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Abstract

It is important to determine the limits of flow regimes in the design of stepped weirs because
of the hydraulic performance of each regime. The present study investigates the effect of downstream
slope and rock fill materials on flow regimes in gabion stepped weirs. Nine physical models of gabion
weirs were used in the experiments. The models’ downstream slopes ranged from 1:05 to 1:4 V:H.
In addition, two types of rockfill materials: crushed stone of 0.42 porosity and rounded gravel of
0.38 porosity were used to study the effect of rockfill materials on flow regimes. The nominal size
of the crushed stone was (37.5 mm - 13.2 mm) D50 = 23 mm and the nominal size of the rounded
gravel was (26.5 mm - 13.2 mm) D50 = 16 mm. Each model has been tested with ten runs for discharge
per unit width ranging (from 0.006 to 0.105 m*/sec. m) to cover all flow conditions and flow regimes.
The onset of each flow regime for all physical models has been observed. The experimental data of the
gabion stepped weirs have been used to develop equations to estimate the onset of each flow regime.
The coefficient of correlation (R) of the developed equations ranged between 0.95 to 0.97. The results
indicated on the steeper downstream slope models (1:0.5, 1:0.83), there is interference between the
nappe and transition flow regimes. The nappe flow regime has not appeared on all steps at the same
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time. Moreover, the shape and size of the rockfill materials have an insignificant effect on flow regimes,

especially at a high flow rate.

Keywords: flow regimes, gabion, stepped weirs, downstream slope, rockfill materials

Introduction

Gabion weir structures are considered an
economical alternative compared with the other types.
Indeed, the filling material used in its body formation
is the most abundant and economical material in
hydraulic engineering practice. Gabion structures are
considered environmentally friendly structures due
to the ecological performance of their porous body
[1-3]. Furthermore, there is a biochemical reaction
due to the decomposition of organic matter by the
bacteria inhabiting the rocks’ surfaces. This can
contribute to purifying water as it passes through the
weir body at the same procedure as water purification
and sewage water plants [4-6]. Studying the hydraulics
of flow over gabion weirs is essential to understand
the complexity of flow regimes and other hydraulic
parameters, such as flow-through rockfill. In general,
for the impervious stepped weirs, two flow regimes
are employed: the nappe flow and the skimming flow.
The zone between the upper limit of the nappe flow and
the lower limit of the skimming flow can be called a
transition flow regime [7-10]. In a gabion weir, the flow
can pass through its body in addition to the overflow
of the weir [6]. Therefore, there is an additional flow
regime, which is known as a through-flow regime [11].
The throughflow has a high impact on the energy
dissipation over the gabion weirs. At a low discharge,
the water passes through the voids between rockfill
particles. This type of flow is the through-flow regime.
With an increase in the discharge, the overflow begins
at the first step (lowest step), while the flow still passes
through the gabion at the upper steps. This regime can
be called a transition flow regime between the through-
flow and nappe flow regimes. With a continued
increase in discharge, at a medium discharge, the flow
of the water cascading down a stepped weir has a series
of free-falling nappes, which forms the nappe flow
regime [12]. At a high rate of flow, the water moves
down the steps with recirculating vortices restricted
between the steps. Water, then, skims over the pseudo-
bottom formed by the outer edge of steps. This regime
is called the skimming flow regime. The flow regime
changes from the nappe flow to the skimming flow with
increases in the flow rate through the transition regime
[13-15]. This change occurs gradually and continuously.
In the transition flow, the regime can begin as a nappe
regime on the upper steps, becoming a skimming
regime on the lower steps [11]. The nappe flow regime
can be classified into three types: the nappe flow with
a complete hydraulic jump at a small discharge, the
nappe flow with a partial hydraulic jump, and the nappe
flow without a hydraulic jump. This classification of

the nappe flow regime is based on flow turbulence.
The first type started supercritical flow, then through
the hydraulic jump changed to sub-critical flow.
The second type is for supercritical flow with the partial
hydraulic jump, and the third type is for supercritical
flow without a hydraulic jump. The limits of the nappe
flow regime on the gabion weir can be calculated
in terms of the critical depth of flow (yc) and step
height (hs) using the empirical onset of the transition
flow regime on the gabion stepped weirs can be
obtained in terms of the critical depth of flow and step
height using the empirical formulae of both of Wuthrich
and Chanson (2015) and Zhang and Chanson (2015)
[16, 17] as follows:

0.6 <2<09
hs 0))

The onset of the skimming flow on the gabion
stepped weirs can be determined using formulae
obtained by (Wuthrich and Chanson, 2015, Zhang and
Chanson, 2015, Zhang and Chanson, 2014) [16-18]
as presented in Table 1.

Formulae obtained by (Zhang and Chanson, 2015;
Wiithrich and Chanson, 2014) are as follows [17, 19]:

0.3<%2<0.6
hs )

The above formulas for onset limits of the skimming
flow on the impervious stepped spillway of the steps
covered with the gabion baskets. In the current study,
the physical models consisted of the porous body for
the whole weir. This provided a reliable formula to
estimate the onset limits of the skimming flow regime.
The determination of the onset of regimes depends on
the visual interpretation, which explains the differences
in formulae obtained by different authors.

In summary, several studies have been conducted
to investigate flow regimes and the onset limits of the
regimes on stepped impervious weirs. This has led to
the establishment of relationships to determine the
onset limits of flow regimes. However, the flow regimes
on gabion weirs have not been studied adequately,
especially the through-flow regime. This requires more
experimental data with different downstream slopes,
a wider range of discharges, and different rockfill
properties. Doing so will help us understand flow
characteristics and develop empirical formulas for the
onset limits of each flow regime. The present study aims
to provide a good understanding of the characteristics
of flow regimes by studying the different parameters
(downstream slope, rockfill materials, and discharge)
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Table 1. The onset of the skimming flow on the gabion stepped
weirs.

Formula Author
Ye
™ > 0.88 Zhang and Chanson (2014)

S

Ye (Wuthrich and Chanson, 2015; Zhang and
> 0.90
hg Chanson, 2015)

that affect flow regimes on gabion stepped weirs.
In addition, develop a relationship for estimating the
onset limits for each flow regime.

Material and Methods
Experimental Facilities

The experimental work was conducted in a flume
measuring 6400 mm length, 500 mm width, and 600 mm
height with walls made from acrylic. The water tank
capacity is 2200 liters, and water was recirculated
with two pumps, each with a maximum discharge of
35 l/sec to provide a maximum flow rate of 70 1/sec.
The flow rate was regulated manually using a valve.
The flume was equipped with a sluice gate at the
downstream end to control tailwater depth and the
hydraulic jump position. A flow meter was installed
to measure the flow rate, up to an accuracy of +3%.
Point gauges with an accuracy of +£0.1 mm were used to
measure water depth at three positions: upstream of the
weir, downstream of the weir before the hydraulic jump,
and after the hydraulic jump.

Table 2. Details of tested physical models.

Physical Models and Test Program

The gabion baskets of physical models were
made of 1.5 mm galvanized wire mesh with square
openings of 12.7 mm x 12.7 mm. Two types of rockfill
materials were used, crushed stone and rounded gravel.
The average porosity was 0.42 for crushed stone and
0.38 for rounded gravel which was measured three
times by direct method for each sample. Nine physical
models of gabion weirs were studied to investigate
the effect of downstream slope on flow regimes.
The models have downstream slopes of 1:0.5, 1:0.83,
1:1, 1:1.5, 1:2, 1:2.17, 1:2.5, 1:3, and 1:4 (V:H) tested
with crushed stone. Moreover, eight physical models of
gabion weirs were utilized in this investigation to study
the effect of rockfill materials. The models have four
downstream slopes 1:0.5, 1:1, 1:2, and 1:3 (V:H) each
tested with two rock fill materials (crushed stone and
rounded gravel). According to Pegram et al. (1999) [20]
and (Chanson, 2000) [21] models of a 1:20 or larger
scale could represent the prototype behavior of stepped
weirs. Further, a smaller scale may show significant
scale effects. Therefore, the scale 1:10 has been chosen
to avoid the scale effect. All models were designed with
four steps and had the same height, width, step height,
and broad crest (height 400 mm, width 500 mm, step
height 100 mm, and broad crest 200 mm). All models
tested with ten runs of different discharges ranged
between 0.006 and 0.105 m*sec/m. Table 2 shows the
details of tested physical models.

Definition of Flow Regimes

The determination of limits of flow regimes is a
significant aspect in the design of stepped weirs due

Model number Weir slope Rock fill materials e
V:H Effect of the downstream slope Effect of rockfill materials
N-CS-0.5 1:0.5 Crushed stone *
N-CS-0.83 1:0.83 Crushed stone *
N-CS-1 1:1 Crushed stone *
N-RG-1 1:1 Rounded gravel *
N-CS-1.5 1:1.5 Crushed stone *
N-CS-2 1:2 Crushed stone *
N-RG-2 1:2 Rounded gravel * *
N-CS-2.17 1:2.17 Crushed stone *
N-CS-2.5 1:2.5 Crushed stone *
N-CS-3 1:3 Crushed stone * *
N-RG-3 1:3 Rounded gravel *
N-CS-4 1:4 Crushed stone * *
N-RG-4 1:4 Rounded gravel *
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to differences in the hydraulic performance for each
flow regime. Many studies have been carried out to
investigate the limits of flow regimes on impervious
stepped weirs. However, on gabion stepped weirs, few
studies have investigated flow regimes and their limits.
The definitions of flow regimes on gabion stepped weirs
are as follows:

Through-Flow Regime

When the entire flow is through the porous body
of the weir. There is no overflow at the outer edge of
the steps. The water seeps into the vertical face of the
upstream side of the weir and exits through the vertical
face of the first step (lowest step) only.

Transition I Flow Regime

In this regime, the water begins exiting through the
vertical face of other steps, which causes the overflow
to begin on the horizontal face of lower steps. In this
case, the flow is through-flow at the upper steps and
overflow at the lower steps.

Nappe Flow Regime

The flow in this regime is over the whole body of
the weir. The water flow as a free-falling nappes and
jet impact from one step to the next. There is no cavity
below the nappe due to water seeping out of the vertical
faces of the steps.

Transition Il Flow Regime

In this regime, the flow changed from nappe to
skimming on the lower steps, while it remains nappe
on the upper steps. In other words, it is the nappe flow
regime on the upper steps with the skimming flow
regime on the lower steps.

Skimming Flow Regime

The water moves down the steps in a consequential
flow. Recirculating vortices are restricted between the
steps and work as a cushion with no air pockets under
the jets. Water, then, skims over the pseudo-bottom
formed by the outer edge of steps.

Table 3. Flow regimes criteria.

The determination of the onset of regimes usually
depends on visual interpretation. Table 3 shows the
criteria utilized in this study to determine the flow
regimes [11].

Results and Discussion
Experimental Observations

In the current investigation on the gabion stepped
weir, five flow regimes were identified. Figure (2) shows
the flow regimes in the normal sequence on model
N-CS-4 as an example. For small discharges (Drop
number<0.0004), a through-flow regime was observed.
The water seeped into the vertical face of the upstream
side of the weir and exited through the vertical face of
the first step (lowest step). In this stage, the whole flow
is through the porous media, i.e., through the weir body,
as shown in Fig. la). In this regime, there is no flow
over the crest or the steps of the weir for all downstream
slopes. The amount of through-flow depends on the
porosity of the rockfill materials and the weir height,
length, and slope.

When the flow rate increased, the water started
exiting through the vertical face of the second step, and
the overflow began at the first step (lowest step). At this
discharge, the flow is mixed (i.e., the through-flow at the
upper steps and overflow at the first step). This regime
will be called a transition I flow regime, as shown in
Fig. 1b). With increasing discharge, the overflow will
appear on other steps until the whole weir is submerged.
Then, the nappe flow regime will begin (Fig. 1c). There
is no cavity below the nappe due to water seeping out
of the vertical faces of the steps. With the continued
increase in discharge, the flow regime changes from the
nappe flow to the skimming flow through the transition
II regime. In the transition II flow, the regime changes
from nappe to skimming on the lower steps, while it is
still nappe on the upper steps (Fig. 1d).

At the skimming flow regime, water moves down
the steps in a consequential flow with recirculating
vortices restricted between the steps working as a
cushion (with no air pockets under the jets). The flow
passes over the pseudo-bottom formed by the external
edge of steps (Fig. le). On the steep slopes, interference
has been observed between the transition flow regimes

Flow regime

Regime description

Through flow

No overflow at the outer edge of the steps.

Transition I flow

Overflow began at the first step.

Nappe flow

Free-falling nappes and jet impact from one step onto the next one.

Transition II flow

Nappe on the upper steps with skimming on the lower steps

Skimming flow

Water skimming over the pseudo-bottom formed by the outer edge of the steps.
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that lead to dominating the transition I and II regimes
on the nappe flow regime. In slopes 1:0.5 and 1:0.83,
the flow regime changed from transition I to transition
II directly without observation of a clear nappe flow
regime on all steps at the same time. In other words,

the through-flow regime on the upper steps with
the nappe flow on the lower steps. With increasing
discharge, the flow changed to the nappe flow on
the upper steps with the skimming flow on the lower
steps. However, all the flow regimes were observed

H‘

‘l\m"; !
1 1
|

il

Fig. 1. Observed flow regime on mild slope model (N-CS-4): a) through-flow, b) transition I flow, c¢) nappe flow, d) transition II flow,

and e) skimming flow.
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in the normal sequence on the other slopes, especially on
mild slope models (slope 1: 3 and 1: 4). Fig. 2 presents
a comparison of observed flow regimes between steep
and mild downstream slopes.

Effect of Downstream Slope

Essery and Horner (1978) [22] and Peyras et al.
(1991) [23] as cited in (André and Schleiss, 2004)
[24] stated that the flow regime on stepped spillways
depends on the discharge and the downstream spillway
slope. Therefore, the parameters that affect the type of
flow regimes are the weir geometry, rockfill material
properties, and the amount of discharge. In this section,
the results of the experimental physical models of the
gabion stepped weirs of normal steps with different
downstream slopes, two rockfill materials, and a wide
range of discharge will be presented. To investigate the
flow regimes on normal steps gabion stepped weirs,
nine models of different downstream slopes were tested
for a range of discharges (Table 2). The models have

the same rockfill materials (crushed stone of porosity
0.42). The discharge limits ranged between 0.006 and
0.105 m?sec/m. A visual interpretation was used to
investigate the flow regimes on each model with a range
of used discharges. All types of flow regimes were
recognized, especially on the moderate and mild slopes.
However, on the steep slopes, as mentioned earlier,
the nappe flow regime was not noticed on all steps at
the same time. The reason for this behavior might be
due to the increasing amount of discharge on the lower
steps from the additional flow, which is seeped from
the vertical face of the steps. This can change the flow
regime from nappe to skimming on the lower steps
before starting the nappe flow on the higher steps.
The seepage flow from the vertical face of steps was
higher on steep slopes than the mild slopes likely due
to less internal resistance. Indeed, the path of through-
flow is shorter in the steep slopes. That’s why the nappe
flow regime was not apparent on all steps at the same
time at the steep slopes on gabion stepped weirs. Fig. 3
shows the flow regimes for all downstream slopes as

BThrough
ENappe
B Transition II
B Skimming
0 0,005 0,015 0,02
Drop number
Fig. 2. Comparison of observed flow regimes between steep and mild downstream slopes.
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Fig. 3. Flow regimes on normal steps models.
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a function of the drop number (discharge) and upstream
flow depth ratio (y/h ). In general, it can be recognized
for all downstream slopes that the normal sequence
of flow regimes with increasing discharge, starting
from the through-flow at the low range of discharge
to the skimming flow at the higher range of discharge.
The flow regime is a function of the upstream depth
ratio. At a low upstream depth ratio, the flow is through
the porous media. Increasing the upstream depth ratio,
the flow regime leads to the transition I flow regime
and then overflow (nappe, transition II, and skimming).
On the other hand, the upstream depth ratio is a
function of the drop number. With an increase in the
drop number (discharge), the upstream depth ratio
increases. As a result, the flow regime is a function
of the drop number. This result can be clearly noticed
in Fig. 3, where, with increasing the drop number,

a) 0,025
0,02
0,015

0,01

Drop number

0,005
0

b) 0,025
0,02
0,015

0,01

Drop number

0,005

©) 0,025

0,02

Drop number
o
)
"
N

d) 0,025
0,02
0,015

0,01

Drop number

0,005

0

0

the flow regimes changed in a successive pattern.
They started with the through-flow regime and ended
with the skimming flow regime. The effect of the
downstream slope on flow regimes can be divided into
two parts. The first part is for the through and transition
I flow. At the low (milder) slopes, the length of the weir
will be longer. The through-flow path will be longer,
as well. In this case, the internal resistance increased,
which lead to an increase in the upstream flow depth.
As a result of the increasing upstream water depth,
the overflow will be started at a lower discharge than
that for the high (steep) slopes. The second part is for
the overflow regimes. At low slopes, the contact surface
between the water and the weir will be longer, and
the friction resistance will be greater. The velocity,
in this case, will be lower. That’s why all the flow
regimes were clearly observed in the normal sequence
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® Transition I Flow RG

® Skimming Flow RG
OThrough Flow CS
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Fig. 4. Comparison of flow regimes between rockfill type: crushed stone (CS) and rounded gravel (RG): a) models N-CS-0.5 and N-RG-
0.5, b) models N-CS-1 and N-RG-1, ¢) models N-CS-2 and N-RG-2, and d) models N-CS-3 and N-RG-3.
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Fig. 5. Flow regimes limits on normal steps models.

on the mild slope models. For the same reason, the
interference between transition I and II flow regimes
on the steep slopes were noticed, and the nappe flow
regime was not seen, as shown in Fig. 3.

Effect of Materials Rockfill

Two types of rockfill materials were used to
investigate the effect of particle shape and porosity
on flow regimes. Rounded gravel of nominal size
(26.5 mm - 13.2 mm) D50 = 16 mm, and angular
crushed stone of nominal size (37.5 mm - 13.2 mm)
D50 23 mm. The average porosity was 0.38
for rounded gravel and 0.42 for crushed stone.
Four downstream slopes (1: 0.5, 1: 1, 1: 2, and I:
3) were used for each rockfill material with a wide
range of discharge. Fig. 4 shows a comparison of the
flow regimes between crushed stone and rounded

hs/lIs

gravel for each downstream slope. There is no clear
effect of the rockfill materials’ shape and porosity
on the flow regimes, especially at the high drop numbers
(at the overflow regimes). The shape and porosity of
the rockfill materials can affect the amount of flow
through the porous medium. More angularity means
more resistance to the flow, while more porosity means
less resistance to the flow. At the low drop numbers
(D<0.003), there is a minor effect for filling material
on the flow regimes (through-flow and transition I
flow regimes). This result agrees with the finding of
Jalil et al. (2019) [25]. At a high discharge (D>0.006),
the effect of the rockfill materials is not apparent
because the amount of through-flow was too small
compared with the amount of overflow. Then, the
overflow was not affected by the rockfill shape or
porosity.

Table 4. The suggested relationships for estimating the flow regimes limits.

Flow regime Formula R
imi d =0016+00037(E)
Upper limit of through-flow \/m : : I 0.965
q hg
Lower limit of nappe flow = 0.084 —0.0023 T 0.951
g Hy S
q hy
Upper limit of nappe flow T 0.103 - 0.0073 (1_) 0.971
g Hy, s
q hg
Lower limit of skimming flow = = 0.118 — 0.0081 T 0.970
g Hy S
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Flow Regime Limits

Fig. 5 presents the limits of flow regimes on gabion
stepped weirs (normal steps) as a relationship between
the square root of the drop number and the downstream
slope. The upper limits of the through-flow regime
have a positive relationship. Indeed, as the downstream
slope increases (steepens), the weir becomes shorter,
has less internal friction resistance, and has more
flow through the weir body. For the overflow regimes
limits, the relation has a negative trend. The reason
for this behaviour is likely due to the surface friction
resistance that increased as the downstream slope
decreased (milder). The flow velocity, consequently,
also decreased. Using experimental data presented
in Fig. 5, relationships were suggested for estimating
the flow regimes limits on the gabion stepped weirs
(normal steps) as shown in Table 4. Most studies such
as (Zhang and Chanson, 2014; Wuthrich and Chanson
2015; Zhang and Chanson, 2015) used y /h_to obtain
the flow regime limits instead of the drop number [17,
18, 19]. This could be correct on the gabion spillways.
However, on the gabion weirs, it might be inaccurate
as the calculation of critical depth depends on the total
discharge. Meanwhile, in the porous media, the flow
has two components: through flow and overflow. The
amount of through-flow is not negligible, especially
at low and moderate discharge. The suggested limits
were obtained for the normal step gabion weirs of 0.42
porosity with downstream slopes ranging from 0.25 to
2.0 (14.03°<0<63.43°) and drop numbers ranging from
0.0003 to 0.0132. It is recommended for the above
ranges only, and the validity of these limits outside the
ranges is questionable. There is no available information
outside of the ranges.

Conclusions

The current study investigated the flow regimes on
gabion stepped weir for different downstream slopes
and rockfill materials experimentally. Nine normal
steps models were tested, each with ten runs of different
discharges to investigate the effect of downstream
slopes on flow regimes. The downstream slopes ranged
between 1:0.5 to 1:4 V:H. Results show that all flow
regimes have been observed in the normal sequence
on most downstream slope models. However, for the
steeper slope models (1:0.5, 1:0.83), the nappe flow
regime is not observed clearly on all steps at the same
time. This is due to interference between the nappe
and transition II flow regimes. Moreover, based on the
experimental data, four relationships were suggested to
estimate the flow regime limits in terms of the square
root of the drop number and the downstream slope.
The coefficient of correlation (R) of the developed
equations ranged between 0.95 to 0.97. Furthermore,
two types of rockfill materials (rounded gravel of
0.38 porosity and crushed stone of 0.42 porosity) were

utilized to study the effect of the rockfill materials on
flow regimes. The results indicated that the shape and
size of the rockfill materials have a minor effect on flow
regimes at a low discharge only. This was when most of
the flow was through the porous media. At a high rate
of flow, when the flow was an overflow, the effect of
rockfill materials is insignificant.
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