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Abstract: An intervention recently made in Zambia is the promotion of small-scale irrigation using
simple weirs, which aims to encourage small-scale farmers in the country’s rural areas to engage in
irrigated food production throughout the dry season. This irrigation method relies on conventional
weirs to divert the river’s flow. This study was carried out in three northern region provinces of
Zambia between November 2022 and January 2023 to conduct a functional diagnostic assessment
of simple weirs during the dry and rainy seasons. In this study, 15 simple weirs were chosen for
investigation. The goal of this study was to determine their physical status, identify their problems
and scope, and evaluate simple weirs’ potential for river water diversion. According to this study,
26% of the weirs had broken sections and 67% were in excellent condition (being recently maintained
and restored). Despite the challenges mentioned earlier, farmers have continued to construct them
because they cannot afford to purchase stone or concrete irrigation structures due to the location
and/or small-scale area available for irrigation development. Simple weirs may act as a beneficial
supplement to irrigation technologies. The use of local building materials and the use of traditional
skills is encouraged by this technology.

Keywords: simple weirs; small-scale irrigation; rural areas; upstream water level; emerging farmers; dryland

1. Introduction

According to estimates, up to 70% of the population in sub-Saharan Africa is composed
of low-income individuals who live in rural areas and rely heavily on rainfed agriculture to
earn their living. This population’s reliance on the rainy season for agriculture does present
several potential challenges, including unreliable weather patterns, a shorter rainy season,
and an increase in agricultural pests [1]. According to estimates, small-scale farmers in
rural areas of Zambia, wherein 74-80% of the population lives, rely on rainfed agriculture
for their livelihood [2]. Agriculture is a major source of food and income in many rural
parts of Zambia, with small-scale farmers producing the majority of the country’s food. In
Zambia’s rural areas, the majority of small-scale farmers rely on the yearly crops collected
in June and July for both food and money. However, most family food stores in rural areas
begin to diminish in October. The majority of rural households experience severe food
shortages between January and April. In order to survive food shortages during this season
and prepare for the following harvest, the majority of rural households skip meals.
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Despite small-scale irrigation producing relatively high returns, previous research
has shown that expanding small-scale irrigation is typically difficult due to biophysical
considerations [3]. Zambia’s rural areas struggle with a lack of appropriate low-cost
irrigation methods, much like other small-scale irrigation systems in sub-Saharan Africa.
Small-scale farmers in rural areas are solely dependent on crude irrigation techniques,
which means there are restrictions on how far irrigation activities can be expanded. In Sub-
Saharan Africa, irrigation schemes of all sizes have transitioned from government support
to self-help. It is for this reason that small-scale farmers will inevitably embrace innovative
irrigation techniques as the demand for year-round food production rises, and they may
diversify their sources of income through small-scale dry season irrigation [4]. Finding
substitute affordable irrigation techniques is crucial for improving the rural livelihoods
of the vast majority of Africans. When compared to pressurised irrigation systems, some
small-scale irrigation techniques have been reported to yield comparatively large returns
per unit.

Off-season small-scale irrigation in arid and semi-arid areas of sub-Saharan Africa
can be optimised by using simple structures, technologies, and practices that allow river
water to be diverted for off-season small-scale irrigation of high-value crops [5-7]. In order
to improve rural people’s nutrition and food security, small-scale irrigation development
has been incorporated into agricultural strategies in several African nations. After the
implementation of strategies for creating and promoting other types of irrigation, small-
scale irrigation areas have shown growth in comparison to medium- or large-scale irrigation
areas [8-10]. Studies have determined that there are up to 20.5 million hectares of irrigable
land in sub-Saharan Africa that might be used for river diversion, of which 3 million are in
southern Africa [11]. Because of this potential, small-scale irrigation is anticipated to be
extremely important in rural parts of sub-Saharan Africa wherein there is a need to lessen
poverty and improve food security for the vast majority of impoverished people.

However, most of the small-scale farmers in sub-Saharan Africa manually draw water
for dry season irrigation from shallow wells, rivers, and streams using buckets, watering
cans, treadle pumps, and plastic containers. This type of irrigation practice is common in
remote rural areas in most developing countries. In Zambia, about 80% of the total number
of small-scale farmers in rural areas of Zambia use watering cans, buckets, and scooping
techniques to irrigate crops [12-14].

However, most small-scale rural farmers in Zambia are moving away from these
old-fashioned manual irrigation techniques and towards less labour-intensive inventions
such as simple weirs [15]. A simple weir is a temporary hydraulic structure with a low head
that is built across a river channel to redirect river water. These structures are comparatively
inexpensive, suitable for rural settings, and have the capacity for gravity irrigation [16].
The water provided by these types of irrigation structures is utilised for a variety of reasons
in the northern region, including irrigation of crops during the dry season, supplemental
irrigation during dry spells, and water supply for inland fish farming and research [17]. In
the provinces of Luapula, Copperbelt, and North-Western, wherein the dry season lasts
from May to December, these kinds of irrigation structures are built frequently and for
every dry season [18].

In locations with rivers, springs, and streams, simple weirs in addition to concrete-
constructed irrigation structures play a crucial role in irrigation to improve household
food security in many nations and regions where irrigation technology has not yet been
adopted. To help small-scale farmers in distant areas of developing countries, several
researchers have studied affordable low-cost irrigation technologies. Most of them have
been recommended for implementation and adoption by small-scale farmers. The purpose
of this study was to determine whether these structures constructed by farmers themselves
would sustain for one dry season. The usefulness of simple weirs has been the subject of
numerous reports, but none have examined their longevity yet. The findings of this study
will be valuable for researchers and engineers interested in the parameters affecting the
durability of these structures.
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In Zambia, Malawi, and Mozambique, among other countries in sub-Saharan Africa,
these structures and the recent addition of simple weirs are becoming more commonly
recognised in the development and promotion of community-based irrigation systems [19].
Since the introduction of simple weirs, they have helped to promote and develop small-
scale irrigation, enabled emerging farmers to switch from traditional irrigation methods
to better irrigation practices, and helped new farmers gain experience in the management
and operation of community-based small-scale irrigation schemes [20].

Due to a lack of research and experimental findings on these types of weirs, their
design and the material selection methods, there is a strong need to identify structural
constraints and challenges faced by farmers. In order to comprehend the technical viability
of this traditional technology, this study carried out a functional diagnostic assessment,
concentrating on (i) the difficulties and drawbacks of single-line weirs and (ii) the water
diversion volume potentially available for irrigation. Therefore, the goal of this study was
to evaluate single-line weirs built by farmers in the aforementioned region.

2. Methodology
2.1. Study Areas

This study was carried out in the northern part of Zambia, which includes the
provinces of Luapula, Copperbelt, and North-Western, as shown in Figure 1 [21,22].
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Figure 1. Geographical location of the study area and estimated location of the sites for simple weirs.

2.2. Rainfall

Zambia has two distinct seasons. The rainy season begins in late October and lasts
until late April. Effective rains, however, occur from late December to early April [23]. The
dry season, which lasts from early May to late November, comes after the wet season, as
shown in Figure 2. Variations in (i) altitude, (ii) latitude, (iii) temperature, (iv) humidity,
and (v) wind movements are what define Zambia’s rainfall pattern.
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Figure 2. Annual rainfall distribution pattern.

Three agroecological zones categorise the annual rainfall in Zambia. The zones are
classified as Zone I, with an annual precipitation level of less than 750 mm; Zone II, with
an annual precipitation level between 900 mm and 1200 mm; and Zone III, with an annual
precipitation level of more than 1400 mm [24,25]. With an annual rainfall of 1000-1500 mm
and a growth season of 120-150 days, it covers 41% of the country, including parts of
the Central African Plateau in the Northern, Luapula, Copperbelt, and North-Western
provinces, as well as parts of the Serenje and Mkushi districts. Due to soil conditions, only
53% of the land is fit for cultivation. This, together with limited market access, limits the
number of crop types that can be grown. There are several wetlands, dambos, rivers, and
lakes, but poor commercialisation limits irrigated output.

In Zambia, rivers, lakes, and groundwater make up around 40% of the nation’s total
water supply. Zambia’s northern provinces are blessed with perennial rivers. The region has
two major river basins, the Tanganyika River basin and the Chambeshi River basin [26,27].
The Chambeshi and Luapula rivers are the two main rivers in Zambia’s northern area, both
of which are part of the Congo River basin. Lake Mweru, Mweru Wantipa, Bangweulu,
and Tanganyika are the principal surface water bodies of the Chambeshi/Luapula river
network. Zambia has tremendous water resources but has done little to utilize them through
irrigation system investments, and many farmers continue to rely on rainfed cropping
cycles. The Zambian smallholder farming community is very vulnerable to the effects
of global warming and climate change. This state of affairs creates significant challenges
in attaining water security, maintaining crop productivity, supporting economic growth,
and enhancing livelihoods. Rainfed subsistence agriculture, which is widely practised in
Zambia, is under threat from fluctuating rainfall patterns and has failed to significantly
enhance crop production or smooth out cycles of hunger and food insecurity.

2.3. Research Framework

Due to availability and accessibility limitations, the study area was divided into three
provinces, with five sites of equal proportion selected randomly from each province, as
illustrated in Figure 3. For the current investigation, in all, 15 structures were chosen
based on geographical location [28,29]. Furthermore, monitoring field inspections were
carried out three times on each weir. Simple weir structures constructed along the same
river were treated in this study as a single diversion. It was regarded in this way to avoid
data duplication.
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Main aspects of this research:
(1) Using appropriate technology to promote and develop small-scale
irrigation in rural areas of Zambia
(2) Filling the technological gap between rudimentary methods of

irrigation and improved irrigation practices
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Figure 3. Schematic research framework.
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2.4. River Profile Data

At each site, river width and average depths were measured to establish the geometry
and to calculate the cross-sectional area of the river. The obtained cross-sectional area was
then multiplied by the estimated river velocity using the floating method.

2.5. Discharge Measuring Procedure Using the Floating Method
2.5.1. Calculation of the Cross-Sectional Area of the River

The following equations were used to compute the volumetric river flow rates and the
volume of water diverted at each weir’s intake structure: (1), (2), (3), and (4). The first step
was to measure the river’s width (W). The next step was to measure the depth of the river
at equidistance-spaced points across the river’s width. The average depth (D) of the river
was calculated. The following formula was used to obtain the cross-sectional area of each
river [30].

A=DxW 1)

where A is the cross-sectional area (m?), w is the river width (m), and D is the average river
depth (m).

2.5.2. Measuring River Velocity Using the Floating Method

Items needed for this exercise were: a timer, floater, measuring tape, and two marking-
out pegs. Two pegs were placed 1-5 m apart upstream and downstream along the riverbank.
The floater was thrown into the river, where it was barely submerged at upstream and car-
ried downstream by water until it reached the downstream peg; this movement was timed
with a stopwatch. Three iterations were completed to determine the average velocity (V).

The theoretical river discharge (Q) was calculated by multiplying the river’s cross-
sectional area by the estimated water velocity:

Q=VxA @)

where Q is the mathematical volumetric discharge (m3/s), V is the average velocity of
water in the river channel (m/s), and A is the cross-sectional area (m?).

In order to account for the natural changes in flow rates, in Equation (2), the quantita-
tive estimation of the water flow rate is multiplied by 0.8.

Qa=Q x08 3)
We then obtained the flow rate diversion coefficient (Cd), which is defined as

River Flow rate diverte
d= 4
S River Flow rate @)

In this study, the diversion coefficient is calculated as the percentage of the river flow
that is diverted at the water intake [31].

2.6. Questionaire Format for Raw Data Collection

Key informants from different stakeholders were interviewed. The questionnaire
format in Table 1 was used to interview a total of 89 persons: Luapula (participants,
n = 39), Copperbelt (participants, n = 27), and North-Western (participants, n = 23). This
was conducted through discussions with members of the simple weir irrigation scheme,
interviews with local agricultural extension officers, and site visits. Since most of the
problems aired during participant talks were echoes of earlier issues, the sample size and
number of people interviewed were determined to be sufficient for this study.
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Table 1. The questionnaire for functional diagnosis of simple weirs.

Month

Reporting Date

Name of Province

Name of District Name of Simple Weir site

Climatic Information

Annual rainfall (mm)

Main source of water

Perennial river Seasonal stream

Spring

Irrigation method

Irrigable command area (ha)

Main crops

Type of simple weir

Single-line | Double-line | | Trigonal \ | Inclined |

Width of simple weir (m)

Riverbed foundation
characteristics

Rocky foundation Sandy Gravel

Highest river discharge (m°/s)

Lowest river discharge (m°/s)

Water intake slope (%)

Average amount of water
diverted for irrigation
(from May to October)

Source of construction material

Type of construction materials

Type of labour

3. Results
3.1. Types of Simple Weirs Constructed by Farmers

The key materials used in the construction of these types of structures are forest poles,
thatch grass, and tree bark. In many instances, these kinds of materials are readily available
in the local forest. Simple weirs are constructed using local forest material because most of
the rivers in the region have foundations that are too weak to support masonry or concrete
structures. Simple weirs may be categorised in four ways: single-line weirs, double-line
weirs, inclined weirs, and trigonal weirs [32]. In this study, our discussions focused on the
single-line simple weirs because they are the form most preferred by the farmers in the
region. This is shown by the high proportion of single-line simple weirs in Figure 4. These
types of structures are suitable for perennial rivers and streams with constant flowing water.
Other considerations for these structures include the future upgrading of the structure into
a permanent facility, the use of local skills, structural simplicity, and river flow regimes
during the dry season [33].

Trigonal weir,
4.2%(2

Double-line weir,
5.6%(30)

Inclined weir,
26.5%(130)
Single-line weir ,
63.7%(321)

Figure 4. Base-line data on the proportion of four types of simple weirs, 2022 survey.
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As previously said, basic weirs are essentially constructed as water intake weirs over
the river’s width. These structures have previously been established and promoted as
best practice for small-scale irrigation development in Zambia’s Luapula, Copperbelt, and
North-Western regions. However, information regarding the design, use, and maintenance
of these structures is currently lacking. One of the concerns raised in this paper is the issue
regarding maintenance. The study discovered a considerable variation in the amount of
water diverted by regularly and irregularly maintained weirs. It is for this reason that many
studies have stressed the importance of irrigation structure maintenance [34,35].

3.2. Prevailing Physical Condition Based on Rating Criteria

The findings in Figure 5 indicate the actual physical circumstances at the time of
the field visit. The four Luapula weirs, three Copperbelt weirs, and three North-Western
weirs made up 67% (10) of the single-line weirs that were in excellent condition (newly
constructed, maintained, or restored).

Weirs in excellent condition Weirs with minor Weirs with major defects

Single-line weirs with munor flaws that Single-line weirs that divert between Weirs include washed-away single-line

redirect more than 75% of the total river 75% and 50% of the water flow at the weirs, those with collapsed poles, and

discharge at intake. intake, yet have wvisible defects in weirs that redirect less than 50% of the
some sections, such as leaks. river's discharge at water intake.

2
Rai

Figure 5. Photographs of the existing simple weirs. Simple weirs were rated based on the state of
their structures and the amount of flow diverted.

Weirs in Luapula province, the Copperbelt province, and the North-Western province
all had partial damage, totalling 26% (four weirs), in the form of leaking, loose connections,
and decomposing thatch grass. The study also found that the wet season (November to
March) was the time during which single-line weirs were most susceptible to destruction.
While 7% (one weir) of sites in the Copperbelt were found to have a washed-away weir,
this was probably due to the increase in river inflow. The study also showed that single-line
weirs were particularly susceptible to damage during the wet season (November to March).
Because single-line weirs are prone to flood damage, they have difficulties that necessitate
yearly or even more frequent reconstruction. However, it was also discovered by the study
that 33% (5/15) of the single-line weirs had suffered damage during the dry season, as
detailed in Table 2.

Table 2. Physical condition of the existing weir samples (survey from November 2022).

Province Excellent Condition Partially Damaged Flushed-Off Weirs
Luapula 4 1 0
Copperbelt 3 1 1

North-Western 3 2 0
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3.3. The Inherent Characteristics of River Geometric Structures in Luapula, Copperbelt, and
North-Western Provinces

Tables 3-5 contain data summaries for the rivers that single-line weirs diverted. These
include dimensional and volumetric discharge characteristics across 15 single-line weirs,
measured between 12 November and 30 December 2022. According to the study, river
width and depth affect how much river water the single-line weir can divert.

Table 3. Data profile for each site in Luapula province.

Profile Parameters L1 L2 L3 L4 L5
Observation time (s) 55.70 56.00 66.00 58.30 62.30
Length of river section (m) 2.00 2.40 1.50 1.80 2.00
Average river velocity (m/s)  0.04 0.04 0.02 0.03 0.03
River width (m) 2.90 2.67 5.73 7.30 5.23
River depth (m) 0.98 1.50 1.50 1.20 1.40
Cross-sectional area (m?) 2.84 4.00 8.60 8.76 7.32
River discharge (m3/s) 0.10 0.17 0.20 0.27 0.23
Single-line weir height (m) 1.00 1.60 1.50 1.30 1.50
Single-line weir length (m) 3.00 2.50 6.00 7.20 5.00

Table 4. Data profile for each site in Copperbelt province.

Profile Parameters C1 C2 C3 C4 C5
Observation time (s) 41.80 60.00 63.70 60.00 61.67
Length of river section (m) 1.20 1.40 1.50 1.60 1.40
Average river velocity (m/s)  0.03 0.02 0.02 0.03 0.02
River width (m) 6.30 9.10 7.40 5.50 6.70
River depth (m) 1.30 1.30 1.10 1.56 1.10
Cross-sectional area (m?) 8.19 11.83 8.14 8.58 7.37
River discharge (m3/s) 0.23 0.28 0.19 0.23 0.17
Single-line weir height (m)  1.00 1.50 0.90 1.30 1.20
Single-line weir length (m) 6.50 10.00 7.50 6.00 7.00

Table 5. Data profile for each site in North-Western province.

Profile Parameters NW1 NWwW2 NW3 NW4 NW5
Observation time (s) 57.30 60.00 61.67 56.67 61.67
Length of river section (m) 2.20 2.00 2.50 1.20 1.60
Average river velocity (m/s) 0.04 0.03 0.04 0.02 0.03
River width (m) 4.90 5.70 7.10 6.30 6.00
River depth (m) 1.30 1.50 1.10 1.30 1.40
Cross-sectional area (m?) 6.37 8.55 7.81 8.19 8.40
River discharge (m?3/s) 0.24 0.29 0.32 0.17 0.22
Single-line weir height (m) 1.20 1.40 1.00 1.50 1.30
Single-line weir length (m) 5.00 6.00 7.00 6.50 6.00

In Luapula province, river widths ranged from 2.9 to 7.3 m, river depths ranged from
0.98 to 1.4 m, and river flows ranged from 0.1 to 0.27 m per second. In Copperbelt province,
river widths ranged from 5.5 to 9.1 m, river depths ranged from 1.1 to 1.6 m, and river flows
ranged from 0.17 to 0.28 m per second. In the North-Western province, river discharges
ranged from 0.17 to 0.32 m?/s, depths ranged from 1.1 to 1.5 m, and widths ranged from
4.9 to 7.1 m. The results of this analysis show the maximum flood level and the amount of
flow divergence that could be produced via the installation of single-line weirs.

3.3.1. Geometric Profiles for rivers in Luapula Province

The profiles of the five rivers assessed in Luapila province are presented in Tables 5-9
and Figures 6-10.



Water 2023, 15, 3935 10 of 19

Table 6. Summary of measurements, calculation of inflows, and amount of diversion at site L1.

Average River Cross- Average Calculated Actual River

Date Depth (D) Width Sectional Area  Water Velocity (V) Discharge (Q) :l)vl[sucll:;rlgiee db
(m) (m) (m?) (m/s) (m%/s) a Factor of 0 8¥
12-15 November 2022 0.40 3.48 1.40 0.04 0.06 0.04

Table 7. Summary of measurements, calculation of inflows, and amount of diversion at site L2.

Actual River

Average River Cross- Average Calculated Discharge
Date Depth (D) Width Sectional Area  Water Velocity (V) Discharge (Q) (Multi ﬁe db

(m) (m) (m?) (m/s) (m®/s) a Factol:‘ of 0 8;1
16-19 November 2022 0.30 2.60 0.78 0.02 0.02 0.01

Table 8. Summary of measurements, calculation of inflows, and amount of diversion at site L3.

Actual River

Average Depth . . Cross- Average Calculated .
Date (D) River Width Sectional Area  Water Velocity (V) Discharge (Q) DISCh.a '8¢
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m3/s)
a Factor of 0.8)
20-23 November 2022 0.70 5.70 3.99 0.03 0.12 0.10

Table 9. Summary of measurements, calculation of inflows, and amount of diversion at site L4.

Average Depth Cross- Average Calculated Actual River

Date (D) River Width Sectional Area  Water Velocity (V) Discharge (Q) DISCh.a '8¢
(m) (m) (m?) (m/s) (m3/s) (Multiplied by
a Factor of 0.8)
24-27 November 2022  0.40 7.30 2.92 0.03 0.09 0.07
W=348m

D,(0.98)

Figure 6. Geometric details of the river at site L1.

W=260m

¥

Dy0.0)

D,(0.8)

Figure 7. Geometric details of the river at site L2.

W=570m

Dy(0.0)

Figure 8. Geometric details of the river at site L3.
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W=730m

D,(0.9)

Figure 9. Geometric details of the river at site L4.

Dy(0.0)
Figure 10. Geometric details of the river at site L5.
3.3.2. Geometric profiles for rivers in Copperbelt province
The profiles of the five rivers targeted in Copperbelt province are presented in
Tables 10-14 and Figures 11-15.
Table 10. Summary of measurements, calculation of inflows, and amount of diversion at site L5.
Actual River
Average Depth River Width Cros's- Average ) Celculated Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) PR
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m°/s)
a Factor of 0.8)
28-30 November 2022  0.50 5.20 2.60 0.03 0.08 0.06
Table 11. Summary of measurements, calculation of inflows, and amount of diversion at site C1.
Actual River
Average Depth River Width Cros.s- Average ) Cﬁlculated Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) .o
(m) (m) (m2) (m/s) (@/s) (Multiplied by
a Factor of 0.8)
3—4 December 2022 0.40 6.30 2.52 0.03 0.08 0.06
Table 12. Summary of measurements, calculation of inflows, and amount of diversion at site C2.
Actual River
Average Depth River Width Cros's- Average ) Cglculated Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) PR
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m°/s)
a Factor of 0.8)
5-6 December 2022 0.40 9.10 3.64 0.02 0.07 0.06

Table 13. Summary of measurements, calculation of inflows, and amount of diversion at site C3.

Actual River

. . Cross- Average Calculated X
Date Average Depth  River Width Sectional Area  Water Velocity (V) Discharge (Q) DISCh.a ree
(D) (m) (m) 2 3 (Multiplied by
(m?) (m/s) (m°/s)
a Factor of 0.8)

7-8 December 2022 0.30 7.40 222 0.02 0.04 0.04
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Table 14. Summary of measurements, calculation of inflows, and amount of diversion at site C4.

Average Depth Cross- Average Calculated Actual River

Date (D) River Width Sectional Area  Water Velocity (V) Discharge (Q) Disch‘a rge
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m°/s)
a Factor of 0.8)
8-9 December 2022 0.40 5.50 2.20 0.03 0.07 0.05
W=6.30m
D,(0.0)
D,(0.15) D,(0.5) D,(1.2)
Figure 11. Geometric details of the river at site C1.
W=910m
D, (0.0) >

D,(0.8) D,(0.3)

Figure 12. Geometric details of the river at site C2.

W=740m

D,(0.85)

Figure 13. Geometric details of the river at site C3.

W=550m

Figure 14. Geometric details of the river at the single-line weir site C4.
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W=670m

|-
DO(O.O)
D 3(1 1)
Figure 15. Geometric details of the river at the single-line weir site C5.
3.3.3. Geometric Profiles for Rivers in North-Western Province
The profiles of the five rivers targeted in North-Western province are presented in
Tables 15-20 and Figures 16-20.
Table 15. Summary of measurements, calculation of inflows, and amount of diversion at site C5.
Actual River
Average Depth River Width Cros‘s- Average ) Célculated Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) PR
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m3/s)
a Factor of 0.8)
13-14 December 2022 0.50 6.70 3.35 0.02 0.07 0.05
Table 16. Summary of measurements, calculation of inflows, and amount of diversion at site NW1.
Average Depth . . Cross- Average Calculated A(‘:tual River
River Width . . . Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) .o
(m) (m) (m2) (m/s) (@%/s) (Multiplied by
a Factor of 0.8)
15-12 December 2022 0.40 4.90 1.96 0.04 0.07 0.06
Table 17. Summary of measurements, calculation of inflows, and amount of diversion at site NW2.
Actual River
Average Depth River Width Cros's- Average ) Celculated Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) PR
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m3/s)
a Factor of 0.8)
18-20 December 2022  0.40 5.70 2.28 0.03 0.07 0.05
Table 18. Summary of measurements, calculation of inflows, and amount of diversion at site NW3.
Average Depth . . Cross- Average Calculated Ac‘:tual River
River Width . . . Discharge
Date (D) Sectional Area  Water Velocity (V) Discharge (Q) . T
(m) (m) (m2) (m/s) (@/s) (Multiplied by
a Factor of 0.8)
21-22 December 2022 0.40 7.50 3.00 0.04 0.12 0.10
Table 19. Summary of measurements, calculation of inflows, and amount of diversion at site NW4.
Actual River
Average Depth River Width Cros's- Average ] Cglculated Discharge
Date (D) Sectional Area ~ Water Velocity (V) Discharge (Q) PR
(m) 2 3 (Multiplied by
(m) (m?) (m/s) (m>/s)

a Factor of 0.8)
23-26 December 2022  0.30 6.30 1.89 0.02 0.04 0.03
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Table 20. Summary of measurements, calculation of inflows, and amount of diversion at site NW5.

Actual River

Average Depth Cross- Average Calculated

Date (D) River Width Sectional Area  Water Velocity (V) Discharge (Q) DISCh.a rge
(m) (m) (m2) (m/s) (m3/s) (Multiplied by
a Factor of 0.8)
27-30 December 2022 0.20 6.00 1.20 0.03 0.04 0.03
W=490m

D,(0.7) D,(0.8)

\ﬂ____J

Figure 16. Geometric details of the river at the single-line weir site NW1.

W=570m

D,(0.0)

D,03) | D,05) | D0.7) | D,(1.0)

Figure 17. Geometric details of the river at the single-line weir site NW2.

W=750m

D (0.35)| D,0.6) | D,(1.0) | Di0.7) | D0.3)

I—

Figure 18. Geometric details of the river at the single-line weir site NW3.

W=6.30m

Do(0.0)

Figure 19. Geometric details of the river at the single-line weir site NW4.
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W=6.00m

D,(0.0)
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River discharge and river flow
o

0.05

D015 1 p04) | D045
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Figure 20. Geometric details of the river at the single-line weir site NW5.

3.4. River Inflow and Amount of Water Diversion

The study evaluated water diversion volumes at individual locations within each
province. The water diversion volume results were compared. This analysis was necessary
to determine the locations with the greatest magnitude of water diversion volumes. The
least water diversion volume was recorded at L5, with 49% of the total river inflow. At
L1, the water diversion volume was 90% of the total river inflow, whereas at L2, the water
diversion volume was 70% of the total river inflow, and at L3 the water diversion volume
was 92% as shown in Figure 21. This level of water diversion was attributed to regular
maintenance of the weirs.

M River discharge (m3/s) I River flow diverted (mj3/s)

1||||

L1 (Weirin L2 (Weir L3 (Weirin L4 (Weir L5 (Weir
excellent ~ withminor  excellent  with minor with major
condition) condition) condition) detects) defects)

Figure 21. Weir condition, average river inflow, and water diversion volume.

According to the data collected from Copperbelt, the analysis in Figure 22 reveals
that the water diversion volume at CP1 was 78% of the total river discharge, at location
CP2 was 68% of the total river discharge whereas at locations CP3 and CP4 was 84% and



Water 2023, 15, 3935

16 of 19

45%, respectively. Consequently, the simple weir at location CP5 was washed away by
flash floods. It was discovered that well-maintained simple weirs diverted and withdrew
amounts of water between 78% and 84% of the river’s total flow and diverted it for
irrigation downstream.

M River discharge (m3/s) River flow diverted (m3/s)

0-2 I I I
0 I I

CP1 (Weirin CP2 (Weir with CP3 (Weirin CP4 (Weir with CP5 (Weir with
excellent  minor detects) excellent major defects) major
condition) condition) defects,weir
washed away)

=
[
[}

diverted (m3/s)
o

o
]
9]

River discharge and river flow

Figure 22. Weir condition, average river inflow, and water diversion volume.

The findings for North-Western province are shown in Figure 23. At location NW1,
the water diversion volume was 75% of the total river inflows, at NW2 the water diversion
volume was 80% of the total river inflows, whereas, at NW3, NW4, and NW5 the water
diversion volumes were 87%, 63%, and 54%, respectively. The findings of this study also
demonstrate that 90% of the simple weirs did not prevent water from flowing downstream
for beneficial applications, including environmental flow requirements [36].

M River discharge (m3/s) River flow diverted (m3/s)

02

0.1
01
0.05
0

NWI (Weirin NW2 (Weirin NW3 (Weirin  NW4 (Weir NW5 (Weir
excellent excellent excellent with minor with minor
condition) condition) condition) defects) defects)

diverted (m 3/s)
[&)]

River discharge and river flow

Figure 23. Weir condition, average river inflow, and water diversion volume.
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4. Discussion

Some 502 simple weirs were constructed at different locations and on different rivers
between May and August 2023. However, for this research, 15 simple weirs were selected
for intensive rigorous investigation because of time limitations. The investigation details
included: measurement of river inflows, river dimensions (width and depth), upstream
water levels, water level changes, historical river flows, and percentage of flow diverted.

It was observed that these types of weirs are vulnerable to a range of factors including
construction materials, river size (width and depth), river velocity, seasonal variation in
river flow, precipitation, intake dimensions (width, depth, and slope), weir conditions, type
of simple weir, downstream water demand, and soil type.

It was revealed that in the proper functioning of these structures, the water level
upstream is an important factor. Because of seasonal variations in river flow, the river’s
water level fluctuates from season to season. The weir’s restriction of river flow helps to
stabilise the river’s upstream water level. The aforementioned factors are linked to the
amount of water discharged by the river into the canal. It was found that the majority of
simple weirs improved the flow diverted into a canal built closer to the water intake point
upstream; this was achieved by raising water to an average height ranging between 0.1 m
and 0.5 m above the historic flood level at times of lowest river flow.

The advantage of these structures is that they can be constructed on a variety of
river conditions to divert water. According to data gathered between November 2022 and
January 2023, around 80% of the total number of operational single-line weirs diverted more
than 70% of the discharge of their respective river flows. Further research has shown that
80% of single-line weirs in Luapula divert between 92% (0.18 m3/s) and 70% (0.12 m3/s)
of the river flow, whereas only 60% of the single-line weirs in North-Western province
achieved this.

5. Conclusions

The purpose of this study was to demonstrate that simple weirs are a model approach
for small-scale irrigation development and promotion in rural areas in developing countries.
This study examined a total of 15 simple weirs built by small-scale farmers in the remote
rural provinces of Luapula, Copperbelt, and North-Western to determine the difficulties
and the potential of these structures for redirecting river flow for irrigation. According to
the evaluation’s findings, 67% of all structures were in excellent condition, 27% had minor
damage, and 6% had serious damage. These results correspond well with those from earlier
research on comparable structures.

The other intriguing finding made in our assessments of these structures is that, with
proper maintenance, simple weirs can achieve a water diversion efficiency of over 75%.
This level of performance was achieved by about 10 out of the 15 simple weirs. In our
evaluation of flow diversion, we found that some weirs diverted more than others. This
may be attributed to leakages and seepages. The water losses due to these challenges may
be evidence of a lack of regular maintenance of the structures.

Based on Figures 21-23, simple weirs may be used to identify functional potential
sites for development into permanent weirs, as these types of structures are temporarily
constructed by the farmers for the predicted demands of irrigated crops in the dry season.
However, information on the hydraulic dynamics of simple weirs is rather inadequate.
For example, the vortex effect largely caused by the circulation of flow has not been
comprehensively elucidated within these types of structures.

According to the conclusions of this study, basic weirs have a good impact, which
is appreciated by poor small-scale farmers, demonstrating that these sorts of structures
provide irrigation choice options to small-scale farmers in distant areas wherein concrete
or masonry are not economically or financially viable due to the small scale. Simple weirs
have been utilised by farmers to transition from subsistence irrigation to medium-scale
irrigation. With the farmers’ increasing interest in utilising simple weirs in the early stages
of their practice of irrigated farming, irrigation development is guaranteed.
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