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ABSTRACT 
 

Stepped spillways are designed to pass high flow discharges over the dams. Energy increases due to high speed of 
flow on stepped spillway. This energy must be dissipated by suitable way process. Many studies have been done on 
stepped spillways and effects of factors such as the height of the step, number of steps, slope of step and sill on steps 
for energy dissipation has been investigated. In this research, the effect of rectangular sills with length of quarter and 
half of the step bottom length on energy dissipation in skimming flow is investigated. Stepped spillway model 
contains 61steps with a slope of 33% and scale of 1:15. The results showed that the relative energy dissipation is 
related to the factors such as the discharge, height and length of sill. The best sill that introduce highest of energy 
dissipation in stepped spillway had a height of 0.4 times of the step height and with one quarter of the step bottom 
length. Also the results indicates that by installing the sill on the each steps, the energy dissipation rate increases about 
4 to 11 percent with respect to non-sill in step.  
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INTRODUCTION 
 

Stepped spillways have been used since ancient 
times, approximately 3500 years ago. According to the 
experiments conducted by the researchers, the stepped 
spillways, result higher energy dissipation of flow in 
comparison with smooth spillways with similar size. More 
energy dissipation in stepped spillways is an effective 
factor in decreasing total construction costs. Usually in 
stepped spillways, 3 types of flow regimes exist. 
Skimming flow regime in high discharge of spillway, 
nappe regime in low discharge and transition regime in 
moderate discharge (between skimming and nappe 
regimes). 

Chinnarasri and Wangviser (2006) observed energy 
dissipation in the stepped spillways with sloped steps and 
with sills. They suggested that steps with sills are more 
effective than sloped steps in energy dissipation. By 
analyzing of other researchers data, Chanson (1996) 
showed that for beginning skimmimng flow regime, the 
amount of discharge must be larger than the certain 
amount. He named it with a critical depth. Conducting 
experiments  with   different   discharges  on  stepped  and  

smooth spillways, Rise and Kadavi (1996) noted that 
energy dissipation decreases more for both cases when 
discharge reduces. Buss and Hagger (2003) suggested an 
equation for the remaining energy at the spillway toe in 
skimming flow. Salmasi et al. (2012) carried out some 
tests on gabion stepped spillways and concluded that the 
relative energy dissipation in gabion types is higher than 
the solid types. Chamani and Rajaratnam (1999a-1999b) 
investigated on the stepped spillway model with the slope 
of 59 degrees and mentioned that the relative energy 
dissipation in skimming flow regime fluctuates from 48 to 
63 percent. Ohtsu et al. (2004) showed that with the 
reduction of spillway slope, the remaining energy at the 
toe of spillway is decreased. Folder and Chanson (2009, 
2011) carried out experimental tests on stepped spillways 
and concluded the corresponding changes of Darcy 
friction factor. 

Barani et al. (2005) showed that the energy decline 
become minimum when the discharge increases and this 
process had been the same for both steps with edges and 
simple steps. They introduced the 2 cm edge (half of step 
height) as an appropriate edge for modeling. 
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The objective of this research is the study of the 
effect of sills on energy dissipation in stepped spillways 
with skimming flow. For this purpose, stepped spillway 
model of Siyah Bisheh Bala dam was built (scale= 1:15) 
at water experiment institution in IRAN. Variable 
geometric parameters are length and height of sills on 
each step. 
 

MATERIALS AND METHODS 
 
• Dimensional Analysis 

Dimensional analysis is used for conducting this 
experimental investigation. Effective factors for 
determination of energy dissipation in stepped spillway 
with sills are expressed in equation (1): 
 

          (1) 

 
Where ∆E is the energy difference between upstream and 
downstream of spillway, E1 is energy, g is acceleration 
due to gravity, h is the step height, l is the step length, hs 
is sill height, q is discharge per unit width, v is velocity, d 
is flow depth, ls is sill length, and As is the cross section of 
sill. Using the Buckingham theorem, equation 1 can be 
expressed as equation 2: 
 

     (2) 

 
With considering the effective dimensionless parameters 
and omitting fixed parameters give the simple equation as:  
  

    (3)               

 
It is worth noting that in equation 3, EDR is the relative 
energy dissipation (�E/E1) and  is the sill shape factor. 

• Physical model setup 
The case for research is the stepped spillway model 

of Siyah Bisheh Bala dam with the scale of 1:15. The 
model contains 61 steps and with slope of 33 %. The 
initial and second steps have 5.1 cm high and steps 3 to 61 
have 4.67 cm high. Also, the steps bottoms have 14 cm 
long and 1.33 cm wide. The material used in this model 
was Plexiglass with the thickness of 10 mm. Upstream of 
spillway was rectangular broad crested weir which is 47 
cm long and initial step with 5.1 cm height. Side walls of 
chute of spillway had 30 cm height. Figure 1 shows the 
plan and figure 2 shows the stepped spillway model 
configuration. 

Seven steps with numbers 49-55 from total of 61 
steps (cross section of Kl-L) in spillway model were 
selected. In all discharges, the passing flows from these 
steps were established and flow parameters were 
approximately fixated. The location for sill installation is 
shown in figure 3. 

Different sills were selected with 0.2, 0.3, and 0.4 
times higher than the step height and 0.5, 0.25 times the 
length of steps. Also one model was considered without 
end  sills  in  whole  of  steps.  Sills  differ in  height. With  

 
 

Fig. 1: Plan of stepped spillway physical model 
 

 
 

Fig. 2: Front view of stepped spillway physical model 
 

 
 

Fig. 3: Location for sill installation in spillway model 
 

 

 
 
Fig. 4: Configuration of sills installation in stepped spillway 
models 
 
considering variation of height and length of steps, the 
total numbers of 28 tests were applied. The geometrical 
features of sills are shown in figure 4. 
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Water surface profile measuring was done with point 
gauge with the accuracy of 0.1 mm in different location of 
steps. In the present investigation, the flow velocity was 
measured by a pitot tube at first, but observations showed 
that bubbles were entered the tube and  this was caused 
error in measurements. So, after several in velocity 
measurement by pitot tube, an electromagnetic system for 
flow velocity measurement with sensor of 0.001m/s 
accuracy was selected.  

Discharge measurement was carried out with 
calibrated broad crested weir. Discharges of 115, 135, 
155, and 175 Ls-1 were selected as the four skimming flow 
discharges for this test. 

 
RESULTS AND DISCUSSION 

 
Figure 5 illustrates the variation of relative energy 

dissipation (EDR) against relative sill height (hs/h). Figure 
5 is for sills with half of the step length (ls/l=0.5). As can 
be seen from figure 5, the relative energy dissipation 
increases with increasing in hs/h from 0.0 to 0.4. This 
indicates to sill positive effect on EDR .Also stepped 
spillway has higher EDR in lower discharges. 

In Figure 6 variation of EDR against relative sill 
height (hs/h) is presented for different sill heights (0.0h 
represent step without sill). Based on Figure 6, energy 
dissipation is higher in a sill with height of 0.4 times of 
step height (hs/h=0.4). 

In figure 7, variation of EDR respect to drop number 
(D) is presented. According to figure 7, relative energy 
dissipation increases with increasing drop number and 
decreasing in discharge. The optimum relative energy 
dissipation is related to the drop number of 17.44 and 
discharge per unit width of 0.086 m2s-1 

Figure 8 illustrates the fluctuations of relative energy 
dissipation versus drop number in various heights of sills. 
Care is needed to this figure because relative energy 
dissipation increases with increasing drop number and sill 
height. It is found that the optimum relative energy 
dissipation belongs to the drop number of 17.44 and the 
sill which is 0.4 times higher than step height. 

Variation of relative energy dissipation (EDR) with 
relative sill height (hs/ls) is presented in figure 9. EDR 
decreases when hs/ls increase. The optimum relative 
energy dissipation seems to occur with the sill 0.4 times 
higher than the step height. 

In Figure 10, variation of relative energy dissipation 
(EDR) with relative sill height (hs/ls) in different values of 
q is presented. Based on figure 10, relative energy 
dissipation in lower discharges increases compared to the 
higher level of discharges. It is noted that relative energy 
dissipation increases with increasing relation of sill height 
to its width and the optimum relative energy dissipation 
belongs to the sill with the height of 0.4 times higher than 
step height. 

Figure 11 shows relative energy dissipation 
fluctuation versus sill shape factor (As/h.l) in various 
discharges. Compared to the higher discharges, relative 
energy dissipation is higher. The optimum relative energy 
dissipation belongs to the sill with factor 0.2 and the 
discharge per unit width of 0.086 m2s-1. 

Figure 12 shows variation of relative energy 
dissipation  fluctuation  versus  sill shape  factor (As/h.l) in  

 
 
Fig. 5: Variation of relative energy dissipation (EDR) against 
relative sill height (hs/h) in different discharge 
 

 
 
Fig. 6: Variation of relative energy dissipation (EDR) against 
relative sill height (hs/h) in different sill heights 
 

 
 
Fig. 7: Variation of relative energy dissipation (EDR) against 
drop number (D) in different discharges 
 

 
 
Fig. 8: Variation of relative energy dissipation (EDR) against 
drop number (D) in different sill height 
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Fig. 9: Variation of relative energy dissipation (EDR) with 
relative sill height (hs/ls) in different values of hs 
 

 
 
Fig. 10: Variation of relative energy dissipation (EDR) with 
relative sill height (hs/ls) in different values of q 
 

 
 
Fig. 11: Variation of relative energy dissipation fluctuation 
versus sill shape factor (As/h.l) in various discharges 
 

 
 
Fig. 12: Variation of relative energy dissipation fluctuation 
versus sill shape factor (As/h.l) in various sill height 
 
various sill height. Relative energy dissipation increases 
when the sill height increases. It is obvious that the 
optimum relative energy dissipation occurs when sill 
shape factor is 0.2 and the sill is 0.4 times higher than the 
step height. 

The results of this experiment are very close to the 
obtained results of Barani et al. (2005), Chinnarasri and 
Wangviser (2006), and Chamani and Rajaratnam (1999a-
1999b). 
 
Conclusion 

In this research, the effect of rectangular sills with 
length of quarter and half of the step length on energy 
dissipation in skimming flow was investigated. Stepped 
spillway model contains 61steps with a slope of 33% and 
scale of 1:15. The results showed that: 
• Relative energy dissipation (EDR) decreases with 

increasing in discharge (q). Also EDR increases with 
increasing in relative sill height (hs/h). 

• EDR is 0.04 hirghr in hs/l=0.25 than hs/l=0.5. This 
demonestrates that step with sill length equal to 
quarter of step length is suiteble because of its 
hiegher EDR. 

• The best sill that introduce highest of energy 
dissipation in stepped spillway had a height of 0.4 
times of the step height and with one quarter of the 
step bottom length. 
EDR in equipped step with sill increases about 4 to 11 

percent with respect to non-sill in step.  
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