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Abstract — Water flowing over a spillway has a very high kinetic energy because of the conversion of the entire
potential energy to kinetic energy. This circumstance results in damage or significant erosion at the toes of the
spillways, weir bed, and downstream of a river. To solve this problem, the water flow velocity must be minimised.
Physical modelling was implemented to this conundrum in order to modify the current energy dissipating structure,
the stilling basin, to enhance energy dissipation as much as achievable by downstream velocity reduction. Baffle
blocks were adopted as the modification in this study because these are widely used to stabilize the jumps, shorten
its length, and maximize energy dissipation. A selection of baffle arrangements was evaluated by positioning them
in the stilling basin’s mid-span to identify the most effective outcome in minimizing downstream velocity. From
the findings, it was clearly shown the arrangement of baffles blocks at the stilling basin impacts velocity reduction
in various discharge cases. The formation of cross-waves was also assessed at the discharge channel at every
discharge value with its relative distance from the sump and the width of the channel prior to the site. For discharge
situations of 70.0 L/s and 100.0 L/s, modifications to the Type II stilling basin were recommended. Furthermore,
constriction, expansion, or curvature should be avoided in chute spillways identical to the dam spillway to limit
cross-wave generation and other unfavourable flow behaviours.

Copyright © 2022 UNIMAS Publisher. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-ShareAlike 4.0
International License which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Keywords: stilling basin, spillway, dam, baffle, energy dissipation, flow behaviour

1.0 INTRODUCTION

Dams are built as water storage facilities to accommodate sudden changes in the catchment area and to generate
electricity. Effective operation of existing water infrastructures is considered essential for the efficient use of water
supplies [1]. Dam breaks can occur due to inadequate spillway capability, structural fatigues and flaws, unstable
slopes, earth slides, seepage, overtopping, and earthquakes. To avoid the occurrence of breaking of dams, the
spillway is designed to release and regulate the stream of floods. Due to the heavy flow discharge over the spillways,
their structure and construction are very sophisticated, and they typically face difficulties such as cavitation and
high flow kinetic energy. Pumping air next to the spillway surface with aeration systems mounted on the spillway
bottom and on the sidewalls is a common procedure to avoid cavitation and erosion of the spillway surface [2].
Moreover, streaming of water through the spillways generates high velocity and high energy at the toe of the
spillway. This high velocity causes a severe force that can cause damage in the form of erosion to the downstream
channel of the spillway, resulting in the scouring of the channel bed and sides, and continue to raise the depth of
the scour at the toe of the spillway [3]. Speaking of the spillway, spillways are concrete-based hydraulic structures
in dams, to control the water discharge into the downstream waterway in order to prevent overtopping of the dam.
It has the adequate capacity to act as temperance of floods because it has to be sized hydraulically to ensure that
the flood water safely passes through an equivalent or less than the Probable Maximum Flood (PMF) required [4].
Spillway can be operated in either two ways which are controlled and uncontrolled mechanisms. Five basic
components that the spillway is made of are control structure, discharge carrier, energy dissipator, inlet and outlet
channels [5]. The position or location of the spillway structure plays an important role for an efficient operation to
pass the designed flood without overtopping the dam and also provides structural integrity throughout the design
life of the dam [6]. Due to these reasons, spillways are usually placed near a diversion weir since it is known for
its high hydraulic efficiency as well [7]. Spillway flows are typically associated with energy dissipations since a
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number of hydraulic processes take place such as the presence of friction along the spillway which then
substantially upsets the flow energy in the form of flow turbulence and interactions [8]. Dissipation of the energy
in the flow is caused by the formation of vortex where the regime changes due to jet intrusion in the inter-facing
device when coming in contact with a solid body hydrodynamically [9].

The dam has a chute-type spillway to control the reservoir supply level. A chute spillway consist of a crest and a
sloping discharge outlet, is a critical facility used to avoid overtopping and release flood surge [10]. Water spillage
events have occurred over the years at where the water level has exceeded the normal water level of the dam.
However, the stream of water from the uncontrolled no-gate spillway towards the downstream channel is usually
high in velocity and kinetic energy. If appropriate steps are not taken, the discharged water flow exceeds high
velocities where constant low pressures, can cause cavitation damage to the spillway [11]. Furthermore, if the
spillway invert and sidewalls are exposed to constant removal of surface soil, the dam structure's stability could be
jeopardized.

2.0 MATERIALS AND METHODS

2.1. Experimental Setup

For this study, the flow characteristics of the dam spillway was assessed and suitable energy dissipater was designed
by physical modelling. The spillway of the dam was built to a distorted 1:50 scale which included the main dam,

dam station, substation, spillway, power station and topology as shown in Figure 1.

Stilling basin with
imitated topology

Surrounding
topology

Figure 1 Dam spillway model

Before beginning the experiment, many issues were considered, including movement constraints, device
functionality and precision, and selecting appropriate measurement points. The measurement points were chosen
at random along the spillway model. A total of six segments were created which include the discharge channel
(P1), flat steps (P2), concrete apron (P3), chute blocks (P4), mid-span (P5) and end sill of the stilling basin (P6)
as shown in Figure 2. The segments were labelled with white thread to make the data collection process easier and
to prevent repeating data collection at the same point or collecting data from unmarked points, which can lead to
inaccuracies in the data collected. The sumps below the model were pumped with water before half of the sump
level prior to the running test. The spillway model was powered by 10-pump systems, and a running test was
performed to ensure the model was safe to operate.

The first stage of the study was to collect the velocity at required discharge values along the points (P1 to P6) in
the spillway model. Then, the modification needed for energy dissipater, which was the stilling basin was discussed
and determined. Revision of the modification was done until the velocity met the expected values. In reality, the
spillway produced a massive volume of water to be discharged from the reservoir in a short period of time, resulting
in a stream of a very high discharge and velocity. The increased flow rate caused a much higher bed shear stress,
resulting in considerably increased sediment movement downstream of the structure, which became degraded as a
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result, a phenomenon known as local scour. Successive or persistent scouring would undermine the spillway's
structure, eventually contributing to the structure's failure. Hence, the modification was required to existing stilling
basin focused in reducing the kinetic energy and enhancing the energy dissipation rate. The second stage of the
study was to analyse the data collected for the flow velocity using simulation through software, Surfer 3D. Surfer
3D, developed by Rockware was a Microsoft Windows-based contouring and three-dimensional terrain mapping
software program. Surfer was used widely for groundwater modelling, geochemical elements mapping,
archaeological survey and etc. For this study, contour mapping was used to assess each point of the spillway.

18634.21

Figure 2 Points selected for measurement in the spillway model

2.2 Modification of Energy Dissipater Design

A suitable energy dissipater is necessary to be implemented because it can diminish the high energy entering the
downstream channel as well as reduce its velocity. Thus, reduction in velocities and kinetic energy with high air
entrainment reduce the risk of cavitation in these hydraulic structures [12]. For the modification, baffle block was
chosen since it had been widely used to stabilize the jump and dissipate energy due to impact actions. The
configuration and dimensions of the baffle blocks followed the recommendation of the United States Bureau of
Reclamation (USBR), with the essentially longitudinal dimension and width of the block chosen in general focused
on the block's height [13]. Figure 3 depicts the model of baffle block used in the experimental work.

wi=37.5mm .

10 mm
by =50mm

b =60mm

Figure 3 Standard USBR Baffle Block

A single row of baffle blocks was positioned at the centre of the stilling basin, which is at 70cm, and the interval

between each block was 3.75cm, which corresponds to the width of the baffle blocks. A double row baffle block

configuration is identical to the single row arrangement where the first and second rows were separated by 10cm.

Furthermore, as depicted in Figure 4, the arrangement of the second row of blocks were aligned with the block
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gaps of the first row. In terms of the experimental part, the velocity and height of the hydraulic jump at P5 were
recorded for each baffle bock arrangement for all discharge cases. Until testing, the blocks were adhered to the
basin with silicone sealant and left to dry for the preparation phase.

(a) (b)

Figure 4 Baffle block arrangement in (a) Single row and (b) Double row

3.0 RESULTS AND DISCUSSION
3.1. Velocity Profile

The velocity ranges are presented in Figure 5 for each discharge cases at each point of the spillway. As stated from
the figure when the flow rate increased, the velocity increased as well at each point. The velocity of P1 was lower
than in P2 at each discharge cases due to the change in cross-sectional area from P1 to P2 where it began to narrow
down, and the sub-critical flow became supercritical moving towards the downstream. However, the velocity was
found to decrease gradually from P2 to P4 since the flat steps structure acted as roughness elements to minimise
flow acceleration and thus terminal velocity, allowing for shorter downstream basin span [14]. However, when the
velocity reached P5 especially at the discharge cases of 70.0 L/s and 100.0 L/s, a sudden spike of velocity was
observed compared to the 50.0 L/s. From this comparison, it clearly indicated that the existing stilling basin of the
physical model was effective in the reduction of downstream velocity and high energy dissipation at a maximum
discharge of 50.0 L/s. Thus, modification was needed to improvise the existing stilling basin model to reduce the
downstream velocity, especially at the discharge cases of 70.0 L/s and 100.0 L/s.
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Figure 5 Velocity comparison for each discharge cases
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3.2. Velocity Profile using Surfer 3D

Surfer 3D software was used to observe the transition of the velocity from the upstream till the downstream of the
physical model by interpolating values into the Surfer 3D model through Gaussian Regression Process or
commonly known as Kriging Method. It is a geostatistical gridding approach that has proven effective and popular
in a wide range of applications. This approach created aesthetically pleasing maps from data that were unevenly
spaced. Kriging seeked to convey patterns from the input data, so that high spots, for example, were joined along
a ridge rather being totally isolated by the bull's-eye type contours. It was found on adaptable gridding approach.
The Kriging defaults can be used to generate an accurate grid and tailored to a specific data set by supplying the
suitable variogram model. Kriging in SURFER 3D could either produce an exact or a smoothing interpolator,
depending on the user-specified settings. It efficiently and naturally incorporated anisotropy and underlying
patterns [15].

As such, it was found the velocity was low at P1 region and it gradually increased until P4 for the velocity
contouring in Figure 6. However, the velocity is maintained in the range in between 4 to 5 m/s. Once it reached the
P5 and P6, there was a gradual reduction in the velocity at the downstream. This indicated that at 50.0 L/s, the
stilling basin was able to effectively reduce the velocity of the downstream. For 70.0 L/s, the velocity at the P1
region, the velocity was higher than in the previous case of 50.0 L/s. Moreover, the velocity seemed to drastically
increased from P2 onwards. Besides the velocity on the left of the dam was slightly higher than the right in between
P2 and P3 regions since the flow started to shift towards the right-side of the apron as illustrated in Figure 6(b). At
P4 to P6, there was no reduction on velocity especially at P5 which was the mid-span of the stilling basin. This
indicated that the flow at the downstream was quite turbulent and contained more kinetic energy with less energy
dissipation rate.

Moving on to 100 L/s as illustrated in Figure 6(c), the velocity contour was almost similar to the 70.0 L/s, but the
flow in this discharge case was quite violent even at P1. Red spots are found mainly between P2 and P3 as well at
PS5 indicating the downstream velocity was almost reaching 8 m/s. These reddish spots are quite dangerous since it
could cause damages at the stilling basin severely. The downstream leaving the stilling basin also was quite high
which also could lead to severe erosion and scouring to the riverbed.
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Figure 6 Velocity contour profiles for (a) 50.0 L/s (b) 70.0 L/s (c) 100.0 L/s
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3.3. Hydraulic Jump Formation and Location

For each discharge case, the location and the height of the hydraulic jump formation varied with each discharge
case as in Figures 7, 8 and 9. The variations in the height of the hydraulic jumps could be seen in Table 1 below
for each discharge case. For the case of 50.0 L/s, the hydraulic jump location was maintained within the mid-span
of the stilling basin which reduced and stabilized the velocity of the downstream and also induced an effective
energy dissipation rate. But when the discharge increases, it was found the hydraulic jump shifted towards the end
of the basin. This could be probably due to insufficient depth of the basin which made it difficult to stabilize and
maintain the formation of hydraulic jump within the stilling basin when the flow exceeded 50.0L/s [16]. Hydraulic
jump was found to form beyond the stilling basin and can cause severe erosion and scouring of the riverbed.

Table 1 Height of hydraulic jump according to discharge cases

Discharge cases Heigh of hydraulic jump
(L/s) (cm)
50.0 18.0
70.0 28.5
100.0 35.0

Figure 7 Hydraulic jump formation for 50.0 L/s

Figure 8 Hydraulic jump formation for 70.0 L/s
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Figure 9 Hydraulic jump formation for 100.0 L/s

3.4. Flow Velocity Comparison and Baffle Block Arangements

The velocity for each block arrangement was measured using Nixon velocity meter at mid-span of the stilling basin
(P5). Figure 10 showed the velocity comparison according to block arrangements and discharge cases. As presented
in Figure 10, the velocity decrease was considerable for all discharge situations, notably for the instances of 50.0
L/s and 70.0 L/s, where the velocity was reduced to almost 0.5-1.0 m/s. As for the 100.0 L/s discharge case, the
reduction was insufficient, as the maximum velocity reduction after implementing the double row baffle block was
still greater than 1 m/s. However, the double-row baffle blocks were more effective than the single-row baffle
blocks because of the higher impact energy, which caused the water masses to collide more and lose energy, thus
lowering the velocity. Furthermore, the double-row baffle blocks were made up of a continuous arrangement of
blocks that eliminated the presence of apertures that impeded the high turbulent velocity jet before the water flowed
downstream.
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Figure 10 Velocity comparison at P5

3.5. Hydraulic Jump Comparison and Baffle Block Arangements

The height of the hydraulic jump was also measured during the experiment for each block arrangement. The data
were measured at mid-span of the stilling basin (P5). Figure 11 showed the height comparison for each block
arrangement under different discharge cases. The hydraulic jump height was reduced slightly after the blocks were
utilized for each block arrangement, and the position of the jump remained constant in the stilling basin throughout
the experiment. However, because of the similar size of the baffle blocks utilized in the experiments, the heights
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of the jump before and after blocks were extrapolated to be consistent for all discharge scenarios. A slight reduction
in the height of the hydraulic jump height after the blocks were observed for each block arrangement and location
of the jump remained steady in the stilling basin during the experiment. But overall, the height of the jump before
and after the blocks were deduced to be similar for all discharge cases due to the similar size of the baffle blocks
used for the experiments. The initial height of the hydraulic jump from Table 1 before placing the baffle blocks is
higher due to the location hydraulic jump to form beyond the stilling basin.
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Figure 11 Hydraulic jump comparison at P5

3.6. Formation of Cross-Waves

Cross-waves are a combination of waves from two directions intersecting along the sidewalls. It was identified
during the experiment at the discharge channel of the cross-wave formation with its relative distance from the sump
and the width of the channel prior to the site as shown in Figures 12, 13, and 14. Cross waves were primarily caused
by the geometry of the alignment and the contraction width of the channel. The cross-wave formation and related
distance from the sump were longer with lower discharges. As the discharge increased, the cross-wave creation
and distance from the sump decreased. Furthermore, when the discharge was increased, the location of the cross-
waves shifted from the left to the right side. This was due to the non-uniformity of the flow and geometry of the
transition, as well as the constriction of the channel's width [17]. Furthermore, side-wall convergence was another
aspect that contributed to flow complexity in the form of cross-waves [18]. The geometrics of the sidewalls had a
substantial impact on the flow pattern; in other words, the flow formation at the entrance of the approach channel
was significantly influenced by its geometrics [19]. As a result, optimal design of the side wall geometry would
eliminate non-uniformity flows and cross waves at the guide wall entry. In practice, if no air bulking or cross waves
are incorporated with the side wall geometry design, the flow depth may grow, causing the dam to overtop.
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2.30m

Figure 12 Location of cross-waves at 50.0 L/s

2.25m

Figure 13 Location of cross-waves at 70.0 L/s
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2.16m

Figure 14 Location of cross-waves at 100.0 L/s

3.7 Recommended Modifications

For a discharge rate of 50.0 L/s, the USBR stilling basin Type II was found to be efficient in dissuading velocity
while also maintaining the hydraulic jump within the basin's span. When the discharge was raised, however, the
Type II basin appeared to perform poorly because of the velocity at the mid-span of the stilling basin (P5)
progressively increased since no appurtenances exist in Type II. The baffle block arrangement substantially lowered
the velocity in the basin's mid-span. The dimensions of the baffle block should be greater than the minimal
dimensions utilized in this experimental study, especially under high discharge conditions such as 100.0 L/s, in
order to minimise the velocity up to 1 m/s.

4.0 CONCLUSION

During physical modeling, it was evident that as the discharge increased, so did the velocity. As a response, the
stilling basin's function was to minimise the rapid downstream velocity and dissipate energy via hydraulic jump
formation. During the physical modeling, it was discovered that the stilling basin model was highly successful in
lowering the velocity up to 50.0 L/s discharge as well as stabilizing the location of the hydraulic jump within the
basin's span. The stilling basin, however, failed to retain the location of the hydraulic jump where it formed at the
end of the stilling basin for discharge cases of 70.0 L/s and 100.0 L/s. Furthermore, in both situations, the velocity
at the basin (P5) surged rapidly. This demonstrated that appropriate velocity reduction and energy dissipation did
not occur. For discharge situations of 70.0 L/s and 100.0 L/s, modifications to the Type II stilling basin were
recommended. Furthermore, constriction, expansion, or curvature should be avoided in chute spillways identical
to the dam spillway to limit cross-wave generation and other unfavorable flow behaviors. The use of baffle blocks
caused a drop in velocity at P5, notably when adopting the double row baffle block arrangement, which was more
effective than the single row arrangement. As a result, using baffle blocks with double row arrangement to facilitate
maximum velocity decay was strongly recommended. Moreover, the risk of scouring and cavitation in the stilling
basin could be reduced when the hydraulic jump is stabilised and confined within the structure [20].
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