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Aquifer parameters deduced from pumping tests in Kenyan sand dams
K. R. Rushton
1.0 Introduction

Pumping tests have been used to obtain estimates of aquifer parameters for the sand dams and the surrounding hard rock aquifer.  They also provide insights into the flow processes within the aquifer system.
For the sand dams, pumping wells were constructed using a rigid plastic hollow tube of diameter 0.6m and depth 0.72m; they were located in the vicinity of existing piezometers.  Water enters through the base of the well.  
No pumping tests were carried out in the sand deposits of Dam 211 because of the limited saturated depth. There is, however, an agricultural well in Dam 211 that was constructed before the formation of the sand dam.  The well extends into the hard rock; water enters through the base of the well.
These tests were analysed using the two-zone computational model (Rushton 2003); the computer code and several examples of applications of the methodology are included in that document.

2.  Pumping test in Sand Dams 

2.1 Tests in shallow wells
Short pumping tests were carried out in Sand Dams 167 and 106; details of well construction, conducting a test and analysis of the field results are illustrated by the first test in Sand Dam 167 with the tests in dam 106 considered later.

A shallow well was constructed in the sand of Dam 167. A hole was dug in the sand until the water table was reached. The well casing was then placed in the hole and pushed down manually. Sand was excavated from underneath the casing using a shovel and hoe when this proved impossible the casing was then hammered down using a hammer and block of wood. The pumping tests were started within 10min of installation.
Table 1  Information about tests in shallow wells
	Pumping Test
	Date
	Location
	Elevation of Surface

(From Nearest Piezometer)
	Depth to Water Table (m)
	Elevation of Water Table (m)
	Depth to Base of Well (m)
	Elevation of Base of Well
	Initial Water Level depth in Well
	Lowest elevation of Nearest Section (Average of 3 points)
	Depth of Saturated Section Below Well (m)
	Time Taken to Dig Hole

	167 Test 1
	30/06/17
	3.0m Downstream of P7
	3.17
	0.98
	2.19
	1.5
	1.67
	0.52
	1.57(S22)
	0.1
	45min

	167 Test 2
	14/07/17
	2.6m Downstream of P4
	2.65
	0.52
	2.03
	1.1
	1.55
	0.58
	1.10 (S13)
	0.45
	45min

	106 Test 1
	10/07/17
	3.2m Downstream of P6
	3.88
	1.02
	2.86
	1.6
	2.28
	0.58
	1.73 (S12)
	0.55
	45min

	106 Test 2
	21/07/17
	2.6m Upstream of P8
	3.54
	2.44
	1.1
	2.73
	0.81
	0.29
	0.77 (S5)
	0.04
	1.5 hours


2.2 Well construction and testing details
Test pumping was carried out for 2.0 hours at a pumping rate of 7.7 L/min.  Water levels were recorded in the test well and in an observation piezometer at a distance of 3 m.  The following pictures illustrate the construction of the well and the measurement of well water levels.  Due to limited staff availability, few measurements were made in the observation well.
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Fig. 1 Photographs of test pumping in field  

3  Pumping Test in Dam 167
The original pumping test field data are recorded in Pmp Test Data 167.xlsx

average pumping rate 7.7 L/min


diameter of well 0.59 – 0.60 m


distance to observation well 3.0 m

3.1 Examination of field results
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Fig. 2  Field results for Test 1 Dam 167

The field results are plotted in Fig. 2 to two alternative scales, arithmetic time and arithmetic drawdown (useful for large diameter wells) and log time and arithmetic drawdown which is the conventional approach for pumping test analysis.  The lines drawn through the field results are based on spline smoothing.  For the pumping well, the recovery curve is almost a mirror image of the drawdown curve.
Considering first the observation well, although there are few readings the pumping and drawdown curves are typical of an unconfined aquifer [I will later add references].  The drawdown curve becomes steeper with increasing logarithmic time (diagram b) and the recovery is incomplete with the residual drawdown about 30% of the maximum drawdown.

For the pumped well the drawdown increases with time but becomes effectively constant after about 60 minutes (0.04167 day).  It is important to consider the effect of well storage.  After 13 mins (0.00903 day) the drawdown is 0.17 m.  With a cross-sectional area of 0.279 m2, this is equivalent to a volume of 0.047 m3.  For an abstraction of 10 m3/d (7.0 l/s) the volume pumped in 0.00903 d is 0.0903 m3.  consequently 47/90.3 = 52% is taken from storage.  At later times the contribution from well storage becomes small.  However, during the early stages of recovery significant quantities of water are drawn in to refill well storage.

There are two unusual features of the pumped well curves.  The first is that after 1 hour the pumped drawdown remains almost constant.   The second feature is that complete recovery occurs after 73 minutes.  In fact it looks as though the well water level could continue rise above the initial starting elevation.
The feature of the pumped drawdowns approaching an almost constant value at later times is a feature of unconfined aquifers where initial pumped drawdowns are influenced by water stored in the well and the confined storage properties of the sand aquifer; at longer times the specific yield becomes more important.  Possible reasons for the rapid recovery were explored using the computational model, which is described below.  One possible reason was that there was a substantial inflow from the underlying hard rock aquifer; when included in the simulation, this led to a faster recovery but the modelled water levels became above the original water levels, a feature which was not observed in the field.  An alternative reason was that the water table at the start of the test had not reached an equilibrium following the excavation of sand and the construction of the well.  This possibility is examined in detail below.
3.2  Analysis using conceptual and computational models
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Fig. 3 Conceptual and computational models

Conventional analytical solutions are not available for this pumping test since there are several unusual features such as all the water entering through the bottom of the well, significant water release from well storage, the combined effect of confined and unconfined storage coefficients, decreasing saturated thickness during the pumping phase, the need to represent a pumping phase followed by a recovery phase, etc.  However a two zone numerical model (Rushton 2003) has been used successfully in situations where conventional analytical solutions are not available.  Examples include pumping from multi-aquifer systems such as weathered-fractured aquifers, tests where the pumping rate changes frequently, the effect of well losses or the presence of a seepage face etc.  
Before introducing the computational model, it is essential to develop an appropriate conceptual model for this pumping test.
Diagram (a) of Fig. 3 contains a conceptual model of the flow processes and relevant aquifer parameters.  When pumping starts, a significant proportion of the water is provided by water stored in the well.  A second source of water is due to the confined storage properties of the sand aquifer.  Finally water is drawn from the water table as illustrated by the flow lines; this causes a fall in the water table with the quantity of water released depending on the specific yield.  Note that all the water enters through the base of the well.
The parameters which determine the response of the aquifer are the horizontal and vertical hydraulic conductivities, the confined storage coefficient and the specific yield.  During the pumping phase the abstraction is specified; when the pump is switched off and the abstraction becomes zero, water continues to flow into the well to refill the well storage.  The conceptual diagram also shows two purple arrows at the base of the well; they signify the inflow into the well which occurs because equilibrium conditions had not been achieved following the disturbance to the groundwater equilibrium during the construction of the well. 
Diagram (b) illustrates how the two-zone radial flow computational model is adapted to simulate this pumping test.  The computational model is based on a logarithmic spacing in the radial direction and a logarithmically increasing time step.  In the two-zone model there are two aquifer zones separated by a Middle layer.  In the problem under investigation the two aquifer zones are introduced as a technique for representing a partially penetrating well.  Therefore the Middle layer has no significance and is given a limited thickness with a high vertical hydraulic conductivity of 10000 m/d. 
Adaptations to the model are required for the Upper aquifer zone.  Water stored in the well is represented by setting high hydraulic conductivities and a specific yield of 1.0 for the nodes within the well.  The sides of the well are simulated by a very low hydraulic conductivity for the column of mesh intervals coinciding with the well side.  Elsewhere in the Upper aquifer zone the hydraulic conductivities, specific yield and confined storage coefficient take uniform values.  
For the Lower aquifer zone the hydraulic conductivities and confined storage coefficient are specified.  For the Lower zone beneath the well a high vertical hydraulic conductivity is used to represent the constant groundwater head at the bottom of the well.
3.3  Numerical model analysis
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Fig. 4  Numerical model results

The above diagram shows the match achieved after the adjustment of parameter values for a satisfactory agreement between model and field values.
The ability of the model to reproduce the field results depends on certain key parameters which can be explored using sensitivity analyses.  The model response is not very sensitive to the confined storage coefficient.  However, the response is more sensitive to the specific yield, values between 0.08 and 0.15 lead to adequate simulations with corresponding adjustments to the hydraulic conductivity of about 3%.  The value of the hydraulic conductivity is the most important parameter; the acceptable range is 30 to 32 m/d; this is appropriate since the test was conducted in coarse sand.
4.  Further pumping tests in shallow wells
Two similar pumping tests have been conducted in Sand Dam 106; comparisons between modelled and field values are shown below.  From the match between the field data and models it can be concluded that the computational model does reproduce the drawdown and recovery curves in the pumping well.  The agreement with the sparse data and small drawdowns in the observation wells (maximum drawdown less than 3 cm) is less satisfactory.  The hydraulic conductivity and specific yield deduced from the modelling are similar to the values obtained from the test in Sand Dam 167.
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Fig. 5 First test in Dam 106 
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Fig. 6 Second test in Dam 106

5.  Pumping test in agricultural well in Sand Dam 211
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(f)
Fig. 7  Photographs of agricultural well
Photographs in Fig. 7 (a) and (b) were taken on 18th May 2017 but figs (c) – (e) on the 4th July when the test was conducted.  On 4th July the water level in the well was 100 cm lower than on 18th May.  
The agricultural well, with a diameter of 2.4 m, draws water from the hard rock aquifer.  It was constructed before the formation of the sand dam; the brick wall (figs (a) and (b)) was built on top of the concrete wall of the original large diameter well to prevent the sand from entering.  At the time of the test the saturated thickness of the sand was limited.  Due to the irregularity of the river bed the saturated thickness in the immediate vicinity of the well ranges from 0-0.5m. 
Data from the pumping test, Fig. 8, indicate a rapid fall in the water level in the well (note that there was a false start to the test).  Pumping at a rate of 288 m3/d continued for 9.5 mins resulting in a fall in the water level in the well of 30 cm.  Recovery in well water levels was slow with 30% recovery in 270 mins (4.5 hours).
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Fig. 8  Pumping test in large diameter agricultural well 

Analysis of the pumping test was carried out using the two-zone radial flow computational model (the same as used for the shallow wells).  The upper zone represents the overlying sand and had a saturated depth of only 5cm when the test was performed.  The lower zone represents the hard rock aquifer.  Water is drawn from the hard rock aquifer through the base of the well; well storage, the sides of the well and the base of the well are simulated in a similar way to the shallow well tests.  
The results of an initial simulation are shown by the red broken lines.  The right hand diagram shows the pumping phase during which most of the water is taken from well storage.  The representation of the recovery by the computational model (the left hand diagram) is satisfactory.  During this recovery water is taken from the sand aquifer and transmitted through fissures/fractures in the hard rock to flow upwards through the base of the well; the model indicates that during the test most of the water is drawn into the hard rock from the sand aquifer within 10 m of the well.

The water levels in the well, estimated using the computational model, are most sensitive to the hydraulic conductivity of the hard rock; and only slightly sensitive to the specific yield of the sand.  The transmissivity of the hard rock is low at about 3.1 m2/d; this is sufficient for a limited volume of water to be drawn through the hard rock into the well.  Furthermore, this transmissivity estimate is dominated by the water drawn vertically upwards through the upper surface of the hard rock into the well; any lateral fissures in the hard rock are not represented explicitly in this analysis. 
To explore the possibility of higher horizontal hydraulic conductivities in the hard rock, the results of a second simulation are presented;.  The results shown by the green lines, are obtained when a lower permeability layer is simulated at the bottom of the well; this layer is 5.0 cm thick with a vertical hydraulic conductivity of 0.15 m/d.  When the horizontal hydraulic conductivity of the hard rock (lower layer) is increased to 10 m/d; the predicted drawdowns differ little from the initial simulation.

In a third simulation, not shown on this figure, the horizontal hydraulic conductivity of the lower layer (hard rock) is 10 m/d with a continuous (not just at the base of the well) lower permeability layer between the sand and hard rock of 0.15 m/d.  The drawdowns and recovery results were very close to the red and green lines.   Further simulations could be devised.

The above results are not unique; nevertheless they do suggest that the horizontal conductivity of the hard rock could be as high as 10 m/d.  However, what the test does show conclusively is that there is significant groundwater flows do occur between the hard rock and the sand. 
6.  Discussion and Conclusions

Shallow well tests provide estimates of the horizontal hydraulic conductivity of the sand and approximate values of the sand’s specific yield.  From the pumping tests in the sand dams the hydraulic conductivity estimates are 27, 30 and 31 m/d with the estimated specific yield 0.10 or 0.11.  Due to a delayed yield effect the specific yield is likely to be an underestimate.
The test pumping of the agricultural well demonstrates that there is interaction between the sand dam aquifer and the bedrock aquifer.  The transmissivity of the hard rock is probably in the range 3.1 to 15.5 m2/d.
Reference
Rushton KR 2003 Groundwater Hydrology: Conceptual and Computational Models, Wiley, Chichester
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Appendix  could Sy be different
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For sensitivity analysis

confined storage coefficint has little impact

If Sy is increased to 0.13 and K decreased to 30 m/d the results in the well are almost identical but
the observation well is less satsisfactory

If Sy is decreased to 0.08 and K increased to 32 m/d the results in the well are almost identical but
the observation well is slightly improved during pumping but recovery is less good

An increase in K to 35 m/d leads to too small a pumped drawdown but well drecovery is OK,

obs well is less satisfactory

Also to explore whether Sy could be as high as 0.20, it is necessary to decrease K to 10 m/d

See gb4s\Ruthishallow well 4.45.bas  but recovery is unsatisfactory

Kx = 31 m/d, this is plausible for the upper reaches of Dam 167 with_coarse sand
Sy = 0.10 for a test lasting 3 hours; long term value 0.15-0.20
during recovery negative recharge of 0.95 m3/d to represent disturbance to aquifer

0.1




1

