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Summary 

Spacing of Road Gullies 

Hydralilic performarice of BS EN 124 gully gmtings and kerb inlets 

F Spaliviero 
R W PMay 
M Escarameia 

Report SR 533 
September 2000 

This is the final report of a study funded by the Highways Agency (HA) to 
produce guidelines in the form of an Advice Note on the spacing of road gullies 
for draining surface water from roads. Until now the HA approved document for 
determining gully spacing has been TRL Contractor Report 2. but this does not 
cover the range of designs that is now permitted by European product standard BS 
EN 124: 1994. 

This report describes the results of a comprehensive test programme that was 
carried out at HR Wallingford on gully gratings and kerb inlets. 

The test programme investigated the effects on the tlow collectio~l efficiency of 
gully grotings of the following geometric factors: plan area; aspect ratio (length 
parallel to the kerb to width across the tlow); percentage waterway area; and 
nuinber and orientation of the bars. Tests were made on a total of 24 different 
configurations of grating installed in a test rig with a cross-sectional profile 
representing a triangular kerb-side channel. The following flow conditions were 
studied for each grating configuration: flow widths between 0.5m and 1.5m; 
longitudinal channel slopes between 1/200 and 1/15; and channel cross-falls 
between 1/50 and 1/30; some additional tests at cross-falls up to 1/15 were carried 
out to extend the range of the data. Analysis of the results led to the development 
of a new general design method for predicting the hydraulic performance of gully 
gratings taking into account the hydraulic properties of the channel and the 
geometric properties of the grating. The method was validated by comparing its 
predictions with flow data for a range of manofactured gratings. 

Tests were also carried out using two different configurations of kerb inlet: 
straight and angled. The following flow conditions were studied for the two 
configurations: flow widths between 0.25m and 1.Om; longitudinal channel slopes 
between 11500 and 1/50 and channel cross-falls between 1/50 and 1/30. The data 
analysis revealed that a single design equation could be developed from the test 
results for the estimation of the efficiency of kerb inlets, both for straight and 
angled kerbs. The design equation recommended is based on the opening length of 
the kerb parallel to the carriageway. 

7 & HR Wallingford 



Summary continued 

For gully gratings it was decided that the Advice Note (HA 102, DMRB 4.2) 
would define five grating Types (P to T) covering the practical range of sizes and 
shapes allowed by BS EN 124: 1994. The design method obtained from the 
experiments was therefore used to produce tables for Advice Note HA 102 giving 
the maximum areas that can be drained by each grating Type for a range of flow 
widths, cross-falls and longitudinal gradients. Also, the design equations were 
~iiodified for use in the Advice Note so as to make them applicable to any 
configuration of har pattern. For kerb inlets there was no need to specify different 
types hut tables were also produced for two different opening lengths giving the 
maximun~ areas that can be drained for a range of flow widths, cross-falls and 
longitudinal gradients. 



Notation 

: cross-sectional area of flow just upstream of gully (m2) 

: maximum catchment area that can be drained by a gully (m2) 

: value of Adr for alternative values of I, M , n or Li (m2) 

: area of the smallest rectangle with two sides parallel to kerb that 
can contain all the slots of a grating (m2) 

: width of flow just upstream of gully (m) 

: coefficient for the bar pattern of a grating 

: design value of C = 1.75 for gratings with transverse bars and 
= 1.5 for gratings with diagonal, longitudinal or curved bars 

: characteristic length of the grating (m) 

: Froude number of flow (F, = ,/m ) 

: dimensional coefficient of best-fit line for capacity of grating 
(slm2) 

: grating Type parameter (slm2); design value of G 

: acceleration due to gravity (nlls') 

: water depth at the kerb (m) 

: value of water depth measured 0.15 m upstream of the grating at 
113 of the flow width from the kerb (mm) 

value of water depth measured 0.65m upstream of the grating at 
113 of the flow width from the kerb (mm) 

: rainfall ~ntensity (mmlh) 

: grating parameter (s/m2), taking account of overall area of grating, 
A,, and percentage waterway area, p 

: empirical grating coefficient (found by Li to be 0.6) 

: Factor for scaling value of Adr to allow for variation in rainfall 
intensity, I, andlor maintenance factor, m 

: Factor for scaling value of A,, to allow for variation in length of 
: kerb opening L, 

: Factor for scaling value of Adr to allow for variation in Manning 
roughness coefficient, n 



Notation continued 

: length of grating parallel to the kerb; length of kerb inlet unit (m) 

overall length of kerb opening measured along the line of the kerb 
(L,  = L for non-angled kerb inlets) 

: length of the grating required to prevent carry-past flow (m) 

: maintenance factor 

: return period of the design storm (years) 

: Manning roughness coefficient of kerb channel 

: number of diagonal bars 

: number of longitudinal bars 

: number of transversal bars 

: wetted perimeter of channel (m) 

: percentage of the grating area A, open to the flow 

: total flow rate approaching gully (mS/s) 

flow rate collected by gully allowing for possible partial blockage 
by debris (m'ls) 

carry-by flow passing between the kerb line and the first slot of 
the grating (m3/s) 

: carry-over flow passing over the grating by jumping over the bars 
(m3/s) 

: cany-past flow passing round the outside edge of the grating 
(m3/s) 

: flow by-passing kelb inlet 

flow collected by kerb inlet 

: hydraulic radius (= Alp ,  in m) 

: correlation coefficient 

: cross-fall of kerb channel 

longitudinal slope of kerb channel at distance xi measured from 
: upstream gully 

: longitudinal slope of kerb channel just upstream of gully 



Notation continued 

S, : maximum allowable spacing between gullies (m) 

T : storm duration (minutes) 

t, : time of travel of water across width of road (minutes) 

tg : time of travel of water along kerb channel (minutes) 

we : effective width of catchment (m) 

W, : distance from kerb to outer edge of grating (m) 

Z : distance between two adjacent gullies (m) 

z, : distance from upstream gully measured in direction of flow (m) 

a : coefficient of best-fit line for capacity of grating (non- 
dimensional) 

X : parameter in Equation (33) 

'rl : collection efficiency of a gully with no blockage by debris 
( = flow rate collected by grating divided by flow rate 
approaching gully, expressed as a percentage) 

0 : angle of orientation of bar in grating, measured between the line of 
the bar and the line of the kerb viewed in the upstream direction 

2 min M5 : depth of rainfall (mm) occurring at the specified location in a 
duration of 2 minutes with a return period of 5 years. 
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1. INTRODUCTION 

1 .l Background 
In November 1996 the Highways Agency (HA) commissioned HR Wallingford (HR), in association with 
the Transport Research Laboratory (TRL), to carry out a study on the hydraulic performance of gully 
gratings used to collect surface water run-off from roads. The primary output from the study was an HA 
Advice Note giving design recommendations on the spacings at which gratings should be installed in kerb- 
and-gully drainage systems, taking into account the local rainfall characteristics and the geometry of the 
gratings and the road. The Advice Note superseded TRL Contractor Report 2 on gully spacing (Ref l),  
and a key requirement for the new document was that the design information should be applicable to any 
pattern of gully grating that confor~ns to European Standard BS EN 124 (Ref 2). For this reason it was 
necessary to carry out a major programme of experimental research on different designs of grating using a 
test rig that was built at HR specially for the study. 

The study consisted of the following five stages: 

(1) Review of literature on the hydraulic performance of gully gratings and preparation of draft outline of 
Advice Note. 

(2) Experimental tests on gully gratings at HR. 
(3) Aualysis of data from tests. 
(4) Preparation of Advice Note and final Project Report. 
(5) Technical support during consultation phase of Advice Note. 

The results of Stage 1 of the study were described in HR Report SR 505 (Ref 3). Stages 2 and 3 of the 
work were dealt with in HR Report SR 526 (Ref 4) which covered the following aspects: 

Description of HR test rig for gully gratings 
Details of tests carried out 
Analysis of data and development of general design method 
Examples of how the design method can be presented in the Advice Note. 

The present Project Report is mainly based on HR Report SR 526 (Ref 4) with some amendments and a 
simplification of the design method which arose from consultation with HA and TRL. It describes the 
work carried out during the whole study, including work leading to the preparation of Advice Note 102 
"Spacing of Road Gullies" (Kef 5). 

In 1999 the Highways Agency commissioned a study extension to produce a design method for kerb inlets. 
Kerb inlets are outside the scope of BS EN124 and their hydraulic behaviour is different from that of gully 
gratings. The results of tests on kerb inlets were used to extend the scope of the draft Advice Note so that it 
covers kerb inlets as well as gully gratings. This will enable the Advice Note to completely replace the 
design document TRL Contractor Report 2. 

1.2 Objectives 
The principal objective of the experimental tests was to develop a consolidated desigu method for 
deterrmning the spacing of road gullies and kerb inlets. The method needed to take into account the overall 
geometry of the road and the dimensions of the grating or kerb inlet. For gratings the waterway area. 
expressed as a percentage of the area of the hole when the grating is removed and the bar pattern of the 
grating were also important parameters. The new design method needs to cover all types of gully grating 
that are suitable for use in UK roads, both new and old. The desigu assumptions in the method also need to 
be compatible with those in other HA documents such as HA37 (dealing with road-edge surface water 
channels, see Ref 6). 



1.3 Available data on gully and kerb inlet performance 
The initial report of this study (HR Report SR 505, Ref 3) contains a review of literature on the hydraulic 
performa~~ce of gully gratings. Literature searches were carried out by TRL and HR Wallingford using 
their own databases, and the library of the Institution of Civil Engineers was also consulted. Sixteen 
relevant papers or manuals were reviewed and the results can be summarised as follows. 

1) Most of the published data on the hydraulic capacity of gully gratings are specific to the particular 
deslgns that were tested and have not been generalised. However, some of the information should be of 
use in this project for checking and extending the range of new measurements that will be obtained in 
the next phase of work. 

2) Many of the gratings used in non-European countries are significantly larger than those available in the 
UK, and they also differ in having longitudinal bars and being combined with kerb inlets. 

3) Only one generalised design method for predicting the flow capacity of gully gratings has been 
identified in this review. This method was developed by Li (1956) at John Hopkins University in the 
USA. The method requires knowledge of three non-dimensional coefficients, and only very limited 
testing has been carried out to determine their values for the types of grating used in the UK. 

4 )  It appears to be fairly generally accepted that hydraulic testing of gratings can be carried out 
satisfactorily using models of reduced size. This implies that correct application of Froudian scaling 
should enable results from this phase of the study to be generalised to gratings of different sizes. 

5) Information from this review suggests that gratings with longitudinal slots or bars can be made safe for 
cyclists provided that the length of each slot is not greater than about 100 mm measured parallel to the 
kerb. The width of the slot does not appear to be a safety issue provided the above limit on its length is 
not exceeded. 

HR Report SR 505 also gives background information about the general requirements for gully gratings as 
specified by BS EN 124 (Ref 2). Subsequent to completion of the review, contacts were made with Prof. 
Manuel Gomez of UPC University -Barcelona who had investigated the hydraulic efficiency of nine types 
of local grating for extreme flow conditions. Some of the data collected in Barcelona (G6mez & Gonzblez, 
Ref 7) were analysed in this study to extend the experimental range and check the validity of the new 
design method. 

Kerb inlets can be used as alternatives to gratings installed on the road surface or in combination with 
them. They are viable options to gully gratings parricularly where gratings are considered to be hazardous 
for pedestrians andlor cyclists, and can be effective in the drainage of highways provided the flow depth at 
the kerb is sufficiently high. Depressed kerb inlets (where the pavement slope is locally increased near the 
kerb) are used in some countries, namely in the USA with the aim of increasing the interception capacity 
(Ref 8). Kerb inlets tend to be less susceptible to clogging and offer little interference to traffic operation. 

Design data can be found in TRL Contractor Report 2 (Ref 1) on a particular type of kerb inlet 
configuration (E14-19) and on a modified alignment where the kerb is angled towards the verge. However, 
tables with spacings of inlets given in this publication are limited to the type of kerb inlet tested and need 
therefore to he extended to other sizes. 



2. EXPERIMENTS WITH GULLY GRATINGS 

2.1 Description of the test rig 

2.1 .l Special features of the design 
The test rig was designed to allow tests on gully grnlings and kerb inlets to be carried out at full size (see 
Figure 1). The tilting channel is 4.9 m long and 1.5 m wide and can be inclined to a maximum longitudinal 
gradient of 1: 15 and a maximum cross-slope of 1: 13. A cut out in the floor of the channel is located near 
the downstream end so that gratings measuring up to 610mm by 610mm can be installed. Plate 1 shows an 
overall view of the test rig. 

As mentioned previously, results from the test rig can be used for other grating sizes by applying Froudian 
scaling (the application of this scaling law is discussed later in Section 3. l). This allows the range of 
grating sizes to be extended to the limits of EN124. 

The test rig includes some special features which make it more efficient and easier to operate than other 
comparable rigs. The tilting channel is supported by a simple system of fourjacks and a universal ball- 
joint. The jacks are interlinked and operated by means of two handles, one for the cross-fall and one for the 
longitudinal slope, so that any required combination can be set quite easily and quickly. This option was 
preferred to the more conventional type of system in which a series of geared jacks is mounted along each 
side of a tilting channel. Plate 2 shows one of the jacks on the HR test rig. 

A 1.6m wide siphon conveys the water from a fixed tank at the upsiream end of the test rig and distributes 
it uniformly over the full width of the tilting channel, thereby minimising turbulence in the incoming flow. 
The siphon also eliminates the need for a complicated flexible connection between the channel and the 
fixed upstream tank into which the pumps discharge flow. Once all the air has been removed from the 
siphon, it remains full of water and operates immediately after the pumps are started without any need for 
further priming. 

The length of channel needed to reach uniform flow was considerably reduced by installing three 
adjustable control gates at the upstreamend of the tilting channel. The gates are unusual in that they face 
into the flow and are lifted about hinges at their downstream ends which are attached to the floor of the 
channel. This arrangement enables the upstream water level to be raised so that the water can accelerate 
smoothly into the channel and q~~ ick ly  reach the velocity corresponding to uniform flow. This helps 
eliminate the problem of cross-waves which tend to form at the upstream ends of steep triangular channels 
and which can make it difficult to obtain uniforni flow conditions. Plate 3 shows the siphon and the three 
adjustable control gates. 

2.1.2 General arrangement of the test rig 
Figure l shows a plan view of the test rig. Two pumps with flow capacities of 227 Us and 14 11s draw water 
from the main sump and discharge it into a fixed open-topped tank (Tank A). The use of two separate 
pumps enables flow rates to be controlled accurately over a wide range. The discharge from the 227 11s 
pump is measured by an electromagnetic flow meter (EM ineter) with an accuracy of the order of 1% or 
better; the flow rate from the 14 11s pump is measured by a 62 mm orifice plate whose calibration was 
determined volumetrically by measuring the rate of filling of Tank A. The same method was also used to 
check the calibration of the EM meter. 

Water from the fixed Tank A flows through the siphon under gravity and into a small tank attached to the 
upstream end of the tilting channel (Tank B). The main purpose of Tank B is to keep the downstream end 
of the siphon submerged hut it also helps dissipate the excess energy of the flow leaving the siphon. The 
water then flows down the slope formed by the adjustable control gates into the tilting channel. The water 
that is collected by the gully grating drops into Channel A and returns to the sump. The flow that by-passes 



the grating discharges from the downstream end of the rig into Channel B which contains a V-notch weir 
(see Plate 4). The V-notch weir was calibrated using the EM meter. 

2.2 Experimental conditions 

2.2.1 Configurations of gratings 
Previous studies (reviewed in Ref 3) have shown that the hydraulic performance of a gully grating depends 
on the geometry of the grating, the geometry of the flow in the channel upstream of the grating, and the 
Froude number F, of the approach flow (see Notation for definitions). Therefore, results for different sizes 
of geometrically-similar grating can be determined from tests carried out according to the Froudian scaling 
law. In the present study most of the model gratings used were similar in size to typical types of 
m;mufactured grating; however, the ability to scale the results to apply to different sizes of grating was an 
important factor in the development of the general design method descrihed later in this report. Initial tests 
were carried out on geometrically-similar gratings of different size in order to confirm that Froudian 
scaling could satisfactorily be applied to the results. However, [he major part of the study concentrated on 
assessing the effects on flow capacity of the following geometric properties of gratings: 

S waterway area of grating expressed as a percentage of its overall plan area 
S aspect ratio of grating (lengthlwidth) 

width of grating relative to width of approach flow 
number of bars 
orientation of the bars (eg, longitudinal, transversal, angled). 

Tests with different depths of bar were not carried out because this was not considered to be a significant 
factor affecting performance. Once the water drops about 10-15mm below the top of a grating, there will 
be no interaction with the flow at road level. The model gratings used in the HR test$ had bars that were 
20mm deep; in order to achieve sufficient structural strength, most steel and cast-iron gratings used in 
roads have similar depths of bar. The gratings tested at HR were either square or rectangular in plan. 
Circular gratings were not studied because, as far as is known, they are not used for kerb-and-gully 
systems; their geometry would make them inefficient at collecting flow close to a kerb. Gratings with 
curvilinear bars (i.e. bars curved in plan) were not tested. We do not have any knowledge of any being 
manufactured at present. The efficiency of curvilinear bars is considered likely to be similar to that of 
equivalent angled bars. 

The test programme was mainly carried out using model gratings constructed in wood. However, some 
confirmatory tests on m;mufactured gratings were also made, and results from earlier studies with other 
types of proprietary grating were also included in the analysis. The advantages obtained from the use of 
model gratings were: 

results that were not specific to particular proprietary designs 
ability to study a wide range of geometries covering the full range permitted by BS EN 124 (Ref 2) 
ability to carry out systematic tests in which only one parameter at a time was varied (e.g. bar angle or 
percentage waterway area) 
ease of construction, installation and modification. 

A total of 24 configurations of grating were studied in the HR tests and their geometric properties are 
summarised in Table I .  The layouts of the model gratings are shown in Figure 2; dotted lines in the 
drawings indicate an intermediate bar that was added to some of the gratings in order to reduce the slot 
length to the maximum permitted by BS EN 124 (Ref 2). The hydraulic effects of the geometric factors 
listed above were investigated as follows: 



. Absolute size 
Two geometrically similar gratings with linear dimensions differing by a ratio of 1: 1.28 were used 
to check that Froudian scaling could be applied to the results. 

• Percentage waterway area 
Gratings with the same overall shape and bar pattern were constructed with percentage waterway 
areas of 60%. 44% and 26%. The area ratio of 44% is typical of many current UK manufactured 
gratings; 60% is considered to be close to the maximum that can be achieved taking account of the 
structural requirements for road gullies; the 26% figure extends the range of the data a little below 
the minimum value of 30% permitted by BS EN 124. 

• Aspect ratio 
Tests were carried out with rectangular gratings having aspect ratios (width normal to the kerb / 
length parallel to the kerb) of 0.5, l .0 and 2.0. 

• Relative flow width 
All the gratings were tested with flow widths between 0.5m and 1.5m and a wide range of cross- 
falls and longitudinal slopes (see Section 2.2.2). 

• Number of bars 
The number of bars was varied from a maximum of 9 to a minimum of 0 (i.e. an open hole having 
the same overall size as the grating). For several configurations, an intermediate bar was added in 
order to comply with the limits on maximum slot length specified by BS EN 124 (Ref 2). 

. Angle of bars 
The influence of bar angle was investigated using four configurations having bars at 0 = O0, 45' 
90' and 13S0, where 0 is the angle measured between the line of the bar and the line of the kerb 
viewed in the upstream direction. 

• Comparison with manufactured gratings 
Three gratings kindly loaned by Glynwed Brickhouse were also tested in order to check that the 
results obtained from the rnodel gratings were also applicable to manufactured gratings. 

2.2.2 Flow conditions 
The specification for the project required that the design information to be provided in the Advice Note 
should cover the same range of flow conditions as TRL Contractor Report 2 (Ref 1). It was decided to 
measure the hydraulic performance of each grating under the following conditions: 

- three flow widths : 0.5m, 1.0m and 1.5 111. 
- five longitudinal slopes : 11200, 1/100, 1/50, 1/25 and 1/15 
- three cross-falls : 1/50, 1/40 and 1/30. 

It was therefore necessary to carry out a total of 45 flow tests for each of the 24 grating configurations 
described in Section 2.2.1. The tests covered a relatively wide range of experimental conditions: water 
depths at the kerb varying from lOmm to 50mm, and mean flow velocities varying between 0.23 nds and 
2.7 nds. Some of the gratings were tested with a wider range of flow conditions including cross-falls up to 
1/15, in order to extend the range of data. 

2.2.3 Experimental procedure 
The first step in the expermental procedure involved setting the longitudinal slope and the cross-fall of the 
channel to the required values using the system of jacks. The control gates were then adjusted so that the 
flow was as stra~ght and uniform as possible. The discharge was also adjusted until the required width of 
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These results provide good proof that Froudian scaling is valid for flow tests on gully gratings and that 
results can be generalised to apply to different sizes of geometrically similar grating. 

3.2 Theoretical approach 

3.2.1 Conceptual division of the flow approaching a grating 
Figure 4 shows a plan view of the general case of flow approaching a grating. The flow can by-pass a gully 
grating in the following ways: 

( 1 )  between the kerb line and the first slot of the grating: the carry-by flow, q ,  
(2) over the grating, by water jumping over the bars: the carry-over flow, q2 
(3) around the grating, by water passing round the outside edge of the grating: the carry-past flow, q3 

The division of the by-passing flow into the three different components was first proposed by Li (Ref 9), 
who used it to develop a senu-theoretical model for predicting the hydraulic performance of gully gratings. 
The basic assumption of the method is that the cross-fall of a triangular channel provides a lateral 
component of gravitational acceleration causing water to turn sideways into kerb inlets or towards gratings. 
Three equations were developed for predicting the components of the by-passing flow (q,, ql, and qs), but 
each equation contains an empirical coefficient that needs to be evaluated from tests on gratings. 

Li's approach was initially adopted for the analysis of the results from this study because the design 
method has a reasonable physical basis and has been widely used in the USA. 

3.2.2 Evaluation of Li's design method 
British Standard Code of Practice BS 6367 (Ref 10) covers the design of drainage systems for roofs and 
paved areas, and recommends Li's method for determining the spacing of gullies draining car parks and 
access roads. BS 6367 presents the design equations in a different way than Li so as to make them easier to 
use, hut the theoretical basis is the same. The BS 6367 versions of the equations are used in this report. 
In order to evaluate the suitability of Li's method, a series of 90 tests was carried out in the HR test rig to 
measure the amount of flow by-passing a grating with a single open hole measuring 450mmx450mm (i.e. a 
grating without any bars). The carry-by flow was small and an allowance for it was made in the analysis of 
the carry past flow using Li's formulae. This was done in order to ensure that any by-passing was due only 
to carry-past flow (q3 in Figure 4) so that a direct check could he made of Li's method for predicting this 
component of the flow. Li's equations for calculating the rate of carry-past flow, q3, is: 

where L is the actual length of the grating parallel to the kerb and L, is the length of grating that would he 
needed to prevent any flow carrying past. L,  is given by: 

in which E is a characteristic length related to the flow conditions upstream of the grating and defined by: 



Other quantities in the equations are: the cross-fall of the channel, Sc; the longitudinal slope of the channel, 
S , ;  the Manning roughness coefficient of the channel, n: the upstream width of flow, B; the distance from 
the kerb to the outer edge of the grating, W,,. The non-dimensional factor Kn has to be determined 
empirically; Li's own tests suggested that i t  was a constant with a value of K, = 0.6. 

Analysis of the HR data for the simple case of the open hole showed that K., was far from being constant 
but varied significantly with the flow conditions. Attempts were made to explain the variability as a 
function of factors such as the Froude number of the approaching flow, the ratio between the upstream 
flow width and the width of the grating, the cross slope and others. Figure 5 shows one of the attempts to 
calibrate Kn as a function of the upstream Froude number, F,. It shows that K, can vary by a factor of 2 or 
more, that the average value is not equal to 0.6, and that there is no significant dependence on the Froude 
number or the relative flow width. Multiple regression was also attempted but did not prove very 
satisfactory. It was also realised that the final design method would be complicated to apply if separate 
formulae were required to predict the "constants" in Li's equations. 

3.2.3 Other methods 
Since the idea of dividing the approaching flow into three components still seemed to be reasonable, other 
simpler approaches along the same lines were tested. In one case, the amount of carry-past flow (q3) was 
assumed to be dependent on the flow curvature caused by the lateral component of the gravitational 
acceleration. An alternative approach was to assume that the grating acted as a side weir; this proved a 
satisfactory model for the carry-by flow, q, , between the kerb and the grating, but not for the more 
complicated case of the carry-past flow flow, q3. Multiple regression based on the parameters that would 
be likely to affect the grating efficiency (such as the Froude number, the relative flow width, etc) were also 
attempted but with very little success. 

After making detailed measurements of velocity and water level in the channel upstream of the grating, it 
was realised that the structure of the flow was very complex and that existing theories were too simplistic 
to describe it satisfactorily. Therefore, even an attempt to develop a method for estimating the proportion 
of the total flow approaching outside the width of the grating proved to be not at all straightforward. 

Since it  had proved impossible to find satisfactory methods for predicting the individual components of the 
by-passing flow, it was decided to adopt a more empirical approach and concentrate on the overall 
relationships between the total amount of by-passing, the flow conditions and the geometric properties of 
the gratings. 

3.3 Empirical approach 

3.3.1 Parameter for flow characteristics 
Previous American and Australian studies have indicated that the flow collection efficiency, q. of a gully 
grating in a triangular channel is primarily dependent on the flow rate approaching it (see Ref 3 for more 
details). Figure 6 shows a plot of efficiency against discharge obtained in the HR tests for grating 
configuration L (see Table 1). It shows that straight lines can be drawn for each cross-fall and for each 
flow width. On each line, the highest efficiency corresponds to a flat longitudinal slope and the lowest 
efficiency to a steep slope. However, it must be stressed that the flow rates for the flattest gradients are 
much smaller than those with steep gradients. The same type of result was confirmed by tests with other 
gratings, and suggested the idea of plotting the efficiency against the discharge, Q, divided by the product 
of the flow width, B, and the cross slope, ScThe product of B and Sc is in fact equal to the flow depth, H, 
at the kerb just upstream of the grating. Figure 7 shows the effect of plotting the data in Figure 6 in this 
way. All the values for different flow widths and cross-slopes have been collapsed into a single curve 
which can be approximated as a straight line. 

In actual fact, the curve of flow collection efficiency against the quantity Q/H is not exactly a straight line. 
G6mez & Gonziles (Ref 7) tested a grating which was 800 mm wide by 900 mm long for a wide range of 



flow conditions (up to 200 11s) with collection efficiencies as low as 10%. Figure 8 shows a plot of 
efficiency against QIH for the authors' grating. It indicates that the full curve has a reverse S-shape 
becoming asymptotic to a constant value of efficiency at very high discharges or very small water depths. 
However, i t  could be demonstrated that in most UK road drainage schemes, gully gratings would always 
operate at efficiencies above 50%. Hence, it seems reasonable to focus on the prediction of the 
performance of gully gri~tings for flow collection efficiencies between 100% and 50%. 

Analysis of the data from the tests on the HR model gratings (see Section 2.3 and Table I )  showed that, 
except at low values of efficiency, the results for an individual grating could be described satisfactorily by 
an equation of the form: 

where q is the flow collection efficiency (expressed as a percentage), Q is the flow rate approaching the 
grating (in m7/s), H is the water depth at the kerb (in m), and G and a are two constants to be determined 
for each grating. 

3.3.2 Parameter for grating characteristics 
Figure 9 shows the best-fit curve calculated by linear regression (least squares method) for grating 
configuration L. The correlation coefficient of 3 = 0.98 confirms that it is valid to assume a linear 
relationship between the flow collection efficiency and the flow parameter QIH. Similarly good results 
were obtained for nearly all the other grating configurations that were tested. 

Table 2 gives the values of the coefficients G and a found by linear regression for the 21 different types of 
model grating that were tested (i.e. configurations D to X in Table I). The analysis used all the results from 
each test above the point at which the data began to deviate from a linear relationship; this typically 
occurred at values of q between about 40% and 50%. Table 2 also contains data for the three manufactured 
gratings that were tested at HR (i.e. configurations A to C); these results were not used in the development 
of the design equations given below but were used later to check their applicability to manufactured 
gratings. 

Both the coefficients G and a are dependent on the geometric charactenstics of a grating. However, 
a varies very little and, as a simplification, it can be assumed that for all the configurations tested, the 
coefficient is equal to the average value of a = 102.7 (based on q being expressed as a percentage). This 
introduces only a very nunor error in the estimation of the best-fit line and simplifies the general 
relationship to: 

The fact that a is > 100 indicates that a grating will be able to collect 100% of the flow approaching i t  over 
a certain limited range of flow conditions (until the quantity Q/H exceeds 2.7/G ). Table 2 also shows the 
new values of coefficient G obtained after adopting a standard value of a = 102.7. Having fixed the value 
of a, the coefficient G becomes the only parameter that is dependent on the grating characteristics since 
the effect of the flow conditions are fully described by the flow parameter Q/H. 

The gratings characterist~cs which were considered likely to affect the value of G were factors such as the 
grating width, length, percentage waterway area and bar pattern. Due to the way in which the test 
programme had been planned. it was possible to identify the effect of each factor separately and in a 



systematic way. When looking for a method of predicting the value of G, it was also necessary to apply the 
requirement that the quantity G(Q1H) should be dimensionless in order to satisfy the Frnudian scaling law. 

The data were split into groups having similar characteristics (e.g. gratings with longitudinal slots or 
griltings with the same percentage waterway area) in order to establish the effects of the factors mentioned 
above. lising di~nensional analysis and multiple regression techniques, the. following general equation was 
developed for predicting the values of G obtained from the tests on the HR model gratings: 

Here K, is the grating parameter defined by: 

where A, is the area (in m') of the smallest rectangle having sides parallel to the kerb that contains all the 
slots of the grating, and p is the percentage waterway area (i.e. the total area of the slots open to the flow as 
a percentage of the area Ad. The coefficient kg, takes account of the effects of any transversal and 
longitudinal bars in  the grating and is given by: 

k g ,  = ( n ,  + ~)""(n, + I)'."' (8) 

where n ,  and n I are, respectively, the numbers of transversal andlor longitudinal in the grating. Similarly, 
the coefficient k ~ ?  describes the effect of any diagonal bars and is given by: 

k , ?  = ( n ,  + I)"" (9) 

where nd is the number of diagonal bars in the grating. Some manufactured gratings have more 
complicated patterns of bars than those tested in the HR study; guidance on how the numbers of 
transversal, longitudinal and diagonal bars should be determined is given in Appendix B. 

It can be seen from Equations (8) and (9) that increasing the number of bars in a grating (while keeping the 
waterway area constant) will reduce its hydraulic capacity. Transverse bars are slightly less efficient than 
diagonal bars, while longitudinal bars produce the most efficient arrangement; however, the limitation in 
BS EN l24 (Ref 2) on maximum slot length normally requires that gratings with longitudinal bars also 
need to have some transverse or diagonal bars. The HR tests showed that diagonal bars have the same 
hydraulic capacity whether the bars are set at an angle of 45" or 13S0 to the upstream line of the kerb. 

Table 2 shows the values of G predicted by Equation (6). The ratio between observed and predicted G 
varies between 0.90 and 1.08, and the value of the correlation coefficient was rZ = 0.96; this demonstrates 
that the equation provides a good fit to the data for a w~de range of grating configurations. The full 
equation for predicting the flow collection efficiency of a grating is obtained by combining Equations (5) 
to (9) to give: 

Figures 10, 1 I and 12 show how the formula fits the data in the case of three very different configurations 
of grating. In each Figure, the dotted line is the best-fit line through the data points and the solid line is the 



one predicted by Equation (10). As expected from the good correlation achieved w ~ t h  the equatlon for G, 
the degree of agreement can be been to be very satisfactory 

3.4 Validation of the method 

3.4.1 Glynwed gratings tested at HR 
Equation (10) was obtained from analysis of the HR tests made on the 21 different configurations of model 
grating (D to X in Table 1) .  Figures 13, 14 and 15 show the hest-fit lines predicted by the equation for the 
three gratings provided by Glynwed (Configurations A to C). The fit is generally quite good except for 
configuration C (Glynwed reference M13) where the equation seems to under-predict the efficiency (see 
Figure 15). This may be explained by the fact that the special edge details allow more efficient collection 
of flow close to the kerb. The proposed design method has the merit of erring on the conservative side in 
terms of the predicted performance of the grating. 

3.4.2 TRL data 
Figures l 6  arid 17 show the best-fit lines predicted by Equation (10) for tests on BS grating types D10-20 
and D1 1-20 reported by Russam (Ref I I); the test data are also included in TRL Contractor Report 2 
(Ref I ) .  Both Figures indicate a fair degree of scatter in the data which may have been due to the difficulty 
of setting the flow width (and depth) accurately to the standard values used in the tests. The predicted 
values of collection efficiency are not far from the best-fit lines through the data, and are generally on the 
safe side, i.e. lower than observed. Figure 16 also shows that the range of flow conditions used at TRL was 
much narrower than that studied at HR in tests with a similar grating (see Figure 10, configuration D). 

3.4.3 Data from Oxford Brookes University 
Figures 18 to 21 show the best-fit lines predicted by Equation (10) for the four types of BS grating tested 
by Ellett & Stubbs (Ref 12); the test data are also included in TRL Contractor Report 2 (Ref 1). As in the 
case of the TRL data in Section 3.4.2, it is considered that solue of the scatter may be due to the difficulty 
of setting the required widths of flow upstream of the gratings. All four graphs show that Equation (10) 
gives a reasonable estimate of the grating efficiency. 

3.4.4 Data from UPC University - Barcelona 
Figures 22 and 23 show the best-fit lines predicted by Equation (10) for two types of Spanish grating. Both 
graphs indicate that the predictive method gives a fair estimate of the grating efficiency for values down to 
about q = 40-50 5%; for lower efficiencies, the linear equation is not able to predict the reversed S-shape of 
the data(see Section 3.3.1). 

4. EXPERIMENTS WITH KERB INLETS 

4.1 Test facility 
The test facility used for the study of gully gratings was also used for testing kerb inlets and only s~ilall 
modifications were needed (see description of test facility in Section 2.1). These involved partly blocking 
the cut-out in the floor of the flume where the gully gratings were placed. A longitudinal wall was also 
introduced along the length of the flume to simulate a kerb. Due to the presence of this kerb, the available 
width in the flume was reduced by 0.5111, as can be seen on Plate 5. This reduction was necessary to allow 
the construction and testing of an angled kerb inlet configuration, which is described later. 

4.2 Experimental conditions 

4.2.1 Configurations of kerb inlets 
Although different types of kerb inlet are available in the UK, unlike gully gratings, they tend to have 
fairly similar geometric characteristics. Kerh inlets are often fornled in cast-iron and, when installed in the 



line of a kerb, produce a simple rectangular opening; in some cases the lids of units are stiffened on the 
underside by shallow transverse ribs. Typical openings are around 0.5m in length. In systems used for 
drainage of bridge decks, the kerb openings are divided by regularly spaced full-depth ribs. These are 
necessary for the structurd integrity of the units since they are assembled to form continuous drainage 
channeIs. This type of system is outside the scope of this study. 

In order to improve the interception of the flow, the kerb can be angled upstream of the opening. With this 
arrangement the road runoff is directed towards the opening much more efficiently because a stronger flow 
velocity component perpendicular to the opening is created. The optimum angle upstream of the opening 
i.; dependent on the ability of the flow to expand laterally. For channel flows with no lateral inflow, it is 
known that the rate of expansion is about I in 4 (i.e. one unit expansion to four longitudinal units). This 
corresponds to an angle of 14", which can be considered for the present situation. Tests described in TRL 
Contractor Report 2 with a modified arrangement of the kerb inlet E14-l9 were carried out with an 
upstream angle close to 14". For safety reasons, when angled kerb inlets are used, they should be built so 
that the direction of the traffic is opposite to the direction of the flow. 

The experimental programme involved the testing of two types of kerb inlet: straight and angled (see 
Figure 24). Two lengths L were tested for each configuration, 0.5m and 0.25m, to assess the validity of 
Froudian scaling. For the angled kerb inlet, the angles were kept constant and only the length of the 
opening was changed to achieve full similarity. 

4.2.2 Flow conditions 
The range of flow conditions reproduced in the tests were to some extent dictated by the capacity of the 
kerb inlets. For example, at the beginning of the test programme it was realised that the efficiency of the 
0.25111 long straight inlet was very small for flow widths above 0.25111, with practically all the flow by- 
passing the inlet. For this reason, tests were carried out with a minimum longitudinal slope of 11500 
(compared with 11200 for the gratings) so as to cover a wider range of conditions for which the kerb inlets 
would have some intercepting capacity. 

In general terms the kerb inlets were tested under the following conditions: 

- three flow widths: 0.25m,0.5m and 1.0m. 
- five longitudinal slopes: 11500, 11300, 11200,11100 and 1150 
- three cross-falls: 1150, 1140 and 1110. 

4.2.3 Experimental procedure 
As for the tests with gully gratings (see Section 2.2.3), the experimental procedure involved setting the 
longitudinal slope and the cross-fall of the channel to the required values using the system of jacks. The 
control gates and the flow rate were adjusted until the required width of flow was reached. 

Measurements of the flow rate were taken using the EM flowmeter or the orifice plate, depending on 
which pump was being used. Measurements of the flow that by-passed the inlet were either taken with the 
V-notch weir in Channel B (see Figure 1) or volumetrically with a graduated bucket when the flows were 
too small to be accurately measured by the V-notch. 

The value of the water depth in the cross-section was determined from measurements of the water surface 
at a distance of 113 of the flow width from the kerb. For the tests with straight kerb inlets, the values of 
water depth approaching the inlet were measured 0.15m upstream of the upstream end of the kerb opening. 
The location of the measuring point had to be moved further upstream for tests with angled kerb inlets 
smce it was observed that the flow tended to expand outwards at the approach to the receding kerb. 



4.3 Experimental data 
The data collected for kerb inlets is presented in the last four tables of Appendix A, after the data for gully 
gratings. In the tables Configurations SA and SB denote straight kerb inlets and configurations AA and AB 
denote angled kerb inlets. The heading box gives the length of the opening parallel to the carriageway. In 
the main tables each row gives the characteristics and results of a particular flow test. The first column 
contains the test number and the next column gives the water depth measured upstream of the inlet. The 
third column shows the flow width and the fourth and fifth columns show the inverse of the longitudinal 
slope and cross-fall of the channel, respectively. The flow rate approaching the kerb inlet is given in 
column six and the efficiency of the inlet in collecting the flow is presented in the last column (the 
efficiency is defined, as before, as q = flow rate collected by inlet / flow rate approaching the inlet. 
expressed as a percentage). 

5. ANALYSIS OF THE DATA ON KERB INLETS 

5.1 Applicability of Froudian scaling 
As in the study of gully gratings, tests were carried out to determine whether results of tests with one size 
of kerb inlet could be generalised to other sizes on the basis of Froudian similarity. A discussion of this 
scaling law and the factors that can affect the performance of different sizes of grating can be found in 
Section 3.1. Factors such as the viscosity and surface tension of water, which were considered negligible 
for gully gratings, can with more reason be neglected in the case of kerb inlets due to the lack of bars in the 
kerb inlets tested. 

Figure 25 illustrates the applicability of Froudian similarity to kerb inlets. The Figure shows a plot of the 
efficiency against discharge for a pair of geometrically similar straight kerb inlets (0.5m and 0.25m long) 
at a cross-fall of 1/50. The flow rates for the smaller inlet (which was half the geometric size of the larger 
inlet) were multiplied by the factor zZ5 = 5.657 in accordance with the Froudian scaling relationship for 
discharge. As can be seen in the Figure, data for both inlet sizes fall onto the same curve, thus supporting 
the assumption that Froudian scaling is also valid for kerb inlets. 

5.2 Analysis of test results 
The empirical approach adopted for the analysis of test results with gully gratings, which is described in 
Sections 3.3 and 3.4. orovided the basis for the analysis of the kerb inlets. The relationshio between 
discharge and flow collection efficiency (defined as flow rate collected by inlet / flow rate approaching the 
inlet, expressed as a percentage) is shown in the graph of Figure 26. The figure shows two quite distinct ~. 
curves, corresponding to straight and angled kerb inlets, respectively. A similar pattern is apparent in 
Figure 27, where the efficiency is plotted as a function of the discharge divided by the water depth 
approaching the inlet. 

The flow into a kerb inlet can be approximated to a weir-type flow, where the water discharges freely over 
a straight weir. As well as the head of water over the weir, the length of the kerb opening is an important 
parameter to take into account. Based on this reasoning, the two types of kerb inlet can be defined by their 
opening lengths: for straight kerb inlets the opening length L: is equal to the length of the inlet unit and for 
angled kerb inlets, L; is defined as the overall length of the opening in the kerb parallel to the earl-iageway 
direction. The assumption of simple weir-type flow implies that the gradual reduction in flow rate along 
the length of the weir, due to the collection of flow by the inlet (ie, the "side-weir effect"), can be 
neglected; this helps to simplify the design procedure. 

In order to investigate the above assumption, the test data were analysed by plotting the flow collection 
efficiency, q ,  "dins1 the non-dimensional parameter Q/(H"' Li go'), where the denominator is proportional 
to the flow over a straight weir of length L, . As can be seen in Figure 28, this approach enabled the data 
for both straight and angled kerb inlets to be collapsed onto a single, well-defined curve. Figures 29 and 30 
illustrate other attempts to find a good fit fol- the data, using different powers for Li and H. However, it was 



considered that the non-dimensional parameter used in Figure 28 provided the best fit to the data, and had 
the advantage of being based on established theory for weir-type flow. 

It can be seen in Figure 28 that a significant number of data points correspond to flow conditions andfor 
kerb inlet geometries which had very low efficiencies. For design purposes, these are not important and it 
was decided to find a hest-fit equation for data corresponding to efficiencies equal to or greater than 40%. 
The linear relationship obtained is presented in Figure 31 as a solid line. Also presented in the Figure is 
another solid line passing through 100% efficiency when the flow rate is equal to zero. This line provides a 
safe estimate of the efficiency of kerb inlets since nearly all the data points plot above the line. The design 
equation proposed for predicting the flow collection efficiency of a kerb inlet is therefore as follows: 

where q is the flow collection efficiency (expressed as a percentage), Q is the flow rate approaching the 
gully (in m3/s), H is the water depth (in m) approaching the inlet, and Li is the length of the opening in the 
kerb (in m) measured along the line of the kerb. For straight kerb inlets, Li is equal to the length, L, of the 
kerb unit; for units set at an angle to the kerb (see Figure 24). Li is equal to the length over which the flow 
is able to turn into the inlet and is therefore greater than L. 

6. DESIGN PROCEDURE IN ADVICE NOTE FOR GULLY GRATINGS 

6.1 Types of grating 
Figure 32 shows curves of flow collection efficiency. q, against Q/H predicted by Equation (10) for some 
of the grating configurations tested in this project and also for some typical gratings that are available 
commercially. Figure 32 includes upper-band and lower-band curves that correspond to the most efficient 
and inefficient gratings that are likely to be produced in accordance with BS EN 124 (Ref 2). The upper- 
band line corresponds to a grating measuring lm X lm in plan with a percentage waterway area of 75%, 14 
No. longitudinal bars and 4 No. transversal bars. The lower-band line corresponds to a grating measuring 
0.3m X 0 3 m  in plan with a percentage waterway area of 30%. S No. longitudinal bars and I No. 
transversal bar. The two extreme cases make it possible to define the practical range of variation of the 
factor G (between 15 and 110). 

The Advice Note was required to be applicable to any design of grating that conforms to BS EN 124 
(Ref 2). In order to deal with the very large number of possible designs that could be produced, it was 
decided to define five categories of grating based on their hydraulic characteristics - Types P, Q, R, S and 
T. An advantage of defining gratings in terms of their flow capacity is that a drainage designer is able to 
specify use of a certain grating Type and be sure of achieving the required hydraulic performance whatever 
make of conforming grating is chosen by the contractor. The category into which a particular grating falls 
is determined by the value of the parameter G used in Equation (5). This can be calculated from Equation 
(6) using measurements of the geometry of the grating. However, as will be described in Section 6.2.1, a 
simpler method of allowing for the number and orientation of the bars was adopted for use in the Advice 
Note. It is expected that, once the Advice Note is in general use, manufacturers themselves will determine 
the Type categories of their various designs and provide this information in their brochures. However. an 
Appendix in the Advice Note explains the method for determining the grating Type so independent checks 
can be made by a designer or specifier if required. As an alternative to the calculation method, a 
manufacturer may choose to carry out his own flow tests so as to determine directly the values of G for his 
gratings. 

Gratings corresponding to Type P have a value of G greater than 30, and would typically need to have an 
overall grating area of at least A, = 0.5 m2 and a percentage waterway area p = 50%. Gratings of Type Q 
have a value of G between 30 and 45 (corresponding to a typical grating area of about A, = 0.35 m2' and 



are likely to be somewhat larger than typical patterns of UK grating. Mimy current UK road gratings are 
relatively efficient and measure about 0.45ni x 0.45m (e.g. A, = 0.2m2 ) so are likely to be classified as 
Type R. Type S covers the smaller or less efficient UK gratings (e.g. A, = 0.15 m') having a percentage 

2 waterway area of the order of p = 40%. Type T would allow use of small gratings (e.g. A, = 0.1 m ) with 
percentage waterway areas in the range p = 30.40% that. despite their low hydraulic capacity, would still 
be permitted by BS EN 124 (Ref 2); however, a brief review suggests that UK manufacturers are not 
currently producing gratings for use in roads that come within this category. 

6.2 Modification of the design method for the Advice Note 

6.2.1 Simplifying the assessment of bar pattern 
During the preparation of the Advice Note, it was realised that Equations (8) and (9) for estimating the 
effect of the bar pattern could lead to uncertainties when applied to some commercial gratings with 
complicated patterns contaiuing, for example, staggered bars or short stub bars. In order to provide 
unambiguous guidelines, it was therefore decided to simplify Equation (6) to the form: 

where K, is the grating parameter defined by Equation (7) and C is an overall coefficient for a palticular 
bar pattern. According to the results of the experimental work, Equations (8) and (9) indicate that C should 
be related to the number of bars in a grating by: 

C = (n ,  + (n , + I)"" (n, + 1)"'' (13) 

Based on the use of this equation and the guidelines set out in Appendix B, Table 3 gives predicted values 
of C for a wide range of commercial gratings available in the UK and also for gratings tested by HR or 
UPC University, Barcelona. I t  can be seen that, in practice, the value of C does not vary very greatly for a 
given type of bar pattern. 

Figure 33 shows the values of C from Table 3 for gratings with transverse bars plotted as a function of the 
grating area, A, ; it can be seen that there is no clear dependency on the size of the grating. Since, in 
practice, the values of C do not appear to vary greatly, i t  was decided for the Advice Note to recommend 
use of a single design value, termed C,, for all gratings with predominantly transverse bars. The advantage 
of this simplification is that it eliminated the problem of correctly assessing the numbers of bars in gratings 
with con~plex patterns. Ln order to err on the safe side, the design value of Cb was set equal to the average 
of the relevant data in Table 3 plus one standard deviation. This resulted in a value of C, = 1.75 being 
adopted in the Advice Note for gratings with predominantly transverse bars. 

Values of C from Table 3 for gratings with predonunantly diagonal bars and longitudinal bars are plotted 
as functions of the grating area, A, in Figures 34 and 35 respectively. It can be seen that the differences 
between the hydraulic efficiencies of the two types of bar pattern are relatively small. On this basis, i t  was 
decided to adopt in the Advice Note a common design value of Cb=1.5 for both types of bar pattern (with 
the value being equal to the average of the data in Table 3 plus one standard deviation). 

The lower value of Cb for diagonal and longitudinal bars than for transverse bars reflects the fact that, for 
the same flow conditions and values of A, and p, gratings with predominantly transverse bars are 
somewhat less efficient from the hydraulic point-of-view. The limitation in BS EN 124:1994 of a 
maximum slot length of 170 mm for gratings with longitudinal bars reduces their performance close to that 
of equivalent gratings with diagonal bars. If this limitation did not apply, gratings with longitudinal bars 
only would have the highest collection efficiency because all the slots would be aligned with the flow. 
Gratings with bars curved in plan are intermediate in character between diagonal and longitudinal bars so 
in the Advice Note they are also assumed to have a value of Cb = 1.5. 



The Table below gives the values of C, for different bar patterns of gratings 

I Grating bar pattern I Cb 

lf a grating contains a mixture of bar orientations, the predominant bar pattem should be determined by 
counting the numbers of slots in the longitudinal and transverse directions and also any slots at an angle to 
the line of the kerb. If more than half the total number of slots are transverse, use a value of Cb = l .75; 
otherwise use a value of Ch = 1.5. 

Transverse bars 

Longitudinal, diagonal or curved bars 

6.2.2 Distance between kerb and grating 

1.75 

1.5 

For most of the tests carried out at HR, the distance between the kerb line and the edge of the first slot of 
each grating was 35 mm. This distance was considered to be a reasonable approximation of the average 
distance between kerb and first slot found in many road schemes. However, some sensitivity analysis on 
the effect of varying this distance was carried out using the side-weir method developed during the initial 
stages of the data analysis (see Section 3.2.3). It was calculated that if the distance were to be increased to 
50 mm, the collection efficiency of a gully grating would decrease by about 1 to 2 %,depending on the 
flow conditions, due to carry-by flow along the line of the kerb (see Section 3.2. L). To allow for some 
margin of error in the positioning of gullies on site, i t  was decided to base the recommendations in the 
Advice Note on the assumption that the allowable distance between the kerb line and the edge of the first 
slot of a grating could be a maximum of 50mm. For this reason, it was decided to modify Equation (5), 
which was obtained as a hest fit to the experimental data, to the slightly more conservative form: 

As a result, the Advice Note predicts that, even for very low flows, i t  is not possible for a grating to collect 
100% of the water approaching it .  T h ~ s  change provides a small margin of safety in cases where gratings 
are positioned closer than 50mm to the kerb, but the effect on maximum allowable spacings between 
gullies will, in practice, be insignificant compared with other uncertainties in the design data. The effect of 
the modification from Equation (5 )  to Equation (14) is to reduce all the values of collection efficiency in 
Figure 32 by 2.7%. 

6.2.3 Maintenance factor for effect of debris 
All the HR tests and the design methods descnbed up to this point are valid for gully gratings in a clean 
condition. Leaves and silt on roads can cause gratings to become partially blocked by debris leading to a 
significant reduction in their efficiency. The amount of blockage can vary considerably depending on the 
location of the road, the tlme of year and the frequency of maintenance. For the Advice Note, it was 
decided to introduce a non-dimens~onal maintenance factor, m ( 1.0), to allow for the effect of a partial 
blockage. Thus, for des~gn purposes, the flow rate, Q,, that can be assumed to be collected by a gully is 
equal to m times the flow rate for a clean gully, ie: 

A value of m = 1.0 is equivalent to a clean grating without debris. Values of m recommended in the 
Advice Note are given in the following Table: 



Well-maintained roads 

Situation 

l Roads subject to less frequent maintenance I 

Maintenance factor 

Roads subiect to substantial leaf falls or vehicle 
spillages (e.g. at sharp roundahouts) 

l Sag points on road gradients l 

6.3 Steps in design process 
The method described in Sections 3.3 and 6.2 for predicting the flow collection efficiency of gully gratings 
is only pan of the design procedure that needs to be followed when determining maximum allowable 
spacings between gullies. Figure 36 shows the principal steps in the design procedure. 

The first step is normally to calculate the rainfall intensity, which is dependent on the location of the road 
and on the design return period and duration of the stormevent for which it is required to cater. If the 
geometric properties of the kerb-side channel are known (cross-fall, longitudinal slope and surface 
roughness), and the maximum design width of flow is specified, the maximum flow rate approaching the 
grating can be calculated using the. Manning resistance equation. 

Assuming that a particular grating Type has been selected, Equation (14) can then be used to determine the 
flow collection efficiency of the grating. If information on the grating Type is not available, the grating 
Type can be assessed from its geometric characteristics (see Section 6.2.1). If the efficiency is less than a 
certain recommended figure (e.g. SO%), it is necessary either to use a higher category of grating or to 
reduce the design width of flow. If the choice of grating Type is satisfactory, i t  is then possible to calculate 
the maximum allowable spacing based on the effective catchment width of the road and the appropriate 
design rainfall intensity for the scheme. As an alternative, the design procedure can be used to produce 
design tables giving values of area that can be drained by panicular grating Types depending on the 
channel geometry, flow width, rainfall intensity and channel roughness (see Section 6.4.6 and 
Appendix C). 

6.4 Description of the design method 
Figure 37 shows in more detail the steps that need to be followed by a designer in order to calculate 
maximum allowable spacings for road gullies. 

6.4.1 Determining the rainfall characteristics 
The first step is to determine the design rainfall intensity (I, in m d h )  for the drainage system 
corresponding to the geographical location of the site, the specified return period of the design storm (N, in 
years) and the critical storm duration (T, in minutes). This can be done using the following formula from 
HA 37 (Ref 6): 

The quantity 2minM5 is the rainfall depth in mm occurring at the site in a period of 2 minutes with an 
average return period of 5 years. This quantity is a measure of the rainfall characteristics at the site and can 
be obtained directly from a Meteorological Office map of the UK that is already contained in HA 37 (Ref 
6). 



6.4.2 Determining the flow capacity of the channel 
It is assumed that the cross-fall (Sc), the longitudinal slope (SL). and the Manning roughness coefficient (n) 
of the kerb-side channel are known. It is also necessary for the designer to decide the maximum allowable 
width of flow (B, in m) in the channel upstream of the grating. The water depth (H, in m) at the kerb is 
given by: 

The class-sectional area of the flow just upstream of the grating (A, in m') is calculated as: 

The hydraulic radius of the channel (R, in m) is given by: 

and the flow rate (Q, in m'ls) approaching the grating is calculated from Manning's equation: 

In the Advice Note the values of Manning roughness coefficient given for different types and condition of 
channel surface are consistent with those in Advice Note HA 37 (Ref 6) for the design of road-edge surface 
water channels. Therefore, the Advice Note contains Tables of drained areas for the five grating Types for 
a roughness value of n = 0.017, corresponding to a black top surface in average condition. 

6.4.3 Determining the grating Type 
It is assumed that a drainage designer will normally make an initial choice or assumption about what 
grating Type (P to T) is likely to be most suitable for a particular scheme. If the calculated gully spacings 
were found to be unsatisfactory, the design procedure would need to be repeated assuming use of a 
different grating Type. In most cases, it is envisaged that the work of determining in which category a 
particular design of grating belongs will be carried out by the manufacturer, who will list this information 
in the technical brochure for the product. However, the Advice Note includes full details of the assessment 
method so that independent checks can be made in cases of dispute or where the grating Type is not 
known. 

The first steps in determining the grating Type are to calculate: 

The area A, of the smallest rectangle that just includes all the slots. 
The total waterway area of the slots as a percentage, p, of the area A,. 
The grating bar pattern (see Section 6.2. I). 

Formulae in the flow chart of Figure 37 can then be used to find the values of the following grating 
coefficients: 

KA , relating to the overall area of the grating and the waterway area. 
Cb , relating to the pattern of bars in the grating (see Section 6.2.1). 



The value of the overall grating parameter, G, can then be calculated from the equation: 

Comparison of the calculated value of G with the ranges given in the following Table defines the category 
or Type (P to T) to which the grating belongs (see also Figure 37 and Section 6.1). For purposes of design, 
all gratings of a particular Type are assumed to have a value of G equal to the design value Gd given in the 
Table. This design value corresponds to the upper limit of the range so as to ensure that any conforming 
grating will have a certain minimum flow capacity for given flow conditions in the kerb channel. The 
values of G and Gd are for clean gratings; in the Advice Note a separate allowance for the effect of debris 
is made using the maintenance factor, m, described in Sections 6.2.3 and 6.4.5. 

Once the grating Type has been selected or is known, the drainage designer can determine the maximum 
allowable gully spacing by means of design tables such as those in Appendix C (see Section 6.4.6) or by 
following the calculation steps shown in Figure 37 and described in the following Sections. 

6.4.4 Determining the grating efficiency 
Knowing the grating Type, the corresponding design value of the grating parameter (G,). the flow rate (Q) 
approaching the grating and the water depth (H) at the kerb, it is possible to determine the flow collection 
efficiency (q. in 90) of the grating from: 

If the efficiency of the grating 1s fo~md to be below 11 = 5096, it  is recommended in the Advice Note either 
to use a more efficient grating Type or to adopt a smaller design width of flow approaching the grating. 

6.4.5 Determining the gully spacing 
If the maintenance factor for the grating is m (non-dimensional) and the design rainfall intensity is I (in 
mmlh), the maximum catchment area, Adr(in m2), that can be drained by each gully in a road of constant 
longitudinal gradient is given by: 

Note that the efficiency ts expressed as a percentage value 

If the effective width of the catchment is W, (in m), then the maximum allowable spacing, S, (in m), 
between adjacent gullies can be calcnlated from the equation: 



If the longitudinal gradient varies significantly along the section of road being considered, it is necessary to 
take account of the fact that the flow capacity of the kerb channel will vary with distance and that the flow 
collection efficiencies of two adjacent gullies may not necessarily be equal. The maximum allowable 
spacing, S,, , between a pair of gullies is reached when the sum of the flow rate bypassing the upstream 
gnlly and the rate of run-off from the area of catchment between the gullies is just equal to the downstream 
flow capacity, Q, of the channel, ie: 

where Q, is the flow rate :~pproaching the upstream gully, q ,  is its collection efficiency, and the units are as 
defined above. Re-arranging the equation gives: 

If Q, = Q2 , it can be seen that Equation (26) becomes equivalent to Equation (24). Calculation should 
proceed from the upstream end of the drainage length being considered; for the first gully, Q1 should be 
put equal to zero in Equation (26). 

If the longitudinal gradient of the road increases significantly with distance in the direction of flow, it is 
also necessary to check that the channel has sufficient flow capacity at all points along its length. If the 
actual distance between two adjacent gullies is Z and the gradient at the downstream gully is SL, then the 
local gradient Si , at any intermediate distance Zi measured from the upstream gully, should satisfy the 
following requirement: 

This result follows from Manning's equation (20) if it is assumed that the amount of by-passing at the 
upstream gully is small and that the flow rate in the channel increases linearly with distance. If either of 
these assumptions is not satisfied, the simplest way to check that the channel has sufficient capacity is to 
calculate the design rate of flow at a series of intermediate points between adjacent gullies and compare the 
values with the local flow capacity of the channel, as given by Equation (20). If there is insufficient 
capacity, an additional gully will need to be installed at an intermediate point. 

Having determined the maximum allowable spacing from Equation (24) or (26), it may be necessary to 
revise the assumed value of storm duration. The most critical case is normally assumed to occur when the 
duration, T,  of the storm event is just equal to the time of concentration of the flow from the most upstream 
part of the contributing catchment, ie when: 

where t, is the travel time of the water across the width of the road and t, is the time taken by the flow to 
travel the maximum allowable distance, S, ,between adjacent gullies. A typical value oft ,  is 3 minutes. 
The value oft ,  (in minutes) can be estimated from: 



where A (in m2) is the cross-sectional area of flow in the channel approaching a grating and Q (in m3/s) is 
the corresponding flow rate calculated from Equation (20). If the value of storm duration, T, is revised, the 
design rainfall intensity, I, should be re-calculated using Equation (16) and substituted into Equation (24) 
or (26) to determine the revised value of gully spacing. 

6.4.6 Use of design tables 
As an alternative to using the design equations described above, the Advice Note also includes tables that 
give the maximum catchment areas that can be drained by grating Types P to T for a range of different 
conditions. The values in the Tables were calculated from the design equations in Sections 6.4.1 to 6.4.5 
and the results are reproduced in Appendix C of this report. The following factors are assumed in the 
tables: 

The longitudinal gradient and the cross-fall of the kerb channel do not vary significantly with distance 
along the drainage length being considered (so that Equation (23) applies). 
The channel has a Manning roughness coefficient of n = 0.017 (average condition for blacktop surface, 
see HA37, Ref 6). 
The design rainfall intensity is 1 = 50 m d h .  
There is no blockage of the gully by debris, ie the maintenance factor m = 1 .O. 

Table C1 in Appendix C gives the flow capacities of kerb channels, as calculated from Equation (20), for 
the following conditiuns: longitudinal gradients between 11300 and 1/15: cross-falls between 1/60 and 
1/15; and flow widths between 0.5m and 1.5m. Corresponding values of the catchment area, Adr , that can 
be drained by an individual grating of Type P to ?' are provided in Tables C2 to C6 respectively; for each 
combination of conditions the Tables also give (in brackets and italics) the flow collection efficiency of the 
grating. Situations in which the grating would not be able to collect more than 50% of the approaching 
flow are labelled in the Tables as "not efficient" (see Section 6.4.4). 

Values of drained area for other values of design rainfall intensity (I), maintenance factor (m) and channel 
roughness coefficient (n) can be found using the following procedure. First, find from Tables C2 to C6 the 
catchment area, Adc,  that could be drained by the grating for the appropriate values of longitudinal 
gradient, cross-fdll and flow width if the design conditions were I = 50 m d h ,  m = 1.0 and n = 0.017. For 
other values of these parameters the maximum area, A:, , that can actually be drained is given by: 

From Equation (23) it follows that the factor k,, is given by: 

where m and I (in mmh) are the appropriate design values. 

A variation in the value of n produces two opposing effects: firstly, it reduces the flow capacity (Q) of the 
kerb channel; and secondly, i t  reduces the approach velocity of the flow and thereby results in an increase 
in the flow collection efficiency (v) of the grating. Substituting Equation (20) in Equation (22) shows that 
the efficiency is given by: 



This can be written as: 

where the parameter X is a constant for a given channel configuration. The flow collection efficiencies of a 
grating for two different values of channel roughness are therefore related by the equation: 

Similarly, from Equation (20). the flow capacities of the kerb channel corresponding to the two values of 
roughness are related by: 

It therefore follows from Equation (23) that the scaling factor, k., in Equation (30) that allows for the 
effect of varying the channel roughness, n, from the value assumed in Tables C2 to C6 is given by: 

where q is the value of collection efficiency (in 70) obtained from the Tables for n = 0.017. If q is not 
greatly less than loo%, Equation (36) can be approximated as: 

7. DESIGN PROCEDURE IN ADVICE NOTE FOR KERB INLETS 

In general terms the design method suggested for gully gratings is also applicable to kerb inlets but i t  is 
simplified by the fact that there is no need to define or determine a grating type. Therefore, the first step is 
to determine the design rainfall characteristics and the flow capacity of the channel as described in 
Sections 6.4.1 and 6.4.2. The kerb inlet efficiency is then determined using Equation (11). If the efficiency 
is found to be below q = 50%; it is recommended in the Advice Note to use a kerb inlet with a longer 
opening length I., or to adopt a smaller design width of flow approaching the grating. The kerb inlet 
spacing is determined as described in Section 6.4.5. 

In the same way as for gully gratings, the design procedure was used to produce tables for inclusion in the 
Advice Note giving the maximum areas of road, Ad,, that can be drained by different sizes of kerb inlet. 
Tables C7 to C9 in Appendix C of this report give values of Ad, for straight kerb inlets with overall 
opening lengths of 0.5m and 1.5m and for an angled inlet with L = 0.5m as shown in Figure 24. It is 
assumed that the inlets are installed in kerb channels of constant longitudinal gradient (so that Equation 
(23) applies) and that the same conditions apply as for the corresponding Tables C2 to C6 for gratings, ie a 
rainfall intensity I = 50 mmlh, gully maintenance factor m = 1.0 (no blockage by debris), and a channel 
roughness of n = 0.017. For other values of these factors the maximum area, A:, , that can actually be 

drained is given by: 



The factors kIM and k, are given by Equations (31) and (36) respectively. The factor k,enables the results 
in Tables C7 to C9 of Appendix C to be scaled for other lengths of kerb opening, Li . From Equation (1 1) it 
follows that the flow collection efficiencies of two kerb inlets having opening lengths Lil and Li, are related 
by: 

Substituting in Equation (23) it follows that: 

where '11 is the flow collection efficiency (in 'h) corresponding to the kerh opening length Lil given in 
Tables C7 to C9 of Appendix C. 

8. CONCLUSIONS 

(1) A literature revlew of technical papers and reports on the hydraulic performance of gully gratings for 
roads indicated that only one general design method for predicting their flow capacity had been 
developed (that due to Li, Ref 9); other data and prediction methods were specific to the patterns of 
grating tested. Experimental data from the present study showed that Li's method could not easily be 
applied to UK and European gratings because parameters that should have been constant in the design 
equations were found to vary considerably. 

(2) In the experiments carried out by HR Wallingford for this study a total of 23 configurations of gratings 
were tested by varying the: 

area of the grating 
waterway area as a percentage of the grating area 
mtio between the length and width of the grating 
har pattern of the grating. 

Tests were also carried out on two different configurations of kerb inlet: straight and angled. All the 
cxperiments were performed in a specially cnnstructed test rig that simulated flow in triangular 
channels formed by the cross-till of a road surface and the kerb. 

(3) Each gully grating or kerb inlet was tested for a wide range of flow conditions to investigate the 
influence of the following parameters: 

width of flow in the channel just upstream of the gully 
velocity of flow in the channel just upstream of the gully 
cross-fall of the channel 
long~tudinal gradient of the channel. 

( 3 )  Analysis of the data for gully gratings was carried out in terms of the flow collection efficiency. i.e. the 
ratio between the flow rate collected by a grating and the total flow rate approaching it in the channel 



upstre;lm. For the range of practical applications, i t  was found that the efficiency of an individual 
grating varied linearly with a quantity equal to the upstream flow rate divided by the depth of water at 
the kerh. 

(5) Dimensional analysis also demonstrated that the efficiency of a grating depended on the overall plan 
area containing the slots, on the total waterway area of the slots as a percentage of the overall plan 
area, and on the  umber and orientation of the bars making up the grating. Analysis of the data enabled 
the effect of each of these factors to be determined quantitatively. 

(6) Combining the results from (4) and (5) enabled a new method to be deveIoped for predicting the flow 
collection efficiency of any combination of grating and channel type coming within the genera1 limits 
investigated during the study. The validity of the model was confirmed by checking its predictions 
with independent data for commercial gratings tested at HR. TRL, Oxford Brookes University and 
UPC University, Barcelona. 

(7) The design method developed in the study forms the basis of an Advice Note on the spacing of road 
gullies that has been produced for the Highways Agency by HR Wallingford and TRL. In order to give 
general guidelines on the performance of gratings conforming to BS EN 124: 1994, five grating Types 
(labelled P to T) were defined in terms of their hydraulic capacity. This enables designers to specify 
the level of performance required for a particular scheme while allowing contractors to choose any 
make of grating that meets the hydraulic and structural requirements for the particular Type specified. 
In order to the Advice Note simple and straightforward to use, some minor modifications were 
made to the design method developed from the study, in particular concerning the assessment of the 
har patterns of gratings. 

(8) In the same way as for gully gratings, the data on kerb inlets was analysed in terms of the flow 
collection efficiency, i.e. the ratio between the flow rate collected by a kerb inlet and the total flow rate 
approaching it in the channel upstream. For the range of practical applications, it was found that the 
efficiency of an individual kerb inlet (whether straight or angled) depended only on the upstream flow 
rate, the depth of water at the kerb and the length of kerb opening parallel to the carriageway. 

(9) Guidelines on the spacing of kerb inlets are given in the Advice Note based on the design method 
developed from the test results. The procedure is similar to that for gully gratings except that the flow 
capacity of both straight and angled kerb inlets is determined by only one geometric factor, the length 
of the opening (measured along the line of the kerb) through which water is collected by the inlet. 
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