional costs are involved since they are already included 

in the costs of annual maintenance of the structure. In fact if 

there are additional costs because of the inspection and the 

repair processes, significant savings will be evident since the 

aforementioned processes prevent the initiation of a costly major 

repair of the slope. 
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A second method is to hold the coirpartment well fixed to the core 

of the slope by means of anchor bars. One end of the anchor 

should be tied to the wire mesh of the exposed surface vtiilst the 

other end penetrated inside the core of the slope. Anchors are 

needed only Wien there are areas of the mattresses susceptible to 

deformation. The mechanism of the anchors is to hold the exposed 

surface of the mattress tight enough to stop the stones vibrating 

inside the mattress; prevent deformation and to absorb the load 

transmitted from the wire mesh (Wilkins, 1963). 

The third one is to reduce the surface areas of the mattresses by 

increasing the number of con^rtments. Compartments with large 

surface areas can easily be deformed; no sufficient boundaries 

(diaphragms) to hold the stones tight inside each conpartment. 

Therefore, the installation of a mattress with more diaphragms 

will eventually prevent deformation. 

8.4 Design Exanple 

8.4.1 Introduction 

The following exanple is meant to be part of the implementation 

process of the results of this investigation. In our case a 

diversion structure is chosen. A suitable section of a diversion 

weir will be designed; crest section, main slop and a stilling 

basin. Assessment of the water conditions upstream and downstream 

the structure is necessary since they influence the design 

process and the selection of the structure dimensions. Therefore, 

survey data of topography of the irrigation site should be 

available as well as stage and discharge measurements. 

The design exaitple will be treated under maximum flood flow, 

medium flow and low flow which meeins different retrogression 

values. The variation of flow is readily experienced in the wadis 

of the Yemen and other parts of the world such as in India, 
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Pakistan, Egypt and USA. 

The design procedure is divided into several stages. Each stage 

is divided into several steps. The following section outlined the 

procedure. 

8.4.2 Design Procedure 

(a) Location; 

Diversion weirs are usually located on large alluvial plains 

Wiere the river or wadi is liable to slow or suddenly changes 

course. The selection of the location of the site should be 

according to the following: 

i. the canal offtake is located favourably in relation to the 

curvature of the river (in the outside of a bend), 

ii. a narrow, well defined site with reliable banks 

iii. the associated canal alignment should enable adequate 

command without excessive excavation or fill, 

iv. availability of construction material. 

V. arrangement of flow diversion during construction. 

vl. the avoidance of disruption of villages. 

(b) Crest dimensions; 

Are the crest height (CH), width (CM) and length (LC). The height 

of the crest is related to its level above the irrigation area. 

Command is being the prime objective of the crest level. Another 

objective is that CL should be considered in combination with 

crest length and allowable afflux. An optimum combination is to 

be chosen so that proper crest length and proper afflux height 

means that an optimum discharge per unit width. 

1- Determine the crest level according to command, head losses, 

highest field, slope of canal: 

CL= Av. LHF + PC + head losses + CSxdistance from FO to DW (8.2) 

2- Determine the crest height CH: 
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CH = CL - RBL (8.3) 

3- Calculate the width of the weir from Lacy's formula: 

CW = 4.83 (8.4) 

4- Chose the weir type, say a broad crested weir, then: 

Q = 1.7 CW (8.5) 

5- Calculate the energy head: 

2/3 

and H 
r Q 1 

U.7xCWJ 
( 8 . 6 ) 

6- Determine the length of the weir; 

LC =2/3 (H) (8.7) 

(c) Afflux: 

As a result of putting an obstruction across a river in the form 

of a weir, the maximum flood level of the river U/S the weir 

rises. The rise is termed afflux (Varshney, et al, 1988). Optimum 

combination between afflux, CH, and CW is necessary to produce 

optimum q. The following steps express that purpose: 

1- Solve for dg from the following formula which is a result of 

comparing equations 8.9 and 8.10: 

(0)2 

2 H - dn (8.8) 
[CW(dQ+CH)]' X 2g 

2- Determine the approach velocity on the U/S: 

V = (8.9) 
CW [dg+CH] 

3- Determine the velocity head: 

H - dq (8.10) 
2g 
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4- Determine the maximum flood water level U/S: 

MFL = dp + CL (8.11) 

5- Determine the total energy line: 

TEL (U/S) = MFL + (8.12) 
2g 

6- Calculate the allowable flood level: 

AFL = BTL - FB (8.13) 

7- Determine Afflux: 

Afflux = AFL - (RBL + d) (8.14) 

8- A quick check is done by inspecting the required afflux vAien 

there is no weir as follows: 

Afflux = MFL - (RBL + d) (8.15) 

If Afflux of (8.15) > afflux of (8.14), then try a higher 

value of CW and repeat the design process starting with 

equation 8.6. 

(d) Flew conditions D/S: 

Introduction of an obstacle in a river bed in the form of a weir, 

also affects the flow and the sedimentation regime. The result of 

such intervention is a retrogression which means that as 

sediments being bonded U/S the weir, clearer water passes over to 

the D/S side which is being scoured to make up for the deficiency 

of silt. The process of recovery of wadi or river bed levels D/S 

is slow but steady and may take 20 to 30 years (Luthra, 1976) and 

(Khosla, 1937). This phenomenon has repeatedly been observed on 

alluvial rivers and wadis particularly in regard to low head 

hydraulic structures (Leliavsky, 1955). Leliavsky suggested that 

a provision of an extra length on the D/S end of the sloping 

floor is necessary in order to cover this "contingency". 

Allowances for lowering the D/S river bed vary from 0.3-0.5m at 
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maximum flood and up to 2.0m for low flows. Additionally, 

knowledge of the stage-discharge curves will determine the water 

levels to be used during each discharge. 

(e) Stability of the sl(^; 

The protecting elements of the main slope are chosen to be gabion 

mattresses. Their dimensions and ability to withstand the maximum 

flow are discussed in the following steps: 

1- Refer to the manufacturer guidelines on mattresses and select 

an appropriate size and type to suit the site conditions. 

Check the corresponding range of the stone sizes to be used 

with the mattress and select a suitable size. 

2- Input the selected in equation 8.1 along with the maximum 

discharge obtained from stage-discharge curves in order to 

find d^ or use Manning's equation in the absence of such data. 

3- Assume a downstream slope (working slope) s. 

4- Determine N: 

h 
N = (8.16) 

5- Find the weight of a single rock W: 

W = K (8.17) 
6 

6- Find the weight per unit area w: 

2/3 

w = N 
r 2 W n 

K — 
I 6 ; 

1 , 1 / 2 I 

x-J J 

( 8 . 1 8 ) 

The selection of N above is exaggerated since perfect packing of 

the stones is inpossible. In fact N affects the solidity constant 

a in eq. 8.20 below. That is, any increase in N, increases w, 

hence, a and any decrease in N, decreases a. An assumption of the 

voids ratio of 100% in the mattress (Smith, 1982), means a=0.5. 

-145-



Substituting equation 8.18 into 8.20 with a=0.5, leads to predict 

N. In the case of high workmanship skills, a higher a can be 

assumed. 

7- Calculate the constant c: 

d„ . c d°'9 

I s 

0.1 

(8.19) 

8- Calculate a; 

w 
a = 

^s h 

( 8 . 2 0 ) 

9- Determine A: 

A = a 
Yg - Y 

( 8 . 2 1 ) 

10- Determine b : 
c 

^c = 
'50 

( 8 . 2 2 ) 

11- Check the stability of the slope by using the following 

equation; 

c b 
1/10 

A + 1 

10/9 
.7/10 

A tan6 
u 

A + 1 
- s 

10/9 

( 2 . 1 ) 

or (S^) 
(Sg) 

(S3) 

q . d 2/3 gl/2 

(8.23: 

(8.24) 

12- If the maximum discharge obtained from the stage-discharge 

curve is higher than the that obtained from the stability 

equation, then select a flatter slope and/or a greater stone 
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size. Try a steeper slope in case q obtained from equation 

2.1 prevailed. 

(f) Location of the jimp: 

There are several possibilities for the jvrap location; (i) it can 

be accommodated by the stilling basin (figure 8.1), (ii) it is 

partially shared by the slope and the stilling basin (figure 8.2) 

and (iii) it is conpletely located on the slope of the weir 

(figure 8.3). The jxonp in cases (ii) and (iii) will be treated by 

the use of equations derived on horizontal aprons. Khosla et al 

(1937) and Varshney et al (1988) stated that this is an 

appropriate assumption since the errors introduced are 

practically cancelled by the errors involved in the other 

assumptions provided that the slope is not too steep. The 

following assumptions are stated: 

i-The jump is assumed to occur instantaneously. 

ii-Stream line flow are immediately before and after the wave. 

iii-Friction is neglected. 

iv-Parallel side constraints and 

v-The weight due to the gravity cortponent is neglected. 

It is recommended in design that the hydraulic jump occurs on a 

sloping apron since it is more stable and its location is easy to 

predict. The following steps are designed to predict the location 

of the junp. 

1- Calculate the backwater curve (Chow, p222). The purpose of 

such calculation is to find out the slope length 1^ from the 

top of the slope to the start of the junp (at d̂ )̂. Then: 

AX = 
r^b -

s 

x-

X-

ri-[d^d„i3 . 
(8.25) 

2 
or AX = (x^) — ^ (8.25a) 

^3 

^m = + da]/2 (8.26) 
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2- The first value of corresponds to the critical depth at the 

top of the slope. The selection of the depth d^ should be so 

that d^ >AX for accuracy. 

3- Cumulative sum of AX's results in the slope length 1^. 

4- At the instance d^ is equal to the normal depth, the 

calculation should be stopped resulting in a table of depths 

(d^) versus lengths 1^. 

5- Make an initial guess of 1^ and note the corresponding d^. 

6- Assume a retrogression value. 

1- Calculate the river bed level after retrogression: 

RLj, = RL - Retr (8.27) 

8- Calculate dgZ 

d, I p 
n + 8[d^d^]-^ -1 d^ = ^ ( 8 . 2 8 ) 

9- Calculate Eg: 

E- - p- + d- (8.29) 

2*2 

10- Determine dg from stage-discharge curves or Manning's eq. 

11- Calculate E^: 

dc' 
Eg 2" + dU (8.30) 

2d3^ 

12- Determine TEL(D/S): 

TEL(D/S) = RLj. + Ej (8.31) 

13- Calculate 6E: 

AE = TEL(U/S) - TEL(D/S) (8.32) 

14- Calculate SBL: 

SBL = TEL(D/S) - (8.33) 
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15- Calculate SH. If SH<0 go to step 20: 

SH = RLj, - SBL 

16- Determine LB: 

LB = 6.9 (d^ - d^) 

17- Calculate LS from the geometry of figure 8.1; 

LS = 
(CL-RLj.) + RBSxLB + SH 

S - RES 

(8.34) 

(8.35) 

(8.36) 

18- Determine 1. 

Ig = 1 - LS (1 + 5^)1/2 (8.37) 

19- Repeat the procedure with the new 1 until the values of 1 
s s 

from steps 1 to 18 are agreed 

20- Assume case (ii). The assun^jtion here means that the end sill 

SH=0 and SBL=RL^. 

21- Determine the height Z: 

Z = TEL(U/S) - RLj. (8.38) 

22- calculate 

2d. 
(8.39) 

23- Determine y: 

y = Z — 

24- Calculate d_; 

(8.40) 

ds = h + 8[dyd^]^'-i (8.41) 

25- Calculate E^: 

2d 
- + d s (8.42) 
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26- Determine AE: 

AE . - Eg (8.43) 

27- Determine dg and Eg as per steps 10 and 11: 

28- Calculate L2: 

d3 - d 
Lp — (8.44) 

s 

29- Determine LJ; 

LJ = 6.9 (dg - d^) (8.45) 

30- Calculate LB. If LB<0, go to step 33: 

LB = LJ - (8.46) 

31- Calculate LS from the geometry of figure 8.2: 

(CL-RL ) + RBSxLJ - RBSxL, 
LS (8.47) 

S — RBS 

32- Determine 1„: 
s 

Ig = LS (1 + s2)l/2 (8.48) 

and 1 = (L2 + LS)(1 + s^)^^ (8.49) 

33- Assume case (iii). LB=0, the juitp is entirely on the slope. 

34- Calculate LS from the geometry of figure 8.3: 

CL - RL 
LS L- (8.50) 

S - RBS 

35- Determine 1 : 
s 

Ig - LS (1 + s^)^/^ (8.51) 

and 1 - (L2 + LS)(1 + s^)^-^ (8.52) 

36- Repeat the v^ole procedure until the values of 1^ from steps 

1 to 35 agree. 
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(g) Safety factor of the slope; 

In addition to stage (e), the stability of the slope can be 

checked in terms of safety factor. Such investigation would 

involve flow net analysis to determine the seepage forces on the 

slope. A quick estimation can be sought by taking the hydraulic 

gradient of the slope in the case of the low flow situation. The 

drag and uplift forces equations derived in section 6.5 are used. 

The objective of the safety factor is to check further v^ether 

the slope is stable. It is defined as the ratio of the resisting 

forces (Fj-g) and the driving forces (F^^). The slope is termed 

stable vAien SF>1. 

1- Determine the safety factor of the slope by conparing the drag 

forces, the uplift forces, the forces due to the weight and 

the seepage forces so that: 

S F > — ^ (8.53a) 

Fdr 

where = (F^ cosG - F^) tan <j) (8.53b) 

^dr - fc + fs + fm (8.53c) 

2.11 

,1.10 

S = (8.53d) 

[VdsQ]' 

^50 P V ^ 
(8.53e) 

1.17 
Cy (8.53f) 

(8.53g) 

Fg " ^ V ^ (8.53h) 
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and = w (8.53i) 

If SF<1, then the slope is unsafe; flatter slope and/or greater 

stone size should be used. 

8.5 Numerical j^lication and Analysis of the Results 

A numerical exan^le is studied applying the above procedure. 

Spreadsheets are used to perform the confutations. Appendix C 

lists the data and the outputs. Three discharge cases were used. 

The flow of water in the river is intermittent which depends upon 

the rainy seasons, hence, high, medium and low discharges are 

assigned. Exposing the structure to such variation necessitate a 

design to accommodate the various effects incurred on the site 

and the surrounding areas (for example retrogression). Table 8.1 

summarises the final results of the exanple. 

8.5.1 Crest dimensions and Water levels 

Discharges and water depths are regularly measured in a river or 

a wadi. Stage-discharge curves are the outcome. In the absence of 

such technique. Manning's equation can be used to determine the 

water levels. In this particular exanple, the crest dimensions 

and water levels are obtained with regard to the maximum 

discharge (PQ). The other flows behaviour are checked under the 

same crest dimensions. Of course, different water and energy 

levels are resulted as can be seen from section C.1.2. The 

purpose here coincides with the assunption above that under the 

same type of structure several discharge cases occur. 

8.5.2 Stability Analysis and Equation 2.1 

The stability analysis is pursued against PQ to provide an idea 

of the behaviour of the structure under severe flows. The results 

of this section will influence the estimation of the length of 

the slope discussed later. At the first instance a steep slope 
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was tried (1/7). A solidity constant a of 0.5 is estimated which 

resulted in a unit failure discharge (UFD) of 5.99m^/s (before 

multiplying by 1.5). The slope angle can be selected and the 

structure can be suggested as safe. However, reducing a (vrfiich 

depends on the packing quality) means low UFD which would iitply 

that the slope is not stable. A less steeper slope is then tried 

with low a. A combination of a=0.43 (mattress porosity of 0.57) 

and a slope of 1/9 produces a much stable slope (refer to columns 

3 and 6 of section C.2.2). 

8.5.3 Backwater Curves and the Length of the Sl(^ 

The juitp location is investigated with regard to the three 

discharge cases and the selected slope from section 8.5.2 above. 

Each case produces a different length 1^. The aim here is to 

produce a slope and a stilling basin lengths which can 

accommodate the the highest as well as the lowest discharges. 

Different retrogression values are introduced so that to cover a 

wide range of cases, hence, the selection of the right 

combination can be achieved with minimal departure from the true 

practical case. 

The longest slope length (1 ) is produced at (^50m^/s whilst at 
3 

PQ=1500m /s, the shortest 1^ is resulted. Additionally short and 

long stilling basins lengths (LB) are produced the low and 

high discharges respectively. Refer to sections C.4.1.3 for 

PQ=1500m3/s and C.4.3 for Q=50m^/s. Therefore, the right 

combination would be to take 1^ from the low discharge case and 

LB from the high discharge case. 

8.5.4 Safety Factor of the Slope 

There are various forces acting on the slope which need attention 

in any design. These forces are either driving forces or forces 

that resist such drive. The ratio of the resisting to the driving 

forces will determine the controlling forces on the slope. The 
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units used are sought to be homogeneous and are noted in terms of 
2 

N/ta (that is pressure). The drag and uplift forces are divided 
2 o 

by Im for consistency. The weight is also transformed from kg/ta 

into N/tâ  for the same reason. The seepage force is 

therefore it is multiplied by a unit length of Im. The hydraulic 

gradient is calculated using the low discharge case by dividing 

the head difference of the U/S and D/S water levels with LS+LB. 

Referring to section C.5, the safety factor is calculated after 

estimating the various forces that might have great influence on 

the slope. To be consistent with the analysis in section C.2 and 

the above sections, the same slope, weight and other related data 

are used in this section. The normal depth and the flow velocity 

are calculated in relation to Q=700mVs since this case produced 

higher and than the other cases. Subsequently, they are 

used in the estimation of the drag an uplift forces. A safety 

factor >1 is obtained which in^)lies that the slope is safe. 

8.6 Conclusion 

Other elements such as filter, sheet piles, D/S and U/S 

protection works, etc. can be designed with reference to the 

common procedures outlined in some hydraulic books. 

The structure designed in the above exanple is found to be safe 

against the driving forces and the mattresses elements are found 

able to withstand the flood flow. The mattresses ability can be 

increased vdien the measures outlined in section 8.3.2 are 

followed. It is also known in practice that mattress elements are 

connected together to increase stability. Hence, higher safety 

factor can be achieved with such practices. 

The safety factor investigation implies that the slope is safe 

which directly enphasises the applicability of equation 2.1. 
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Table 8.1 the design example results 

Weir dimensions Stability of slope 

CL (m) 100.68 d50 (m) 0.125 

CH (m) 0.68 h (m) 0.3 

CW (m) 187 s 1/9 

LC (m) 2.0 q (m2/s) 8.23 

Is (m) 26.0 qxl.5 12.35 

LB (m) 14.0 SF 1.55 

A=CWx(lg+LB) 7480 
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chapter nine 

ogncluding rqiarks and becxvdiemdatigns 

9.1 Concluding Ranarks 

The project was carried out in order to provide information on 

the hydraulic performance of mattress protected slopes of low 

head hydraulic structures. The hydraulic performance of the 

mattresses was investigated through two main topics; flow 

resistance and stability of slope. A design procedure for 

mattresses protecting slopes of low head hydraulic structures was 

described enploying the results obtained from this study. 

The investigation was carried out through an experimental 

programme for which two models were constructed and tested. The 

models exhibited the same slope (1:7). The first model was an 

impermeable Wiilst the second was permeable. Energy dissipation 

of the mattress protected slope was evaluated through comparison 

with a smooth board simulating a reinforced concrete slope. The 

flow resistance studied included: Manning's roughness 

coefficient, Chezy's resistance factor, Darcy-Weisbach friction 

factor and form drag resistance. The velocity distributions above 

the mattresses were also studied. 

Stability of the mattress protected slope was investigated. 

Pressure distribution, uplift pressures and shear stresses (due 

to seepage flow underneath the mattresses), were studied to 

evaluate their effects on the stability of the slope. The 

conclusions are summarised as follows: 
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A-Flow Resistance 

1. The velocity distribution equation developed, was found well 

defining the flow for this type of surfaces and under the test 

conditions taken. 

2. Coefficient of Manning's roughness n was obtained for this 

study and was found to be 0.034. 

3. Chezy's resistance factor was compared with those of 

several investigators. The comparison suggests that there is 

negligible variation amongst the slope of the fitted lines. 

The positional variation of the data is attributed to the 

different slopes and shapes of channels and to the type of 

roughness elements enployed. 

4. The Darcy-Weisbach friction factor f decreases as the values 

of Rg and D/dgQ increase. This implies that shallow depths 

correspond to higher resistance. A semilogarithmic formula was 

developed and its coefficient (c=1.96) was found closer to the 

standardised constant suggested. 

5. The von Karman coefficients of the iitpermeable and permeable 

models were 0.42 and 0.40 respectively. 

6. The virtual bed level was investigated and the continuity 

method was found applicable. The level was located l.OBSxdgg 

below the summit of the stones. 

B-Stability 

1. The stability evaluation trial indicated that no movement of 

the mattresses occurred at a unit flow rate of 0.22mf/s and a 

maximum velocity of 3.0:^/8. A hunp of 5-7mm was seen at this 

discharge. This discharge corresponds to a prototype value of 

7mVs/m. It suggests that mattress protected slopes can 
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withstand higher discharges than slopes protected riprap or 

rockfill. 

2. Pressure distribution measurements supported the above. The 

form drag coefficient was related to the slope before and 

after the low areas were filled. The resulted form drag 

resistance was reduced as a result of the filling of the low 

areas along the edges of the mattress. This process is advised 

to be implemented in the field during the final phase of 

construction as well as during the maintenance process. The 

form drag coefficient equations (6.13 and 6.14) can be used to 

estimate the mean form drag resistance along the slope. 

3. The mattresses were found to relieve uplift pressures 

efficiently. Reduction in the uplift pressure was apparent 

after the filling process. Mean uplift pressure along the 

slope can be estimated using equations 6.17 and 6.18. 

4. Shear stresses due to seepage pressures were estimated and 

found to be too small to produce significant effects on the 

mattresses. This is supported by the analysis of the flow net 

which resulted in low seepage quantities, hence, insignificant 

seepage forces. This can be attributed to the solid upstream 

face and crest which worked as barriers to incoming flow. In 

practice, a sheet pile would be employed. This also supports 

the analysis of section 6.4.1.2 which produced negligible 

seepage forces compared with the bulk weight of the 

mattresses. 

5. Comparison of the loss of energy due to the mattresses with 

that due to the smiooth surface, implies that loss of energy 

occurs along the mattress protected slope until the start of 

the jump. This results in a harmiless jump, hence, economdcal 

stilling basins. 

6. This study suggests that the results obtained from the 
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inpemeable model can be applied to mattress protected slopes. 

The reason is that the obtained results from the two models 

compare favourably. 

C-The Inplementation of the Results 

A design example was produced employing the results derived in 

this study as well as the verification of equation 2.1. A design 

procedure was introduced and can be easily implemented using the 

readily available Spreadsheet packages. The design procedure can 

be applied in the case of intermittent as well as continuous 

water courses. The designed structure was found stable against 

the assigned maximum flood discharge of 1500m^/s. The safety 

factor investigation produced SF>1 which supports the 

aforementioned result, hence, justifies the use of the stability 

equation 2,1. 

9.2 Recommendations for Further Research 

The following areas are suggested for further research: 

1. Mattresses placed horizontally as steps on a permeable 

downstream slope. Pressure investigation would result in 

understanding the flow behaviour above the mattresses. 

Stability of the steps is known to increase with pressures. 

Steeper slopes and different mattress dimensions are 

suggested, so that the slope may be optimised in terms of 

stability and cost. 

2. Assessment of the failure behaviour of a slope protected by 

mattresses. This would enable the establishment of suitable 

measures to rebuild the collapsed slope. 

3. Investigation of the stability of slopes with permeable 

upstream face and crest protected by mattresses. Investigation 

of the deformation of mattresses undergoing various 

discharges. 
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AFE^tDIX A 

equifnqit inscription and calibrations 

A.l Introduction 

The equipment used in the testing programme can be divided into 

the following: 

1. The large flume 

2. Depth measuring equipment 

3. Discharge measuring equipment 

4. Velocity measuring equipment 

5. Pressure measuring equipment (described in i^pendix C) 

A. 2 % e Large Flume 

The large flume has a working length of 21.4m with a cross 

section 1.37m wide and 0.61m deep. The walls are of toughened 

glass with a number of incorporated perspex panels. The flume bed 

is supported by a substantial underframe which is adjustable to 

permit accurate bed alignment. The channel is centre pivoted with 

a double jacking station provided on each side of the centre 

bearing. 

The jacks are mechanically connected and powered by an electric 

actuator with provision of manual control v^en required. Normal 

and reverse inclination up to 1 in 100 is attainable. 

A pair of adjustable instrument rails is fitted throughout the 

working length of the channel to aid the installation of the 

different measuring equipnent needed and over any section 

required. 
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Water is circulated through the channel by three electrically 

driven centrifugal punps providing a total flow capacity of 

0.47mVs. Each puitp has its own suction and delivery pipe and has 

been sized so that all required channel flows can be attained 

without pipe velocities falling below a prescribed minimum. 

under normal operation conditions and punping alone, each punp 

has the following approximate capacity: 

Punp Size Flow Bate Capacity 

200 ran 0.09 m^/sec 

250 ran 0.15 m^/sec 

300 ran 0.23 m^/sec 

A system of control valves allows the channel to be used as a 

continuously circulating system or with conventional sunp return. 

A reservoir tank is provided accommodating approximately twice 

the volume of the flume. An axial flow pump allows rapid transfer 

of water between reservoir and channel. 

A.2.1 Flume Slc^ Measurement 

The flume slope can reach a maximum value of 0.01. The range of 

slopes required depends on the nature of the experiment. In the 

case of this work a zero slope is required. To ensure a zero bed 

slope, two levelling methods were enployed. The main principle of 

the two methods was to establish a zero difference between two 

levels a certain distance apart. Preferable positions of the 

levels were at the upstream and the downstream ends of the flume. 

A.2.1.1 Method 1 

An automatic level Wild NA2-13306, a parallel plate micrometer 
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GPMl-5132, an Invar staff with a scale of low coefficient of 

expansion, tripod, plianb-bob, and a steel tape were used to 

establish the flume required slope by this method. 

The flume was divide into five sections 4.0m apart and 0.7m from 

each end. Each section was divided into three points: the centre 

point coincided with the flume centre and the other two points 

were 0.35m from the adjacent flume sides. See figure A.l. The 

central section was chosen as the reference section and was 

located over the central pivot to provide a stable base for the 

levelling instrument. The levelling instrument was placed on the 

reference section in such a way that a vertical orientation was 

established between the levelling centre and the flume centre. 

The levelling instrument was adjusted and different readings were 

taken at each section along the flume, which was adjusted to give 

a slope of 0.0025nny1m. This value is considered as near zero as 

practically possible. 

A.2.1.2 Method 2 

Two datum points were chosen to be 16.365m apart and with an 

equal distance from each end of the flume. Figure A.l shows the 

positions of the two datum points. The apparatus used were a 

length of clear plastic tubing, two glass containers of large 

opening area with side openings near the glass base and with a 

drain-off valve, two hook gauges, a catheometer, two 10mm in 

diameter glass manometers each having Im length and a manometer 

board. 

The hook gauges were fixed to the flume side at each datum point 

and at the same elevation. The glass containers were placed and 

secured in position and connected through the openings by a 

plastic tubing. Water was poured into one of the containers until 

some 300ml. The plastic tubing was carefully cleared of air 

bubbles. The water levels in both containers were then the same. 

The tips of each hook was adjusted so as to be just touching the 
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water surface and to be read the same if possible then they were 

clan^jed rigidly in position. 

The containers were then separated by disconnecting the tubing. 

Then each container was connected to its manometer on the 

manometer board. The containers were filled with water so that 

the hook tips were submerged. The water drain-off valves were 

then opened until the tips of each hook was exactly touching the 

water surface bearing in mind that they read the same reading as 

before. 

The elevations of the tips of the hooks 16.365m apart, were then 

shown beside each other at the manometer board. A check on the 

difference of the water levels using the catheometer showed a 

difference of 0.04mm and a corresponding slope of 0.00244mq/1m 

which was considered within the limit of accuracy required. It 

also confirmed the accuracy of the levelling method used above. 

A. 3 Depth Measuring Equipment 

A.3.1 Stilling Well 

A stilling well was fixed to the outside part of the flume and 

connected to the gabion mattress surface via a clear plastic 

tubing. The top part which has a height the same as the mattress 

thickness, was further strengthened by gluing the soft plastic 

tubing into a hardened clear plastic tubing and, in turn, into a 

machined piece of wood. The hole opened on the plywood surface 

was secured by the above piece of wood to accommodate the plastic 

tubing and to fit nicely into the hole. 

A hook gauge was assembled over the stilling well. Water was 

poured into the stilling well and air was cleared. Plate A.l. 

shows the stilling well set up. The water in the system was then 

left to settle for 24 hours. The top end of the hardened plastic 

tubing was found at the same level as the water level in the 
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stilling well. At this stage the hook gauge was zeroed. 

The normal depth measured was the average of five local 

measurements taken within each run. 

A. 4 Discharge Measuring Equipment 

A.4.1 Die Rectangular % i n Plate Weir 

The rectangular thin plate weir is a general classification in 

which the rectangular opening (notch) of the weir is the basic 

form. A full width of the notch ,b/B =1, (b is the measured width 

of the notch and B is the flume width) is a limited case. A 

diagrammatic illustration of the rectangular weir is shown in 

figure A.2. More information about the specifications of the weir 

can be obtained from the British Standard. The rectangular notch 

was taken as b=1.096m and the height of the weir crest above the 

flume bed as p=0.20m. According to the British Standards, for all 

values of b/B, the following equation best describes the flow 

rate: 

llT h h_3/2 0 = Cg ^2g bg hg (A.l) 

In vrfiich; 

Q = discharge 

Cg = the coefficient of discharge 

bg « the effective width 

he = the effective head 

Figure A. 3 illustrates values of determined experimentally as 

a function of h,y^ for representative values of b/B. 

Interpolation can be used to determine values of for 

intermediate values of b/B. 

For this study the ratio b/B=0.8 will be used. The value of 
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can be obtained from the following equation: 

Cg = 0.593 + 0.045 — (A.2) 

P 

In v^ich; 

= the measured head in metres 

p = the height of the weir crest relative to the flume 

bed 

The effective width and the the effective head are defined, 

respectively, by the following equations: 

^e = b + (A.3) 

he - + kh (A. 41 

In which and are quantities determined experimentally, in 

metres, has a constant value of 0.001m. The values of k^ are 

shown in figure A.4 as a function of b/B. For the case of 

b/B=0.8, this figure gives a value of kb=0.00425m. Hence, in 

equation A.3 the value of b^ becomes 1.10025m. Substituting this 

value into equation A.l and sinplifying we get: 

Q = 3.249 Cg (A.5) 

Calibration of the weir was conducted by using equation A.5. 

The weir was placed 2.0m from the downstream end inside an 

aluminium channel fixed across the bed and along the two opposite 

sides of the flume to secure the weir and to prevent leakage from 

around the weir. 

A.5 Velocity Measuring Equipment 

Measurement of velocities and their distribution on the 

protecting mattresses were obtained by using: 

1. Pitot-Static tube of the Prandtl type 

2. SE (labs) pressure transducer type 1150/D5964 
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3. Transducer/converter type SE 905/2 

4. Data logger 

A.5.1 Pitot-Static Tube 

An Air Flow Developments Pitot-Static tube of Sum outside 

diameter, was used to measure the local velocities. It is 

provided at its head with a single hole (total pressure) facing 

upstream and a ring of side holes (static pressure). See figure 

A.5. At the top end of the tube two openings are provided, an 

upward tapping (total pressure) and a side tapping (static 

pressure) vrfiich were connected via clear plastic tubbing to SE 

labs pressure transducer. The tube was clamped with two brass 

blocks screwed together securing both the tube and the point 

gauge rod. With this arrangement the Pitot tube can be easily 

moved vertically to measure velocities at several positions along 

the verticals. It was fixed so that its head is parallel to the 

water surface and the facing hole (total pressure) faces the 

upstream direction. This system can be easily positioned anywhere 

along and across the flume by means of the pointer gauge base 

which is mounted on a carrier. 

A.5.2 SE (Labs) Pressure Transducer 

The SE labs transducer manufactured by SE le±)S MEI ltd was used 

as a simple, quick and accurate device to measure pressure 

differences created by flow velocities. It was necessary to fix 

the transducer on a custom built metal base to provide protection 

from any damage. The metal base (with the transducer) was then 

fixed firmly on a movable base. The Pitot tube was fixed to the 

stem of the point gauge which was originally fixed to the movable 

base. The system was then mounted on an instrument carriage which 

can be moved longitudinally. 

The transducer was then connected to the data logger through a 

transducer/converter. The data logger is programmed to display 
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and print the velocity heads for any specific flow in terms of DC 

voltage output. 

A.5.3 THie Transducer/Converter 

This is a contact portable self-contained two channel system 

designed to indicate and record information from inductive or 

strain gauge transducers. 

The transducer/converter was connected to a differential pressure 

transducer to receive signal input. The transducer was a balanced 

bridge or a half-bridge of inductance fed from a 3 kHz 

oscillator. Mechanical input to the transducer caused the bridge 

to unbalance, and the bridge output was a measure of the 

unbalance produced. The output from the bridge was amplified and 

demodulated to produce an electrical signal proportional to, and 

in phase with, the mechanical signal applied to the transducer. 

Because of the turbulent undulating flow running over the 

protecting mattresses, the pressure difference obtained from the 

transducer fluctuated strongly. To overcome this problem a data 

logger was connected to the transducer/converter and was 

programmed to display and print the average of 100 readings every 

10 seconds. 

A.5.4 Calibration of the SE Labs Transducers 

The pressure transducer was fixed firmly to a horizontal base 

plate to prevent any damage. The base plate was then fixed 

perpendicular to a vertical board keeping the transducer in a 

horizontal position. Two glass manometer tubes 10mm in diameter 

were fixed vertically and parallel to each other on the board. 

Each manometer was connected to each side of the transducer via 

rubber tubing. Figure A.6 illustrates the calibration rig. 
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The calibration process is summarised in the following steps: 

1. The transducer was connected in series to the transducer/ 

converter via channel I then the transducer/converter was 

connected to the data logger via channel 1 which was 

programmed to read the head difference in (VDC) by taking the 

average of 100 readings, every 10 seconds for each stage of 

decrease or increase in head. 

2. The manometers were filled with water to clear the air from 

the tubing system. A catheometer reading to O.Olmm was used to 

read the water levels in the manometers. 

3. The transducer/converter switch function was set to channel I. 

4. The water levels in the manometers A & B were brought to the 

same level by opening the by-pass tube Wiilst closing the 

drain-off valves. The water levels were checked by the 

catheometer and the level was recorded. 

5. The stepped attenuator was set to 18 db v^ile the continuously 

variable attenuator was set to zero db. The zero control was 

adjusted to get a zero reading on the meter. This process 

should show a reading close to zero on the data logger display 

vAiich corresponds to a zero head difference. 

6. The by-pass tube was closed and the water level in manometer B 

was lowered in steps read by the catheometer. The 

corresponding voltage readings were printed. When a maximum 

operational value of 500mm is reached, this process of 

increasing head is stopped. 

7. The decreasing head process was then carried out by increasing 

the water level in manometer B with almost the same increment 

until both levels in the manometers read the same. 

Three transducers were calibrated. The first two were assigned to 

channels I and II respectively whilst the third one was kept as a 

calibrated spare. 

Transducer 1 was calibrated for a maximum operational value of 

differential head of 500 mm. Regression analysis of the data 

produced the following equation; 
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Ah - -6.83675 + 2.77419 mV mm (A.6) 

In v^ich: 

Ah = water head difference in mm 

mV = output reading in Millivolts 

With a correlation coefficient r-0.995. The 95% confidence 

interval of the above equation is given by: 

Ah = -6.83675 + 2.77419 mV + (6.20799) mm (A.6a) 

The calibration curve is illustrated in figure A.7. 

Transducer 2 was calibrated for the same maximum differential 

head as of transducer 1 and the following equation was obtained: 

Ah - -1.81415 + 1.09739 mV mm (a.7) 

With r=0.995 and its 95% confidence interval is given by: 

Ah = -1.81415 + 1.09739 mV ± (1.70261) mm (A.7a) 

The calibration curve for this case is shown in figure A.8. 

Transducer 3 calibrated with the same differential head and the 

following equation was obtained: 

Ah = -372.292 + 1.4003 mm (A. 8) 

With r=0.995 and its 95% confidence interval is given by: 

Ah = -372.292 + 1.4003 mV ± (0.33242) mm (A.8a) 

The calibration curve is shown in figure A.9. 

The three transducers were tested and produced values of Ah 

with an average difference of 5-lOmm. It was concluded that using 

pressure transducers would give accurate results as suggested 

previously. This was found so when a small Ott current meter was 

used to measure local velocities and was not found accurate 

enough vAien coiipared with the Pitot-transducer system. 
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APPENDIX B 

OONSIRUCnON OF MODELS AND OTHER RELATED TOPICS 

B.l Introduction 

The models used in this study were built in order to achieve a 

reasonable similarity with structures built in the field. The 

reason is that applications of the results will be less 

complicated. This appendix will list the construction procedures 

used in both models. Stone specifications will be mentioned 

briefly. Additionally, several tests conducted on the gravel 

filter and on the sand will be discussed. The purpose of the 

tests was to examine the following topics: material size 

distribution, permeability, shearing stress and specific gravity. 

B.2 The Impermeable Model 

B.2.1 Model Construction 

The construction of this model was carried out in four stages: 

First stage: construction of an artificial channel. 

Second stage; construction of the upstream slope, the weir crest 

and a drop. 

Third stage; construction of the downstream slope (working 

slope). 

Fourth stage; formation of the underlayer (rough surface) on the 

sloping apron, manufacture and placement of the mattresses 

over the underlayer. 

The main purpose of constructing the artificial flume was to 

simulate the Wadi conditions and to provide an approach channel 

long enough in order to establish uniform flow conditions of the 
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weir. This was verified by taking depth measurements at several 

locations along the flume centre line. The length of the 

artificial flume was 7320mm and its height was 482mm above the 

original flume bed Figure B.l is a longitudinal section of the 

model and figure B.2a is a vertical section. 

An upstream slope, weir crest and a drop of 60nm at the end of 

the crest were constructed to form a sill. The weir crest was 

150mm above the artificial channel and its upstream sloped at 

1 : 3 . The purpose of constructing the drop at the downstream side 

of the crest was to accommodate the underlayer and the gabion 

mattresses so that the slope started smoothly at the same level 

of the crest. Refer to figure B.l detail A. 

The sloping apron was constructed at this stage and was 

considered the main part in the model since it accommodated the 

underlayer and the protecting elements. The lower end of the 

slope which has a length of 1148mm was not covered with 

underlayer or mattresses. Refer to figures B.l and B.2b. 

A 10mm vertical plywood board was fixed at the entrance to 

prevent water flowing under the artificial flume. 

Drain holes were drilled in six locations in the original flume 

to provide a quick way of draining any water that might leak from 

the structure. Three holes were drilled below the artificial 

channel. The other three holes were under the crest, under the 

middle of the slope and below the end of the sloping apron. 

The last stage was completed in two steps. The first step was to 

build a roughened underlayer of 20mm thickness to introduce a 

more rough slope to increase stability. This layer was made from 

a mixture of mortar and stones of dgQ-12.2mm. The stones were 

obtained by using two sieve sizes, 13.2mm and 11.2mm and a sieve 

shaker. Stones passing through the 13.2mm sieve and retained in 

the 11.2mm sieve were used and their size (dgg) was taken as the 
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average of the two sizes. 

The second step was to manufacture the protecting mattresses. A 

galvanised wire mesh and stones of dgQ=21.2mm were used. The 

stones were obtained by the same method of the first step but 

with an upper and lower sieve sizes of 22.4mm and 20mm 

respectively. A wooden frame 345x315x38mm was made to hold the 

wire mesh firmly, thus no mesh deformation would occur whilst 

wiring the sides together. In addition, the wire mesh was formed 

to its final shape as a mattress with the required dimensions 

(350x320x40). 36 mattresses were needed to cover the working 

slope and were manufactured and placed over the dried underlayer. 

Plate B.l demonstrates the structure after conpletion at which 

photos I & II are looking D/S and U/S respectively and plate B.2 

shows a mattress element. 

B.2.2 Stone Specificaticms 

B.2.2.1 Type, Size and Unit Weight 

Stone type used in this model was subangular crushed limestone 

which is a type readily available in most wadi areas in the 

world. The stones used to fill the baskets have a median size of 

dgQ=21.2mm. The stones unit weight was found equal to 2.7t/m^. 

B.2.2.2 Angle of Interned Fricticm + 

The frictional angle of granular materials was reported to be in 

the range of 30-45 degrees. Several experimental methods are 

available to determine the angle. 

The angle of repose, reported by Glanville (1951) and Sowers 

(1979), is equal to the angle of internal friction for dry loose 

angular material. By the method of analogy with the case of a 

block resting on an inclined plane, a roughened board similar to 
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the underlayer was made and placed on a horizontal table. Two 

mattresses were placed on the board which was tilted slowly until 

they slipped down the board. At that instance, the board 

inclination to the horizontal was measured and the angle of 

repose was determined to be equal to 37°. 

B.2.2.3 Weight of Stones 

The individual stone weight W was taken as the average weight of 

a random sanple of 925 stones and was found to be 15.14g. Naylor 

1976, suggested the following formula to calculate the average 

weight of a rock: 

W = K (B.l) 

In which 

K = having values of about: 2 for long prismatic shape, 1 

for a spherical or roughly cubical crushed or broken 

rock and 1.5 for ellipsoidal shape. 

Using the above equation with K=l, results in W=13.5g which 

conpares reasonably well with the measured value. 

The weight of stones in a layer 40mm thick per unit area w was 

measured and found to be 68.3 kg/)m . Theoretical estimation of 

can be achieved by the use of the following equation: 

f 2 
w = N 

,1,1/2 

n 
K — 
. 6 ; 

2/3 

IYJ (B.2) 

The derivation of the above equation based on the assunptions 

that stones are spherical. The procedure is outlined below. 

Assume that the stones are packed to a maximum density as shown 

in figure B.3, then the area of an individual stone A^: 
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31/2 

Ag - (B,2a) 

The approximate number of stones per unit area: 

= 1/A, (B.2b) 

The approximate weight of stones per unit area of N layers: 

w = (B.2c) 

2 1 
or w 1,1/2 

W X N X (B.2d) 

Substitute B.l into B.2d and rearrange, yields equation B.2. The 

number of layers can be determined roughly from: 

h 
N = (B.3) 

ds 

2 
Using equation B.2 with N=2, K=1 and W=13.5g yields w=69.3kg/m 

which is similar to the measured weight. 

B.3 The Permeable Model 

B.3.1 Model Construction 

The objective of the construction of this model was to form a box 

to contain the sand core, the filter, the protecting elements and 

to provide holes on the side wall to measure pore pressures and 

other pressures. A plan of the model is illustrated in figure 

B.4. It was constructed with a slope of 1V:7H in the large flume. 

The sand core was covered by a 20 mm gravel filter layer. 

The weir crest used in the second model was utilised in this 

model. A vertical board 572mm in height was fixed between the 

edge of the crest and the original flume surface. This board 

simulates a sheet pile wall. The sheet pile wall is shown in 

section A-A of figure B.4. 
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Measuring pore pressures and the other pressures mentioned above 

necessitated the provision of holes on the side of the flume. As 

the sides of the flume were glass, it was necessary to install an 

artificial side made of perspex. After dismantling the downstream 

slope and removing the unwanted materials, a triangular shaped 

perspex wall" vAiich has the same slope as the model was installed 

after drilling 7mm holes. A total number of 39 holes were 

drilled. Figure B.5 is a longitudinal section along the side 

wall. The working width of the slope was reduced to 1050 mm which 

accommodated three mattresses in each row for a total of 11 rows 

along the length of the slope. The remainder of the width (320nm) 

was covered by boards and was used to accommodate the tubes. 

Plate B.3 shows a photograph of the box before being filled with 

sand. In the tubes conpartment another 39 holes (9mm) were 

drilled through the flume floor to pass the tubes to the 

manometer board which was fixed on the outer side of the flume. 

Plate B.4 shows the tubes and the manometer bank. 

Transparent flexible tubing at 8mm diameter was used to measure 

the pore pressures at the 21 tappings. One end of each tube was 

glued and inserted flush with the inside of the perspex wall to 

prevent water seepage. Small stripes of fine copper wire mesh 

with a size smaller than the smallest grain size of the sand were 

glued to the drilled holes after inserting the tips of the tubes. 

Care was taken #ien using the glue so as not to block the holes. 

The other end of each of the 21 tubes were fixed vertically into 

a manometer board. They were held tight by small fine finish 

wooden stripes nailed onto the board. These parts of the tubes 

were used as manometers instead of the conventional glass tubes. 

The other 18 pressure tubes were fixed the same way onto the 

manometer board whilst their other ends were connected to the 

relative positions on or below the two mattresses. 

A very fine copper wire mesh was fixed to a perforated angle 

-187-



placed along the whole width of the flume at the toe of the slope 

to prevent the fines of the sand from being washed out. 

The sand was placed into the box in layers vdiilst wetting and 

contacting each layer. The slope of the sand core was guided by 

means of lines on the two sides and with a spirit level. The 

gravel filter layer was placed on top of the sand row by row 

whilst placing the mattresses on the completed row. When the 

eleventh row was reached, filter was placed beneath the central 

mattress (no.20) after fixing the pressure distribution tubes to 

the mattress. The same procedure was followed with the 23rd 

mattress vAiich accommodated the total, static and uplift pressure 

tubes. 

Plate B.5, photograph I and II illustrate the arrangement of 

these tubes. Plate B.6 shows the sand and the filter layer on the 

slope prior to completion Wiilst plate B.7 shows the model after 

completion. 

B.3.2 Sand and Filter Specifications 

B.3.2.1 Material Grading Curves and Filter Criteria 

The grain size and the distribution of the filter and the 

underlying material contribute greatly towards the stability of 

the slope against erosion and piping. The understanding of such 

contribution is essential. Filters are placed in inaccessible 

places and can not be checked after installation; their design 

deserves closer attention. To prevent the movement of erodible 

soils into or through filters, the pore spaces between the filter 

particles should be small enough to hold in place some of the 

larger particles of the protected material (in our case the 

sand). 

Three criteria must be satisfied for good filter design: 
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i) Stability Criterion 

To prevent washing of the underlying material into the filter, 

the smaller particles in the filter should be small enough to 

trap the larger particles of the protected material. For 

uneven-shaped natural materials, the stability criterion is: 

D,c (filter) 
^ <5 (B.4) 

Dgg (soil) 

ii) Segregation 

The grading of each layer should be approximately parallel, 

and too far apart to minimise segregation, this criterion is 

satisfied if: 

(filter) 
— ^ <25 (B.5) 
DgQ (soil) 

iii) Permeability Criterion 

The permeability of the filter should be sufficient for the 

hydraulic gradient through it to be negligible compared with 

that through the protected material. The permeability of the 

soil depends on the smaller particles and the size is 

taken to represent the permeability of both soil and filter. 

The permeability criterion is satisfied if: 

^15 

°15 (=) 
>5 (B.6) 

In vAiich: 

^15' ^50 ^ ^85 ~ the grain size for which (15%, 50% 

& 85%) is finer by weight. The (f) and the (s) 

symbols refer to filter and sand respectively. 

Sieve size analysis was performed for the filter and the sand and 

the results were plotted in figure B.6. The )=10.2, the 

DgQ(f)=10.4, the Dj^g(s)=0.37, the Dgg(s)=2.8 and the DgQ(s)=0.85 

were obtained from the aforementioned curves and were substituted 

into equations B.4-B.6 resulting in the following: 
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^15 
(f) 

°85 (s) 

°15 (f) 

°15 (s) 

^50 ^ ̂ ) 
=3.6 <5 OK, — ^ -12.2 <25 OK 

^50 (") 

and =27.6 >5 OK 

The median size (Dgg) of the sand and the filter were 0.85 mm and 

10.4 mm respectively. 

The sand used, therefore, was in confirmation with the Terzaghi 

filter criteria explained above. 

B.3.2.2 Permeability Tests 

Permeability is a property of soil that indicates the ease at 

which water is seeping through the voids. It is an in%x)rtant 

parameter that enters all problems involving flow and is 

indirectly controlling the effective strength of a soil. It 

depends on many factors, the following are a few (Lambe, 1951 and 

Vickers, 1978): 

1. The size of the grains of the soil 

It appears that permeability is proportional to the square 

root of an effective grain size. 

2. The properties of water 

Viscosity of water is a variable which changes as tenperature 

varies which in turn affects permeability. 

3. The arrangement and shapes of void spaces 

Mathematical relationships between permeability and these two 

factors are difficult to express. 

4. The soil density, void ratio and porosity 

Denser soils have a smaller void ratio and a lower 

permeability. 

5. The degree of saturation 

Permeability increases as the degree of saturation of a soil 

increases. 
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6. Other factors 

The presence of organic matter, sand lenses, silt intrusion, 

etc. 

Obtaining permeability in a laboratory requires a transformation 

of the permeability at the test temperature T to a tenperature at 

20°C. This procedure is needed in order to have a standardised 

viscosity of the water. A relationship was obtained (refer to 

soil mechanics texts): 

^20 
k ~ k2Q (B.7) 

In vdiich: 

^T 

k2Q « permeability at the standard 20°C. 

k = coefficient of permeability. 

- kinematic viscosity at the test temperature T. 

kinematic viscosity at the standard tenperature V 
20 

20°C. 

Using the apparatus available in the Soil Mechanics Laboratory, 

the permeability of the sand at 20*C was determined and was found 

to be 4.6x10 The corrected permeability for the sand in 

equation B.7 is the same as the permeability obtained from the 

test due to the similarity in the temperatures. 

During the test, the hydraulic gradient i and the discharge 

velocity for the sand were determined. The hydraulic gradient 

was found by dividing the net head h by the length of the sample 

L. The discharge velocity was found by dividing the collected 

volume of water by both the recorded time t and the cross 

sectional area A of the permeameter. A plot of versus i for 

the sand is shown in figure B.7. The following equation expresses 

the best fit: 

V j = 0.04 il'06 (B.8) 
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with a correlation coefficient r=0.995. The slope of equation B.8 

is closer to unity, therefore, the assumption suggested in 

section 6.4 is verified (Darcy's law is valid; the flow state in 

the soil is laminar). 

B.3.2.3 Direct Shear Tests 

A shear failure is normally the case for a soil v^en it is loaded 

excessively. The maximum resistance of the soil to shearing 

stresses is the shearing resistance. The shearing resistance of 

the soil generally depends on the internal friction between the 

grains, represented by the internal angle of friction *, and on 

the soil cohesion c' (normally related to fine soils such as silt 

and clay) (Smith, 1975). The type of soil used in this study was 

sand which mainly depends on the friction between the grains; 

cohesion was assumed to be zero. 

Direct shear or shear box tests were performed in the Soil 

Mechanics Laboratory for the sand. An internal angle of friction 

• of 28' was found. 

B.3.2.4 Specific Gravity Tests 

Lambe (1951) defined the specific gravity of a soil as ".. the 

ratio of the weight in air of a given volume of soil particles to 

the weight in air of an equal volume of distilled water at 4°C". 

Specific gravity is always used to relate a weight of soil to its 

volume. An experiment was conducted to determine the specific 

gravity, G^, of sand in the Laboratory and was found 2.67. 

The data obtained from the test, were used to calculate the 

moisture content m of the sand which was 24% assuming fully 

saturated soil. When the soil is, say, 85% saturated, air occurs 

as bubbles within the pore spaces which can block the seepage 

channels and thus reduce the permeability. Validity of Darcy's 

law is approximated under such conditions (Vickers, 1978). At 
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degrees of saturation below 85%, Darcy's law is no longer valid. 

Permeability, then, is dependent upon the air and water mix and 

would require sophisticated testing techniques and more rigorous 

analysis. 

The void ratio e was obtained to be equal to 0.63. This enabled 

the calculation of the porosity which was found to be 0.39. 
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Figure B.3 def ini t ion s k e t c h f o r t h e packing hypo thes is 
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Photo I looking downstream 

Photo II looking upstream 

Plate B.l the impermeable model after completion 
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Plate B.2 a mattress element 
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Plate B.3 the permeable model before being filled with 
sand 

Plate B.4 view of the pressure tubes and the manometer board 
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Photo I the pressure tubes viewed from the top of the 
mattress 

Photo II the pressure tubes viewed from the under—side of the 

mattress 

Plate B.5 arrangement of the pressure tubes 
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Plate B.6 the permeable model prior to completion 

Plate B.7 and after coirpletion 
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Appamix c 

D M A AND RESULTS OF IBE DESIGN EXAMPLE 

C.l Crest Dimensions and Water Levels 

C.1.1 Data 

Q m / s (FQ)1500 700 50 
d(U/S) m 2 1.27 0.26 
d(U/S) m 2 1.27 0.26 
RBL(U/S) m 100 100 100 
RL(D/S) m 99.6 99.6 99.6 

BTL m 104 104 104 
FB m 0.75 0.75 0.75 
RBS 0.0046 0.0046 0.0046 

n ' s V / 3 

0.00015 0.00015 0 .00015 
n ' s V / 3 0.033 0.033 0.033 

C.l.2 Output 

Q 
CL 
CH 
CW 
H 
LC 

'i' 
MFL(WL) 

from 

d - Q curve 

8.2 
8.3 

8.4 

8.6 
8.7 

8.8 
8.9 

8.10 
8.11 

TEL(U/S) 8.12 

AFL 
Afflux 

8.13 

8.14 

1500 

100.68 
0.68 
187 

2.81 
2 

2.48 

2.5384 

0.33 

103.16 

103.49 

103.25 

1.25 

700 

1.69 

1.547 

1.6809 

0.143 

102,23 

102.37 

50 

0.291 

0.2875 

0.2734 

0.0039 

100.9675 

100.9714 
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C.2 Stability Analysis of the Slope Using Equation 2.1 

C.2.1 Data 

50 

'w 

0.125 m 

0.3 m 

30° 

36° 

995.7 k g / V 

2.7 t/m, 

9767 N/m 

C.2.2 Output 

from 

s assunp 1/7 1/9 1/9 1/9 
N 8.16 2 2.4 2 1.7 
W 8.17 0.002761 0.002761 0.002761 0.002761 
w 8.18 0.408105 0.489726 0.408105 0.346889 
c 8.19 0.367494 0.340806 0.340806 0.340806 
a 8.20 0.503833 0.6046 0.503833 0.428258 
A 8.21 0.888969 1.066762 0.888969 0.755623 

be 8.22 0.416667 0.416667 0.416667 0.416667 

®1 0.147157 0.12246 0.135332 0.1468 

Sg 0.220141 0.181055 0.181055 0.181055 

Sg 0.16636 0.227565 0.196091 0.168715 

V d 2.1 0.194731 0.097432 0.124955 0.157538 
dc c 1.540585 3.079079 2.400861 1.904306 
q 8.24 5.989121 16.92255 11.65159 8.230752 
qxl.5 8.983682 25.38382 17.47738 12.34613 
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C.3 Backwater Analysis 

Table C.l backwater curve, Q=1500mVs and s=(l/9) 

dm *1 *2 *3 
ax is 

1.87 0 
1.85 1.86 -0 .1800 -0.01622 0 .8972 0.0033 0.003253 
1.83 1.84 -0 .1800 -0.04971 0 .8934 0.0100 0.01327 
1.81 1.82 -0 .1800 -0.0847 0 .8895 0.0171 0.030411 
1.79 ' 1.8 -0 .1800 -0.12126 0 .8853 0.0247 0.055066 
1.77 1.78 -0 .1800 -0.15948 0 .8810 0.0326 0.087652 
1.75 1.76 -0 .1800 -0.19946 0 .8764 0.0410 0.128619 
1.73 1.74 -0 .1800 -0.2413 0 .8716 0.0498 0.178452 
1.71 1.72 -0 .1800 -0.28511 0 .8665 0.0592 0.237675 
1.69 1.7 -0 .1800 -0.331 0 .8612 0.0692 0.306855 
1.67 1.68 -0 .1800 -0.3791 0 .8557 0.0798 0.386605 
1.65 1.66 -0 .1800 -0.42955 0 .8498 0.0910 0.477593 
1.63 1.64 -0 .1800 -0.4825 0 .8436 0.1030 0.580545 
1.61 1.62 -0 .1800 -0.53808 0 .8371 0.1157 0.696254 
1.59 1.6 -0 .1800 -0.59649 0 .8302 0.1293 0.825587 
1.57 1.58 -0 .1800 -0.65788 0 .8229 0.1439 0.969492 
1.55 1.56 -0 .1800 -0.72247 0 .8152 0.1595 1.129014 
1.53 1.54 -0 .1800 -0.79045 0 .8071 0.1763 1.305304 
1.51 1.52 -0 .1800 -0.86206 0 .7985 0.1943 1.499633 
1.49 1.5 -0 .1800 -0.93754 0 .7894 0.2138 1.713412 
1.47 1.48 -0 .1800 -1.01716 0 .7798 0.2348 1.948211 
1.45 1.46 -0 .1800 -1.10119 0 .7695 0.2576 2.205785 
1.43 1.44 -0 .1800 -1.18997 0 .7587 0.2823 2.488101 
1.41 1.42 -0 .1800 -1.28381 0 .7472 0.3093 2.797375 
1.39 1.4 -0 .1800 -1.38309 0 .7349 0.3387 3.136115 
1.37 1.38 -0 .1800 -1.48821 0 .7219 0.3711 3.507177 
1.35 1.36 -0 .1800 -1.59961 0 .7081 0.4066 3.913824 
1.33 1.34 -0 .1800 -1.71776 0 .6933 0.4460 4.359815 
1.31 1.32 -0 .1800 -1.84317 0 .6775 0.4897 4.849504 
1.29 1.3 -0 .1800 -1.97642 0 .6607 0.5385 5.387978 
1.27 1.28 -0 .1800 -2.11813 0 .6427 0.5932 5.981221 
1.25 1.26 -0 .1800 -2.26899 0 .6234 0.6551 6.636345 
1.23 1.24 -0 .1800 -2.42973 0 .6028 0.7255 7.361891 
1.21 1.22 -0 .1800 -2.60118 0 .5807 0.8063 8.168229 
1.19 1.2 -0 .1800 -2.78426 0 .5569 0.8999 9.06813 
1.17 1.18 -0 .1800 -2.97996 0 .5314 1.0094 10.07756 
1.15 1.16 -0 .1800 -3.18939 0 .5039 1.1393 11.21685 
1.14 1.145 -0 .0900 -3.35621 0 .4819 0.6268 11.84365 
1.13 1.135 -0 .0900 -3.47236 0 .4665 0.6699 12.51351 
1.12 1.125 -0 .0900 -3.59269 0 .4506 0.7176 13.23115 
1.11 1.115 -0 .0900 -3.71737 0 .4340 0.7709 14.00209 
1.1 1.105 -0 .0900 -3.84661 0 .4167 0.8308 14.83288 
1.09 1.095 -0 .0900 -3.98061 0 .3988 0.8984 15.73129 
1.08 1.085 -0 .0900 -4.11959 0 .3801 0.9755 16.70675 

1.071 1.0755 -0 .0810 -4.25646 0 .3617 0.9533 17.66008 
1.0628 1.0669 -0 .0738 -4.3846 0 .3443 0.9397 18.59981 
1.0552 1.059 -0 .0684 -4.50601 0 .3279 0.9400 19.53979 
1.0492 1.0522 -0 .0540 -4.61345 0 .3133 0.7952 20.33495 
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c. ,1 

^ da dm *1 *2 *3 
AX Is 

1. .0432 1.0462 -0. ,0540 -4.71059 0.3001 0. ,8477 21.18261 

1, .0382 1.0407 -0. ,0450 -4.8016 0.2877 0. ,7511 21.93369 

1, .0332 1.0357 -0. .0450 -4.88604 0.2762 0. .7962 22.72988 

1, .0284 1.0308 -0. .0432 -4.97037 0.2646 0. .8114 23.54131 

1, .0244 1.0264 -0. .0360 -5.04749 0.2541 0. .7152 24.25653 

1, ,0204 1.0224 -0, .0360 -5.11874 0.2443 0. .7543 25.01087 

1, .0167 1.01855 -0, .0333 -5.18839 0.2347 0, .7361 25.74694 

1, .0133 1.015 -0, .0306 -5.25355 0.2258 0, .7121 26.459 

1, .0101 1.0117 -0, .0288 -5.31494 0.2173 0, .7044 27.16337 

1, .0073 1.0087 -0, .0252 -5.37146 0.2095 0, .6460 27.8094 

1, .0047 1.006 -0, .0234 -5.4229 0.2024 0, .6268 28.43625 

1, .0023 1.0035 -0, .0216 -5.47102 0.1958 0, .6036 29.03981 

1 .0001 1.0012 -0, .0198 -5.51572 0.1896 0, .5760 29.61577 

0.998 0.99905 -0, .0189 -5.55788 0.1838 0. .5715 30.18731 

0.996 0.997 - 0 .0180 -5.59841 0.1782 0 .5656 30.75287 

0 .9942 0.9951 -0 .0162 -5.63628 0.1729 0 .5280 31.28084 

0 .9926 0.9934 -0 .0144 -5.67041 0.1682 0 .4854 31.76626 

0 .9911 0.99185 -0 .0135 -5.70173 0.1639 0 .4697 32.23598 

0 .9897 0.9904 -0 .0126 -5.73121 0.1598 0 .4519 32.68792 

0 .9883 0.989 -0 .0126 -5.75983 0.1558 0 .4658 33.15369 

0 .9869 0.9876 -0 .0126 -5.78862 0.1518 0 .4804 33.63412 

0 .9855 0.9862 -0 .0126 -5.81757 0.1478 0 .4960 34.13008 

0 .9841 0.9848 -0 .0126 -5.84669 0.1438 0 .5125 34.64254 

0 .9827 0.9834 -0 .0126 -5.87597 0.1397 0 .5300 35.17258 

0 .9813 0.982 -0 .0126 -5.90542 0.1356 0 .5488 35.72137 

0 .9799 0.9806 -0 .0126 -5.93504 0.1315 0 .5688 36.29019 

0 .9785 0.9792 -0 .0126 -5.96483 0.1273 0 .5903 36.88049 

0 .9771 0.9778 -0 .0126 -5.99479 0.1231 0 .6134 37.49385 

0 .9757 0.9764 -0 .0126 -6.02492 0.1190 0 .6382 38.13205 

0 .9743 0.975 -0 .0126 -6.05523 0.1147 0 .6650 38.79707 

0 .9729 0.9736 -0 .0126 -6.08571 0.1105 0 .6941 39.49116 

0 .9715 0.9722 -0 .0126 -6.11636 0.1062 0 .7257 40.21684 

0 .9701 0.9708 -0 .0126 -6.14719 0.1019 0 .7601 40.97697 

0 .9687 0.9694 -0 .0126 -6.1782 0.0976 0 .7979 41.77486 

0 .9673 0.968 -0 .0126 -6.20939 0.0932 0 .8394 42.61427 

0 .9659 0.9666 -0 .0126 -6.24076 0.0888 0 .8853 43.49957 

0 .9645 0.9652 -0 .0126 -6.27232 0.0844 0 .9363 44.43586 

0 .9633 0.9639 -0 .0108 -6.30178 0.0803 0 .8477 45.28358 

0 .9621 0.9627 -0 .0108 -6.32912 0.0765 0 .8940 46.17758 

0 .9609 0.9615 -0 .0108 -6.3566 0.0726 0 .9455 47.12305 

0 .9599 0.9604 -0 .0090 -6.3819 0.0691 0 .8316 47.95468 

0 .9589 0.9594 -0 .0090 -6.40501 0.0658 0 .8757 48.83038 

0 .9579 0.9584 - 0 .0090 -6.42821 0.0626 0 .9246 49.75494 

0 .9571 0.9575 -0 .0072 -6.44918 0.0596 0 .7787 50.53359 

0 .9563 0.9567 -0 .0072 -6.46788 0.0570 0 .8168 51.35044 

0 .9555 0.9559 -0 .0072 -6.48665 0.0544 0 .8589 52.20933 

0 .9547 0.9551 -0 .0072 -6.50548 0.0517 0 .9054 53.11471 

0 .9539 0.9543 -0 .0072 -6.52437 0.0491 0 .9571 54.07179 
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Table C.2 backwater curve, 0=700m /s and s=(l/9) 

dm *1 *2 *3 
ax is 

1.13 0 
1.11 1.12 -0 .1800 -0 .02703 0 .9121 0 .0053 0.005333 
1.09 1.1 -0 .1800 -0 .08407 0 .9067 0 .0167 0.022024 
1.07 1.08 -0 .1800 -0 .14542 0 .9008 0 .0291 0.051082 
1.05 1.06 -0 .1800 -0 .21148 0 .8944 0 .0426 0.093643 
1.03 1.04 -0 .1800 -0 .28273 0 .8875 0 .0573 0.150986 
1.01 1.02 -0 .1800 -0 .35967 0 .8800 0 .0736 0.224559 
0.99 1 -0 .1800 -1 0.4429 0 .8718 0 .0914 0.316006 
0.97 0.98 -0 .1800 -0 .53305 0 .8628 0 .1112 0.427208 
0.95 0.96 -0 .1800 -0 .63088 0 .8531 0 .1331 0.560323 
0.93 0.94 -0 .1800 -0 .73721 0 .8424 0 .1575 0.717846 
0.91 0.92 -0 .1800 —0 .85298 0 .8307 0 .1848 0.902678 
0.89 0.9 -0 .1800 -0 .97928 0 .8178 0 .2155 1.118216 
0.87 0.88 -0 .1800 -1 .11732 0 .8036 0 .2503 1.368472 
0.85 0.86 -0 .1800 -1 .26851 0 .7880 0 .2898 1.65823 
0.83 0.84 -0 .1800 -1 .43443 0 .7707 0 .3350 1.993241 
0.81 0.82 -0 .1800 -1 .61694 0 .7515 0 .3873 2.380515 
0.79 0.8 -0 .1800 -1 .81816 0 .7302 0 .4482 2.828694 
0.77 0.78 -0 .1800 -2 .04055 0 .7065 0 .5199 3.348606 
0.75 0.76 -0 .1800 -2 .28696 0 .6799 0 .6054 3.954055 
0.73 0.74 -0 .1800 -2 .56074 0 .6502 0 .7090 4.663011 
0.71 0.72 -0 .1800 -2 .86579 0 .6167 0 .8365 5.499464 
0.692 1 0.701 -0 .1620 -3 .18872 0 .5810 0 .8892 6.388631 
0.691 0 .6915 -0 .0090 -3 .36374 0 .5615 0 .0539 6.44255 
0.69 0 .6905 -0 .0090 -3 .38273 0 .5593 0 .0544 6.496979 
0.689 0 .6895 -0 .0090 -3 .40182 0 .5572 0 .0549 6.551925 
0.688 0 .6885 -0 .0090 -3 .42103 0 .5551 0 .0555 6.607395 
0.687 0 .6875 -0 .0090 -3 .44035 0 .5529 0 .0560 6.663396 
0.686 0 .6865 -0 .0090 -3 .45978 0 .5507 0 .0565 6.719936 
0.685 0 .6855 -0 .0090 -3 .47933 0 .5485 0 .0571 6.777022 
0.684 0 .6845 -0 .0090 -3 .49899 0 .5463 0 .0576 6.834662 
0.683 0 .6835 -0 .0090 -3 .51877 0 .5441 0 .0582 6.892864 
0.682 0 .6825 -0 .0090 -3 .53866 0 .5419 0 .0588 6.951636 
0.681 0 .6815 -0 .0090 -3 .55867 0 .5396 0 .0594 7.010986 
0.68 0 .6805 -0 .0090 -3 .57879 0 .5374 0 .0599 7.070923 
0.679 0 .6795 -0 .0090 -3 .59904 0 .5351 0 .0605 7.131455 
0.678 0 .6785 -0 .0090 3.6194 0 .5328 0 .0611 7.192591 
0.677 0 .6775 -0 .0090 -3 .63989 0 .5305 0 .0617 7.254339 
0.676 0 .6765 -0 .0090 -3 .66049 0 .5282 0 .0624 7.31671 
0.675 0 .6755 -0 .0090 -3 .68122 0 .5259 0 .0630 7.379712 
0.674 0 .6745 -0 .0090 -3 .70207 0 .5235 0 .0636 7.443354 
0.673 0 .6735 -0 .0090 -3 .72305 0 .5212 0 .0643 7.507648 
0.672 0 .6725 -0 .0090 -3 .74415 0 .5188 0 .0650 7.572602 
0.671 0 .6715 -0 .0090 -3 .76538 0 .5164 0 .0656 7.638227 
0.67 0 .6705 -0 .0090 -3 .78673 0 .5140 0 .0663 7.704534 
0.669 0 .6695 -0 .0090 -3 .80821 0 .5116 0 .0670 7.771533 
0.668 0 .6685 -0 .0090 -3 .82982 0 .5091 0 .0677 7.839234 
0.667 0 .6675 -0 .0090 -3 .85156 0 .5067 0 .0684 7.90765 
0.666 0 .6665 -0 .0090 -3 .87343 0 .5042 0 .0691 7.976792 
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Table C.2 

dm 1 *2 *3 
ax. Is 

0.665 0 .6655 -0. 0090 -3.89543 0. 5017 0 .0699 8.046672 
0.664 0 .6645 -0. 0090 -3.91757 0. 4992 0 .0706 8.117301 
0.663 0 .6635 -0. 0090 -3.93984 0. 4967 0 .0714 8.188692 
0.662 0 .6625 -0. 0090 -3.96224 0. 4941 0 .0722 8.260857 
0.661 0 .6615 -0. 0090 -3.98478 0. 4916 0 .0730 8.33381 
0.66 0 .6605 -0. 0090 -4.00745 0. 4890 0 .0738 8.407563 
0.659 0 .6595 -0. 0090 -4.03027 0. 4864 0 .0746 8.482131 
0.658 0 .6585 -0. 0090 -4.05322 0. 4838 0 .0754 8.557528 
0.657 0 .6575 -0. 0090 -4.07631 0. 4812 0 .0762 8.633767 
0.656 0 .6565 -0. 0090 -4.09954 0. 4786 0 .0771 8.710863 
0.655 0 .6555 -0. 0090 -4.12292 0. 4759 0 .0780 8.788832 
0.654 0 .6545 -0. 0090 -4.14643 0. 4732 0 .0789 8.867688 
0.653 0 .6535 -0. 0090 -4.1701 0. 4705 0 .0798 8.947448 
0.652 0 .6525 -0. 0090 -4.1939 0. 4678 0 .0807 9.028128 
0.651 0 .6515 -0. 0090 -4.21786 0. 4651 0 .0816 9.109744 
0.65 0 .6505 -0. 0090 -4.24196 0. 4624 0 .0826 9.192315 
0.649 0 .6495 -0. 0090 -4.26621 0. 4596 0 .0835 9.275857 
0.648 0 .6485 -0. 0090 -4.29061 0. 4568 0 .0845 9.360388 
0.647 0 .6475 -0. 0090 -4.31516 0. 4540 0 .0855 9.445928 
0.646 0 .6465 -0. 0090 -4.33986 0. 4512 0 .0866 9.532495 
0.645 0 .6455 -0. 0090 -4.36471 0. 4484 0 .0876 9.620109 
0.644 0 .6445 -0. 0090 -4.38972 0. 4455 0 .0887 9.708791 
0.643 0 .6435 -0. 0090 -4.41489 0. 4426 0 .0898 9.798561 
0.642 0 .6425 -0. 0090 -4.44021 0. 4397 0 .0909 9.88944 
0.641 0 .6415 -0. 0090 -4.46569 0. 4368 0 .0920 9.981452 
0.64 0 .6405 -0. 0090 -4.49133 0. 4339 0 .0932 10.07462 
0.639 0 .6395 -0. 0090 -4.51714 0. 4309 0 .0943 10.16896 
0.638 0 .6385 "0 • 0090 -4.5431 0. 4279 0 .0955 10.26451 
0.637 0 .6375 -0. 0090 -4.56922 0. 4249 0 .0968 10.36128 
0.636 0 .6365 -0. 0090 -4.59552 0. 4219 0 .0980 10.45931 
0.635 0 .6355 -0. 0090 -4.62197 0. 4189 0 .0993 10.55861 
0.634 0 .6345 -0. 0090 -4.6486 0. 4158 0 .1006 10.65923 
0.633 0 .6335 -0. 0090 -4.67539 0. 4127 0 .1019 10.76117 
0.632 0 .6325 -0. 0090 -4.70235 0. 4096 0 .1033 10.86448 
0.631 0 .6315 -0. 0090 -4.72948 0. 4065 0 .1047 10.96919 
0.63 0 .6305 -0. 0090 -4.75679 0. 4034 0 .1061 11.07532 
0.629 0 .6295 -0. 0090 -4.78426 0. 4002 0 .1076 11.18291 
0.628 0 .6285 -0. 0090 -4.81192 0. 3970 0 .1091 11.29198 
0.627 0 .6275 -0. 0090 -4.83975 0. 3938 0 .1106 11.40259 
0.626 0 .6265 -0. 0090 -4.86776 0. 3906 0 .1122 11.51475 
0.625 0 .6255 -0. 0090 -4.89594 0. 3873 0 .1138 11.62851 
0.624 0 .6245 -0. 0090 -4.92431 0. 3841 0 .1154 11.7439 
0.623 0 .6235 -0. 0090 -4.95286 0. 3808 0 .1171 11.86097 
0.622 0 .6225 -0. 0090 -4.9816 0. 3774 0 .1188 11.97976 
0.621 0 .6215 -0. 0090 -5.01052 0. 3741 0 .1205 12.1003 
0.62 0 .6205 -0. 0090 -5.03962 0. 3707 0 .1223 12.22265 
0.619 0 .6195 -0. 0090 -5.06892 0. 3673 0 .1242 12.34684 
0.618 0 .6185 -0. 0090 -5.0984 0. 3639 0 .1261 12.47293 
0.617 0 .6175 -0. 0090 -5.12808 0. 3605 0 .1280 12.60096 
0.616 0 .6165 -0. 0090 -5.15795 0. 3570 0 .1300 12.73099 
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Table C.2 

dm x 
1 =2 *3 

ax is 

0 .615 0 .6155 -0. 0090 -5.18801 0 .3535 0 .1321 12 .86307 
0 .614 0 .6145 -0. 0090 -5.21827 0 .3500 0 .1342 12 .99725 
0 .613 0 .6135 -0. 0090 -5.24873 0 .3465 0 .1363 13 .13359 
0 .612 0 .6125 -0. 0090 -5.27938 0 .3429 0 .1386 13 .27215 
0 .611 0 .6115 -0. 0090 -5.31024 0 .3393 0 .1408 13.413 
1 0.61 0 .6105 -0. 0090 -5.3413 0 .3357 0 .1432 13 .55619 

0 .609 0 .6095 -0. 0090 -5.37256 0 .3321 0 .1456 13 .70181 
0 .608 0 .6085 -0. 0090 -5.40403 0 .3284 0 .1481 13 .84991 
0 .607 0 .6075 -0. 0090 -5.43571 0 .3247 0 .1507 14 .00057 
0 .606 0 .6065 -0. 0090 -5.4676 0 .3210 0 .1533 14 .15387 
0 .605 0 .6055 -0. 0090 -5.49969 0 .3172 0 .1560 14 .30989 
0 .604 0 .6045 -0. 0090 -5.532 0 .3135 0 .1588 14 .46872 
0 .603 0 .6035 -0. 0090 -5.56453 0 .3097 0 .1617 14 .63044 
0 .602 0 .6025 -0. 0090 -5.59727 0 .3058 0 .1647 14 .79515 
0 .601 0 .6015 -0. 0090 -5.63023 0 .3020 0 .1678 14 .96294 

0.6 0 .6005 -0. 0090 -5.66341 0 .2981 0 .1710 15 .13392 
0 .599 0 .5995 -0. 0090 -5.69681 0 .2942 0 .1743 15.3082 
0 .598 0 .5985 -0. 0090 -5.73043 0 .2903 0 .1777 15 .48588 
0 .597 0 .5975 -0. 0090 -5.76428 0 .2863 0 .1812 15 .66709 
0 .596 0 .5965 -0. 0090 -5.79836 0 .2823 0 .1849 15 .85194 
0 .595 0 .5955 -0. 0090 -5.83266 0 .2783 0 .1886 16 .04059 
0 .594 0 .5945 -0. 0090 -5.8672 0 .2742 0 .1926 16 .23315 
0 .593 0 .5935 -0. 0090 -5.90197 0 .2701 0 .1966 16 .42979 
0 .592 0 .5925 -0. 0090 -5.93698 0 .2660 0 .2009 16 .63065 
0 .591 0 .5915 -0. 0090 -5.97222 0 .2619 0 .2053 16.8359 
1 0.59 0 .5905 -0. 0090 -6.0077 0 .2577 0 .2098 17 .04571 
0 .589 0 .5895 -0. 0090 -6.04343 0 .2535 0 .2146 17 .26028 
0 .588 0 .5885 -0. 0090 -6.07939 0 .2493 0 .2195 17 .47979 
0 .587 0 .5875 -0. 0090 -6.1156 0 .2450 0 .2247 17 .70445 
0 .586 0 .5865 -0. 0090 -6.15206 0 .2407 0 .2300 17 .93449 
0 .585 0 .5855 —0 • 0090 -6.18877 0 .2364 0 .2357 18 .17015 
0 .584 0 .5845 —0 • 0090 -6.22573 0 .2320 0 .2415 18 .41167 
0 .583 0 .5835 -0. 0090 -6.26294 0 .2276 0 .2477 18 .65933 
0 .582 0 .5825 -0. 0090 -6.30041 0 .2232 0 .2541 18 .91341 
0 .581 0 .5815 -0. 0090 -6.33814 0 .2187 0 .2608 19 .17423 
1 0.58 0 .5805 -0. 0090 -6.37613 0 .2142 0 .2679 19 .44212 
0 .579 0 .5795 -0. 0090 -6.41438 0 .2097 0 .2753 19 .71743 
0 .578 0 .5785 -0. 0090 -6.4529 0 .2051 0 .2831 20 .00057 
0 .577 0 .5775 -0. 0090 -6.49168 0 .2005 0 .2914 20 .29193 
0 .576 0 .5765 -0. 0090 -6.53074 0 .1959 0 .3000 20 .59198 
0 .575 0 .5755 -0. 0090 -6.57006 0 .1912 0 .3092 20.9012 
0 .574 0 .5745 -0. 0090 -6.60966 0 .1865 0 .3189 21 .22013 
0 .573 0 .5735 -0. 0090 -6.64954 0 .1818 0 .3292 21 .54934 
0 .572 0 .5725 -0. 0090 -6.68969 0 .1770 0 .3401 21 .88947 
0 .571 0 .5715 -0. 0090 -6.73013 0 .1722 0 .3517 22 .24122 
1 0.57 0 .5705 -0. 0090 -6.77085 0 .1674 0 .3641 22 .60534 
0 .569 0 .5695 -0. 0090 -6.81185 0 .1625 0 .3773 22 .98268 
0 .568 0 .5685 -0. 0090 -6.85315 0 .1575 0 .3915 23 .37417 
0 .567 0 .5675 -0. 0090 -6.89474 0 .1526 0 .4067 23 .78083 
0 .566 0 .5665 -0. 0090 -6.93662 0 .1476 0 .4230 24 .20381 
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Table C.2 

^ da . dm X 
1 *2 *3 

ax is 

0.565 0.5655 -0. 0090 -6.9788 0 .1426 0. 4406 24 .64439 
0.564 0.5645 -0. 0090 -7.02128 0 .1375 0. 4596 25 .10401 
0.563 0.5635 -0. 0090 -7.06406 0 .1324 0. 4803 25 .58429 
0.562 0.5625 -0. 0090 -7.10714 0 .1272 0. 5028 26 .08707 
0.561 0.5615 -0. 0090 -7.15053 0 .1220 0. 5274 26 .61444 
0.56 0.5605 -0. 0090 -7.19424 0 .1168 0. 5544 27 .16881 

0.5594 0.5597 -0. 0054 -7.22942 0 .1126 0. 3468 27 .51557 
0.5588 0.5591 -0. 0054 -7.25595 0 .1094 0. 3581 27 .87371 
0.5582 0.5585 -0. 0054 -7.28258 0 .1062 0. 3703 28 .24397 
0.5576 0.5579 -0. 0054 -7.30933 0 .1030 0. 3832 28 .62717 
0.557 0.5573 -0. 0054 -7.3362 0 .0998 0. 3970 29.0242 
0.5564 0.5567 -0. 0054 -7.36318 0 .0965 0. 4119 29 .43606 
0.5558 0.5561 -0. 0054 -7.39028 0 .0933 0. 4278 29 .86385 
0.5552 0.5555 -0. 0054 -7.4175 0 .0900 0. 4450 30 .30881 
0.5546 0.5549 -0. 0054 -7.44483 0 .0867 0. 4635 30 .77231 
0.554 0.5543 -0. 0054 -7.47229 0 .0834 0. 4836 31 .25592 
0.5534 0.5537 -0. 0054 -7.49986 0 .0801 0. 5055 31.7614 
0.5528 0.5531 -0. 0054 -7.52755 0 .0768 0. 5293 32 .29075 
0.5523 0.55255 -0. 0045 -7.55304 0 .0737 0. 4610 32 .75178 
0.5518 0.55205 -0. 0045 -7.5763 0 .0709 0. 4807 33 .23248 
0.5513 0.55155 -0. 0045 -7.59965 0 .0681 0. 5021 33 .73456 
0.5508 0.55105 -0. 0045 -7.62308 0 .0653 0. 5254 34 .25994 
0.5504 0.5506 -0. 0036 -7.64424 0 .0627 0. 4386 34 .69854 
0.55 0.5502 -0. 0036 -7.6631 0 .0605 0. 4562 35 .15476 

0.5496 0.5498 -0. 0036 -7.68203 0 .0582 0. 4753 35 .63002 
0.5492 0.5494 -0. 0036 -7.701 0 .0559 0. 4959 36 .12595 
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Table C.3 backwater curve, Q=50mVs and s=(l/9) 

dm ^1 *2 ^3 AX Is 

0 .1939 0 
0 .1919 0 .1929 -0. 0180 -0 .01563 0 .8554 0. 0003 0 .000329 
0 .1899 0 .1909 -0. 0180 -0 .04789 0 .8502 0. 0010 0 .001343 
0 .1879 0 .1889 -0. 0180 -0 .08153 0 .8449 0. 0017 1 0.00308 
0 .1859 0 .1869 -0. 0180 -0 .11662 0 .8393 0. 0025 0 .005581 
0 .1839 .0 .1849 -0. 0180 -0 .15325 0 .8334 0. 0033 0 .008891 
0 .1819 0 .1829 -0. 0180 —1 0.1915 0 .8273 0. 0042 0 .013057 
0 .1799 0 .1809 -0. 0180 -0 .23145 0 .8208 0. 0051 0 .018133 
0 .1779 0 .1789 -0. 0180 -0 .27322 0 .8141 0. 0060 0 .024174 
0 .1759 0 .1769 -0. 0180 -0 .31689 0 .8070 0. 0071 0 .031243 
0 .1739 0 .1749 -0. 0180 -0 .36259 0 .7995 0. 0082 0 .039406 
0 .1719 0 .1729 -0. 0180 -0 .41042 0 .7917 0. 0093 0 .048738 
0 .1699 0 .1709 -0. 0180 -0 .46052 0 .7834 0. 0106 0 .059319 
0 .1679 0 .1689 -0. 0180 -0 .51302 0 .7748 0. 0119 0 .071238 
0 .1659 0 .1669 -0. 0180 -0 .56807 0 .7656 0. 0134 0 .084593 
0 .1639 0 .1649 -0. 0180 -0 .62582 0 .7560 0. 0149 0 .099493 
0 .1619 0 .1629 -0. 0180 -0 .68644 0 .7459 0. 0166 0 .116058 
0 .1599 0 .1609 -0. 0180 -0 .75011 0 .7352 0. 0184 0 .134422 
0 .1579 0 .1589 -0. 0180 -0 .81703 0 .7239 0. 0203 0 .154737 
0 .1559 0 .1569 -0. 0180 -1 0.8874 0 .7120 0. 0224 1 0.17717 
0 .1539 0 .1549 -0. 0180 -0 .96146 0 .6995 0. 0247 0 .201912 
0 .1519 0 .1529 -0. 0180 -1 .03944 0 .6862 0. 0273 1 0.22918 
0 .1499 0 .1509 -0. 0180 -1 .12161 0 .6721 0. 0300 1 0.25922 
0 .1479 0 .1489 -0. 0180 -1 .20826 0 .6572 0. 0331 0 .292315 
0 .1459 0 .1469 -0. 0180 -1 .29968 0 .6413 0. 0365 0 .328792 
0 .1439 0 .1449 -0. 0180 -1 .39623 0 .6246 0. 0402 0 .369031 
0 .1419 0 .1429 -0. 0180 -1 .49825 0 .6068 0. 0444 0 .413476 
0 .1399 0 .1409 -0. 0180 -1 .60616 0 .5879 0. 0492 0 .462656 
0 .1379 0 .1389 -0. 0180 -1 .72036 0 .5677 0. 0545 0 .517199 
0 .1359 0 .1369 -0. 0180 -1 .84134 0 .5463 0. 0607 0 .577865 
0 .1339 0 .1349 -0. 0180 1.9696 0 .5235 0. 0677 0 .645584 
0 .1319 0 .1329 -0. 0180 -2 .10569 0 .4992 0. 0759 1 0.72151 
0 .1299 0 .1309 -0. 0180 -2 .25023 0 .4732 0. 0856 0 .807099 
0 .1279 0 .1289 -0. 0180 -2 .40388 0 .4455 0. 0971 0 .904226 
0 .1259 0 .1269 -0. 0180 -2 .56737 0 .4158 0. 1111 1 .015361 
0 .1239 0 .1249 —0 • 0180 2.7415 0 .3841 0. 1285 1 .143848 
0 .1219 0 .1229 -0. 0180 -2 .92715 0 .3500 0. 1505 1 .294383 
0 .1199 0 .1209 -0. 0180 -3 .12529 0 .3135 0. 1795 1 .473841 
0 .1179 0 .1189 —0 • 0180 -3 .33698 0 .2742 0. 2190 1 .692885 
0 .1159 0 .1169 -0. 0180 -3 .56341 0 .2320 0. 2765 1 .969363 
0 .1139 0 .1149 -0. 0180 -3 .80588 0 .1865 0. 3673 2 .336644 
0 .1119 0 .1129 -0. 0180 -4 .06584 0 .1375 0. 5323 2 .868953 
0 .1117 0 .1118 -0. 0018 -4 .21685 0 .1089 0. 0697 2.93867 
0 .1115 0 .1116 -0. 0018 -4 .24494 0 .1035 0. 0738 3 .012468 
0 .1113 0 .1114 -0. 0018 -4 .27324 0 .0982 0. 0784 3 .090827 
0 .1111 0 .1112 -0. 0018 -4 .30175 0 .0927 0. 0835 3 .174316 
0 .1109 1 0.111 -0. 0018 -4 .33046 0 .0873 0. 0893 3 .263621 
0 .1107 0 .1108 -0. 0018 -4 .35938 0 .0818 0. 0960 3 .359572 
0 .1105 0 .1106 -0. 0018 4.3885 0 .0762 0. 1036 3 .463191 
0 .1103 0 .1104 -0. 0018 -4 .41784 0 .0706 0. 1126 3 .575758 
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Table C.3 

dm *1 *2 
» 
'3 AX Is 

0.1101 0.1102 —0. 0018 -4 .44739 0. 0650 0 .1231 3.698898 
0.1099 0.11 -0. 0018 -4 .47716 0. 0593 0 .1358 3.834728 
0.1098 0.10985 -0. 0009 -4 .49963 0. 0550 0 .0736 3.908302 
0.1097 0.10975 -0. 0009 -4 .51467 0. 0522 0 .0779 3.986186 
0.1096 0.10965 -0. 0009 -4 .52978 0. 0493 0 .0827 4.068906 
0.1095 0.10955 -0. 0009 -4 .54493 0. 0464 0 .0882 4.157082 
0.1094 0.10945 -0. 0009 -4 .56015 0. 0435 0 .0944 4.25147 
0.1093 0.10935 -0. 0009 -4 .57541 0. 0406 0 .1015 4.352988 
0.1092 0.10925 -0. 0009 -4 .59074 0. 0376 0 .1098 4.462779 
0.1091 0.10915 -0. 0009 -4 .60612 0. 0347 0 .1195 4.58228 
0.109 0.10905 -0. 0009 -4 .62155 0. 0317 0 .1311 4.713341 

0.10891 0.108955 -0. 0008 -4 .63627 0. 0289 0 .1299 4.843198 
0.10884 0.108875 -0. 0006 -4 .64871 0. 0265 0 .1104 4.953552 
0.10877 0.108805 -0. 0006 -4 .65961 0. 0244 0 .1201 5.073617 
0.1087 0.108735 -0. 0006 -4 .67055 0. 0224 0 .1316 5.205243 
0.10864 0.10867 -0. 0005 -4 .68073 0. 0204 0 .1239 5.32912 
0.10858 0.10861 -0. 0005 -4 .69015 0. 0186 0 .1362 5.465293 
0.10853 0.108555 -0. 0004 -4 .69881 0. 0169 0 .1248 5.590109 
0.10848 0.108505 -0. 0004 -4 .70669 0. 0154 0 .1373 5.727376 
0.10844 0.10846 -0. 0004 -4 .71379 0. 0141 0 .1206 5.848006 
0.1084 0.10842 -0. 0004 -4 .72012 0. 0129 0 .1322 5.980197 
0.10837 0.108385 -0. 0003 -4 .72566 0. 0118 0 .1082 6.088404 
0.10834 0.108355 -0. 0003 -4 .73042 0. 0109 0 .1174 6.205804 
0.10831 0.108325 -0. 0003 -4 .73518 0. 0100 0 .1283 6.334092 
0.10828 0.108295 -0. 0003 -4 .73995 0. 0091 0 .1414 6.475485 
0.10826 0.10827 -0. 0002 -4 .74393 0. 0083 0 .1030 6.578509 
0.10824 0.10825 -0. 0002 -4 .74711 0. 0077 0 .1113 6.689806 
0.10822 0.10823 -0. 0002 4.7503 0. 0071 0 .1210 6.810813 
0.1082 0.10821 -0. 0002 -4 .75349 0. 0065 0 .1326 6.943381 
0.10819 0.108195 -0. 0001 -4 .75588 0. 0060 0 .0714 7.014778 
0.10818 0.108185 -0. 0001 -4 .75748 0. 0057 0 .0753 7.090045 
0.10817 0.108175 -0. 0001 -4 .75907 0. 0054 0 .0796 7.169623 
0.10816 0.108165 -0. 0001 -4 .76067 0. 0051 0 .0844 7.254036 
0.10815 0.108155 -0. 0001 -4 .76227 0. 0048 0 .0899 7.343907 
0.10814 0.108145 -0. 0001 -4 .76387 0. 0045 0 .0961 7.439988 
0.10813 0.108135 -0. 0001 -4 .76547 0. 0042 0 .1032 7.543202 
0.10812 0.108125 -0. 0001 -4 .76707 0. 0038 0 .1115 7.654687 
0.10811 0.108115 -0. 0001 -4 .76867 0. 0035 0 .1212 7.775883 
0.1081 0.108105 -0. 0001 -4 .77027 0. 0032 0 .1328 7.908639 

0.108091 0.108095 -0. 0001 -4 .77179 0. 0029 0 .1314 8.040022 
0.108082 0.108086 -0. 0001 -4 .77323 0. 0027 0 .1451 8.185093 
0.108073 0.108077 -0. 0001 -4 .77468 0. 0024 0 .1619 8.34703 
0.108064 0.108068 -0. 0001 -4 .77612 0. 0021 0 .1832 8.530266 
0.108055 0.108059 -0. 0001 -4 .77756 0. 0018 0 .2110 8.741244 
0.108046 0.10805 -0. 0001 -4 .77901 0. 0016 0 .2486 8.989853 
0.108038 0.108042 -0. 0001 -4 .78037 0. 0013 0 .2657 9.255592 
0.10803 0.108034 -0. 0001 -4 .78165 0. 0010 0 .3283 9.583894 
0.108022 0.108026 -0, 0001 -4 .78294 0. 0008 0 .4294 10.01326 
0.108014 0.108018 -0. 0001 -4 .78422 0. 0006 0 .6203 10.63352 
0.108006 0.10801 -0. 0001 -4 .78551 0. 0003 1 .1166 11.7501 
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Table C.3 

db & dm ^1 *2 X '3 AX Is 

0 .108002 0 .108004 -0. 0000 -4.78647 0. 0001 1 .3958 13. 14595 
0 .108001 0 .108001 -0. 0000 -4.78687 0. 0000 0 .9306 14. 07655 
0 .108001 0 .108001 -0. 0000 -4.78696 0. 0000 0 .0425 14. 11906 
0 .108001 0 .108001 -0. 0000 -4.78696 0. 0000 0 .0439 14. 16291 
0 .108001 0 .108001 -0. 0000 -4.78697 0. 0000 0 .0453 14. 20819 
0 .108001 0 .108001 -0. 0000 -4.78697 0. 0000 0 .0468 14. 25498 
0 .108001 0 .108001 -0. 0000 -4.78698 0. 0000 0 .0484 14. 30339 
0 .108001 0 .108001 -0. 0000 -4.78698 0. 0000 0 .0502 14. 35354 
0 .108001 0 .108001 -0. 0000 -4.78699 0. 0000 0 .0520 14. 40556 
0 .108001 0 .108001 -0. 0000 -4.78699 0. 0000 0 .0540 14 1.4596 
0 .108001 0 .108001 -0. 0000 -4.787 0. 0000 0 .0562 14. 51581 
0 .108001 0 .108001 —0 • 0000 -4.787 0. 0000 0 .0586 14. 57438 
0 .108001 0 .108001 -0. 0000 -4.78701 0. 0000 0 .0611 14. 63551 
0 .108001 0 .108001 -0. 0000 -4.78701 0. 0000 0 .0639 14. 69945 
0 .108001 0 .108001 -0. 0000 -4.78702 0. 0000 0 .0670 14. 76645 
0 .108001 0 .108001 -0. 0000 -4.78702 0. 0000 0 .0704 14. 83683 
0 .108001 0 .108001 -0. 0000 -4.78702 0. 0000 0 .0741 14. 91095 
0 .108001 0 .108001 -0. 0000 -4.78703 0. 0000 0 .0783 14. 98923 

0.108 0 .108001 -0. 0000 -4.78703 0. 0000 0 .0829 15. 07215 
0.108 0.108 -0. 0000 -4.78704 0. 0000 0 .0882 15. 16032 
0.108 0.108 -0. 0000 -4.78704 0. 0000 0 .0941 15. 25442 
0.108 0.108 -0. 0000 -4.78705 0. 0000 0 .1009 15. 35533 
0.108 0.108 -0. 0000 -4.78705 0. 0000 0 .1088 15. 46411 
0.108 0.108 -0. 0000 -4.78706 0. 0000 0 .0776 15. 54166 
0.108 0.108 -0. 0000 -4.78706 0. 0000 0 .0821 15. 62377 
0.108 0.108 -0. 0000 -4.78706 0. 0000 0 .0872 15. 71101 
0.108 0.108 -0. 0000 -4.78707 0. 0000 0 .0931 15. 80408 
0.108 0.108 —0. 0000 -4.78707 0. 0000 0 .0997 15. 90378 
0.108 0.108 -0. 0000 -4.78707 0. 0000 0 .1074 16. 01116 
0.108 0.108 -0. 0000 -4.78708 0. 0000 0 .0570 16. 06814 
0.108 0.108 -0. 0000 -4.78708 0. 0000 0 .0594 16. 12754 
0.108 0.108 -0. 0000 -4.78708 0. 0000 0 .0620 16. 18958 
0.108 0.108 -0. 0000 -4.78708 0. 0000 0 .0649 16. 25451 
0.108 0.108 -0. 0000 -4.78708 0. 0000 0 .0681 16 i.3226 
0.108 0.108 -0. 0000 -4.78708 0. 0000 0 .0716 16. 39419 
0.108 0.108 -0. 0000 -4.78709 0. 0000 0 .0755 16. 46964 
0.108 0.108 -0. 0000 -4.78709 0. 0000 0 .0798 16. 54941 
0.108 0.108 -0. 0000 -4.78709 0. 0000 0 .0846 16. 63401 
0.108 0.108 -0. 0000 -4.78709 0. 0000 0 .0901 16. 72407 
0.108 0.108 -0. 0000 -4.78709 0. 0000 0 .0963 16. 82034 
0.108 0.108 -0. 0000 -4.78709 0. 0000 0 .1034 16. 92374 
0.108 0.108 -0. 0000 -4.7871 0. 0000 0 .1117 17. 03541 
0.108 0.108 -0. 0000 -4.7871 0. 0000 0 .1214 11 '.1568 
0.108 0.108 -0. 0000 -4.7871 0. 0000 0 .1329 17. 28974 
0.108 0.108 -0. 0000 -4.7871 0. 0000 0 .1469 17. 43668 
0.108 0.108 -0. 0000 -4.7871 0. 0000 0 .1642 17. 60091 
0.108 0.108 -0. 0000 -4.7871 0. 0000 0 .1861 17. 78703 
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C.4 Slope Length EstimaticHi and Jump Location 

C.4.1 PQ=1500mVs 

C.4.1.1 Retrogression =0.0 

from try 1 try 2 

rl_ 

T#L(D/S) 
AE 
SBL 
SH 
LB 
LS 
1 

Table C.l 15.73 
Table C.l 1.09 
assimp 0 
eqs 8.27 99.6 

8.28 2.961503 
8.29 3.334298 

d-Q curve 2 
or Manning's 

8.30 2.82 
8.31 102.42 
8.32 1.07 
8.33 99.0857 
8.34 0.514298 
8.35 12.91337 
8.36 15.52608 
8.37 15.62162 

15.62 
1.0912 

0 
99.6 

2.959114 
3.332512 

2 

2.82 
102.42 
1.07 

99.08749 
0.512512 
12.88861 
15.50823 
15.60367 

C.4.1.2 Retrogressicm =0.3 

from try 1 try 2 

1= Table C.l 18.6 18.95 

4 
Table C.l 1.063 1.06 

ret assunp 0.3 0.3 
RL eqs 8.27 99.3 99.3 
dg 8.28 3.016146 3.022326 

^2 
8.29 3.375556 3.380268 

d-Q curve 2 2 
or Manning's 

T^L(D/S) 
8.30 2.82 2.82 

T^L(D/S) 8.31 102.12 102.12 
AE 8.32 1.37 1.37 
SBL 8.33 98.74444 98.73973 
SH 8.34 0.555556 0.560268 
LB 8.35 13.47671 13.54005 
LS 8.36 18.75437 18.80134 

Is 8.37 18.86978 18.91704 
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C.4.1.3 Retrogression -0.5 

RL_ 

TILCD/S) 
AE 
SBL 
SH 
LB 
LS 
1 

from 

Table C.l 
Table C.l 
assvmp 
eqs 8.27 

8.28 3. 
8.29 3. 

d-Q curve 
or Manning' 

8.30 
8.31 
8.32 
8.33 98 
8.34 0. 
8.35 13 
8.36 20 
8.37 21 

try 1 try 2 

21.2 
1.043 
0.5 

99.1 
057771 
407462 

2 
s 
2.82 

101.92 
1.57 

.51254 
587462 
.90192 
.95003 
.07896 

21.08 
1.0439 

0.5 
99.1 

3.055876 
3.406001 

2 

2.82 
101.92 
1.57 

98.514 
0.586001 
13.88264 
20.93548 
21.06432 

C.4.2 0=700m /s and Retrogressicm =0.8 

RL_ 

from try 1 try 2 

T^L(D/S) 
AE 
SBL 
SH 
LB 
LS 
1 

Table C.2 23.8 22.61 
Table C.2 0.567 0.57 
assump 0.8 0.8 
eqs 8.27 98.8 98.8 

8.28 1.990254 1.983044 
8.29 2.172387 2.166503 

d-Q curve 1.27 1.27 
or Manning's 

8.30 1.717299 1.717299 
8.31 100.5173 100.5173 
8.32 1.852701 1.852701 
8.33 98.34491 98.3508 
8.34 0.455088 0.449204 
8.35 9.820451 9.75 
8.36 22.34754 22.28926 
8.37 22.48507 22.42643 
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C.4.3 Q=50m /s and Retrogression =1.6 

rl_ 

T&,(D/S) 
AE 
SBL 
SH 
LB 
LS 
1_ 

from 

Table C.3 
Table C.3 
assunp 
eqs 8.27 

8.28 0. 
8.29 0. 

d-Q curve 
or Manning' 

8.30 0. 
8.31 98 
8.32 2. 
8.33 97 
8.34 0 
8.35 1. 
8.36 25 
8.37 25 

try 1 try 2 

13.15 
0.108 
1.6 

98 
317373 
353561 

0.26 
s 
313921 
.31392 
656079 
.96036 
.03964 
444673 
.59625 
.75377 

25.8 
0.108 
1.6 

98 
0.317373 
0.353561 

0.26 

0.313921 
98.31392 
2.656079 
97.96036 

0.03964 
1.444673 
25,59625 
25.75377 

C.5 Safety Factor Analysis Using Eqs 8.53 

C.5.1 Data 

3 
in 

v 
e <*» 
p 
y 

:50 

'w 

(Q=700mVs) 

3 

0.54 m 
0.125 m 

6.93 m/s (Q=700mVs) 
6.34° 

36° 
995.7 

2.7 
kg/9" 
t/m; 

9767 N/mf 
9.81 nv/s^ 

C.5.2 Output 

s 
N 

1 

I 

1/7 1/9 1/9 1/9 
2 2.4 2 1.7 

9 0.42194 0.42194 0.42194 0.42194 
157.6287 157.6287 157.6287 157.6287 

9 0.420095 0.420095 0.420095 0.420095 
N/m 156.9395 156.9395 156.9395 156.9395 
m 2.71 2.71 2.71 2.71 
m 27 27 27 27 

0.10037 0.10037 0.10037 0.10037 
N/m; 
N/m^ 

980.3174 980.3174 980.3174 980.3174 N/m; 
N/m^ 4003.461 4803.957 4003.461 3403.089 

2765.267 3354.769 2776.756 2343.246 
1704.116 1668.447 1580.048 1513.749 
1.622699 2.010713 1.757387 1.547975 
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