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Executive summary
Today, 844 million people still lack access to a basic water service (World Health Organization and
UNICEF, 2017). Sand dams contribute to reducing these inequalities. Sand dams are small
impermeable walls constructed across seasonal rivers that trap sediments upstream, in which water
is trapped during the dry season. Water is usually abstracted through a scoop hole or through an
improved extraction system such as a well or borehole.
Excellent Development sponsored this study with the aim of increasing the number of dams
constructed by 2025. The objective is to influence the building up to 10,000 dams by 2025, by filling
the gap of scientific knowledge on this technology. Guidelines have been produced to site dams in the
most appropriate location by Excellent Development (Maddrell and Neal, 2012) and the RAIN
Foundation (RAIN Foundation, 2012), based solely on their field experience.
This study aims to assess which factors contribute to a sand dam filling with coarse grained material
and the impact of grain on the ability of the sediment to filter contaminants. To reach these objectives,
both experimental and desk-based studies were carried out. Column experiments, comparing two
types of sand, were performed to assess the impact of sediment grain size on Escherichia Coli (E. coli)
removal over time. In the meantime, a review of the literature and existing guidelines on sand dams
was performed to identify the technical parameters such as catchment slope and size, land cover and
geology that might influence the type of sediment captured by dams, hence their storage capacity and
treatment performance. These parameters have been compared with sediment profiles collected in
previous studies on nine dams in Zimbabwe and Kenya to identify the influence of each specific
parameter on sediment composition.
This research couldn’t determine a close correlation between sediment captured and the factors
investigated. This suggests an interrelation between several parameters that would require a larger
sample of dams to allow quantification. Although sediment composition is still considered an
important factor, it is hard to predict, sample and compare accurately. This study has shown that
relying on a single average indicator for an entire dam, such as d50, can only provide limited analysis.
The results have shown that the sand is more hostile to E. coli than water, as there is a greater
inactivation rate in both types of sand than in water. In medium sand columns, increased influent
turbidity has been associated with greater removal. The column experiments have shown that coarse
sand columns achieved lower levels of E. coli than medium sand columns. However, no definitive
conclusions can be drawn as the comparison of grain size raised additional questions: more
parameters should be monitored.
The complexity of sand dams and their reliance on variable processes means conducting micro-level
research is very restrictive, as not enough is known about them as a whole. Whilst it may be possible
to fully understand each parameter, they may not be able to be controlled given sand dams are a low
technology solution. A holistic study of all factors in a sand dam location should be undertaken, if
possible on a large sample of dams. Research into the balance of yield factors would also holistically
be aligned to the benefit that sand dams provide.
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1. Introduction
The work presented in this report is the result of a ten-week group project as part of the “Water and
Sanitation for Development” Masters’ programme at Cranfield University on behalf of Excellent
Development.

1.1 Background
Sand dams are impermeable structures, constructed across seasonal rivers in dryland areas that trap
sediment behind them during flash floods. Over several storms this accumulates until it is level with
the top of the dam whereby the pore space in the trapped sediment stores water. The trapped
sediment can extend for hundreds of metres upstream and store up to 40 million litres of water
(Excellent Development, 2017). As the water is under the surface, waterborne parasites are prevented
from breeding and evaporation is reduced (Neal, 2012). The water is retained during the dry season
and can be accessed by digging scoop holes, shallow wells or boreholes upstream of the dam.
Over 1,500 dams have been built in Kenya since 1970 (De Trincheria et al., 2015) and the NGO Excellent
Development have recently completed their 1,000th dam, estimated to have benefitted over 900,000
people (Excellent Development, 2017). Excellent Development are embarking on a new strategy with
the intention of building 3,000 dams by 2025 and to influence the construction of 10,000 (Excellent
Development, 2017). Ultimately, the aim is for sand dams to be considered by the United Nations as
a technology of choice for improving access to clean water in developing countries as part of meeting
Sustainable Development Goal 6 (Whinney, 2018). Over 40% of the earth’s land surface has the
potential for sand dams to be implemented (Maddrell and Neal, 2012). For this to happen, a greater
understanding of sand dams is required to ensure that they can meet this aim by having “the potential
to deliver safe water by nature of their design and construction” (World Health Organization and
UNICEF, 2017, p.50). The type of sediment trapped by the dam is thought to be a key part of this.

1.2 The challenges of sand dams
Sand dams should ideally collect coarse grained sand to enhance the volume of water stored (Johnson,
1967). However, they are at the mercy of natural processes and estimates of failure rates vary wildly
from 2% (Excellent Development, 2013) to 90% (Nissen-Petersen, 2010). Some of these “failures” are
due to improper construction but can also include dams that fail capture sediment or to yield enough
water due to filling with silt.
The research conducted on sand dams is limited, consisting mostly of a “handful of MSc theses” that
have not been peer-reviewed (Van der Steen, 2015). Recent research (De Trincheria et al., 2015) on
siltation cannot be considered truly objective as it is co-authored by Nissen-Petersen, a staunch
antagonist within the small sand dam sector (Excellent Development, 2013), as much of the work is
presented without clear methodology (Nissen-Petersen and De Trincheria, 2015; De Trincheria, 2016,
2017; De Trincheria and Nissen-Petersen, 2015). Further work is required to produce conclusive
evidence on the most important factors affecting their performance.
To be considered as an “improved” water source, the quality of water extracted is of paramount
importance. Sand dams naturally protect the water better than surface water, but contaminants still
exist due to the presence of debris that may be deposited within the sediment and livestock
congregating on or near the river bed. Fine grained material is reported as being more effective in
removing contaminants (Jenkins, Tiwari and Darby, 2011; Maddrell and Neal, 2012), but this is in
opposition to the increased storage capacity provided by coarse grained material (Johnson, 1967).
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The location of rivers limits the choice of sites for sand dams, so in its most basic form requires users
to travel to their location to collect water. Therefore, location is a particularly important aspect as the
only difference between a “limited” and “basic” drinking water supply is whether the collection time
is less than 30 minutes (World Health Organization and UNICEF, 2017). The challenge is therefore to
identify an appropriate site that will allow for optimum storage and treatment whilst being close
enough to local communities.

1.3 Objectives of this study
This study aims to tackle two of these challenges specifically by assessing which factors contribute to
a sand dam filling with coarse grained material and what impact does the grain size of this material
have on the ability of the sediment to filter contaminants.
Case studies of 9 dams in southeast Kenya and southwest Zimbabwe (Figure 1) are used to evaluate
existing guidelines on siting sand dams to investigate how their characteristics reflect current
knowledge.

Figure 1: Regions of Kenya and Zimbabwe where the dams are located

In addition, static sand column experiments are conducted to simulate the fate of contaminated water
within the sediments captured by sand dams.
A supplementary report is also included at the end of this document as a summary of the main study
for the benefit of Excellent Development.

1.4 Literature review of factors affecting sand dams
The existing research on sand dams has been reviewed to acknowledge past findings and to provide a
comparison with this study. Much of the research, such as by Gijsbertsen, Nissen-Petersen and Borst
& De Haas, has already been used to feed into the creation of current guidelines. A summary of the
research reviewed is presented below.
1.4.1 The approach to creating guidelines
The most common theme amongst the literature on sand dams in fact related to their design. Sand
dams have been traditionally built in Kenya in a single stage to their full height, which would naturally
fill with coarse sediment (Maddrell and Neal, 2012). The mechanism is reported as allowing coarse
heavy sediment to be trapped and lighter suspended sediment to flow over the dam (Maddrell and
Neal, 2012). De Trincheria et al. (2015) stated that this may be a lucky situation for this construction
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method relating to unknown catchment characteristics of southeast Kenya, and that raising the dam
spillway in stages is more appropriate. This follows the concept that if a flood event is not large enough
to overflow the dam, then all fine sediment will be trapped, as the suspended sediment is what arrives
at the dam first during a flood (Gijsbertsen, 2007).
Building in multiple stages adds time, and possibly cost, to a dam’s construction so Viducich (2015)
formulated a flow chart to identify when it may be most appropriate. This centred around computer
modelling different flood events to see how different heights may affect the sedimentation process.
Whilst dam design is beyond this study, the recommendations of these literature point towards
treating each dam on a case by case basis, as there may be variabilities in nature that cannot be easily
quantified.
This pragmatic approach appeared to be part of a larger argument amongst the literature that has
suggested the importance of performing tests on a river channel instead of making assumptions based
on visual information. Suggestions have included surveying the profile of the bedrock (Borst and De
Haas, 2006; De Trincheria et al., 2015), testing the riverbed sediment specific yield (Viducich, 2015),
incorporating a ‘reset’ drainage feature as insurance if a dam fails to fill with coarse sediment
(Viducich, 2015), measuring leakage from riverbanks (Borst and De Haas, 2006; De Trincheria et al.,
2015) and building dams before the onset of the largest storm season (Viducich, 2015). This approach
has been argued to be important because using single-stage dams filled with coarse sediment as a
“reference model [to generate guidelines for other areas] …may not be realistic” (De Trincheria et al.,
2015, p.11). Whinney (2018) stated that the implementing NGO in Kenya has relied on experience
when siting sand dams by “running the sand through their fingers” and Van der Steen (2015)
concluded that the strength of the Kenyan organisations has been largely responsible for the success
of sand dams in those areas. This is a difficult thing to scale into other regions, as per the strategy of
Excellent Development, so it seems a more systematic approach to formulating guidelines is required.
1.4.2 Specific yield
Coarse sand is generally thought to increase the volume of water stored in sand dams, with as much
as 35% of the sand volume containing water that is possible to abstract (Maddrell and Neal, 2012).
This is the specific yield, otherwise known as drainable porosity. This value is used to calculate the size
of dam necessary to meet the required yield. The value of 35% has been contended by De Trincheria
(2015), who stated that 20-25% should be used as the real-world maximum when specific testing has
not been conducted. A test of the riverbed sediment specific yield is more accurate and is seen as the
upper limit of what sediment may collect in the dam (Gijsbertsen, 2007)
However, there are also discrepancies within the literature over what ‘coarse sand’ is. The Excellent
Development guidelines stated coarse sand has a grain size diameter of 500 to 1,000 µm, using ISO
14688-1 classifications (Maddrell and Neal, 2012). The interpretation of ‘coarse sand’ having a
maximum specific yield of 35% was sourced from Johnson (1967), who stated that its d50 value is 600
µm and the D90 value is between 1,000 and 2,000 µm. A contrary definition in the literature has stated
that ‘coarse sand’ is between 1,500 and 5,000 um, but this is also reported as having a specific yield
of 35% (Nissen-Petersen, 2006).
Nissen-Petersen (2006) argues that anything below 500 µm is inadequate and is considered “silt”,
which is vastly greater than the ISO definition of 63 µm. It is also unknown what grain size analysis
should be used to calculate a figure to compare to his definition. It is perceived from the literature
that anything not an reaching an extractability of 35% is a failure (Gijsbertsen, 2007; Nissen-Petersen,
2011) or the presence of anything other than ‘coarse sand’ will yield nothing (De Trincheria, 2016; De
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Trincheria et al., 2015). These literatures appear to present no evidence on the actual specific yield of
‘silty’ dams or evidence of any ‘successful’ dams that meet a 35% specific yield.
1.4.3 Flood discharge
The biggest single unknown factor in the assessing the ability of a river to transport sediment appears
to be its velocity during flooding events. Since sand dams are typically located on small rivers in rural
areas, the reliance on anecdotal estimation from communities is often the only measure available
(Van der Steen, 2015; Viducich, 2015). These estimations typically include the height and duration of
a flood, so by measuring the cross-sectional area of a riverbed, discharge can be estimated.
However, velocity (rather than discharge) is a key component of sediment load. The HjulströmSundborg diagram (Figure 2) shows how velocity changes the erosion, transportation and deposition
of different sized particles; a slower river will not be able to move coarser sediment. A higher discharge
may account for a higher velocity, but the same discharge over a wider, shallower river will result in a
lower velocity.

Figure 2: Hjulström-Sundborg diagram adapted from diagram by Steven Earle (2014), licensed under a Creative
Commons Attribution 4.0 International License.

Velocity can be calculated from discharge using Manning’s equation, but must at least consider the
channel cross-sectional area, channel gradient and a ‘roughness’ coefficient (RAIN Foundation, 2012).
The former are time consuming data to collect from a riverbed and the latter incorporates subjective
error.
Viducich (2015) recommends the direct sampling of river heights over the dam’s spillway as a method
of producing a rating curve for a dam to calculate discharge, therefore measuring velocity more
accurately in the process. This has the potential of bringing an important data point to existing work
on sediment profiling. It has been noted in the literature that this may be achieved at scale with
automated devices reporting via SMS (Gijsbertsen, 2007; Viducich, 2015).
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In the context of sand dams, the transportation and erosion thresholds for the river upstream of a
dam are important parameters to ensure material reaches the dam, as the dam itself will ensure
deposition occurs.
Considering the ideal sediment for sand dams is coarse sand, it can be assumed from Figure 2 that a
velocity above 0.1 m/s is required to transport grains of 1 mm diameter. Gijsbertsen (2007) states that
“extreme events are particularly important for the total sediment yield” as they have the power to
move the coarser sediments and proportionally will account for more of the sediment in the dam.
Therefore, velocities below 0.1 m/s are likely to bring finer grained material than is ideal for creating
a high capacity sand dam. The temporal position of smaller, and more likely frequent, storms relative
to larger storms may lead to the deposition of fine grained material before the dam has fully filled.
The reliance on anecdotal evidence and error-inducing calculations shows that predictions of the
sediment load would be highly variable based on the methods reported in literature to date. For this
reason and the amount of effort that needs expending on these methods, it is understandable that
accurate discharge data is sparse. Data on a river’s typical flood velocities, however, would allow
modelling different storm events against the spillway design and height of a potential dam (Viducich,
2015). This would help predicting the potential success of a sand dam during the planning phase. An
additional benefit is that it could allow organisations to size a dam more appropriately, thus reducing
the wastage of resources on dams built too large (Van der Steen, 2015).
1.4.4 Water quality of sand dams
The quality of raw water from sand dams has not had much, if any, published research. Maddrell and
Neal (2012) referred to ongoing research looking at TTC count of water from sand dams with
infiltration galleries, however no record has been found of it. This may be because yield is a more
important factor so has attracted the bulk of research in the past. Water can be beneficial even if it is
not of sufficient quality, as it can be purified through other methods or used for non-consumptive
activities (irrigation, brick making, etc.). However, having a higher quality of raw water from a sand
dam can reduce the complexity and necessity of further treatment methods.
Avis (2014) found that the quality of raw water from most sand dams was of sufficient quality for
human consumption, according to WHO standards. It has also been found that the abstraction method
forms a major source of contamination rather than the sediment itself (Decker, 2016). Whilst these
studies used the number of TTC per 100 ml, Decker (2016) recognises that E. coli is the true indicator
of faecal contamination, where samples should be taken over time to improve accuracy.

1.5 Assessing the fate and removal of E. coli in sand dams using sand columns experiments
A literature review has been conducted to better understand how sand column experiments could be
used as a means of evaluating the performance of sand dams at removing microbial contaminants.
Among the abundant literature on sand columns, several papers were reviewed that describe different
types of experiments involving the effects of sand columns on microbial populations. In addition,
articles on slow sand filtration were also reviewed to provide insight on the expected contamination
removal that can be reached through filtration mechanisms, as well as on design details.
Faecal coliforms are commonly used as an indicator for potential contamination by pathogenic enteric
microorganisms (Mara, 2004). Among these, Escherichia Coli (E. coli) is considered a particularly
excellent indicator, as it is relatively easy to count, definitively comes from faecal origin and reflects
the behaviour of many pathogens in a coherent way (Bartram and Ballance, 1996; Mara, 2004; Vergine
et al., 2015). Faecal contamination is particularly relevant parameter for the measurement of quality
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in sand dams as the rurality and open access of livestock means faeces may easily find their way into
water courses.
1.5.1 Removal of E. coli in sand column experiments
Jenkins, Tiwari and Darby (2011) studied the impact of sand size (of comparable size to that found in
sand dams), hydraulic head above the filter, and filter run length on the performances of a domestic
intermittent slow sand filter on the removal of faecal coliforms. They reported an average log removal
of 1.40, with fine sand (d10 = 0.17 mm) providing an additional log removal of 0.30 compared to a
longer filter run of coarse sand (d10 = 0.52 mm). Pfannes et al. (2015) studied among other parameters
the influence of grain size on E. coli removal: from log 1.9 (d10 = 0.82 mm) to 2.5 (d10 = 0.25 mm). In
this study, the d10 grain size was found to be an indirect factor in bacterial removal, as the strongest
correlation was found with the sand surface area, which encompasses the uniformity coefficient
(d60/d10) and bed depth. An E. coli log reduction of 1.67 with a bio-sand filter under intermittent
conditions, versus log 3.71 for continuous operation has been reported (Young-Rojanschi and
Madramootoo, 2014). Several studies of slow sand filtration were compiled by Seeger et al. (2016)
that found an E. coli log removal ranging from 1.9 to 4.1. Their own results showed an E. coli log
removal of 1.5 to 1.8 after several months of operation of a simple slow sand filter.
Additional turbidity in the influent provided additional faecal coliforms (on average, 0.0035 log/NTU),
suggesting an association with particles which may be of interest for the suggested study (Jenkins,
Tiwari and Darby, 2011).
1.5.2 Full depth biofilms remove viruses
Some studies also mention the development of a biofilm across the entire depth of the filtration media
(Elliott, DiGiano and Sobsey, 2011). It has been shown to yield a significant virus removal (MS2 and
PRD-1) during the idle time of a household intermittent sand filter, daily fed with water: values of
0.055 log-reduction per hour of idle time, for 18 to 22 hours. This removal would be due to the activity
of a microbial community within the filter, as demonstrated by a collapse in virus-removal
performances after inhibiting microbial activity with sodium azide. This study did not focus on
bacterial removal, but similar effects could be expected: bacteria grazers have been found in depth in
sand filters (Weber-Shrick and Dick, 1997), and Jenkins, Tiwari and Darby (2011) reported additional
removal of faecal coliforms with increased residence time within the filter (0.05 to 0.06 log-reduction
per hour). Such microbial activities could also increase straining effects, as biofilms would reduce the
effective inter-pore channel size. Elliott, DiGiano and Sobsey (2011) also reported a virus removal after
a lag phase of two to three weeks, during which the filters were fed daily with a batch of water (media
aging). Whether such a microbial community will develop in the studied columns is unsure, as the
duration of the experiments will be shorter and there will be no regular inflow of water.
1.5.3 Schmutzdecke
It is commonly accepted that pathogen removal in slow sand filters is strongly linked to the
Schmutzdecke; a biologically active layer located at the top of the filter that exhibits high filtration
efficiency, especially for bacteria (Langenbach et al., 2009; Mara, 2004; Seeger et al., 2016). This is a
common feature of any successful slow sand filter, whether operated continuously or intermittently.
1.5.4 Sand filtering mechanisms
As stated in Langenbach et al. (2009), the effect of the sand below the Schmutzdecke can have a
greater impact on bacterial removal. The main mechanism involved would be adsorption rather than
straining, as channel sizes are in most circumstances much larger than bacteria. However, this would
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need to be confirmed for the particular set-up of this study, as non-uniform sand will have stronger
straining effects, and unsaturated flow (which might be expected in the filling of the studied columns)
sees a predominant use of smaller-sized channel, as stated in Stevik et al. (2004).
1.5.5 Bacterial die-off
Another important factor in the experiment conducted in this work can be bacterial die-off within the
columns. Vergine et al. (2015) studied E. coli subsistence and transport in soil after irrigation with
contaminated water. In their study, they used soil columns operated over 42 days. Their results
suggested bacterial die-off as the predominant removal mechanism. They observed a two-phased
decrease in the rate of E. coli decay, with a significant decrease after 7 days (first-order decay constant
of 0.258 day-1 and then 0.049 day-1, base 10). This was supported by samples from a wastewater
solution used for simulating pollution events that were stored in a lab bottle. Such a pattern has been
reported in an analysis of 170 datasets of E. coli survival in water (Blaustein et al., 2013).
1.5.6 Design considerations of column experiments
Lewis and Sjöstrom (2010) reviewed the literature to identify common flaws in the design and building
of soil columns for hydrological studies, or to monitor the transport and the fate of contaminants, and
therefore provide guidance on how to reach robust results. A major issue with unsaturated column
experiments is the formation of a preferential path in the columns, either as sidewall flows or as
artificial macropore flows. Re-packing of the column has been proven to have significant influence on
column experiment (Bromly, Hinz and Aylmore, 2007): an explicit procedure for re-packaging should
be applied to allow reproducibility of results, whether dry or slurry packing. Lewis and Sjöstrom (2010)
also mentioned the importance of having scarification between the different layers resulting from dry
packaging, to improve hydraulic conductivity in between them. Young-Rojanschi and Madramootoo
(2014) also demonstrated the importance of replicating columns during biosand filtration
experiments, due to the high variation between similar columns.
1.5.7 Selection of testing method for E. coli
As E. coli was chosen as the indicator of water quality based on previous research, an evaluation was
made of E. coli testing methods. The Idexx Colilert-18 Quanti-Tray (Colilert-18) method is the ISO 93082:2012 standard for detecting E. coli in water, although a limitation is that it is reliant on E. coli
expressing the enzyme β-D-glucuronidase, and there are variants of E. coli that do not express this
enzyme (International Organisation for Standardisation, 2012). However, Colilert-18 has been shown
to detect a greater percentage of total coliforms and E. coli in a shorter space of time than membrane
filtration methods on lactose agar (Bernasconi, Volponi and Bonadonna, 2006). The method also only
requires an incubation time of 18 hours which means a consecutive daily sampling regime is more
manageable.
A study by Mavridou et al. (2010) compared Colilert-18 against Lactose Tergitol-7 (LTTC) and four other
methods to detect E. coli in water using a dilution of sewage effluent. It was found that Colilert-18
gave higher counts of E. coli than LTTC and two of the other methods, and was as reliable or better
than LTTC (Mavridou et al., 2010). Other studies also confirm that Colilert-18 produces higher E. coli
counts than methods such as LTTC and Chromogenic E. coli Agar (Bonadonna, Cataldo and Semproni,
2007; Hörman and Hänninen, 2006). Hörman and Hänninen (2006) do note that the Colilert-18
method can encourage injured E. coli to recover in comparison to other methods, which may explain
the higher counts. Despite these limitations, the Colilert-18 method was chosen due to its comparative
reliability and ease of use.
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2. Methodology
2.1 Evaluation of criteria used in existing sand dam guidelines
The knowledge on the siting and performance of sand dams is very limited and most of it is reported
in the grey literature (Van der Steen, 2015). In terms of guidelines for the construction of sand dams,
only two documents exist - the practical guide developed by Excellent Development (Maddrell and
Neal, 2012) and the one developed by the RAIN foundation (2012). Each guideline was categorised
into what benefit may be enhanced, e.g. quantity of water, ease of construction, etc (Appendix B).
There are other studies that highlight important factors such as having “coarse material in the
riverbed” (Borst and De Haas, 2006, p.84) or finding “a river channel [that is] wide enough and deep
enough” (Hussey, 2007, p.20). Although, specific thresholds are rarely included that indicate
suitability, which means they must be interpreted subjectively by someone with prior knowledge.
Frequently, instructions are included for surveys or tests, but are only intended to allow the
comparison of riverbed sites instead of identifying whether a particular river is suitable at all (NissenPetersen, 2006). As such these documents have not been included as “guidelines” in this study.
The two main sets of guidelines were reviewed to identify which may be improved, contradicted or
replaced within the remit of this study. These guidelines were used as a starting point to inform the
avenues of research and the methods that follow. Within these, some did have a level of subjectivity
(Nos. 15-44, Appendix B) but it was hoped to discover measurable values through this research by
investigating the characteristics that they relate to.
This study recognises the importance of all factors, particularly social ones, in the siting of sand dams,
but solely focussed on those relating to the quantity or quality of water stored. Any guidelines outside
of these factors were included if the data available within this study was of consequence, e.g.
construction. This subset of selected guidelines is shown in Table 1 and the full list in Appendix B,
having been numbered so that they can be referred to within this document.
No.
1
4
10
21
23
28
29
31
32
33
35
38
43

Guideline
Is the location 4km from the valley head?
Is the river sediment greater than 95% sand? Ideally 99%
Is the catchment protected 150m upstream of the dam?
Is the catchment stony?
Is there a straight reach?
Is there terracing on farm land?
What is the extent of forest/vegetation cover?
How many rainy seasons are there?
What is the annual rainfall?
What is the geology?
What size is the catchment?
Is there vegetation which require a lot of water, on the river bank?
Is the sand uniform and coarse?
Table 1: Subset of guidelines chosen for analysis
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Category
Quantity/Quality
Quantity/Quality
Quantity/Quality
Suitability
Quantity
Quantity/Quality
Quantity/Quality
Quantity
Quantity
Quantity/Quality
Quantity
Quantity
Quantity/Quality

2.2 Sediment profiling from case studies
The primary data source for the analysis of sand dam siting comes from sediment samples taken from
nine African sand dams. Three are in the south east of Kenya and six in the south of Zimbabwe (Table
2). Profiling these sediments gave an understanding of the type of sediments captured by the dams,
so that they could be further analysed and compared. In some comparisons, such as catchment size,
the data was supplemented by that extracted from a study by Viducich (2015).
Name

Acronym

Country

Classification

Latitude

Longitude

Ngulai

SD106

Kenya

Successful

-2.550367

38.042371

Athiiani
Farmers

SD167

Kenya

Successful

-2.6033

38.10209

Kipico Self
Help Group

SD211

Kenya

Successful

-2.56899

38.09542

Tshaheyi

TS1

Zimbabwe

Successful

-21.143590

28.911440

Tshakadzi

TS2

Zimbabwe

Mud

-20.684570

28.855050

Nzenge

NZ

Zimbabwe

Successful

-20.700740

28.709720

Embudini

EM

Zimbabwe

Mud

-20.700500

28.749130

Tadla

TA

Zimbabwe

Successful

-20.733000

28.682060

Elistheni 2

EL

Zimbabwe

Slow

-20.825230

28.773990

Table 2: Summary of dams

The Zimbabwean dams were classified by the Dabane Trust, partner of Excellent Development (Table
3).
Type
Successful

Slow
Mud

Definition
Impact
Accumulation of sufficient sand in at least Community receives increase in
three rainfall seasons and capacity to store water availability
sufficient water for household consumption
year-round
Delays in the community receiving
Slow sediment accumulation
the full potential of water
availability
Accumulation of mud in the basin
Water is difficult to abstract

Table 3: Definition of dam classifications by the Dabane Trust. Source: (Parker and Grabowski, 2017)

The Kenyan dams were selected based on whether they could yield water during the dry season
(Dubreuil, 2017). As this achieves the primary purpose of a sand dam, they were all considered as
‘successful’ in this study.
2.2.1 Samples from Kenya
Kenyan sand samples were taken from cross sectional sampling points: within a few metres upstream
of the wall; at about 250 m and 500 m from the wall. 2-5 depths at each point were sampled at variable
depths from 11 cm to 240 cm (Dubreuil, 2017). See Figure 3.
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Figure 3: Sampling locations at each dam and approximate values for the extent of the study area (Dubreuil, 2017)

An Edelman spiral tip auger was used for samples taken above the water table and a casing tube and
bailer was used for the ones taken below the water table. Only sand layers were sieved as the clay
was too wet and fine. However, visual inspection of the proportion of sand and clay was recorded
from several sampling points.
2.2.2 Samples from Zimbabwe
In Zimbabwe, five pits were dug along the midline of the channel at each dam, up to 1 m deep and up
to 25 m from the dam. At least three samples were taken in each (Parker and Grabowski, 2017) (Figure
4). Only the sand was sieved.
2.2.3 Sediment analysis using Gradistat
A total of 215 sieving tests were conducted in Zimbabwe and Kenya, whereby sediment samples were
passed through different sieves and the mass retained by each sieve was recorded. Zimbabwean tests
were conducted with nine sieves from 2,000 µm to 57 µm and Kenyan tests with ten sieves from 2,000
µm to 53 µm.
These data were analysed with the Gradistat v8 software (Blott and Pye, 2001). Gradistat was chosen
as it allows the processing of a large number of sediment samples rapidly. This allowed two metrics to
be gathered: the median grain size of each sample (the d50) and the proportion of each sample
corresponding to five ‘sand’ categories (very coarse, coarse, medium, fine, very fine).
Gradistat uses a scale modifying those provided by Udden (1914) and Wentworth (1922). Each
category uses a 1 log2 unit, referred to as a phi (ϕ) unit (Folk, 1954), meaning that the lower limit is
half the upper limit. To simplify analysis, Gradistat’s five ‘sand’ categories have been combined into
three (Figure 4). Alongside these, any sediment above 2,000 µm is classified as ‘gravel’, and anything
below 63 µm is classified as ‘Clay and Silt’; anything smaller cannot be measured accurately using this
sieving method.
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Figure 4: Sediment categories (Adapted from Udden (1914) and Wentworth (1922))

Given that the smallest sieve sizes were 53 µm or 57 µm, the threshold of 63 µm was chosen as it is
more commonly cited than 57 µm as the boundary between sand and silt in literature (Folk, 1954).
The ‘coarse’ and ‘fine’ sand categories have a range of 2 ϕ units, whilst the medium has a range of a
single ϕ unit.
The metrics were calculated in Gradistat by linear interpolation of ϕ values of the sieves sizes, not of
their actual values. Other Gradistat metrics such as mean sediment size, standard deviation or Dvalues near 0% and 100% were purposely left aside, as their values would have been distorted by the
fraction of samples outside the range of sieve sizes. A single metric to describe each dam’s sediment
was required to be able to compare dams against other parameters. The metric chosen was the mean
average of all d50 values for samples taken within a dam. This is the value used when references to
mean grain size are made.

2.3 GIS analysis
2.3.1 Catchments
The catchment for each dam was determined using the software ArcMap 10.5.1. A Digital Elevation
Model (DEM) produced by the Shuttle Radar Topographic Mission (STRM) version 3 was downloaded
from NASA’s Earthdata engine (NASA, 2000).
This dataset has raster layers containing elevation data with a resolution of a 1 second-arc, which is
roughly 30m. These data were processed on ArcMap to create a Flow Direction raster and a Flow
Accumulation raster for all catchments, from which a stream network was identified. The sand dam
positions were then adjusted using the Snap Pour Point tool to more accurately align their GPS
coordinates with the river bed. Finally, the watersheds of the dam catchments were computed using
the Watershed tool. All tools used were found in the Hydrology subsection of the Spatial Analyst Tools.
The same dataset also enabled the calculation of the mean gradient of terrain within each catchment.
Gradient values were derived from the DEM using the Slope tool. These values were then averaged
across the catchment using the Zonal Statistic tool.
2.3.2 Land cover of catchments
To analyse the land cover of the catchments, the methodology employed by previous studies has been
adapted (Gijsbertsen, 2007; Viducich, 2015). To compare the different land cover of the catchments,
infrared data from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) of
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NASA was used. The infrared bands utilised were VNIR 1, 2 and 3B, to allow a precise differentiation
between soil and vegetation. The data selected are from March 2016, at the beginning of the Kenyan
wet season, to increase the contrast between farmland, vegetation and sandy areas (Gijsbertsen,
2007). The infrared data were imported into ArcGIS and processed.
The first processing step was to define an area where the land is known to have a certain type of cover.
Then, the software created a table of comparison, matching the infrared intensity with the cover using
the Training Maximum Likelihood Classification tool. The matching table was subsequently applied to
each catchment with the Maximum Likelihood Classification, whereby it was possible to obtain the
percentage of 3 land coverings: “sandy soil”, “farmland” and “vegetation”. Sandy soil considered all
land that was bare earth and lighter in colour, whereas vegetation considered areas with tree cover.
Farmland was everything in between that showed signs of cultivation, such as ordered rows of
vegetation.
2.3.3 Precipitation
GIS software was used to determine the average annual precipitation on the different catchments.
Monthly precipitation data (1970 to 2000) from WorldClim (Fick and Hijmans, 2017) for Kenya and
Zimbabwe were imported into ArcMap. To obtain annual precipitation, the monthly precipitation data
were grouped by year, using the “calculator raster”. To obtain the average annual precipitation for a
catchment, the data had a resolution of 900 m, which was resampled to the resolution of the
catchment (30 m). After this resampling, the ‘Zonal Statistic’ tool was used to estimate the average of
the annual precipitation in each catchment.
2.3.4 Straightness of reach
A straightness coefficient has been calculated for each dam. A point 200 m upstream of each dam on
the riverbed was identified as the crow flies. This was divided by the distance following the riverbed
to that same point. The distances were measured using Google Earth Pro.
2.3.5 Distance to valley head
The distance was measured from the dam, following the riverbed upstream to the valley head.

2.4 Sand column experiment
The aim of the sand column experiment was to assess how water quality may be affected by the grain
size of sand captured by dams. For this purpose, sand columns containing different types and size
fractions were used to test their ability at removing E. coli over time.
2.4.1 Preparation of the sand columns
Eleven columns were used with dimensions of 900 mm high, 220mm diameter, fitted with taps
underneath their base to allow the collection of samples. Two mixtures of sand were created from
three types of sand: Fraction C (300 - 600 µm), Fraction D (150 - 300 µm) and an aquarium sand (500
- 1,000 µm). The coarse mixture contained two-thirds Fraction C and one third Aquarium. The medium
mixture contained one third Fraction C and two thirds Fraction D.
The sand was hand-mixed in 10 L buckets before filling the columns to 80 cm with the help of a funnel.
Each item of apparatus was washed with liquid detergent, rinsed with deionised water and dried. The
columns were filled in 5 cm layers, which were levelled by tamping, and some lines were scarified on
top to enhance the hydraulic conductivity between layers to recreate what a seasonal river can do. To
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reflect the conditions of a sand dam, the columns were wrapped in reflective insulating material to
ensure a darkened and temperature stable environment (Figure 5).

Figure 5: The sand columns

The sand in the columns was washed with tap water with a running hose pipe pushed into the sand
column, liquefying it until the bottom was reached. Each column was left to drain. Then each column
was flushed with 10 litres of deionised water and left to drain to remove any chlorine residual.
2.4.2 Preparing the Phosphate Buffer Solution (PBS) and flushing columns
21 litres of concentrated Phosphate Buffer Solution (PBS) was prepared by dissolving 1,680 g of NaCl,
42 g of KCl, 379.1 g of Na2HPO4 and 50.4 g of KH2PO4 in 21 litres of deionised water. This was done by
dissolving 1/21 of the chemicals in 21 x 1 litre vessels using a magnetic stirrer with a magnetic stir bar
placed inside the vessel for 5 minutes each. The 21 vessels were then then autoclaved for 16 hours.
180 litres of deionised water were dispensed into a large plastic tank and the 21 litres of concentrated
PBS was added. An additional 9 litres of deionised water were then added to the solution making a
total of 210 litres. The solution was checked for its pH level with a pH meter and was found to be 7.4
pH, which was ideal.
All columns were then flushed with the PBS. The medium sand columns had 7 litres of PBS fed to them
with the base tap left open so that the solution would drain through. The coarse sand columns had 5
litres of PBS fed to them and were allowed to drain. This pre-flushing was to ensure all trace of
deionised water was out of the columns. To minimise preferred pathways developing in the columns
for the passage of water, the taps were closed while the PBS was poured into the top of the column
and left closed for a few minutes to let the PBS start draining through the sand by gravity. Then the
taps were opened to allow draining.
2.4.3 Blank columns
The blank columns were filled with raw PBS solution until it was sitting 1 cm above the top of the sand.
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2.4.4 Feeding the columns with turbid and non-turbid E. coli/PBS solution
The remaining 150 litres of the PBS solution were then inoculated with 10 ml of raw sewage collected
from the Cranfield University wastewater treatment plant. This sample was tested (see E. coli analysis
section) and based on the results, the sample was diluted with PBS at a ratio of 1:15,000 to aim for an
initial concentration level of approximately 200 E. coli/100 ml. The tank of E. coli/PBS solution was
then stirred thoroughly for 10 minutes, so that the E. coli were evenly distributed.
Next, a 300 ml sample of the solution was taken to be tested for the base E. coli level of the start of
the new batch column sampling experiment.
Then 13 litres of E. coli/PBS solution were fed to each of the sand columns that were to have 0 NTU;
2A, 2B, 5A and 5B, so that they were saturated and the solution level was 1 cm above the top of the
sand in each column. Some draining also occurred to get the water to this level, which also helped
flush out the uncontaminated PBS that may have been residing at the base of the column which may
have generated false readings of zero E. coli counts for the initial samples.
The tank of solution was then drained until only 40 litres of solution remained. Kaolin clay was then
added until the turbidity reached approximately 100 NTU. The turbid columns; 3A, 3B, 6A and 6B,
were then fed with 13 litres of the turbid E. coli solution and allowed to drain until there was 1 cm of
solution above the top of the sand, thereby also allowing any uncontaminated water to drain out. The
columns and solutions they had fed to them are shown in Table 4.
Column No.
1 - BLANK
2A
2B
3A
3B
4 - BLANK
5A
6A
5B
6B
7

Sand
Coarse
Coarse
Coarse
Coarse
Coarse
Medium
Medium
Medium
Medium
Medium
None

Solution
PBS
200 E. coli / 0 NTU
200 E. coli / 0 NTU
200 E. coli / 100 NTU
200 E. coli / 100 NTU
PBS
200 E. coli / 0 NTU
200 E. coli / 100 NTU
200 E. coli / 0 NTU
200 E. coli / 100 NTU
200 E. coli / 0 NTU

Table 4: Sand columns

Next, a sample was taken from the remaining turbid solution in the tank and tested for E. coli. Finally,
350 ml samples of each column were taken, incubated and tested for E. coli and turbidity to form the
result for the day zero, baseline of the experiment.
Each column had cling film placed over the top to prevent flies and other contaminants entering the
columns.
2.4.5 Sampling regime
The sampling started immediately after the columns were prepared as described, representing day 0
and continued every 24 hours for the first three days and then every other day for a further 6-day
period. Samples of 300-350 ml of water were drained from each column into 1 L sealable bottles that
were rinsed with deionised water before each collection. The coarse columns drained over a period
of 2-3 minutes whilst the medium columns would take up to 15 minutes.
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2.4.6 Turbidity
Turbidity levels were analysed using a turbidity meter and recorded.
2.4.7 E. coli analysis
The level of E. coli in the primary wastewater and samples taken from the columns were determined
using Colilert-18 testing kits (Colilert-18, IDEXX, UK). The 300 ml sample collected from the columns
were each divided into three 100 ml plastic bottles containing chlorine neutralising powder. The
Colilert-18 reagent was then added to the bottles, which were agitated by hand until the reagent was
completely dissolved. The content of each bottle was then poured into a Quanti-Tray 2000, sealed
using a Quanti-Tray Sealer 2X machine and incubated at 35°C for 20 hours. This process ensured the
triplicate testing of each sample.
After incubation, the wells of each tray1 were marked with a diagonal line if
they were more yellow than the comparator tray (signifying the presence
of coliforms). The trays were then inspected with a UV lamp and any wells
that were more fluorescent than the comparator tray, and had a diagonal
line, were marked with an opposing line, drawing a cross (Figure 6). This
signified a positive result for E. coli. The number of wells with crosses was
then matched to the Idexx Most Probable Number (MPN) table from which
the MPN number was deduced.
Unless stated otherwise, all E. coli test results are triplicated: three tests
were conducted on the same 300 ml sample, and the results shown are the
average of the three MPN numbers from the three different tests. MPN
tests are not exact counts of bacteria. They are statistical tests that come
with a 95% confidence interval; roughly ±20% of the MPN of the values
recorded (Idexx, 2018). The error bars associated with the results represent Figure 6: A Quanti-tray following
incubation and analysis
the standard deviation among the three tests.
2.4.8 Interpretation of results
The Colilert-18 method estimates the Most Probable Number (MPN) of E. coli in a water sample. The
number of E. coli present in a sample is based on a probability calculation and is not necessarily the
precise number.
The MPN method relies on the sample being diluted to the point where the organisms that are to be
detected (E. coli) are present in some but not all of the indicator vessels2 (Sutton, 2010). This method
assumes that the organisms are mixed thoroughly so that they are randomly distributed and will grow
in the culture medium when incubated, therefore being positively detected (Cochran, 1950).
Despite being an estimation, Cochran (1950) states that the MPN method is one of the best,
particularly with a large number of samples, but also argues that it still provides a good estimate with
a small number of samples. He considers dilution ratios between 100 and 10,000 organisms in 100 ml
of water to provide better estimates. This study aimed to use a dilution of 100 E. coli per 100 ml, thus
falling into this range of greater accuracy. Testing triplicate samples further increased the accuracy of
the estimation by providing a mean average result.

1
2

Each tray has 48 small wells and 49 large wells, including the overflow well
For Colilert-18 this is ‘wells’ in a Quanti-Tray
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3. Results and discussion
3.1 Sediment profiling
Table 5 shows the mean D50 grain size values for each dam that are used in the following sections.
Dam
SD106
SD167
SD211
EL
EM
NZ
TA
TS1
TS2

Mean d50 value
434.8
615.1
478.0
437.0
601.7
720.9
544.4
979.5
561.9

Table 5: Dams and their d50 values

3.1.1 Composition
The sediment sampling data were used to analyse the mean composition of sediment retained by each
dam in Kenya and Zimbabwe.
Figure 7 shows that the dams NZ, TA and TS1 are deemed successful and generally have a coarser
sediment profile than the other dams in Zimbabwe in line with Guideline 43. However, EM has a
coarser profile than the profile of TA but is classified as ‘mud’. The Kenyan dams generally have a lower
proportion of coarse sand/gravel sediment than the successful Zimbabwean dams, yet they were
deemed successful. Therefore, mean sediment composition cannot be the only factor in determining
whether a dam is successful. This does, however, rely upon a classification of success that
encompasses factors not linked to sediment profile, such as rainfall and abstraction.
Zimbabwe

Kenya

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
EM

EL

TS2

NZ

TA

TS1

SD106 SD167 SD211
Successful

% Gravel

% Coarse Sand

%Medium Sand

%Fine Sand

Figure 7: Mean composition of sediment per dam
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%Clay + Silt

Figure 7 also shows a similar proportion of mud (around 1.5%) between Zimbabwean and Kenyan
dams. This is well within the recommended maximum silt content of 5% of Guideline 4. Yet, according
to the sampling methodology, only sand layers were sieved and analysed. Figure 8 shows that, in
Kenya at least, clay layers represent a significant part of the sediment captured by the dams, which
was not captured at all by the sediment analysis.

37%

% of material

48%
63%

65%
76%

78%
89%

90%

100%

Sand
63%

52%
37%

Clay

35%
24%

22%
10%
SD106-1 SD106-2 SD106-3 SD167-1
(106 m)
(47 m)
(10 m)
(311m)

11%

SD167-2 SD167-3 SD211-1 SD211-2 SD211-3
(208 m)
(15 m)
(306 m) (208 m)
(10 m)

Sampling holes
Figure 8: Composition of sand and clay in the three Kenyan dams by visual observation in different 3 holes. Adapted
from Dubreuil (2017)

The classifications of dam performance came from field surveys and focus group discussions, which
allowed the actual amount of water supplied by the dam to be roughly estimated (Appendix F). The
‘mud’ and ‘slow’ classifications used by the Dabane Trust do not of themselves say anything about
dam performance, as a slow filling dam and a dam whose surface is covered in mud can still end up
yielding a reliable supply of water. Yet for the limited number of dams for which there are data, and
with the rough estimates that were used, it seems that the yields recorded follow the hierarchy of
these classifications.
3.1.2 Vertical profiling
To further the analysis of the sediment profiles, vertical profiles were created for each dam, showing
the different layers encountered and their d50 values (Figure 9). Kenyan dams have three profiles each,
as three series of pits were dug for them (Appendix G).
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Figure 9: Example profile of dam TA, showing d50 at different depths and distances

In some dams, the composition of sediment varies widely with depth, distance to the wall and lateral
extent (in Kenyan dams). Much thicker layers can be seen between layers of similar characteristics,
but are totally absent in pits located only a few metres away, which suggests that a large sample size
is required to gain an accurate picture of the sediment composition captured by a dam. This would
probably require 3D modelling to properly understand the complexity of sediment distribution.
As mentioned earlier, the EM dam was classified as ‘mud’, despite it having of the coarsest mean
sediment composition. Figure 10 shows that there is a layer of clay at the surface, but that the pits
themselves seem rather free of clayey layers. The focus group discussions showed that this dam does
yield some water, but lower than other dams. Hydrological data from this dam would be valuable to
assess if the clay layer hinders the performance of the dam. The two ‘slow’ dams in Zimbabwe are also
the ones that captured on average the finest sediment.

Figure 10: A sampling pit for dam EM, far from the dam wall. Source: (Parker and Grabowski, 2017)
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Two dams, EL and TA, had similar mean grain size values (437, 544) but had very different profiles
(Appendix G). SD167 in Kenya shows the thickest layer along all the length of the studied area, but
only on the right-hand side of the river bed. The river in this dam also exhibits a sharp bend on the
right-hand side 200 m upstream of the dam. This indicates there may be a possible link between these
two factors in the sedimentation process.
3.1.3 Depth and distance to the dam wall
The reviewed guidelines and literature mention links between characteristics of sediment and their
locations within a dam’s area of influence. The process of the dam filling up with sediment is often
described as like the formation of a delta, with coarse sand being primarily deposited some distance
away upstream of the dam itself. Near the wall, the depth of water increases and hence the flow
velocity decreases, as described previously by the Hjulström-Sundborg diagram in Figure 2. Finer
sediments which were previously eroded and transported are thus deposited there (Gijsbertsen, 2007;
RAIN Foundation, 2012). Furthermore, at the end of the rainy season some water will be trapped by
the wall, and what would otherwise have been carried away as fine sediment load is then allowed to
settle (Borst and De Haas, 2006). Sediment nearer the wall would thus be finer.
As the dam matures, and the dam fills up with sediment, the depth of water will decrease leading to
higher velocities, so for a given flow coarser sediment will be deposited (Wipplinger, 1953). Coarser
sediment would thus be found nearer the surface.
The study of vertical profiles in the previous section showed variable d50 values within a single dam.
The assumptions presented here were challenged, to look for trends in the distribution of the
sediments in the samples taken from Kenya and Zimbabwe.
Both the sample depth and distance to wall were plotted against the percentage of each of the five
sediment categories defined in Figure 4, for each dam which was sampled. Figure 11 shows an
example.
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Figure 11: Percentage of coarse sand as a function of depth, in the Tadla dam
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Each of these graphs were tested for correlations between the X and Y data. A coefficient of
correlation r was calculated for each graph, and a p-value was calculated based on a t-statistic3:

Where cov describes the covariance of the two variables, and σ is the standard error.

The coefficient of correlation is a measure of how simultaneous the variations of the variables are. A
value near 1 (max) indicates a strong positive correlation, meaning that the variable tends to variate
in the same direction, and a value near -1 (min) indicates a strong negative correlation. Extreme values
of +1 and -1 show perfect affinity. P-values provide insight in the statistical significance of the
correlation.
Figure 12 and Figure 13 show the significance (one minus the associated p-value) of each correlation
between sediment type and depth/distance to wall. The displayed values can be read as the
probability that the t-statistic has a lower absolute value than the one observed, if both assessed
variables were truly independent. Positive values show a positive correlation (when one variable
increases, so does the other), and negative value shows negative correlation.
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Figure 12: Significance of correlation (1-p) between depth and sediment type, Kenyan and Zimbabwean dams

All dams except one Kenyan dam show a trend of increasing proportion of silt and clay with depth,
significant at a 0.05 p-level for 3 dams. SD167 shows an almost significant correlation (p=0.07), but in
the opposite direction. For most of the other types of sediment (gravel, coarse sand and fine sand),
Zimbabwean dams and Kenyan ones show opposite trends, with Zimbabwean ones following the
trend expected based on the literature whereby finer sediments are buried under a coarser layer
3

Assumed to follow a two-tailed Student distribution, with N-2 degrees of freedom, where N is the number of
samples for the considered dam
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(Borst and De Haas, 2006). Zimbabwean samples were taken exclusively near the wall (ranging from 5
m to 25 m), while the Kenyan ones cover a greater range of distances (from 15 m to 300 m). However,
reducing the analysis of Kenyan dams to the pits located only near the wall yielded similar results.
A similar analysis checked the influence of the distance to the wall on sediment composition. The pit
location for Zimbabwean dams could not be confirmed with total certainty, and had no clear trends,
so they were excluded.
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Figure 13: Significance of correlation (1-p) between distance and sediment type, Kenyan dams

SD106 and SD211 show a significant positive correlation (0.05 level) between silt and clay content and
distance to the wall, opposing what was expected from the literature with finer sediment near the
wall (Borst and De Haas, 2006). The measured correlation only includes the small fraction of silt and
clay that was contained in the sand layers. Figure 8 showed an opposite visual trend for all three dams,
with a clear increase in silt and clay layers near the wall. The fine sand fraction followed the expected
trend for all three dams, and is strongly significant for SD167 (p=0.02) and SD211 (p=0.03). The coarse
sand fraction was consistently more important away from the wall, even though for SD106 this was
not significant at a 0.05 level. Interestingly, no such a trend was observed for gravel sediment.
Even though statistically significant, the correlations between sediment type and distance to wall were
associated with lower r values, meaning they are generally weaker than the correlation with depth.
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3.2 Comparison of sediment data to other guidelines
3.2.1 Size of catchment
Figure 14 and Figure 15 show the calculated catchment sizes for each dam and their proximity to one
another.

Figure 14: Map of Kenyan dam catchments

Figure 15: Map of Zimbabwean dam catchments

The results shown in Figure 16 also included data points from Viducich (2015), who performed a similar
analysis.
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Figure 16: Comparison of catchment size and grain size

Smaller catchments are seen to have a more variable mean grain size with values ranging from 200 to
1,000 μm, while for larger catchments (> 100 km2) it ranges from 400 to 600 μm. However, no
significant trends linking these two parameters was observed. Guideline 35 considers that the
catchment is an important factor, as there is a larger surface area to capture rainfall and therefore
there will be floods with higher discharges that carry coarse sediment (Gijsbertsen, 2007). Whilst this
connection is intuitive, the data suggests that larger catchments may smooth any additional factors
affecting grain size, but cannot alone predict the coarseness of sediment captured.
3.2.2 Mean gradient of catchment
Figure 17 and Figure 18 show the gradients within the catchments, with the average catchment
gradient summarised in Table 6.
Dams
TS2
NZ
EM
TA
EL
TS1
SD106
SD167
SD211

Mean gradient (°)
5.21
5.64
4.64
7.21
2.79
2.78
3.18
4.53
2.80

Table 6: Mean gradient of catchments
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Figure 17: Catchment slope in Kenya

Figure 18: Catchment slope in Zimbabwe

Gradient is described in the literature as having an important impact on sedimentation and erosion
processes operating at the catchment scale (Gijsbertsen, 2007; Viducich, 2015). A steeper catchment
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will be more prone to erosion (Gijsbertsen, 2007). According to Lane’s balance (Lane, 1954), a river’s
sediment load multiplied by its sediment size is proportional to the bed slope multiplied by the
discharge. Hence, for similar discharge and sediment loads, a steeper river (or a run-off over a steeper
catchment) will transport coarser sediment.
Figure 19 shows no link between catchment mean gradient and mean grain size, suggesting the grain
size isn’t affected by gradient. Viducich (2015) found that steeper catchments caught finer sediment,
with a p-value significance of 0.02 on 11 dams. This is contrary to Gijsbertsen (2007) who stated that
catchments with an average gradient smaller than 2 degrees fell within areas considered to have a
low probability of a sand dam capturing coarse material. Thus, a potential link in the literature
between these two characteristics has not been reinforced either way. However, there are two
outlying values furthest top and right, which were they not present, would show a potential
correlation that agrees with Gijsbertsen. Although, a statistical test would need to be completed to
understand the validity of excluding them.
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Figure 19: Comparison of mean catchment gradient and grain size. Orange dots are Kenyan dams, Blue are Zimbabwean

3.2.3 Vegetation and land terracing around the dams
Vegetation cover is frequently mentioned in the guidelines in terms of indicating a presence of water
(Guideline 38) (Maddrell and Neal, 2012; RAIN Foundation, 2012), but it may also be a factor in
preventing erosion (Maddrell and Neal, 2012). Maddrell and Neal (2012) suggest that terracing and
vegetation cover, particularly immediately upstream of the dam, may reduce soil erosion and run off
and therefore the amount of fine sediment that is deposited behind the dam (Guidelines 10 and 28).
The sediment profiles indicate that the Zimbabwean dams have proportionally more coarse sediment
and gravel than those of Kenya, so it might be expected that there is more vegetation and terracing in
the Zimbabwean dams immediately upstream, reducing erosion, run off and silt content of the dams
(Maddrell and Neal, 2012).
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However, analysis of historical satellite images from Google Earth, indicates no terracing upstream of
the Zimbabwean dams but significant terracing upstream of the Kenyan dams (Figure 20).

Figure 20: Left = Dam SD167 (Kenya - Terracing), Right = Dam TA (Zimbabwe, No Terracing)

Excellent Development confirm this as the gradient of valley sides in Zimbabwe are lower than that of
the Kenyan dams making terracing impractical (Whinney, 2018). Analysis of the results indicate that
the terraced dams are associated with smaller mean grain sizes compared with those not terraced
(Figure 21). This is the opposite of what would be expected according to the guidelines (Maddrell and
Neal, 2012).

Figure 21: Comparison of terracing and grain size

Much of the area around the Kenyan dams seem to be bare earth, even the terraced areas. According
to historical satellite images taken half way the end of the Machakos dry season (May – September)
and after two months of heavy rain in November and December (CRUUEA, 2016), the vegetation
coverage appears relatively unchanged: very sparse, with bare earth (Figure 22). Considering the
ephemeral rivers are likely to flow during periods of rainfall, it appears that in the Kenyan case there
may be more silt from erosion entering the dam.
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End of Kenya Rainy season
Kenya SD106: 19 January 2011

End of Kenya dry season
Kenya SD106: 28 October 2012

End of dry season / beginning of rainy season
Zimbabwe Tshakadzi: 17 October 2014

End of rainy season
Zimbabwe Tshakadzi: 4 May 2017

Figure 22: Comparison of vegetation cover around dams during different seasons. Source: Google Earth

In contrast the satellite images from the area surrounding the Zimbabwean dams as shown in Figure
22, suggest more vegetation cover in the form of natural scrubland, as well as cultivated fields.
Satellite data from Google earth shows that although vegetation cover appears stressed and is less
green during the dry season it still appears to survive and will therefore have roots that protect soil
from erosion, preventing silt from entering the dam.
This guideline of increased vegetation upstream of the dam preventing erosion and therefore silt from
entering the dam (Maddrell and Neal, 2012) would appear to correlate with the sediment data. The
sediment profiles show an increased mean grain size for dams with higher levels of vegetation
surrounding them (Figure 23).
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Figure 23: Comparison of vegetation and grain size

This suggests that terracing alone may not be a significant factor in leading to coarser sediment
capture, but general cultivation and higher vegetation density in the catchment and upstream of the
dam may be more of a contributing factor. However, it is noted that the segmentation of the data by
terracing and vegetation does not allow overlap between the different regions, so there may be other
unique factors that are biasing these results.
3.2.4 Land cover of catchment
The land cover of the catchment area is often cited as an important factor driving the size of sediment
present in the river (Guidelines 21 and 29). Figure 24 shows an example output for dam SD211 where
is it found that the catchment cover comprises 19.4% vegetation, 18.1% sandy soil, and 62% farmland.
These values were then collated for all dams and compared with the sediments found.

Figure 24: Soil cover in the catchment of Kenyan dam SD211
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Following the comparison of the catchments with land cover, no obvious similarity can be observed
between these two parameters (Figure 25). The two regions in Kenya and Zimbabwe where the sand
dams are located have much different land cover, so it is probably the reason for the lack of
correlation.
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Figure 25: Comparison between vegetation cover and grain size

If the vegetation cover in the catchment has an impact, more data on dams from similar areas are
needed to show it. Also, the ASTER infrared data used has a precision of 15 m, however most of the
trees in the catchments have a shape of around 5 m diameter. As the vegetation is seldom continuous
and mostly represented by dispersed lone trees, the software may some difficulty matching the trees
precisely, or averages the tree cover with the loss of some accuracy.
What is apparent from Figure 25 and Figure 26 is that dams EL and TS1 have some outlying values for
land cover. EL has the highest cover of sandy soil at 32% but the joint lowest d50 at 437 μm. TS1 has
the highest d50 (979 μm) but also the highest vegetation cover (28%). However, they are located south
of the other Zimbabwean dams in a less hilly area, so gradient may have more of an impact.
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Figure 26: Comparison between sandy soil cover and grain size
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Zimbabwe

Farmland cover (Figure 27) also does not show a correlation, which could be due to the precision of
infrared data which can mismatch vegetation or farmland cover. The percentage cover of farmland is
quite similar for Kenya and Zimbabwe, so more accuracy could be gained with more differentiated
catchments.
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Figure 27: Comparison between farmland cover and grain size

This contradicts with the literature, which itself is conflicting. Nissen-Petersen (2011) suggests that
farmland could induce the deposition of more fine sediments, as at the onset of the rainy season no
crops have been planted that are able to limit soil erosion. Viducich (2015) found a tendency towards
more coarse trapped sediments in catchments with higher cropland cover. Overall, few studies have
taken this parameter into account. Given the reported disagreement, precision of the methodology
and likely contribution to river sediment load, it would be worth investigating further.
Guideline 21 sees a river having a stony catchment as compulsory (RAIN Foundation, 2012). It was
not possible identify how stony the land was from GIS methods, so this may only be possible from
field surveys.
3.2.5 Geology of catchment
Siting guidelines mention the importance of the geology of an area as a factor in sand dams capturing
coarse sediment (Guideline 33). They argue that hard crystalline rocks are preferable, as they create
coarse sediment, result in impermeable river beds, so that captured water is stored for longer and
provide good construction material and firm a foundation for the dam (Maddrell and Neal, 2012; RAIN
Foundation, 2012).
Geological maps suggest the geology of the catchments of the dams in Zimbabwe is “granite, gneissic
and massive” (Geological Survey Office, 1946). Data from Mines and Geology Department of Kenya
(2004) indicates the Kenyan dams are also located in an area with gneiss rock formations. Gneiss often
contains quartz and other minerals (King, 2018), is good for construction and may be medium to
coarse grained depending on weathering and erosion processes (The University of Auckland, 2005).
Granite can also be used for construction, contains quartz and has a high silica content (69-77%) (The
University of Auckland, 2005).
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When granite and gneiss are weathered the feldspar will turn to kaolin clay (University College
London, 2018). The quartz and silica may then be eroded to become coarse quartz sand. Quartz rich
rocks such as granite and gneiss produce sandy soils (Earle, 2015).
Therefore, it seems that both sets of dams are located in areas with very similar geological
characteristics, capable of producing coarse sandy sediment. This has been confirmed by recent field
research conducted by Cranfield University (Parker, 2018).
The significance of the underlying geology therefore cannot be assessed in this research as there are
no dams located in different geological conditions with which to make a comparison.
3.2.6 Precipitation
Guidelines 31 and 32 recommend considering annual rainfall and the number of rainy seasons to site
a sand dam (Maddrell and Neal, 2012), inferring that higher rainfall will lead to more flood events.
Figure 28 and Figure 29 show how the annual precipitation changes across the regions in Zimbabwe
and Kenya where the dams are located. The data are summarised in Appendix E.

Figure 28: Average annual precipitation for Zimbabwean dams
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Figure 29: Average annual precipitation for Kenyan dams

Figure 30 shows that there is no correlation between the average annual precipitation in the
catchment and the mean grain size. Zimbabwe and Kenya do have differences in their total amount of
rainfall but it does not appear to have an impact on grain size.
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Figure 30: Comparison between average annual precipitation and grain size
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No data was found for the period after the construction of the dams, therefore the data being for
1970 to 2000 may not be representative of rainfall when the dams were constructed. These data also
had a resolution of 900m whereas the catchment terrain data have a resolution of 30m, so there is a
margin of error inherent. Gijsbertsen (2007) states that rainfall intensity is what causes higher
velocities during floods, where it is more likely that coarse grained material is moved downstream.
Dam TS1 has the highest mean grain size but also has the lowest average annual precipitation, which
would agree that total precipitation alone is not especially important. Data on rainfall intensity were
not available however.
3.2.7 Straightness of reach
The straightness of the riverbed upstream of the dam could be an important factor according to
Guideline 23Table 1. The closer the coefficient is to 1, the straighter the river. However, Figure 31
shows no correlation between the straightness coefficient of the riverbed and the sediment trapped
by the dam. In fact, it appears that the formation of meanders in a river is directly linked with the
discharge, the gradient of the valley, the composition of the riverbank and the transportation of
sediments within the river (Roulier, 2010). Indeed, a non-straight river will be characterized with a
richer biodiversity, more vegetation around the riverbed. It will then affect velocities, and therefore
the slope and the depth of the river. This will necessarily lead to different sediments properties
observed (Roulier, 2010). It most likely though that no direct correlation exists due to the high number
of parameters that contribute to the straightness of the river.
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Figure 31: Comparison of straightness of reach and grain size
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3.2.8 Distance to valley head
The results in Figure 32 show no correlation between the distance to the valley head and mean grain
size. This is even though Guideline 1 recommends a minimum distance from the dam to valley head
of 4km to ensure there is enough flood velocity to move coarse sediments and enough of a baseflow
to recharge the dam (Maddrell and Neal, 2012). It is not seen in the data that this factor has a real
impact on grain size.
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Figure 32: Comparison of distance to valley head and grain size
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3.3 Sand column experiments
3.3.1 Blank columns
The two blank columns (1 and 4) maintained zero E. coli levels throughout the experiment, confirming
that the equipment and sand was uncontaminated immediately prior to commencing the experiment.
3.3.2 Control column
The control column (7) contained the non-turbid diluted influent and no sand. Samples taken from it
confirmed the gradual die off of E. coli. This is usually described by a first-order reaction (Blaustein et
al., 2013):

where C is the concentration of E. coli, k is the inactivation rate (day-1) and t is time (day). Figure 33
and Figure 34 that follow show the measured survival of E. coli starting from 216 MPN/100 ml after
on day down to 60 MPN/100 ml after eight days, resulting in a die off rate of 0.174 per day. These
results are in line with the findings of Blaustein et al. (2013).
3.3.3 Decay rate of E. coli in the columns in comparison to the control column
It can be seen from Table 7 that the first order inactivation rate of E. coli (k) in the sand columns was
not significantly affected by the turbidity levels. However, in comparison to the inactivation rate of
column 7 (0.143), the inactivation rates in the sand columns were higher.
The coarse sand columns had almost double the inactivation rate of the medium columns.
Sand
Coarse
Coarse
Medium
Medium
No sand

Turbid /
Non-turbid
Non-turbid
Turbid
Non-turbid
Turbid
Non-turbid

(k) rate of
inactivation (day-1)
0.326
0.337
0.209
0.173
0.143

Log reduction
2.0
2.0
1.3
1.4
0.6

Table 7: Inactivation rates of E. coli

3.3.4 Medium and coarse sand columns in turbid water
The results of the effect of contaminated turbid water being held statically in coarse and medium sand
can be seen in Figure 33.
Both the coarse and medium sand columns show a rapid reduction in E. coli immediately after the
contaminated water passed through the sand. The medium sand column filtered out more than the
coarse from day 0, as previously reported in the literature (Jenkins, Tiwari and Darby, 2011). E. coli
levels in the medium and coarse columns showed respectively a log reduction of 0.8 and 0.6. This is
less than the values reported in the literature for continuous slow sand filtration (Seeger et al., 2016),
which was expected as no biofilm had developed on top of the columns.
However, it is notable that the coarse sand quickly began to remove more E. coli than the medium
sand from day 1 (24 hours after the commencement of the experiment), even though on day 0, there
were more E. coli being yielded from the coarse column. It was expected that the medium sand would
consistently filter out more E. coli than the coarse sand (Jenkins, Tiwari and Darby, 2011).
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Figure 33: E. coli in turbid water in coarse and medium sand

3.3.5 Medium and coarse sand columns in non-turbid water
The results of the effect of contaminated non-turbid water being held statically in coarse and medium
sand can be seen in Figure 34.
As for the turbid water, both the coarse and medium columns show a rapid reduction in E. coli
immediately after the contaminated water passed through the sand. However, in this case the
medium sand filtered out less E. coli than the coarse sand on day 0, unlike for turbid water.
As for the turbid water, the coarse sand continues to remove more E. coli than the medium sand: an
additional 0.6 log removal after eight days, which is contrary to what would be expected. For instance
Jenkins, Tiwari and Darby (2011) showed that a d10 of 520 µm provided a log removal 0.30 less than
for a d10 of 170 µm.
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Figure 34: E. coli in non-turbid water in coarse and medium sand

3.3.6 Turbidity reduction
Table 8 shows the mean turbidity of each column at the time when the influent was added, when the
first sample was taken (approximately one hour after the influent was added - day 0) and at day 5 of
the experiment. It can be seen that the medium sand filtered out the turbidity immediately while the
coarse sand releases some turbidity on the first day (19 NTU on average), but all columns eventually
reached a turbidity below 1.1 NTU.

Column
1
2A
2B
3A
3B
4
5A
5B
6A
6B
7

Description
Coarse No E. coli
Coarse 0 NTU
Coarse 0 NTU
Coarse 123 NTU
Coarse 123 NTU
Medium No E. coli
Medium 0 NTU
Medium 0 NTU
Medium 123 NTU
Medium 123 NTU
No Sand 0 NTU

Influent
1.4
1.4
1.4
123
123
1.4
1.4
1.4
123
123
1.4
Table 8: Turbidity reduction
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Turbidity (NTU)
Day 0
2.3
1.3
1.6
18
20
0.6
0.6
0.7
0.5
1.2
0.5

Day 5
0.5
0.6
0.5
0.8
1.1
0.7
0.7
0.7
0.6
0.8
0.5

As illustrated in Figure 35, the E. coli levels in the medium sand columns receiving contaminated water
with a turbidity of 123 NTU had consistently less E. coli than the medium sand columns receiving nonturbid water.
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Figure 35: E. coli in medium sand in turbid and non-turbid water

3.3.7 pH of effluent
On the last day of the experiment, the effluent from each column was tested for pH. All columns
showed a similar level of 7.6 (the differences were lower than the actual accuracy of the pH-meter
used), which was very close to the levels measured before pouring the solution in the column (7.5).
3.3.8 Discussion
This experiment involved static columns, where a single batch of water was poured into the columns
and retained for several days. As the columns were not totally saturated with water, a Schmutzdecke
layer was unlikely to grow in these conditions (Langenbach et al., 2009; Mara, 2004; Seeger et al.,
2016). No articles about bacterial removal in static columns were found in the literature. Thus,
removal of bacteria by slow sand filtration as mentioned, can only be viewed as an upper limit of what
might have been reached by this experiment. However, it did provide some insights as to the
mechanisms that might be operating inside the columns.
Both coarse and medium sand columns exhibited similar levels of turbidity removal by the end of the
experiment, as shown in Table 8 above. This is in accordance with the findings of Jenkins, Tiwari and
Darby (2011). However, it is clear that on day 0, the first sample taken from the coarse sand was
significantly higher in turbidity (mean: 19 NTU), in comparison to the medium sand (mean: 0.8 NTU).
This was also observed by Jenkins, Tiwari and Darby (2011) who found that turbidity removal had a
positive correlation with residence time.
Also on day 0, the E. coli levels of the coarse sand in the turbid columns were a lot higher than the
other columns: 56 MPN/100 ml compared to 32 MPN/100 ml. This may suggest that the E. coli was
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being carried out of the column with the turbidity, as it is expected that bacteria will adhere to the
particles creating the turbidity (Jenkins, Tiwari and Darby, 2011)
The medium sand columns had consistently higher levels of E. coli than the coarse sand columns
throughout the experiment, contrary to what was expected (Jenkins, Tiwari and Darby, 2011; Pfannes
et al., 2015). However, during a preliminary set of experiments using the same sand mixtures and
column set up, no E. coli were detected in the effluent of the coarse sand columns. Investigation on
the possible causes of these preliminary results suggested that the Aquarium sand had killed the E.
coli (Appendix C). The Aquarium sand was supplied by a different manufacturer than the other two
types of sand and was conditioned differently. The Fraction C and D sands were quality controlled,
meeting ISO standards for use in testing concrete, whereas the Aquarium sand was a product for
general use. This difference may make this contamination more likely in the Aquarium sand. It was
therefore decided to wash all sand columns thoroughly with tap water, deionised water and finally a
PBS solution before restarting the experiment.
The greater E. coli removal by coarse sand columns could not be explained. The coarse sand mixture
may have been less uniform than that of the medium mixture, providing a greater specific sand surface
area and therefore increased adsorption of the E. coli in comparison to the potentially more uniform
medium sand (Langenbach et al., 2009; Pfannes et al., 2015). Other parameters that were not
monitored might have had an influence on the results. The effluent from all five of the medium sand
columns has a strong brown/yellow colour, while showing almost no turbidity, which was not
observed in the first run of the experiment. This might suggest a potential chemical interaction
between the PBS solution and the sand used in these columns. Finally, despite the thorough cleaning
procedure, a potential residual chemical contamination from the aquarium sand might have had an
additional impact on the removal of E. coli. The pH test conducted at the end of the experiment
showed no difference between coarse and medium sand columns, which would rule out a range of
potential chemical contaminations.
The ephemeral river of a sand dam is likely to be turbid due to the flood carrying with it fine particles.
The medium sand column shows there was less E. coli in turbid water in comparison to the medium
sand columns with the non-turbid water. This is in accordance with the findings of Jenkins, Tiwari and
Darby (2011) as the turbidity provides extra particles for the bacteria to adhere to, which is then in
turn filtered by the sand particles.
All duplicated columns showed similar results both for E. coli and turbidity, except for the medium
non-turbid columns (5A and 5B). Column 5B has consistently more E. coli than column 5A (twice on
average). Yet their E. coli population had the same inactivation rate (0.209 day-1). This suggests that
5B was initially contaminated by some external sources (even though columns were covered to reduce
this risk). However, the conclusion drawn from the averaged values of these two columns are still
relevant.
For both the coarse and medium columns, the E. coli levels were significantly reduced from day 0, in
comparison to the E. coli levels in column 7 that had no sand filtering the E. coli. Therefore, it can be
seen that the filtering effect of sand significantly reduces E. coli levels in comparison to E. coli being
held statically in a water-only environment.
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4. Conclusion
It was assumed at the commencement of this research that capturing coarse sediment was the
primary factor for creating successful sand dams due to the assumed greater specific yield (Johnson,
1967). Regarding the dams’ classification by Excellent Development, it has been verified that muddier
dams broadly yield less but this should be measured objectively. It has also been shown that dams
with a d50 below 500 µm do yield useful water, contrary to recommendations in the literature (NissenPetersen, 2006; De Trincheria et al., 2015).
However, in some cases the mean composition of sediment was coarser in dams referred to as muddy
in comparison within dams referred to as successful. Furthermore, the spatial distribution of sediment
within a dam, and across different dams, has been found to be highly variable, which likely impacts its
behaviour. Therefore, the capture of a large mean proportion of coarse sediment does not necessarily
mean a successful dam or a successful yield. Other sediment characteristics may play a role, such as
the presence of a muddy layer on the surface of the dam, which may prevent water infiltration from
the surface, but also may reduce evaporation4.
Although sediment composition is still considered an important factor, it is hard to predict, sample
and compare accurately. This study has shown that relying on a single average indicator for an entire
dam, such as d50, can only provide limited analysis. Even if better analytical methods were found, it
would still be very difficult to engineer the ideal layering of sediment within the sand dam, as it is a
natural, violent process (although building spillways in multiple stages is the closest solution to doing
this). It is however recognised that a test of the sediments’ specific yield before construction is still
important to ensure that the design capacity can meet the required yield.
Annual total precipitation and catchment size have been suggested to have an impact, due to the
expected increased discharge and therefore coarser grain size transported, as well as increased
baseflow leading to greater yields. However, the results show this assumed positive correlation is not
present in the data. It has been typically used as a proxy for the actual data desired (flood velocity and
catchment baseflow), but has been shown to mislead, as a larger catchment did not lead to more
coarse sediment trapped in the data. Smaller catchments were shown to have more variability in their
mean grain size, indicating there could be some factor that is ‘dampened’ by a larger catchment size.
The guidelines did not refer to the mean gradient of the catchment, however all studied sites had a
gradient more than 2.7 degrees, and Gijsbertsen (2007) found that sites with gradients of more than
2 degrees are more likely to contain sand. However, as it is only one of four factors in Lane’s balance
(Lane, 1954) then it may not be as important a predictor as precipitation intensity in sediment
transport. Including such a parameter in future guidelines may be appropriate though, as it is relatively
easy to calculate using GIS tools and little research has been done in this area so far.
Different slopes might have induced different types of vegetation, which would not have been
captured by the broad land cover categorisations in this study. This could explain the two observed
outlying values (TS1 and EL), as they also have the flattest catchment gradients. To be able to
differentiate farmland accurately, it would be necessary to make a record of the land use locally, or
purchase specific satellite data taken just after the flood event that fills up the dam.
Vegetation immediately upstream of the dam seems to be positively correlated with a coarser
sediment profile. It is likely to reduce fine sediments entering the dam through erosion, because of

4

Evaporation is reduced in finer sediment if above the water table (Hellwig, 1973)
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the roots binding the soil. Further investigations into what types of vegetation best perform this
function and can also benefit the community would be more useful.
The positive effect of terracing on the creation of coarse sediment has not been possible to determine.
However, any benefit of terracing may be outweighed by the presence or absence of vegetation, which
may be more important in preventing fine sediment.
Coarse to medium grained rocks such as granite and gneiss seem to have the potential to create coarse
grained sediment, provided there is suitable erosion and weathering processes. However, it is not
possible to determine the importance of this factor in comparison to the other factors as the
geological conditions of all dams were too similar.
The results have shown that the sand is more hostile to E. coli than water, as there is a greater
inactivation rate in both types of sand than in water. In medium columns, increased influent turbidity
has been associated with greater removal.
The column experiments have shown that coarse columns achieved lower levels of E. coli than medium
columns. However, no definitive conclusions can be drawn, as the comparison of grain size raised
additional questions. Additional work should be conducted to provide explanations for the greater
removal of E. coli in coarse sand. Turbidity and pH were studied in this experiment and did not yield
any answers, but other parameters such as residual chlorine, suspended solids, potential interaction
with chemicals from the PBS solution could be investigated.
After analysis, this research cannot determine a close correlation between sediment captured and
most of the factors investigated, which according to the guidelines, should allow the capture of coarse
sediment. There are also still other factors that have not been investigated in depth, like precipitation
intensity and flood velocity. In any case, the largest element of this study preventing correlations being
found was probably the small sample size.
However, many of the factors are interrelated and were only looked at independently. A holistic study
of all factors for relating to sand dams has not been found, so it is worth reinforcing that the primary
concept of a dam is the ability to provide a benefit to its community through how much water can be
yielded. This is a combination of multiple factors (Table 9) that can be broadly described as ‘is there
water available when someone wants to use it’.
Factor

Impact

Influence on factor

Maximum abstraction
rate
Sediment specific yield
Frequency of floods
Discharge of floods
Evaporation loss
Amount of baseflow
Groundwater leakage
Volume of sediment
Abstraction volume
Dam wall leakage

Outflow

Sediment composition, abstraction
method
Sediment composition, dam design
Climate
Climate, catchment size
Climate, sediment composition, depth
Geology, catchment size
Geology
Riverbed gradient, dam height
Community
Construction quality

Storage/Outflow
Inflow
Inflow
Outflow
Inflow
Outflow
Storage
Outflow
Outflow

Level of
human
control
Medium
Medium
None
Low
Low
Low
None
High
High
High

Table 9: Factors affecting yield. Adapted from (Maddrell and Neal, 2012), adding influence, impact and human control
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There has been a sense throughout this research, that each location is unique and must be understood
on its own terms, given that the most common literature conclusion has been that the optimum
spillway height should be identified for each dam (Borst and De Haas, 2006; Gijsbertsen, 2007; De
Trincheria et al., 2015; Viducich, 2015).
In Table 9, the column ‘level of human control’ is not empirical, but highlights that there are natural
forces at play. Whilst it may be possible to fully understand each, they may not be able to be controlled
given sand dams are a low technology solution. The balance of these factors in one location means
that a negative effect of one factor may be offset by another positive one (e.g. high leakage vs frequent
floods), whereas in another sand dam a positive factor may overwhelm all others, e.g. large baseflow.
This means that understanding the yield requires an answer to the question do the storage and
baseflow ensure there is enough water to meet the abstraction rate and losses before the next flood
event.
Therefore, the complexity of sand dams and their reliance on variable processes means conducting
micro-level research is very restrictive, as not enough is known about them as a whole. The weighting
of each factor should be more carefully understood, before further research looks specifically at one
factor, e.g. sediment. Furthermore, it is also unlikely given its past rate that micro-level research would
be able to keep pace with Excellent Development’s aim of building 100 dams per year to have a
meaningful impact. Research into the balance of yield factors would also holistically be aligned to the
benefit that sand dams provide.
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5. Recommendations
From this study it has not been possible to recommend any specific changes to existing guidelines or
suggest new guidelines. However, recommendations on future actions have been included.
Terms such as ‘successful’, ‘mud’ and ‘slow’ used for dam classification are subjective and can be
misinterpreted. A new objective indicator relating to yearly yield should be introduced to evaluate a
dam’s holistic performance. This is instead of using proxies for it, such as mean sediment composition,
because comparing the composition and distribution of sediments accurately across dams is incredibly
hard. The term ‘performance’ has been importantly chosen for semantic reasons, so that it does not
conflict with community developmental ‘success’. This would allow the ‘performance’ of a dam to
change yearly without it being classified as a ‘failure’, and would allow quantitative categories of
performance (e.g. high, medium, low) that would not be possible if qualitative benefits were factored
in. Following research of a suitable sample size5 of dam performances, ‘natural’ yield figures (e.g.
without human factors, such as amount abstracted) could then be applied again to the factors in this
study to look for correlations amongst natural characteristics.
In the meantime, GIS analyses could be useful for further investigation into mean catchment gradient,
catchment size, land cover and rainfall intensity, as it is relatively quick and cheap to do. This study, as
well as studies by Gijsbertsen (2007) and Viducich (2015), provide useful methodologies for this.
Rainfall intensity should be investigated as high intensities can increase the coarseness of the
sediment bed load (Earle, 2015), as the higher the intensity, the greater the size of the eroded
sediment, the larger the flood peak discharges and potentially the higher velocity of the river.
For GIS analysis of land cover, graduated definitions of farmland types would be required which may
be difficult to create accurately, so field surveys may a better way of determining this. The land cover
in the vicinity upstream of the dam should be prioritised over the catchment scale. Ideally it should be
completed when the first high intensity rains start following the dam’s completion in order to
accurately determine its effect on the dam. Using the GIS method may only be made accurate by
purchasing satellite images of new dams, prior to the rains.
It would be wise to collect and record data on catchment characteristics prior to the construction of
dams. This should include surveys of the river bed velocity profile, gradient) and calculation of the
specific yield of the riverbed sediment. Specific yield in any case should be a design consideration to
balance with final spillway height and gradient to estimate a location that gives sufficient storage
capacity. Data could also be collected on actual river velocity/discharge during floods by using existing
dams as gauging stations (Viducich, 2015), as it would be a straightforward way of collating relatively
accurate, and currently unstudied, data. A comparison of these data with the subsequent ‘natural’
yield, would ascertain the closeness of correlation with pre-dam characteristics. This approach may
be able to produce pragmatic guidelines for siting dams in new riverbeds better than post-dam
characteristics.
The importance of following rigorous scientific methods cannot be overstated, nor can the large
sample size of dams that is required. This is so that analysis and conclusions are statistically significant.
The creation of an impartial open database of all dam locations and known performances would allow
other desk based studies to occur more easily. This is what the Food and Agricultural Organisation
5

Viducich (2015) suggests a sample size of 350 dams for a population of 5,000 to gain a 95% confidence level
with a 5% confidence interval. For Excellent Development’s 1,000 dams, a sample size of 270 would be
required to match the same confidence level.
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(FAO) do for reservoir dams (Lehner et al., 2011). This would help support Excellent Development’s
strategy of becoming a leading influencer on the adoption of sand dam technology.
Further work should be undertaken to allow stronger conclusions regarding the impact of sediment
size on bacteria removal in sand dams. More parameters should be investigated such as residual
chlorine, suspended solids, and potential interaction with chemicals from the PBS solution. The sand
used should be characterised with a sieving test to better understand the observed results.
It would also be useful to undertake more experiments to prove conclusively that sand dams remove
all faecal contamination. As static sand column experiments may not be representative of real dams,
to improve them the sand should meet strict specifications and the water should be from a river.
Ideally, they should be performed on location next to an existing dam with the actual sediment and
sterilised flood water.
It might also be worth constructing small-scale test dams in a location that is viewed as ideal, based
on existing siting guidelines, in order to determine the consequent sediment captured and yield of the
dam. This could include building in multiple and single stages (Gijsbertsen, 2007; De Trincheria et al.,
2015) or integrating a “reset” function in a dam (e.g. a sluice gate) as Viducich (2015) recommended.
This would allow floods to wash out the sediment if what was captured during the filling process was
not adequate. These tests should not be conducted near to a community to allow for experimentation
without expectation.
It would be useful for Excellent Development to decide on a guideline about how much the predicted
yield of a dam should be a factor in siting, in comparison to ease of construction, cost and proximity
to the community. For example, building a lower performing dam that is closer to a community versus
building at a more optimal site but further away.
It would also be useful to make the existing guidelines more explicit and precise with clear quantitative
thresholds assigned to each, which is a requirement if hoping to scale the technology to organisations
that have no prior experience.
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7. Appendices
Appendix A – Satellite images of dam surroundings
End of Kenya Rainy season

End of Kenya dry season

Kenya SD106: 19 January 2011 (Google Earth)

Kenya SD106: 28 October 2012(Google Earth)

Kenya SD167: 13 February 2011 (Google Earth)

Kenya SD167: 28 October 2012 (Google Earth)

Kenya SD211: 13 February 2011 (Google Earth)

Kenya SD211: 28 October 2012 (Google Earth)
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End of dry season / beginning of rainy season

End of rainy season

Zimbabwe Tshakadzi: 17 October 2014

Zimbabwe Tshakadzi: 4 May 2017

Zimbabwe Asinatheni2: 12 November 2014

Zimbabwe Asinatheni2: 4 May 2017

Zimbabwe Nzenge: 12 November 2014

Zimbabwe Nzenge: 4 May 2017
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Zimbabwe Emdubini: 12 November 2014

Zimbabwe Emdubini: 4 May 2017

Zimbabwe Tadla: 12 November 2014

Zimbabwe Tadla: 4 May 2017

Zimbabwe Elitsheni 2: 12 November 2014

Zimbabwe Elitsheni 2: 4 May 2017
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Appendix B – Guidelines matrix

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Guidelines
Is the location 4km from the
valley head?
Bedrock on surface or within 5m
below ground level?
Is the river narrower than 25m?
Is the river sediment greater
than 95% sand? Ideally 99%
Is there bedrock 1.5m wider
than the natural flood width?
Are there no fractured rocks or
large boulders?
Is the maximum flood below the
top of the banks?
Are there any river low spots, if
the gradient is below 1%?
Is the river gradient between 0.5
and 5%?
Is the catchment protected
150m upstream of the dam?
Are there salty rocks? Do they
taste salty when licked?
Specific yield test after 1 hour is
25%
Is sand porosity at least 30%?

Description in guidelines
Category
Closer than this they will not fill with Quantity/
sediment
Quality
Construction

Excellent
✓

Source of guidelines
Compulsory? RAIN Compulsory?
Yes

✓

Yes

✓

✓

Yes

✓
✓

Yes
Yes

✓

Yes

Construction

✓

Yes

Longevity

✓

Too expensive otherwise

Construction
Quantity/
Quality
RAIN gives guidelines for type of soil, 0-10m Longevity

After dam construction

Longevity

✓

Yes

Contradicted by 0.1% and 5% on page 58.
RAIN = 2-4%
Reducing erosion around the sand dam area
(gullies)
White/pink rocks

Quantity

✓

Yes

Quantity/
Quality
Quality

✓

Yes

Taken from RAIN Box 7 table

Quantity

Should be drainable porosity?

Quantity/
Quality
Construction
Suitability

Is there visible bedrock?
If not, will have to probe to find bedrock
A PESTLE analysis has been Chooses if a Sand Dam is the right solution
done?
60

✓

✓

Yes

✓

Yes

✓
✓
✓
✓

Yes

16
17
18

19
20
21
22
23
24
25

26

27
28
29
30
31

Depth and type of basement test
completed?
Depth of groundwater test
completed?
Has potential storage been
calculated from profile and cross
section?
Does the area have a drylands
climate?
Are there seasonal rivers?
Is the catchment stony?
Would the dam design allow the
river to flow its previous course?
Is there a straight reach?
Is the river bank high and
strong?
Is there a local organisation that
already
works
with
communities?
Is the community engaged in the
choice of sand dam following
PESTLE?
How deep is the sediment in the
river?
Is there terracing on farm land?

Used to estimate storage value

Quantity

✓

Quantity

✓

Quantity

✓

Chosen based on 1958 study on land to Suitability
runoff estimate
Suitability
Suitability
Suitability

✓
✓

Construction

✓

E.g. will provide labour

Suitability

✓

Evaporation occurs to 60cm deep

Quantity/
Quality
Quantity/
Quality
Quantity/
Quality
Quality

✓

Quantity

✓
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✓

Yes

✓
✓

Yes

✓

Quantity
Suitability

What is the extent of
forest/vegetation cover?
What pesticides are added to
crops upstream?
How many rainy seasons are Multiple keeps the dam fuller for longer
there?

Yes

✓
✓
✓

✓

32
33
34
35
36

37
38

39
40
41
42
43
44

What is the annual rainfall?
What is the geology?

Should be intense
Quantity
Hard, crystalline rocks produce good, coarse Quantity/
sand
Quality
Is there a road or riverbed
Construction
crossing nearby?
What size is the catchment?
Quantity
Has the community's preferred Community investigation, water: where, Social
location been taken into how, abstraction
consideration?
Are there scoop holes in the
Quantity
river?
Is there vegetation which e.g. Fig trees
Quantity
require a lot of water, on the
river bank?
Is the land owner happy for the
Construction
dam to be built? Other conflicts?
Are materials available to
Construction
construct the dam?
Is the site accessible and close to users’ homes? Does the site suit the intended Social
use?
Is there a point where the river
Construction
narrows with rock outcrops?
Is the sand uniform and coarse
A higher D10 value and uniformity close to 1 Quantity/
Quality
What is the baseflow of the river
Quantity
banks and river bed?
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✓
✓

✓
✓
✓

✓
✓
✓

Yes

✓
✓
✓
✓
✓
✓
✓

✓
✓

Yes

✓

Yes

✓

Yes

Appendix C – Experiments to identify sand column variables
The column experiment was repeated three times until the methodology was honed. Initially
deionised water was used with primary effluent being added. However, it was decided on further
research and the results that either the deionised water had killed the E. coli and/or there was a
contaminant in the Aquarium sand that had killed them.
The first column experiment used deionised water as the solution for the columns inoculated with E.
coli derived from primary effluent at a dilution of 1:40,000. Moreover, the turbidity level was 1,400
NTU due to a miscalculation with the amount of kaolin clay.
From the results of the first column experiment, unexpectedly, in the coarse sand column, the E. coli
count dropped to 0 E. coli per 100 ml within 24 hours. Moreover, the medium sand had an average
rate of reduction of E. coli that was much slower at 5 E. coli per 100 ml per day with turbidity and 4.7
without turbidity. This contrasts with the suggestions in literature that the “medium” sand should
have removed E. coli faster due to its larger surface area. There was also a 50% drop in E. coli
concentration that was observed between the primary effluent sample and the concentration of the
diluted solution (corrected for dilution) that was prepared 24 hours after the effluent’s collection.
After 11 days it was decided to restart the experiments. To improve the next set of experiments, three
main hypotheses were investigated that could have justified why this discrepancy occurred:
Deionised water and destruction of E. coli
The impact of low osmotic pressure due to the use of deionised water with E. coli (Wood, 2015) was
suspected to be a potential reason for the 50% fall in E. coli count. A test was prepared to compare
the fate of E. coli following a 24-hour residence time in deionised water and in a phosphate buffer
solution (PBS).
Six samples containing raw sewage diluted with PBS at 1:80,000. Three of the samples were
immediately incubated and tested using the Colilert-18 method, resulting in an MPN count of 45.8 E.
coli per 100ml. The remaining three trays left for 24 hours at room temperature, before being
incubated and tested giving an MPN E. coli count of 33 E. coli per 100 ml; a reduction of E. coli by 27%.
In order to test the effect of E. coli being left in deionised water for 24 hours, a similar test was done.
600ml of deionised water was inoculated stirred and divided into two batches of 300ml. Three 100ml
samples were incubated immediately and resulted in an average MPN count of 6.7 E. coli per 100 ml.
Another three 100 ml samples were left for 24 hours at room temperature and then incubated,
resulting in an MPN count of 2.4 E. coli per 100ml. Notwithstanding the relatively low count for both
samples (the reason for which is not known), it shows that approximately 64% of E. coli die when
placed in deionised water for 24 hours.
This shows that deionised water is more hostile to E. coli than expected, as the die-off rate was three
times faster. The use of deionised water is therefore likely to reduce the E. coli concentration quicker
than a real-world environment so the first column experiments have not been a realistic
demonstration of what may occur in a sand dam.
Aquarium sand causing zero MPN E. coli counts
It was also suspected that the Aquarium sand of the coarse sand columns might have been responsible
for the E. coli reduction, as it was sourced from a different manufacturer than the other two types of
sand.
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A small amount of unused Fraction D and Aquarium sand were tested separately. The remaining
unused Fraction C had already been mixed with Fraction D, so could not be tested separately, but
considering this type of sand was in both coarse and medium columns, it is unlikely to be a causal
factor. Two mini columns were created using upturned 2 L plastic drink bottles and were sterilised
with boiling water. The first was filled with Aquarium sand, the other one with Fraction D sand. Due
to the limited amount of Fraction D available, there was about 20% less volume of sand than in the
Aquarium sand bottle (Figure 36).

Figure 36: Mini sand column experiments

A sample of raw sewage (the same as for the previous experiment) was diluted to a 1:80,000 ratio
with PBS. Three control samples of the solution were incubated shortly after sampling.
To ensure saturation, both bottles were filled until there was a thin layer of free standing water on
top of the sand. The level was monitored for 30 minutes to ensure it did not drop. The Aquarium sand
bottle took approximatively 700 ml of solution and the Fraction D 400 ml. Bottles remained at room
temperature for 24 hours before being drained and the samples incubated. The Aquarium sand
yielded enough water to allow for a duplicate test. The Fraction D sand did not yield enough, even
though drainage had occurred as indicated by the free-standing water disappearing after 24 hours,
but it had not sufficiently reached the bottom of the volume. The sand was flushed using the same
PBS/E. coli solution that was fed 24 hours before, until 100 ml was collected.
The MPN of E. coli before filtration was 45.8 E. coli per 100ml. After filtration, the Aquarium sand
column yielded an MPN count of 2.6 E. coli per 100 ml. The Fraction D column gave an MPN count of
67 E. coli per 100 ml.
It therefore appears that the Aquarium sand killed almost all the E. coli within the containers
compared to the Fraction D sand. This comparison must be read with care as no water was able to be
drained from the Fraction D column, so the flushing process may have led to the drained water being
unfiltered and the results from this container should be interpreted with caution. This is reinforced by
the fact that the E. coli count increased compared to the concentration 24 hours before. However, the
Aquarium sand displayed a similarly dramatic decrease as was in the main column experiments. As
such some unknown contamination from the Aquarium sand had an untoward influence on the
experiment and will be washed before the second experiments.
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Determining if E. coli was trapped in coarse sand
Samples from the main coarse sand columns were tested to identify if any E. coli was trapped in the
sand during the first experiment. Two samples of sand were taken from each of columns C2B and C3B
at depths of 66 cm and 71 cm. From each one of these samples, two samples of 5 g were taken in
separate tubes and approximately 100 ml of deionised water was added to each. These were then
intensively shaken for 3 minutes on a platform shaker, followed by 5 minutes in a centrifuge at an
acceleration of 600 ɡ to extract the water content from the sand. The resulting water sample was
tested for E. coli.
From the coarse sand that contained turbid water, the MPN of E. coli trapped was 0.5 per 100 ml. In
the coarse sand with non-turbid water, the MPN of E. coli was 0 per 100 ml. This therefore shows that
the samples taken from the columns were a true representation of the E. coli count in the water.

Appendix D – Phosphate Buffer Solution ingredients
Phosphate Buffer Solution chemicals are:







NaCl (Sodium Chloride, 800 g for 100 L, so a total of 1,360 g for 170 L)
KCl (Potassium chloride, 20 g for 100 L, so a total of 34 g for 170 L)
KH2PO4 (Potassium dihydrogen orthophosphate/monobasic potassium phosphate, 24 g for
100 L, so a total of 40.8 g for 170 L)
NaH2PO4 (sodium hydrogen phosphate, 144 g for 100 L, so a total of 306.9 g for 170 L)
Kaolin Clay (0.08 g for 500 ml, so a total of 12.8 g for 80 L)
Adjust the pH to 7.4 with either HCl (Hydrochloric acid) and/or NaOH (Sodium Hydroxide)

Appendix E – Average annual rainfall in dam catchments
Dam
TS2
NZ
EM
TA
EL
TS1
SD106
SD167
SD211

Average annual precipitation on catchment (mm/year)
538
542
536
556
513
449
631
691
622
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Appendix F – Zimbabwe dam classification data
Months without water Consumption (m3/year)
7
243
4
1958,4
Not used (low rain, no
EL
slow
600
pump)
0
0
(1 month with
TS1
successful
N/A
restriction)
2394
NZ
successful
400
2
522
TA
successful
6437
1
N/A
Yield is consumption divided by capacity. Source: (Parker and Grabowski, 2017)
Dam
EM
TS2

Status
mud
slow

Capacity
587
3832

Appendix G – Vertical profiles of all dams
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Yield
41%
51%
N/A

N/A
131%
N/A
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Guidelines for the siting
of sand dams for
Excellent Development.
Authors: Simon Beswetherick, Matthieu Carrière, Virgile
Legendre, Will Mather, Thelma Perpes, Benoît Saunier

Terminology
Catchment: Area of land that captures rainfall and other precipitation and funnels it to a lake or
stream or wetland (The Watershed Center, 2010)
Turbidity: Cloudiness
NTU: Nephelometric Turbidity Unit

1. Introduction
1.1 The challenges of sand dams
It is assumed that sand dams should ideally collect coarse grained sediment to enhance the volume of
water stored. However, failure rates vary from 2% to 90% (Nissen-Petersen, 2010). Some of these
“failures” are due to improper construction but can also include dams that fail to retain enough water
in their sediment.
In reaching the status of an “improved” water source, the quality of water extracted is important. It is
expected that fine grained material would be more effective in removing contaminants, however this
would be at the expense of the reduced storage provided.
The location of rivers limits the choice of sites for sand dams. There is therefore, a balance to be struck
between finding an appropriate site for the performance of the dam, whilst being close enough to
provide sufficient benefit to the local communities.
Few academic studies on guidelines for siting of sand dams have been done so far, and the guidelines
that are available while being technical in some aspect are limited in being scientifically underpinned.

1.2 Objectives of this study
This study based on 9 dams in South East Kenya and South West Zimbabwe aimed to determine:



The factors that contribute to a sand dam filling with coarse grained material.
The impact the grain size has on the ability of the sediment to filter contaminants.

Results, conclusions and recommendations follow.

2. Sources of data for this study
The primary data source for the analysis of sand dam siting comes from sediment samples taken from
nine African sand dams. There is no common understanding for classification of sand dams, and
therefore of what a “successful” sand dam is. The concept of “successful” has never been precise in
this study, which is at the root of many misunderstandings. However, the Dabane Trust defines the
classification as in Table 1.

1

Type
Successful

Definition
Accumulation of sufficient sand in at least
three rainfall seasons and capacity to store
sufficient water for household consumption
year-round

Slow

Slow sediment accumulation

Mud

Accumulation of mud in the basin

Impact
Community receives increase in
water availability

Delays in the community receiving
the full potential of water
availability
Water is difficult to abstract

Table 1: Sand dams classification

3. Results
An analysis of guidelines was created from two main sources (Maddrell and Neal, 2012; RAIN
Foundation, 2012). As such, a holistic approach was taken towards understanding the current
guidelines for the siting and construction of sand dams to see those that may be improved,
contradicted or replaced within the remit of this study. There are a wide range of guidelines, but a
focus was put on those which are technical.

3.1 Sediment profiling
3.1.1 Sediment composition
The sediment sampling data was used to analyse the mean composition of sediment retained by each
dam in Kenya and Zimbabwe (Figure 1).

Zimbabwe

Kenya

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
EM

EL

TS2

NZ

TA

TS1

SD106 SD167 SD211
Successful

% Gravel

% Coarse Sand

%Medium Sand

%Fine Sand

Figure 1: Mean composition of sediment per dam
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Figure 1 shows that the dams NZ, TA and TS1 are deemed successful and generally have a coarser
sediment profile than the other dams in Zimbabwe. However, EM has a coarser profile than the profile
of TA but is classified as ‘mud’. The Kenyan dams generally have a lower proportion of coarse/gravel
sediment than the successful Zimbabwean dams, yet they were deemed successful. Therefore, mean
sediment composition cannot be the only factor in determining whether a dam is successful. This does,
however, rely upon a classification of success that encompasses factors not linked to sediment profile,
such as rainfall and abstraction.
3.1.2 Depth and distance to the dam wall
It was found that most dams showed that there was more silt and clay the deeper you go. Based on
the Kenyan data, the further from the wall, the more silt and clay. This is contrary to most academic
studies.

3.2 Comparison of sediment data to other guidelines
3.2.1 Catchment size
Small catchments tend to have more variability in their mean grain size, therefore extra care should
be taken when siting a dam in a small catchment and larger catchments do not necessarily lead to
more coarse sediment trapped.
3.2.2 Mean catchment slope
Although the guidelines do not refer to the importance of the mean catchment slope on sediment
size, and there was no link found between slope of the catchment and grain size captured in this study;
all studied sites did have a gradient more than 2.7 degrees, and Gijsbertsen (2007) found that sites
with gradients of more than 2 degrees are more likely to contain sand.
3.2.3 Terracing and vegetation around the dam
Results from this study indicate that the terraced dams (Kenyan) had a finer sediment composition
compared with the Zimbabwean dams which were not terraced: the opposite of what would be
expected (Maddrell and Neal, 2012). It was also found that there was more vegetation around
Zimbabwean dams compared to the Kenyan dams. This suggests that the presence of vegetation may
be more influential on reducing fine sediment than the effect of terracing.
3.2.4 Land cover of catchment
Nissen-Petersen (2011) suggests that farmland could induce the deposition of more fine sediments,
as vegetation cover limits soil erosion. However, following the GIS analysis of the catchments with
land use, no correlation can be observed between land use and sediment profile.
3.2.5 Geology of catchment
According to geological data and surveys in the dam area, the geology of all the dams studied are very
similar; lying on a gneiss/granite. These rocks contain quartz and other minerals (King, 2018). These
are good for construction and potentially create coarse sediment depending on erosion (The
University of Auckland, 2005). They are therefore ideal for sand dams. However, it was not possible
from this study to determine the significance of geology on the sediment profile of sand dams, as the
geology was very similar, yet the sediment profiles of the dams was different.
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3.2.6 Precipitation
No correlation has been found between average annual precipitation and the sediments caught in the
dam. The intensity of precipitation might have a greater impact on sediments.
3.2.7 Straightness of reach
No direct correlation between the straightness of the reach with sediment profile was found in this
study due to the high number of parameters. However, other research suggest that how straight or
bendy the river, is directly linked with the discharge, the gradient of the valley, the composition of the
riverbank and the transportation of sediments within the river (Roulier and Paccaud, 2010).
3.2.8 Distance to valley head
It is not seen in the data that this factor has a real impact on grain size.

3.3 Sand column experiment

Average E. coli (MPN/100 ml)
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Figure 2: E. coli in turbid water in coarse and medium sand

For both the coarse and medium sand columns, the E. coli levels were significantly reduced from the
start of the experiment, in comparison to the E. coli levels in the column without sand (used for a
control) (Figure 2). Therefore, it can be seen that the filtering effect of sand significantly reduces E.
coli levels in comparison to E. coli being held statically in a water-only solution.
The results show that the coarse sand appear to filter more E. coli than the medium sand (Figure 2).
This is contrary to what was expected.
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Moreover, the experiment in the medium column found that the reduction of E. coli was greater in
sand columns filled with turbid water in comparison to those filled with non-turbid water.
Column
Coarse
Medium

Initial turbidity (NTU)
123
123

Final turbidity (after 8 days) (NTU)
0.95
0.7

Table 2: Turbidity removal over time in coarse and medium sand

As shown in the Table 2, after 8 days, the turbidity level dropped in both medium and coarse column
from 123 NTU to less than 1 NTU. This is in line with WHO guidelines which suggest that drinking water
should have a turbidity of 5 NTU or less (WHO, 2018).

4. Conclusion
It was assumed at the commencement of this research that capturing coarse sediment was the main
factor for creating successful sand dams due to the assumed greater specific yield (Johnson, 1967). It
has been verified that muddier dams broadly yield less but this should be measured objectively. It has
also been shown in this study that dams with finer sediment (with an average grain size of less than
500 µm) do yield useful water, contrary to recommendations in other academic studies (NissenPetersen, 2006; De Trincheria et al., 2015).
The capture of a large mean proportion of coarse sediment does not necessarily mean a successful
dam or a successful yield. Other sediment characteristics play a role, such as the presence of a muddy
layer on the surface of the dam, which may prevent water infiltration from the surface, but also may
reduce evaporation.
Vegetation immediately upstream of the dam seems to be positively correlated with a coarser
sediment profile. It is likely to reduce fine sediment entering the dam through erosion than without,
because of the roots binding the soil.
The positive effect of terracing on the creation of coarse sediment has not been possible to determine.
However, any benefit of terracing may be outweighed by the presence or absence of vegetation, which
may be more important in preventing fine sediment.
Coarse to medium grained rocks such as granite and gneiss seem to have the potential to create coarse
grained sediment, provided there is suitable erosion and weathering processes. However, it is not
possible to determine the importance of this factor in comparison to the other factors as the
geological conditions of all dams were too similar.
The results have shown that the sand is more hostile to E. coli than water, as there is a greater
inactivation rate in both types of sand than in water. In medium columns, increased influent turbidity
has been associated with greater removal.
The column experiments have shown that coarse columns achieved lower level of E. coli than medium
columns. However, no definitive conclusions can be drawn of the difference between coarse and
medium sand in their effectiveness in removing E. coli. Additional work should be conducted to
provide explanations for the greater removal of E. coli in coarse sand.
After analysis, this research cannot determine a close correlation between sediment captured and
most of the factors investigated, which according to the guidelines, should allow the capture of coarse
sediment. There are also still other factors that have not been investigated in depth, like precipitation
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intensity and flood velocity. In any case, the largest element of this study preventing correlations being
found was probably the small sample size.
However, many of the factors are interrelated and were only looked at independently. Much technical
research has focussed on sand dams in the same way and it is worth reinforcing that the primary
concept of a dam is the ability to provide a benefit to its community through how much water can be
yielded. This is a combination of multiple factors that can be broadly described as ‘is there water
available when someone wants to use it’.
A holistic study of all factors in a sand dam location has not been found. Whilst it may be possible to
fully understand each, they may not be able to be controlled given sand dams are a low technology
solution as there are natural forces at play. The balance of these factors in one location means that a
negative effect of one factor may be offset by another positive one (e.g. high leakage Vs frequent
floods), and vice versa. This means that understanding a dam requires an answer to the question “does
the storage and natural replenishment ensure there is enough water to meet water use demand before
the next flood event?”

5. Recommendations
From this study it has not been possible to recommend any specific changes to existing guidelines or
suggest new guidelines. However, recommendations on future actions have been included.
Terms such as “successful”, “mud” and “slow” used for dam classification are subjective and can be
misinterpreted. A new objective indicator relating to yearly yield should be introduced to evaluate a
dam’s holistic performance. This is instead of using proxies for it, such as mean sediment composition,
because comparing the composition and distribution of sediments accurately across dams is incredibly
hard.
Using the term “performance” may be more appropriate so that it does not conflict with community
developmental “success”. This would allow the “performance” of a dam to change yearly without it
being classified as a ‘failure’, and would allow quantitative categories of performance for comparison
(e.g. high, medium, low). Following research of 270 dam performances (see main report), ‘natural’
yield figures (e.g. without human factors, such as amount abstracted) could then be applied again to
the factors in this study to look for correlations amongst natural characteristics.
In the meantime, GIS analyses could be useful for further investigation into mean catchment gradient,
catchment size, land cover and rainfall intensity, as it is relatively quick and cheap to do. The main
report, as well as studies by Gijsbertsen (2007) and Viducich (2015) provide useful methodologies for
this. Rainfall intensity should be investigated as high intensities has a potential link with creation of
coarser sediment (Earle, 2015).
Field surveys may be a more suitable way of determining land cover than GIS methods. The land cover
in the vicinity upstream of the dam should be prioritised over the land cover of the whole catchment.
Ideally it should be completed when the first high intensity rains start following the dam’s completion
in order to accurately determine its effect on the dam.
It would be wise to collect and record data on catchment characteristics prior to the construction of
dams. This should include surveys of the river bed (bedrock profile, gradient) and calculation of the
specific yield of the riverbed sediment. Specific yield in any case should be a design consideration with
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which to balance with final spillway height and gradient in order to determine a location that gives
sufficient storage capacity.
Data could also be collected on actual river velocity/discharge during floods by using existing dams as
gauging stations (Viducich, 2015). This would be a straightforward way of collating relatively
accurate, and currently unstudied, data. A comparison of these data with the subsequent yield of
the dam, may provide a way of predicting the yield of future dams, based on their river discharge.
The importance of following rigorous scientific methods cannot be overstated, nor can the large
sample size of dams that is required. This is so that analysis and conclusions are statistically significant.
The creation of an impartial open database of all dam locations and known performances would allow
other desk based studies to occur more easily. This is what the Food and Agricultural Organisation
(FAO) do for reservoir dams (Lehner et al., 2011). This would help support Excellent Development’s
strategy of becoming a leading influencer on the adoption of sand dam technology.
Further work should be undertaken to allow stronger conclusions regarding the impact of sediment
size on bacteria removal in sand dams. More parameters should be investigated (see main report).
It would also be useful to undertake more experiments to prove conclusively that sand dams remove
all faecal contamination. As static sand column experiments may not be representative of real dams.
To improve them the sand should meet strict specifications and the water should be from a river.
Ideally, they should be performed on location next to an existing dam with the actual sediment and
sterilised flood water.
It might also be worth constructing small-scale test dams in a location that is viewed as ideal, based
on existing siting guidelines, in order to determine the consequent sediment captured and yield of the
dam. This could include building in multiple and single stages (Gijsbertsen, 2007; De Trincheria et al.,
2015) or integrating a “reset” function in a dam (e.g. a sluice gate) as Viducich (2015) recommended.
This would allow floods to wash out the sediment if what was captured during the filling process was
not adequate. These tests should not be conducted near to a community to allow for experimentation
without expectation.
It would be useful for Excellent Development to decide on a guideline about how much the predicted
yield of a dam should be a factor in siting, in comparison to ease of construction, cost and proximity
to the community. For example, building a lower performing dam that is closer to a community versus
building at a more optimal site but further away.
More consideration should be given to the weighting of each factor when selecting a sand dam site.
This should be more carefully understood, before further research looks specifically at one factor, e.g.
sediment. Furthermore, it is also unlikely given its past rate that micro-level research would be able
to keep pace with Excellent Development’s aim of building 100 dams per year to have a meaningful
impact.
It would also be useful to make the existing guidelines more explicit and precise with clear quantitative
thresholds assigned to each, which is a requirement if hoping to scale the technology to organisations
that have no prior experience.
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