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Abstract 
The objective of this study is to investigate the effect of the 

geometry of the broad crested weir, (crest height, crest width, 
top surface slopc, top surface roughness, corners radius, and 
crest contraction ratio ), on the predicted apron length (L) and 
dcpth (D). 

The experimental work has been carried out using a beech 
models placed in an open rectangular flume under different 
values o f  discharge. These models are dividcd to six categories 
to study the effect of the aforementioned parameters. Also, one 
model of cach category is built-up with the experimental 
predicted apron dimensions and reexamined against the D.S. 
scour at the same conditions. 

From the experimental results of the present investigation ,it 
is found that there is a general increase in the apron length and 
dcpth with th; corresponding increase in weir crest height. It is 
also found that there is an inverse proportionality between the 

crest width ( 6 )  and both of the apron length and depth. The 
increasc of the crest angle slope in direction of flow @) results 
in  increasing both of the length and the dcpth of the apron, 
however the apron depth is more sensitive than its length. The 
increase of thc contraction ratio increases both of the depth and 
the length of thc downstream apron. I t  is found that the crest 
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surface roughness has a little effect on the variation of the apron 
length and depth. It is also noticed that the increase of the 
weir 
corners radius increases the depth of the apron at rate greater 
than that of the increase of its length. The examination of 
the models with the experimental predicted apron dimensions 
shows that the scour occurs downstream the predicted apron 
is very small compared with that occurs before the construction 
of the apron, which increases the safety factors against piping, 
overturning, etc. The equations describing the relationships 
between the predicted apron dimensions and the different 
geometry properties of thc broad crcstcd weir are also 
developed. 

The flow downstream weirs includes two types of vortex 
(of horizontal axis), the first is the Positive vortex which moves 
in clockwise direction and the second is the negative vortex 
moves in  anticlokwise direction. The positive vortex has a bad 
effect on the bed particles. So to overcome this risk, it is 
required to construct a downstream apron with a suitable length 
(L) and depth (D) to return the flow velocity distribution to the 
normal distribution. 

where 
L Apron length. 
D vertical distance between the D.S. normal bed level 

and the top surface of the apron. 

Some empirical relations had been developed to compute 
the scour length, which should be covered by the solid apron. 
In 1943, Morris and Johnson concluded, from their laboratory 
study in California Technology Institute, that the apron length 
can bc computed from the following relation:- 

Where 
L Apron length 



C Coefficient 
Y The crest height (weir height) 
H Head over weir 

. J  

where, the above equation is restricted for H/Y > I  
They also stated that the existence of the apron do not prevent 
totally the formation of the scour hole, so the main aim of the 
designer is to minimize that hole and to dislodge it away from 
the weir structure as possible. 

Rand and Moor proposed the following relation to 
compute the length of the apron, provided that no stilling basin; 

x, = o.Oo(v, - Y ~ )  (3)  
Where 

H Head over weir 

x, Apron length between the end of weir and first 
depth of the hydraulic jump 

x2 Length of the hydraulic jump. 

In 1912 Bligh developed an imperial relation to compute 
the scour length D.S. weirs. 

L ,  = 0.01cJIi (4) 
whcre 

L,  Scour length in meter 
C Coefficient depends on the soil type 

H,  Maximum head producing scour = u.s.w.d. - critical 
dcpth. 

Also, Bligh deduced the following formula that compute 
the length of the apron from the existing structures which insure 
durability with time. So many researchers saw that Bligh 
equation can be used in the predesign of the structure where the 
finial design depends on the laboratory models stady. 



w11cre 
L, Length of solid apron 

Lz Total length of the apron (solid and riprap) 

%, Difference between the water lcvel in U.S. and D.S. 

q Discharge per unite length of the weir crest 
C Coefficient 

carried in laboratory of the Irrigation 
works design in Civil Engineering Department, Menoufia 
University. The experimental set-up consists basically of a 
horizontal channel of rectangular cross-section, 18.0 m. long, 
1.20 m. width and 0.60 m. depth. A brick flume of 8.0 m. long, 
0.2 m wide and 0.6 m depth is built-up through the main 
channel. The flume sides are lined with adequor material to 
prevent leakage of water. The flume is provided by an upstream 
tank of 1.0 x l .Ox1 .0 m and a downstream tail gate to control the 
downstream water depth. The flow in the flume is recirculating 
through a centrifugal pump of 60 litcr/sec discharge. The levels 
are measured by Vernier point gage and the flow rates arc 
controlled with valves and measured with the digital current 
meter. The precautions are considered at the upstream tank to 
reduce water lcvel disturbance. The beech weir models with the 
required properties are fixed perpendicularly to the centerline of 
the flume. 

The experiments arc carried out using the different weir 
models described later at the case of canal refilling. Different 
values of discharge of 15.0, 22.0,36 and 41.0 literlsec are used. 
'Thc bed material used in experiments is coarse sand of d,,, = 1.2 
mm. The following procedure is followed for each of the 
performed runs: 



1- A certain discharge is regulated using the intake valve of the 
feeding pipe-line. 

2- The weir model with specified characteristics is fixed 
carefully on the bed of the flume perpendicular to its center 
line. 

3- The sand bed downstream the weir model is compacted 
carefully and checked to be horizontal. 

4- The zero reading of the movable point gauge is adjusted so 
that it measures the depth of scour downstream the weir, thc 
crest level and water level upstream the model. 

5- Thc pump is switched on. 
6- After the steady state condition of thc movable bed 

downstream the weir model is attained, the pump is 
switched off and the following parameters are measured: 

a- The water head on weir crest at a distance of about 80 
em upstrcam the wcir model. 

b- The scour length and depth of the hole formed downstream 
the weir model, which should be covered by the apron. 

7- Steps (2 to 6) are repeated for each value of discharge. 
8- A solid apron of length and depth resulted from the last run of 

each property is built-up downstream the weir model and 
steps (1 to 6) for the same run is repeated under the 
aforementioned conditions. 

For thc experimental work the following effects are 
studied:- 

uence of crest 
Influence of the weir crest height on the broad crested 

wcir apron dimensions is studied through seven models 
manufactured from beech and painted with nonpermeablc 
material. The weir models are of constant crest length of 0.20 
m., constant crcst width of 0.50 m., and smooth horizontal crest 
surface. Both of the upstrcam and downstream faces of the 
weir arc vertical. The different values of crest height are 0.20, 
0.225, 0.25, 0.275,0.30,0325, and 0.35 m., respectively. 

uence of crest wi 
The values of the weir crest width ( 6 )  are selected 

provided that 2H  < 6 < 8 H .  The models used in this study are 
of crest length (b) of 0.20 m, crest height of 0.20 m, and variable 
crcst width of' 0.35, 0.45, 0.50, 0.55, 0.60, and 0.70 m. The 



models are of vertical U.S. and D.S. faces and horizontal smooth 
surface. 

uence o f  cres 
In this case, the upstream height of models is 0.20 m., 

while thc downstream height is variable depending on the crest 
slope in direction of flow. The weir crest width is 0.60 m. at the 
horizontal projection with smooth surface. The various values 
of the cresl slope in direction of flow are 0, 3.0,5.0, 8.0, 10, 15, 
and 20 degree, respectively. Both of the flow characteristics and 
the bed properties are unchanged. 

uence of crest contraction ratio 
To determine the effect of crest contraction ratio, different 

values of crest length arc considered. The different valucs of 
contraction ratio are applied for modcls of crest height of 0.20 
m., crest width of 0.60 m. and horizontal smooth crest surface. 
both the upstream and downstream weir faces are vertical. The 
contraction ratio considered arc 0 ,0 . l ,  0.15,0.2, 0.25, and 0.3. 

uence o f  crest su 
The roughened crest surfaces are prepared for the present 

investigation. This carried out by the coating of rectangular 
steel plates of dimensions 0.2 x 0.6 m, with a thin film of epoxy 
and covering them with coarse sand or gravel of different sizes 
which have been previously separated by sieving. The steel 
plates arc fixed on the cresl of weir models. Five artificially 
roughened crest surfaces are prepared for the experiments. Each 
plate has one uniformly sizes of the roughness. 

Four different sizes of gravel and one sizes of coarse 
sand are used to study the effect of the crest surface roughness 
on the weir apron dimensions. The gravel sizes are as follows: 
the first size retained on the 2 mm square mesh screen but 
passed through the 4 mm square mesh, the second size retained 
on the 3 mm square mesh screen but passed through the 4.75 
mm square mesh, the third size retained on the 4.75 mm square 
mesh screen but passed through the 9.5 mm square mesh, the 
fourth size retained on the 12.5 mm square mesh screen but 
passed through the 19 mm square mesh. The coarse sand is 
retained on 1 .O mm square mesh screen but passed through the 2 



mm square mesh screen. The equivalent heights of rough 
elements are 0.46, 1.15, 2.64, 4.83, 8.29 mm. 

- Effect of weir corners ra 
The effect of both of the upstream and downstream 

corners radius is studied through six models of crest height of 
0.20 m, crest length of 0.20 m, crest width of 0.60 m, and 
horizontal smooth crest surface. The corners radius considered 
in this study are 0,0.01,0.015,0.02,0.025,0.03,0.035, and 0.04 
m., respectively. 

The predicted apron length and depth downstream the 
broad crested weir are determined for aforementioned geometric 
properties under different values of discharge. The experimental 
results of the present investigation are graphically represented in 
this section. The results include the relationships between the 
apron characteristics (length and depth ) and the diffcrent 
properties of the broad crested weir. 

Figures (1-a) and (I-b) illustrate the variation of both of 
the apron length and depth , respectively, versus the weir crest 
height. lt should be pointed out herein that the apron length and 
depth increase with the increase of weir height, and the 
following relationships are developed. 

11.555 0.535 L =24.1Y q 
0.356 0.335 D = l.27Y q 

In diffcrent cases of discharge, the increase of the crest 
height by 75% increases the apron length by an average value of 
34% , and the apron depth by an average value of 35%. This is 
due to the increase in weir crest height increases the total 
energy of the flowing water and causes the water flowing as a 
jet, which requires a long apron to return the velocity curve to a 
normal dislribution. Also the deep apron is required because the 
water over the apron works as a cushion dissipate the overflow 
jet energy. 

Figures (2-a) and (2-b), show the relationships between 

the crest width (8) and both of the apron length and depth, 



respectively. The figures show a general decrease in both the 
length and the depth of the predicted apron with the 

corresponding increase in crest width (6) for the different 
selected values of the discharge. The results show that the 
increase in crest width by 100% decreases the required apron 
length and depth by an average values of 0.53% and 0.58% 
,respcctivcly, for the diffcrcnt values of discharge. This can be 
interpreted from the measurements of water along the crest 
width, as the crest width increases the water depth over the crcst 
weir increases. The increase of the water depth with constant 
dischargc decreases the water velocity, which decreases both the 
inflowing water momentum and kinetic energy, and hence both 
the apron length and depth decrease. The relationships 
controlling this criteria take the following forms: 

I I 0 562 I, = 26.7b q 
-0  591 0 378 D = 1.3% q 

Figures (3-a) and (3-b) illustrate the relationships 
between the crcst slope angle in direction of flow and both of the 
apron length and depth, respectivcly. I t  is shown that the apron 
depth is Inore sensitive for the crest slope in direction of flow 

than the crcst length. The increase of crcst angle from 3" to 20" 
increases thc required apron depth by an average value 125%, 
while the requircd apron length incrcases by 109%. This can be 
cxplaincd as the increase of crest slope angle in direction of flow 
rcsults in increasing the flow velocity as a whole, but the vertical 
component of the velocity incrcases more than the horizontal 
component, which require a long and deeper apron. The. 
following rclationships arc developed: 

11.236 0.344 L = I I . l S  y 
1) = 1.4,~U.2I '7~[1.23 

Figures (4-a) and (4-b) show the influence of the crcst 
contraction ratio on both of the required length and depth of the 
apron, respectively. From the results i t  is found that the increase 
of the contraction ratio incrcases both of the rcquircd length and 
depth of the apron. The increase of contraction ratio from 0.1 to 



0.3 increases the required length of the apron by an average 
value of 98% for the different cases of discharge, while the 
rcquired depth increases by 88.8%. This can be attributed form 
the measurements of the upstream head on the weir, where it is 
found that the decrease oi'the crest length (b) increase the water 
head on the weir, which results in increasing the inflowing water 
velocity. 'The increase of velocity increases both the momentum 
and kinetic energy of the flowing water which require more 
apron length and deeper water cushion. The equations 
describing these relationships are; 

0 1 1 17 0 1'17 L = 8.71Cr q 
1) I07 O 182 D = 1.45Cr q 

From Figures (5-a) and (5-b), which represent the 
relationships between the equivalent roughness height and the 
required apron length and depth, it is seen that as the equivalent 
roughness height increases the predicted apron length and depth 
decrease. The figures show that the increase of relative 
roughness height from 0.00046 to 0.0084 m. decreases the 
rcquired apron length by 44 %, and depth by 35% respectively. 
This can be explained due to the fact that the increase in friction 
factor increases the total energy loss, hence the inflowing water 
velocity requires a small length to return to the normal velocity 
distribution and small depth water cushion to dissipate the 
inflowing water energy. It is worth mentioning that the 
influence of relative roughness height is quite appreciable at 
high values of discharge, where the energy loss is proportional 
with flow vclocity. The relationships between the roughness 
height and both of the predicted apron lcngth and depth take the 
following forms: 

0 0'18 0 276 L = 3.751 q 
I1 03W 0 484 D = 1.711 q 

Figures (6-a) and (6-b) illustrate the effect of both the 
upstream and downstream corners radius of the broad crested 
weir on the predicted apron length and depth. The increase of 
radius from 0.0 to 0.04 m. increases the required apron length 
and depth by an average values of 117.5% and 101.6%, 



respectively. This can be explained as the increase of upstream 
radius improve the flow characteristics, which reduces the 
energy loss, and the increase of the downstream corner radius 
directs the streamlines near the end of the weir and 
approximately perpendicular on the canal bed. It is also noticed 
that the effect of the corners radius is more obvious with the 
high values of discharge. This relations lead to the following 
equations: 

OZII? 0 4 1 9  L = 19.43r q 
I117 I I?S2 0 = 1.471. y 

The reexamination of the selected models with 
constructing a solid apron with the predicted dimcnsions 
rcsultcd from the experiments shows that the scour occurs 
downstream the apron is very small compared with that occurred 
before the construction of the apron. This can be explained due 
to the fact that the watcr dcpth over the apron, which equal to 
thc apron depth works as a cushion dissipates a big part of the 
inflowing water energy and the apron length returns the velocity 
distribution to a normal distribution. 

This research concerns with the determination of the 
effect of the geometry of the broad crested weir on both of the 
predicted length and dcpth of the downstrcam apron. From the 
experimental results of the present investigation, i t  can be 
concluded the following:- 

1- As the weir crest height over the canal bed increase both of 
the predicted apron length and dcpth should be increased. 

2- It is found that there is an inverse proportionality between the 

crest width, (8) and both the apron length and depth. 
3- The increase of the crest slope angle in  direction of flow 

results in increasing both the length and depth of the apron, 
however the apron depth is more sensitive than its length. 

4- The increase of the contraction ratio increases both the depth 
and length of the downstrcam apron. 



5- The increase of the equivalent roughness height of the crest 
decreases the apron length by a small rate. 

6- The crest surface roughness is less effective on the apron 
dimensions compared with the other geometry of the weir. 

7- Also, it is noticed form the experimental measurements that 
the increase of both the upstream and downstream corner 
radius require a long and deep apron, however the apron 
length is more sensitive to the change in corners radius than 
its depth. 

8- The construction of the downstream apron with the predicted 
lcngth and depth under different flow conditions results in 
decreasing the scour downstream the structure by a 
significant degree. 
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C coefficient depends on the soil type 
C, crcst contraction ratio 
D apron depth 
f equivalent roughness of the crcst surface 
H hcad over weir 

H ,  maximum head producing scour = u.s.w.d. - critical depth 
L apron length. 

L, scour length in meter 
L, lcngth of solid apron 



total length of the apron (solid and riprap) 
weir crcst corners 
discharge pcr unite length of the weir crest 
crcst slope in direction of flow 
apron length upto the first depth of the hydraulic jump 
length of thc hydraulic jump 
the crcst height (weir hcight) 
diffcrcncc bctwcen thc water level in  U.S. and D.S. 
h e  median dian~ctcr of thc bcclsoil 

c rcs~  wicllli in  mcter'(wcir width) 
angle crcst slope in direction of flow (radin) 

Fig.(.'-a) ReLcrtionship b e h e e n  Apron lerngUl 
YCTW orest height 
and (Q) N a third dirnansion 

p i g . ( { - b )  Relationsh<p b e t w e e n  Apron l e n g t h  
versus orest &*,hi 
and (Q) as a thwd dimension 



Fig.(2-a) R e l a i i o ~ h i p  b 
versus orest 
rvnd (9)  as a third dimunBicn 





Flg.(6-a) Relationship between Apron length 
v e 7 m  oreat w h t  
and (Q) as a third dimsnsion 

Pig,(6-b) R ~ l a i i a m h i p  behueen Apron length 
v e r w  oreet bight 
and (Q) a8 a third dime-on 
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