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ABSTRACT
Arid and semi-arid regions, also referred to as drylands, are areas characterised by low water
availability. A solution commonly used in drylands to cope with water scarcity is the use of stormwater,
which is often collected in surface basins and subsequently stored in shallow aquifers via infiltration.
Common problems with the storage of stormwater in surface water bodies or during infiltration phases
are high evaporation rates, salinisation, mosquito-breeding potential, among others. These problems
are majorly a consequence of a low infiltration rate, which is caused by clogging layers in the topsoil
and the presence of a thick vadose zone over the underlying aquifer. This study aims to increase the
groundwater recharge rates in stormwater harvesting systems by bridging the vadose zone and the
low permeable upper layers of the soil profile. The efficiency of vadose zone wells and infiltration
trenches is tested using analytical equations, numerical models and conducting a sensitivity analysis.
Dams built in the channel of wadis (i.e. ephemeral streams) are selected as a study case to construct
the numerical simulation of well- and trench infiltration. A comparison with the analytical solutions
proves the adequate setup of the numerical models. The modelling demonstrated that the vadose
zone wells and the trenches bridge the vadose zone and the clogging layer in terms of the time at
which recharge starts and the quantity of water recharged. By implementing these solutions, recharge
begins between 24 and 58 times faster than the infiltration from the surface of the reservoir. The
sensitivity analysis showed that the length of the well had the highest impact on the well recharge. In
the case of the trench, the initial position of the groundwater table showed the highest sensitivity. In
terms of recharge quantity, the well has the best performance. During a year, it can infiltrate up to
16.4 times more water than the surface of the reservoir, and between 3.4 and 8.3 more than the
trench. Moreover, the well can yield the highest cumulative recharge per dollar and possibly the
highest recharge when there are limitations of the available area. Based on the recharge rates per unit
of volume, for a fixed cost, it is better to have several trenches with a short lateral and vertical
extension (e.g. around 0.5 m and 1.5, respectively), than fewer trenches with longer dimensions. For
the well, the optimum ratio between recharge quantity and construction cost is obtained with several
wells of small diameter and long length. The methods investigated here increased infiltration rates
significantly, and therefore, provide meaningful options to enhance aquifer water storage in the
Kingdom of Saudi Arabia and beyond. Similar hydrogeological conditions related to wadis can be found
in other parts of the world such as northern Africa, south-eastern Asia and the southwestern USA.
Furthermore, dams are presently used in other dryland countries as the main structure for
groundwater recharge.
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RESUMO
As regiões áridas e semi-áridas, também conhecidas como terras secas, são áreas caracterizadas por
baixa disponibilidade de água. Uma solução comumente usada em áreas secas para lidar com a
escassez de água é o uso de águas pluviais, que geralmente são coletadas em bacias de superfície e
subsequentemente armazenadas em aqüíferos rasos por infiltração. Problemas comuns com o
armazenamento de águas pluviais em corpos d'água de superfície ou durante as fases de infiltração
são altas taxas de evaporação, salinização, potencial de criação de mosquitos, entre outros. Esses
problemas são principalmente conseqüência de uma baixa taxa de infiltração, causada pelo
entupimento de camadas no solo superficial e pela presença de uma espessa zona vadose sobre o
aqüífero subjacente. Este estudo tem como objetivo aumentar as taxas de recarga das águas
subterrâneas nos sistemas de captação de águas pluviais, fazendo a ponte entre a zona vadose e as
camadas superiores permeáveis baixas do perfil do solo. A eficiência dos poços da zona vadose e das
trincheiras de infiltração é testada usando equações analíticas, modelos numéricos e uma análise de
sensibilidade. Barragens construídas no canal de wadis (isto é, correntes efêmeras) são selecionadas
como um caso de estudo para construir a simulação numérica da infiltração de poços e valas. Uma
comparação com as soluções analíticas comprova a configuração adequada dos modelos numéricos.
A modelagem demonstrou que os poços da zona vadose e as valas atravessam a zona vadose e a
camada de entupimento em termos do tempo em que a recarga começa e da quantidade de água
recarregada. Ao implementar essas soluções, a recarga começa entre 24 e 58 vezes mais rápido que a
infiltração da superfície do reservatório. A análise de sensibilidade mostrou que o comprimento do
poço teve o maior impacto na recarga do poço. No caso da vala, a posição inicial do lençol freático
apresentou a maior sensibilidade. Em termos de quantidade de recarga, o poço tem o melhor
desempenho. Durante um ano, ele pode se infiltrar em até 16,4 vezes mais água que a superfície do
reservatório e entre 3,4 e 8,3 a mais que a vala. Além disso, o poço pode produzir a maior recarga
cumulativa por dólar e, possivelmente, a maior recarga quando houver limitações na área disponível.
Com base nas taxas de recarga por unidade de volume, por um custo fixo, é melhor ter várias valas
com uma extensão lateral e vertical curta (por exemplo, cerca de 0,5 me 1,5, respectivamente) do que
menos valas com dimensões mais longas. Para o poço, a relação ideal entre a quantidade de recarga e
o custo de construção é obtida com vários poços de pequeno diâmetro e comprimento longo. Os
métodos investigados aqui aumentaram significativamente as taxas de infiltração e, portanto,
oferecem opções significativas para aprimorar o armazenamento de água de aqüíferos no Reino da
Arábia Saudita e além. Condições hidrogeológicas semelhantes relacionadas a wadis podem ser
encontradas em outras partes do mundo, como norte da África, sudeste da Ásia e sudoeste dos EUA.
Além disso, barragens são atualmente usadas em outros países de terras secas como a principal
estrutura para recarga de águas subterrâneas.
v

vi

INDEX OF CONTENT
ACKNOWLEDGEMENTS ............................................................................................................................ i
ABSTRACT ................................................................................................................................................iii
INDEX OF CONTENT ............................................................................................................................... vii
INDEX OF FIGURES .................................................................................................................................. ix
INDEX OF TABLES .................................................................................................................................... xii
INDEX OF ABBREVIATIONS ................................................................................................................... xiii
1.

INTRODUCTION............................................................................................................................... 1

1.2.
2.

OBJECTIVES .................................................................................................................................. 3
LITERATURE REVIEW ....................................................................................................................... 5

2.2.

3.

4.

Solutions for infiltration in wadi dams .................................................................................... 5

2.2.1

Infiltration trenches ......................................................................................................... 5

2.2.1.

Vadose zone wells ........................................................................................................... 6

2.2.2.

Recharge release and leaky dams ................................................................................... 7

2.3.

Previous studies....................................................................................................................... 8

2.4.

Hydrogeology of wadis .......................................................................................................... 13

2.5.

A review of the relevant theory of groundwater flow and soil water. ................................. 15

2.5.1.

Saturated flow ............................................................................................................... 16

2.5.2.

Water retention curve and unsaturated hydraulic conductivity................................... 17

METHODS ..................................................................................................................................... 20
3.1.

General simulation approach ................................................................................................ 20

3.2.

HYDRUS 2D/3D ...................................................................................................................... 22

3.3.

Preliminary sensitivity analysis .............................................................................................. 22

3.3.1.

Model Setup .................................................................................................................. 23

3.3.2.

Assessment of the cross-sections to account for groundwater recharge..................... 25

3.3.3.

The right-side boundary condition ................................................................................ 26

3.3.4.

Domain length ............................................................................................................... 28

3.3.5.

Mesh size ....................................................................................................................... 30

3.3.6.

Constant pressure head in the reservoir. ...................................................................... 31

3.4.

Shallow WT scenarios ............................................................................................................ 32

3.5.

Deep WT scenarios ................................................................................................................ 35

RESULTS AND DISCUSSIONS ......................................................................................................... 39
4.1.

Validation .............................................................................................................................. 39

4.2.

Simulations of single-infiltration events................................................................................ 45

4.2.1.

Shallow WT .................................................................................................................... 46

4.2.2.

Deep WT ........................................................................................................................ 49

4.3.

Sensitivity analysis ................................................................................................................. 53

4.3.1.

The geometry of the well .............................................................................................. 53
vii

4.3.2.

The geometry of the trench .......................................................................................... 57

4.3.3.

Hydraulic conductivity of the CL .................................................................................... 60

4.4.

Simulations of periodic recharge........................................................................................... 63

4.5.

Assessment of groundwater recharge .................................................................................. 69

4.5.1.

Small-scale comparison ................................................................................................. 69

4.5.2.

Analysis or yearly recharge under different geometrical configurations...................... 73

4.5.3.

Groundwater recharge considering space .................................................................... 76

5.

LIMITATIONS ................................................................................................................................. 83

6.

SUMMARY AND CONCLUSIONS .................................................................................................... 85

7.

REFERENCES .................................................................................................................................. 89

8.

APPENDIX ...................................................................................................................................... 94
8.1.

APPENDIX A ........................................................................................................................... 94

viii

INDEX OF FIGURES
Figure 1. Schematic of an infiltration trench (Schueler, 1987). .............................................................. 6
Figure 2. Schematic of a Vadose zone well (Edwards et al., 2016). ........................................................ 7
Figure 3. Schematic of the recharge release technique (Murray et al., 2007). ...................................... 8
Figure 4. Wadi geomorphology and hydrogeological characteristics as a function of topography (Maliva
and Missimer, 2012). ............................................................................................................................. 13
Figure 5. Block diagram of a wadi Aquifer in a distal setting (Maliva and Missimer, 2012). ................ 14
Figure 6. Schematic of groundwater recharge in wadis. Some of the hurdles associated with the
recharge process are presented in this figure (Maliva and Missimer, 2012)........................................ 15
Figure 7. Two examples of the water retention curve (Hillel, 2004). Suction is equivalent to negative
pressure head. ....................................................................................................................................... 18
Figure 8. Water retention curve for a soil illustrating hysteresis (Freeze and Cherry, 1979). .............. 18
Figure 9. Graphical summary of the method of this thesis. .................................................................. 21
Figure 10. Position of the different mesh lines used to account for groundwater recharge rates. .... 26
Figure 11. Fluxes across the mesh lines in Figure 10. ........................................................................... 26
Figure 12. Recharge rates overtime for different upper-right BCs. ...................................................... 27
Figure 13. Velocity vector in the right boundary of the trench scenario. For the sake of illustration, an
image from the definitive models is used. ............................................................................................ 27
Figure 14. Recharge rate overtime for two different domain lengths.................................................. 28
Figure 15. Examples of the lateral extent of the WT mounding. .......................................................... 29
Figure 16. The vertical extent of the WT Mounding at the right boundary of the modelling domain. 30
Figure 17. Recharge rate as a function of domain length for the trench scenario. .............................. 30
Figure 18. Recharge rates for different general mesh sizes. The lines superimpose to each other. .... 31
Figure 19. Recharge rates overtime as a function of the water level in the hypothetical reservoir. ... 31
Figure 20. Water content at steady state for the well scenario using three different water levels in the
hypothetical reservoir. .......................................................................................................................... 32
Figure 21. Initial conditions fed into the shallow WT models (left) and the deep WT scenarios (right).
............................................................................................................................................................... 33
Figure 22. Conceptual model of the SF scenario................................................................................... 34
Figure 23. Conceptual model of the Well + SF scenario. ...................................................................... 34
Figure 24. Conceptual model of the Trench + SF scenario.................................................................... 35
Figure 25. Conceptual model of the DSF scenario. ............................................................................... 36
Figure 26. Conceptual model of the DWell + SF scenario. .................................................................... 36
Figure 27. Conceptual model of the DTrench + SF scenario. ................................................................ 37
Figure 28. Schematic showing the different variables used in the analytical equations and the
sensitivity analysis. ................................................................................................................................ 40
Figure 29. The simplified version of the Well scenario. ........................................................................ 43
Figure 30. The simplified version of the Trench scenario. .................................................................... 43
ix

Figure 31. Diagram showing the results of the analytical equations and the simulations with the
simplified models. ................................................................................................................................. 44
Figure 32. Evolution of water content over time for the three main shallow WT scenarios. .............. 46
Figure 33. Recharge rates overtime of the scenarios involving the Well and SF infiltration. ............... 47
Figure 34. Recharge rates overtime for the scenarios involving the Trench and the SF infiltration. ... 48
Figure 35. A plausible explanation to the higher input from the SF in the scenarios involving a well. 49
Figure 36. Evolution of water content over time for the three main deep WT scenarios.................... 50
Figure 37. Recharge rates overtime of the scenarios involving the Well and SF infiltration in a deep WT
setting. ................................................................................................................................................... 51
Figure 38. Fluxes in 2D domain involving then Trench and the SF infiltration in a deep WT setting. .. 51
Figure 39. Pressure head distribution for the deep WT scenarios under quasi-steady-state conditions.
............................................................................................................................................................... 52
Figure 40. Recharge rates overtime for the well sensitivity scenarios with a shallow WT (L: length of
the well and r: radius of the well). ........................................................................................................ 53
Figure 41. Recharge rates overtime for the well sensitivity scenarios with a deep WT (L: length of the
well and r: radius of the well). ............................................................................................................... 54
Figure 42. Recharge rates overtime for the well sensitivity scenarios and the additional cases
considered (L: length of the well and r: radius of the well). ................................................................. 55
Figure 43. The sensitivity of the recharge rates as a function of relative changes in the dimensions of
the well (L: length of the well and r: radius of the well). ...................................................................... 55
Figure 44. A plausible explanation to the differences in the recharge rates for a longer well as a function
of the depth to the WT. Both pressure head distributions are in quasi-steady state. ......................... 56
Figure 45. Graphical summary of the results of the well sensitivity analysis. ...................................... 57
Figure 46. Recharge rates overtime for the trench sensitivity scenarios in a shallow WT setting (D:
depth of the trench and W=width of the trench). ................................................................................ 58
Figure 47. Recharge rates overtime for the trench sensitivity scenarios in a deep WT setting (D: depth
of the trench and W=width of the trench ). .......................................................................................... 58
Figure 48. The sensitivity of the recharge rates as a function of relative changes in the dimensions of
the trench (D: depth of the trench and W=width of the trench ). ........................................................ 59
Figure 49. Pressure heads for two trench sensitivity scenarios............................................................ 59
Figure 50. Graphical summary of the results of the trench sensitivity analysis. .................................. 60
Figure 51. Recharge rates overtime for the SF sensitivity scenarios in a shallow WT setting (Ks: hydraulic
conductivity). ......................................................................................................................................... 61
Figure 52. The sensitivity of the recharge rates as a function of relative changes in hydraulic
conductivity of the CL (Ks: hydraulic conductivity). .............................................................................. 62
Figure 53. Graphical summary of the results of the SF sensitivity analysis (Ks: hydraulic conductivity).
............................................................................................................................................................... 62
Figure 54. Comparison of the initial conditions when the evaporation is considered (left) and when it
is not (right). .......................................................................................................................................... 65
Figure 55. Reservoir operation scheme for the periodic simulations. .................................................. 67
Figure 56. Time series of the periodic simulations. .............................................................................. 68
x

Figure 57. Graphical summary of the results of the periodic simulations. ........................................... 69
Figure 58. Cumulative recharge overtime for the well, the equivalent trench and the SF. ................. 71
Figure 59. Cumulative recharge overtime for the well, the equivalent trench and the SF under deep WT
conditions. ............................................................................................................................................. 72
Figure 60. Yearly cumulative recharge for the different geometries explored in this thesis (optimum
cost well: r=0.5m and L=10m; optimum cost trench: D=1.5m and W=0.5m). ...................................... 73
Figure 61. Yearly cumulative recharge per dollar considering different geometries (optimum cost well:
r=0.5m and L=10m; optimum cost trench: D=1.5m and W=0.5m). ...................................................... 74
Figure 62. Plausible graphical explanations for the differences observed in the specific recharge rates.
............................................................................................................................................................... 76
Figure 63. Plant view of the distribution of trenches and wells in a reservoir with area equal to Ad. 77
Figure 64. Cumulative recharge as a function of dam size for the scenarios in a shallow WT. ............ 79
Figure 65. Cumulative recharge as a function of dam size for the scenarios in a deep WT. ................ 80
Figure 66. A qualitative summary of the findings regarding the infiltration solutions. ........................ 81

xi

INDEX OF TABLES
Table 1. summary of the literature review of previous studies. ........................................................... 12
Table 2. Scenarios run in this thesis and their rationale. ...................................................................... 21
Table 3. Hydraulic parameters defined for the numerical models. ...................................................... 25
Table 4. The number of mesh nodes for the shallow WT scenarios. .................................................... 33
Table 5. The number of mesh nodes for the deep WT scenarios. ........................................................ 35
Table 6. Analytical equations to assess flow from the well and the trench. ........................................ 40
Table 7. Variables embedded in the equations of Table 6. .................................................................. 41
Table 8. Values of the variables introduced in the analytical equations and the simplified numerical
models. .................................................................................................................................................. 42
Table 9. Summary of recharge rates and onset of recharge for the scenarios involving the Well and the
SF infiltration. The values of scenario/ (Well + SF) *100 are normalised to 100%. .............................. 47
Table 10. Summary of recharge rates and onset of recharge for the scenarios involving the Trench and
the SF infiltration. The values of scenario/ (Trench + SF) *100 are normalised to 100%. .................... 48
Table 11. Summary of recharge rates and onset of recharge for the scenarios involving the DWell and
the SF infiltration. The values of scenario/ (DWell + DSF) *100 are normalised to 100%. ................... 51
Table 12. Summary of recharge rates and onset of recharge for the scenarios involving the DTrench
and the DSF infiltration. The values of scenario/ (DTrench + SF) *100 are normalized to 100%. ........ 52
Table 13. Comparison within and among solutions of the times at which recharge starts. ................ 63
Table 14. Comparison of the fluxes that could potentially be caused by the wetting of the upper 1.5 m
of the soil with the fluxes from the means of infiltration. .................................................................... 66
Table 15. Maximum yearly recharge rates for the periodic simulations. ............................................. 69
Table 16. Yearly cumulative recharge for the well, the equivalent trench and the SF. ........................ 71
Table 17. Cumulative recharge for the well, the equivalent trench and the SF when the WT is deep. 71
Table 18. Cost, yearly cumulative recharge and yearly cumulative recharge per dollar for the different
well configurations. ............................................................................................................................... 74
Table 19. Cost, yearly cumulative recharge and yearly cumulative recharge per dollar for the different
trench configurations. ........................................................................................................................... 75
Table 20. Comparison of the yearly cumulative recharge per dollar between equivalent well- and
trench-scenarios. ................................................................................................................................... 75
Table 21. Specific recharge rates of the well and the trench under different geometrical configurations.
............................................................................................................................................................... 76
Table 22. List of the meaning of the variables in Figure 63 and equations 19 to 22. .......................... 78
Table 23. Results of the yearly cumulative recharge for several dam sizes and a shallow WT setting. 79
Table 24. Results of the cumulative recharge over five years for several dam sizes and a deep WT
setting. ................................................................................................................................................... 79
Table 25. Literature review of key hydraulic parameters of wadis. R. Value stands for representative
value. ..................................................................................................................................................... 95
INDEX OF EQUATIONS
Equation 1 ............................................................................................................................................. 15
xii

Equation 2 ............................................................................................................................................. 16
Equation 3 ............................................................................................................................................. 16
Equation 4 ............................................................................................................................................. 16
Equation 5 ............................................................................................................................................. 17
Equation 6 ............................................................................................................................................. 17
Equation 7 ............................................................................................................................................. 18
Equation 8 ............................................................................................................................................. 19
Equation 9 ............................................................................................................................................. 19
Equation 10 ........................................................................................................................................... 19
Equation 11 ........................................................................................................................................... 19
Equation 12 ........................................................................................................................................... 40
Equation 13 ........................................................................................................................................... 40
Equation 14 ........................................................................................................................................... 40
Equation 15 ........................................................................................................................................... 40
Equation 16 ........................................................................................................................................... 40
Equation 17 ........................................................................................................................................... 40
Equation 18 ........................................................................................................................................... 40
Equation 19 ........................................................................................................................................... 77
Equation 20 ........................................................................................................................................... 77
Equation 21 ........................................................................................................................................... 77
Equation 22 ........................................................................................................................................... 77

INDEX OF ABBREVIATIONS
TERMS
ABBREVIATION

MEANING

BC

Boundary condition

CL

Clogging layer

KSA

Kingdom of Saudi Arabia

MAR

Managed Aquifer Recharge

Mod.

Modification concerning the original geometry

SF

Surface

VARIABLES
VARIABLE

MEANING

UNITS

T

Time

-

L

Longitude

xiii

M

Mass

-

m

metres

[L]

km

Kilometres

[L]

cm

Centimetres

[L]

A

Effective test length

[L]

Ad

Area of the hypothetical dam

[L2]

Cu, Cs and C

Conductivity coefficients

[-]

D

Initial water table depth

[L]

H

Height of water in the trench/well

[L]

K(h)

Unsaturated hydraulic conductivity

[LT-1]

Kh

Horizontal hydraulic conductivity

[LT-1]

Ks

Saturated hydraulic conductivity

[LT-1]

Kv

Vertical hydraulic conductivity

[LT-1]

i

Pore-connectivity parameter

-

m

Van Genuchten equation fitting parameter

-

n

Van Genuchten equation fitting parameter

-

nc

Number of columns of wells

-

nr

Number of rows of wells

-

nt

Number of trenches

-

L

Length of the well

[L]

Li

The lateral extent of the influence of the trench

[L]

Ls

Length of the sides of the squared dam

[L]

Lt

Length of each trench

[L]

Ɵ

Volumetric water content

[L3 L-3]

Ɵi

Initial water content

[L3 L3]

Ɵr

Residual volumetric water content

[L3 L-3]

Ɵs

Saturated volumetric water content

[L3 L-3]

Q

Quasi-steady state flow rate

[L T-1]

q

Quasi-steady state flow rate per unit of length

[L T-1]

r

The radius of the well

[L]

re

Effective radius

[L]

ri

The radius of influence of the well

[L]

Se(h)

Effective soil water saturation

-

Sy

Specific Yield

-

Tu

Distance from the source to the water table

[L]

W

Width of the trench

[L]
xiv

α

Van Genuchten equation fitting parameter

[L-1]

Ψa

pneumatic or air potential

[M L-1T-2]

Ψm

matric potential

[M L-1T-2]

Ψp

hydrostatic potential

[M L-1T-2]

Ψs

solute potential

[M L-1T-2]

Ψt

Total water potential

[M L-1T-2]

Ψz

gravitational potential

[M L-1T-2]

xv

1. INTRODUCTION
Arid and semi-arid regions, also referred to as drylands, are areas characterised by low rainfall and high
temperatures, which translate in high evapotranspiration rates and low water availability (Gee and
Hillel, 1988; Maliva and Missimer, 2012; McEwan, 2006; Missimer et al., 2012). It is therefore not
surprising that ecosystems and human population in these regions are subject to water scarcity.
Drylands are of high relevance. They cover more than 40% of the global land surface and are home to
around two billion people. (Millennium Ecosystem Assessment, 2005). Water resources in these
regions are at present under additional stress due to the increase in population, the expansion of the
agricultural frontier and the industrialisation (Missimer et al., 2012).
Climate change is expected to exert further pressure on water resource in drylands and exacerbate the
water scarcity. According to the 5th IPCC assessment report (2015) mid-latitudes and dry regions will
likely receive less precipitation while the average worldwide temperature is expected to increase at
least 1.5°C by the end of the century (relative to the period 1850-1900).
In this context, water management solutions are of paramount importance in arid and semi-arid
regions to cope with the natural climatic conditions and adapt to global change. Such solutions are
often focussed on the management of groundwater resources due to the high evapotranspiration rates
and the high seasonality and scarcity of surface water (Rausch et al., 2012; Sen et al., 2011; Sorman
and Abdulrazzak, 1993).
Stormwater harvesting (SWH) is a term that englobes a set of solutions aimed to cope with water
shortage. These solutions involve the collection and storage of stormwater either in surface- or
underground-reservoirs. The precipitation collected can be used subsequently during drier periods
(DEC, 2006; Helmreich and Horn, 2009; Philp et al., 2008). This particular group of solutions have been
used in drylands for thousands of years (Hamdan, 2009; Helmreich and Horn, 2009). For instance,
records of its implementation in Palestine date back to 4,000 years ago (Hamdan, 2009).
All SWH systems include a basic set of components despite the existing diversity of schemes. These
components are the collection, storage, distribution, and end-use. Within these processes, there can
be intermediate steps to control and improve water quality (DEC, 2006; Helmreich and Horn, 2009).
Some of the schemes of SWH involve the injection of the collected water into aquifers. In this cases,
the harvesting system is also a managed aquifer recharge (MAR) technique (Bekele et al., 2015; Dillon
et al., 2009; Missimer et al., 2015; Page et al., 2018)
Representative examples of SWH and MAR in drylands can be found in the kingdom of Saudi Arabia
(KSA). Rainfall in this country occurs chiefly as sporadic events of high intensity and low predictability.
When these events take place, stormwater converges to the channels of ephemeral river and often
1

develops into flash floods (Gee and Hillel, 1988; Kalwa, 2013; Lopez et al., 2015, 2014; Maliva and
Missimer, 2012; Missimer et al., 2012; Sen et al., 2011). These ephemeral rivers are the so-called
Wadis. They constitute the most important feature for groundwater recharge in the region due to the
coarse nature of the bed sediments (Maliva and Missimer, 2012; Missimer et al., 2012). In fact, the
renewable groundwater resources in the KSA are mostly limited to unconfined to semi-confined
aquifers tightly associated in space with wadis (Lopez et al., 2014; Maliva and Missimer, 2012; Missimer
et al., 2015, 2012). However, groundwater recharge rates through wadis are not as high as a result of
elevated evaporation rates. Some authors have estimated recharge to vary between 3% and 11%
(Lopez et al., 2014; Maliva and Missimer, 2012; Missimer et al., 2012).
SWH schemes in the KSA often rely on dams as storage and groundwater-recharge facilities
(Chowdhury and Al-Zahrani, 2015; Missimer et al., 2012; Sen et al., 2011). They are frequently located
in the channels of wadis to capture runoff from rainfall events (Lopez et al., 2015; Missimer et al., 2012;
Sen et al., 2011). The stormwater collected in these dams can be infiltrated on-site using wells,
infiltration trenches or directly through the surface of the reservoir (Kalwa, 2013). The stored water
can also be conducted into areas with higher permeability to allow recharge, namely in downstream
parts of wadis, in dunes or karstic landscapes (Al‐Muttair et al., 1994; Kalwa, 2013; Lopez et al., 2014;
Missimer et al., 2012).
The storage of water in dams in the KSA brings about some inconveniences. Storage in open reservoirs
(i.e. ponds) allows considerable quantities of evaporation (Kalwa, 2013; Koch and Missimer, 2016;
Lopez et al., 2014). In fact, Some authors have estimated evaporation from wadi reservoirs to be up to
80% of the stored water on an annual basis (Lopez et al., 2014). Evaporation also results in salinisation
of the collected water, which might render water resources inadequate for several uses (Missimer et
al., 2012). Further inconveniences related to open reservoirs are eutrophication, Mosquito-breeding
potential, and aesthetic issues (DEC, 2006; Missimer et al., 2012; Philp et al., 2008).
Storage in open reservoirs for long periods is therefore not desirable, but this situation is
commonplace. The main reason is the considerably low infiltration rates in reservoirs, which is, in turn,
a consequence of the considerable thickness of the vadose zone (VZ), the high lithological
heterogeneity and the formation of clogging layers (CL) on top of the soil profile (Alataway and El Alfy,
2019; Kalwa, 2013; Missimer et al., 2015; MWAR-LAC, 2016). In recent years, the lowering of the water
table (WT) due to anthropogenic extractions of groundwater has resulted in a thicker VZ and lower
infiltration rates (Missimer et al., 2015)
An excellent way to improve the operation of this type of RWH systems would be to enhance on-site
recharge. This enhancement would prevent ponding of the collected water for long periods, avoiding
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to a certain extent the inconveniences mentioned. The increase in the infiltration rate would also
augment the amount of water recharged into the aquifers.
This thesis aims to assess the possibility of increasing groundwater recharge rates by bridging the VZ
and the impermeable upper layers in wadi reservoirs. This goal is achieved by evaluating the on-site
use of vertical structures. Such assessment is carried out with the use of numerical models, which are,
in turn, validated using analytical equations. A sensitivity analysis of different infiltration-structure
parameters is also carried out in this thesis. The whole analysis would help to evaluate the use of the
porous structures and their optimal characteristics.
The focus is laid in the case of the KSA and wadi dams. This specific setting is selected due to the
existing diversity of hydrogeological conditions and rainwater harvesting systems in drylands.
However, the results of the present study have potential applicability in arid and semi-arid parts of the
world beyond the KSA. In this sense, the occurrence of wadis (i.e. ephemeral streams) is not limited to
the KSA. Examples of these ephemeral streams can be found in regions such as the Middle East,
Northern Africa, Southwest Asia, South-Western USA and Mexico (Maliva and Missimer, 2012;
Missimer et al., 2015). Additionally, the precipitation patterns in the KSA are characteristic of other
arid and semi-arid parts of the world (Pilgrim et al., 1988; Verma, 1979; Wheater et al., 2010).
Moreover, wadi reservoirs can be found in many dryland countries, such as Morocco (Younes and
Houssne, 2019) and Egypt (Troeger and Wannous, 2019).

1.2.

OBJECTIVES

To assess the use of different structures to bridge the upper CL and the VZ in wadi reservoirs, enhancing
groundwater recharge.
The primary objective is achieved by completing the following specific tasks:


To identify critical hydrogeological parameters of ephemeral riverbeds, especially around
dams and their reservoirs.



To construct a series of numerical models that can simulate the use of vadose zone infiltration
solutions in wadi reservoirs.



To identify the geometric conditions at which the infiltration solutions offer the highest
potential.



To elucidate some site-specific conditions where the solutions tested work the best. Such
conditions are, for instance, the depth of the vadose zone.



To elucidate the best infiltration technique among those assessed by comparing volumes of
groundwater recharged and times at which recharge starts.
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2.

LITERATURE REVIEW

2.2.

Solutions for infiltration in wadi dams

There are several solutions available to enhance infiltration in dams collecting stormwater. These
solutions aim at different levels and components of the SWH system. For instance, some techniques
deal with the upper impermeable layers that originate as a result of the accumulation of fine materials
such as silt and clay. These techniques include removal of a few centimetres of topsoil, scratching of
the surface, and ploughing (Al‐Muttair et al., 1994; Maliva and Missimer, 2012). The problem of low
infiltration rates in a dam can also be circumvented by infiltrating the stored water in areas with more
favourable hydraulic conditions. For example, water can be realised to a downstream portion of the
wadi which does not present a clogging layer (Al‐Muttair et al., 1994; Kalwa, 2013; Missimer et al.,
2012). This study concentrates on the use of VZ solutions.
Bouwer (2002), the UNESCO IHP (2005) and Page- et al. (2018) review engineering solutions for the
artificial recharge of aquifers. From this review, it is found that three VZ structures/schemes are well
suited to enhance infiltration in wadi dams. These are vadose zone wells, infiltration trenches and leaky
dams.
2.2.1

Infiltration trenches

Infiltration trenches are dug structures filled with coarse materials, usually gravel and sand, that allow
high infiltration rates (Figure 1). Their primary purpose is to catch, store and let the infiltration of the
first millimetres of stormwater during precipitation events (Barr Engineering, 2001). They commonly
extend no more than 5 metres in depth and have up to 1-metre width. Infiltration of water takes place
through the bottom and the walls of the trench. This pattern of infiltration means that even if fine
material coats the bottom of the structure, the walls can still infiltrate water (Bouwer, 2002). The
convenience of infiltration trenches is that they are relatively inexpensive, provide some treatment of
the infiltrating water and can be covered to blend with the environment (Bouwer, 2002; Heilweil et al.,
2015). On the other hand, the main disadvantage is that they eventually clog up due to the formation
of biomass and the settling of fine particles in the pores of the backfilling material and the surrounding
soil. This problem is commonly avoided by placing a filter on top of the trench (Bouwer, 2002) and by
other best management practices. These practices include the use of writ chambers, swales with check
dams, sediment forebays/traps (Barr Engineering, 2001), among others.

5

Figure 1. Schematic of an infiltration trench (Schueler, 1987).

2.2.1.

Vadose zone wells

Vadose zone wells (Figure 2) are infiltration wells whose bottom is above the WT (at least 1-3 m)
(Sasidharan et al., 2019) and whose extension in depth is longer than their diameter (Edwards et al.,
2016). Vadose zone wells typically have up to 60 metres in-depth, and their diameter ranges between
1 and 2 metres (Bouwer, 2002; Liang et al., 2018). They are also known as dry wells or recharge shafts.
Similarly, to infiltration trenches, the vadose zone wells are commonly backfilled with coarse sand or
fine gravel. They are adequate when the WT is considerably deep (100-300m) (Liang et al., 2018). Some
of the advantages of this infiltration solution are the fact that they imply minimal evaporative losses
of water, need relatively little land, imply low costs (Liang et al., 2018) and provide a significant ponding
depth (Edwards et al., 2016). They bring about further advantages in comparison to injection wells
such as treatment of the water before reaching the saturated zone through chemical, biological and
physical processes in the VZ (Edwards et al., 2016; Liang et al., 2018).
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Figure 2. Schematic of a Vadose zone well (Edwards et al., 2016).

As for infiltration trenches, the main disadvantage of the vadose zone wells is the reduction in
infiltration rates over time due to physical clogging. This problem is avoided by carrying out pretreatment of the water before infiltration takes place (Bouwer, 2002). There are several solutions
available for this pre-treatment, such as filters, sedimentation traps, and settling chambers (Edwards
et al., 2016) (Figure 2).
2.2.2. Recharge release and leaky dams
Leaky dams or recharge releases involves the collection of flashy runoffs in a dam (Figure 3). Sediments
sink to the bottom of the dam, and the resulting water is released downstream for infiltration in the
riverbed. In this sense, the dam plays the role of a water-collecting facility and sedimentation basin
(UNESCO IHP, 2005). In the recharge release, water is let out of the reservoir through pipes or gates
for further infiltration downstream. The leaky dams are rock-filled gabions with tubes that allow water
to be leaked into the downstream portion of the stream (UNESCO IHP, 2005).
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Figure 3. Schematic of the recharge release technique (Murray et al., 2007).

2.3.

Previous studies

The forthcoming is a review and discussion of previous studies that are similar to this thesis. By similar,
it is meant that the approaches, methods and objective of the previous studies overlap with the ones
of the present study. Focus is laid on those studies involving VZ modelling, optimisation and design of
schemes for VZ infiltration and wadi dams. It is also reviewed studies of a local scale, which means,
studies in areas of metres to a few hundred metres. A summary of this review is presented in Table 1.
The studies from Sasidharan (2019, 2018) and Heilweil (2015) focus on the use of vadose zone wells
and trenches, respectively. However, these studies do not intend to apply the infiltration solution to
the specific problem of bridging the VZ and a CL. The survey from Missimer et al. (2015) explores a
solution to bridge the CL in wadi dams. They assess infiltrating the water from the reservoir employing
existing wells located downstream of the collecting dam. Händel (2016, 2014) does an exercise similar
to the one intended here, which is, to assess the performance of different infiltration solutions,
including a sensitivity analysis. However, the subject of these two studies are injection wells and
spreading basins. Finally, Kalwa (2013) investigates different methods to enhance the recharge of
stormwater collected in wadi dams. However, this study is based mostly on experimental data and
does not involve numerical modelling.
In general, the articles reviewed point towards a better performance of a vertical structure with high
permeability in comparison with horizontal ones (e.g. spreading basins or direct surface infiltration).
These articles overlap with the present study to different extents, but none of them covers the
research niche that is investigated here. A summary of each of the studies is provided below and in
Table 1.

8

Sasidharan et al., 2019
In this work, Sasidharan et al. (2019) evaluate the infiltration performance of vadose zone wells in soils
with heterogeneity. For that purpose, they do numerical models of this infiltration solution using
Hydrus 2D/3D and considering the structural design and the complexity of the well. The models are
calibrated using experimental data from two different sites. They simulate heterogeneity in the VZ
stochastically or by defining lenses or layers on the soil profile.
This study concludes that when layers or lenses are situated at the bottom of the well, the well can
infiltrate water in a faster way than in a scenario with the same heterogeneity but with the lenses
located towards the upper segments of the well. Also, the volume of infiltrated water is enhanced
when the lenses/layers are thicker and longer. Finally, the study hints that laterally connected lenses
promote higher infiltration than isolated ones.
The study of Sasidharan et al. (2019) provides information about the design of vadose zone wells and
how to model them in terms of geometry and boundary conditions (BCs). This study does not explore
different solutions, and therefore, its approach is different from the one intended with the present
thesis.
Sasidharan et al., 2018
In this study, Sasidharan et al. (2018) conduct detailed research of vadose zone wells infiltration with
numerical models using Hydrus 2D/3D. The numerical models are calibrated and based on two existing
wells, the same as the subsequent study (Sasidharan et al., 2019). Using the calibrated models, they
conducted inverse modelling to estimate hydraulic conductivity and the water retention curve
parameter α of the soil in the two well sites.
This article is useful in the same way as the successor article (Sasidharan et al., 2019), which is, for
technical consideration of the vadose zone wells and valuable information for the conceptualisation of
the model.
Missimer et al., 2015
In this work, Missimer et al. (2015) assess the possibility of infiltrating stormwater collected in the
wadi-dam Murwani (KSA), using large-diameter wells located downstream of the reservoir. Their
motivation is to avoid ponding of water in the dam for long periods. To assess the use of the
downstream wells, they conduct numerical modelling using MODFLOW. They also carry out a
sensitivity analysis of well and hydraulic parameters.
From the modelling exercise, they conclude that the combination of the dam and the downstream
wells as recharge scheme would improve the general infiltration of stormwater. The sensitivity analysis
shows that the horizontal gradient did not have a considerable effect on infiltration rates. On the other
9

hand, hydraulic conductivity and specific yield have an impact on infiltration. In terms of the
arrangement of the wells, the study points that more than two wells placed relatively close could
interfere, resulting in less recharge due to the constraints of the wadi channel width.
The work from Missimer et al. (2015) is useful to the present study since it provides valuable data for
the hypothetical VZ that is intended to be constructed. It also provides some guidance regarding BCs.
The work from Missimer et al. (2015) does not cover the niche of research of this thesis since they do
not assess the use of trenches, vadose zone wells and the impact of changing the geometry of the
infiltration solution.
Heilweil et al., 2015
The study of Heilweil et al. (2015) explores the possibility of enhancing infiltration into the unconfined
aquifer of the Navajo sandstones using trenches. To achieve this goal, they model unsaturated flow
and assess the effect of a series of parameters on infiltration rates. The numerical model is calibrated
using data from a trench pilot experiment implemented in the same aquifer. They compare the results
from the model with analytical equations for trench infiltration. In this case, the motivation is to find
an alternative to the spreading-basins in the area since their recharge capacity has declined over time.
The modelling shows that infiltration rates are proportional to hydraulic conductivity, depth to the WT,
and the spacing between trenches. On the other hand, the geometry of the trench does not show a
considerable effect on hydrogeological dynamics and using wet/dry cycles results in less recharge
when compared to continuous infiltration. Furthermore, many parallel trenches enhance infiltration
as long as they are not tightly placed. Finally, they derive a new empirical equation to calculate trench
water infiltration as a function of hydraulic conductivity and initial WT depth.
The research from Heilweil et al. (2015) provides valuable information on the trench and VZ modelling.
It also provides an empirical equation to validate the trenches modelled in this thesis. Furthermore,
the study from Heilweil et al. (2015) explores the sensitivity of the models to some of the parameters
that we will assess with the sensitivity analysis. Nonetheless, they only evaluated the use of trenches
to enhance recharge.
Händel et al., 2014 and 2016
Händel et al. (2014) assess the use of small-diameter wells as injection means in aquifer storage and
transfer solutions. To do so, they perform modelling of a synthetic aquifer where the use of a small
diameter well is tested. They compare the infiltration of this scenario with a baseline scenario, which
consists of the same artificial aquifer plus an infiltration basin. Besides, they conduct a sensitivity
analysis of well, basin and hydrogeological parameters.
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This study concludes that the small-diameter wells are more effective in recharging water than the
infiltration basins. Regarding sensitivity, the models show that wells are more sensitive to horizontal
hydraulic conductivity while infiltration basins to the vertical one. The Van Genuchten parameters for
unsaturated water flow did not have a considerable impact on infiltration rates. Also, the presence of
a layer of low permeability and soil heterogeneity (e.g. clogging layer) has only a visible effect on the
baseline-scenario. The main findings of this study are corroborated later in a work that included
physical experiments (Händel et al., 2016).
This study resembles the modelling exercise that is intended here since it compares the business-asusual scenario with a new technology using numerical modelling. It also conducts a sensitivity analysis
that includes some of the variables that are assessed here and that are of importance for wadi dams.
For instance, they analyse the presence of a clogging layer. Nonetheless, the scope of the study by
Händel et al. (2014) is different. They are limited to small diameters wells, and the hydrogeological
conditions of the synthetic aquifer in their work are hypothetical. Finally, Händel et al. (2014) did not
compare the results of its models using empirical equations, as it is done in this thesis.
Kalwa, 2013
Kalwa (2013) compares methods of stormwater infiltration in Al-Alb dam, located in the KSA. The
motive of this study is also to avoid the problems related to storage in open reservoirs. He compares
three techniques of stormwater infiltration. In the first one, water is left to infiltrate through the bed
of the dam. The second involves the release of the collected water into the downstream wadi channel.
The third method is to use a slug well located inside the reservoir. The comparison is made using
observation of head fall in the dam and measurements of infiltration rates in wadi-channel sediments
and reservoir-bed sediments.
From the analysis of the results, he concludes that both the slug well and the use of downstream wadi
sediments have better performance to infiltrate stormwater than the reservoir’s bed. However, the
study did not conclude on the best infiltration technique due to the overlap between the ranges of
variation of the best solutions.
The study of Kalwa (2013) is complementary to this thesis. It provides hydrological data of wadi
sediments and more importantly, hydraulic data for the modelling of the clogging layer. Finally, it does
not overlap with the approach of this thesis since Kalwa (2013) does not conduct numerical
simulations.
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Table 1. summary of the literature review of previous studies.
Authors

This thesis

Objective

Assess the use of vertical
structures to enhance the
infiltration in Wadi dams

Location

Type of
numerical
modelling

The KSA

Vadose
zone
(Hydrus
2D/3D)

Comparison
with physical
structures/exp
eriments

Type of
structure/solution
involved

Sensitivity analysis

Use of
analytical
equations to
assess results

Comparison
among
different
infiltration
solutions

Main findings

Direct vadose zone
infiltration, vadose
zone wells, trenches
and leaky dams

Length and radius of the
well. Depth and width of the
trench. K of the clogging
layer

X

X

The vadose zone wells and the
trenches are useful in bridging the CL
and the VZ in terms of the start of
recharge and the volumes of
stormwater infiltrated

Sasidharan et
al., 2019

Investigate the performance of
vadose-zone wells in soils with
heterogeneity on hydraulic
properties

California,
USA

Vadose
zone
(Hydrus
2D/3D)

X

Vadose zone wells

Infiltration is enhanced when the
heterogeneity lenses are thicker,
longer and located at the bottom of
the well

Sasidharan et
al., 2018

Simulate water infiltration
through vadose-zone wells
considering the design of these
structures in detail

California,
USA

Vadose
zone
(Hydrus
2D/3D)

X

Vadose zone wells

Parameters of the soil where the
wells are located were found. These
parameters were K and α

Missimer et al.,
2015

assess the possibility of
infiltrating wadi dam water in
downstream large-diameter wells

Murwani
Dam, The
KSA

Groundwat
er
(Modflow)

Heilweil et al.,
2015

Explore infiltration enhancement
using infiltration trenches instead
of spreading basin

Utah, USA

Vadose
zone
(VS2DI)

X

Infiltration trench
and spreading basin

K, water table depth, wet
and drying cycling of
infiltration. Geometry,
number and spacing of
trenches.

Händel et al.,
2014 and 2016

Assess the use of small-diameter
wells by comparing their
performance with spreading
basins

Styria.
Austria

Vadose
zone
(Hydrus
2D/3D)

X (Händel et al.,
2016)

Small-diameter
wells and spreading
basin

K, Van Genuchten model
parameters, heterogeneity,
and presence of a low-K
layer

Kalwa, 2013

assess the most suitable scheme
of stormwater stored in the Wadi
dam of Al-Alb

Al-Alb dam,
The KSA

X

Direct vadose zone
infiltration, wells
and dam release

Large-diameter
wells and wadi
dams

Horizontal gradient, K, Sy,
number and arrangement of
wells

The combined system of wadi dams
as a storage facility and downstream
wells improve infiltration of
stormwater.
X

X

The use of trenches is promising to
enhance infiltration when compared
to spreading basins

X

Small-diameter wells improve the
infiltration when compared to
spreading basins

X

the use of wells and the downstream
parts of the wadi channel show
higher infiltration rates than direct
infiltration in the Wadi dam
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2.4.

Hydrogeology of wadis

The following is a literature review about wadis. This review is relevant since it will provide the
necessary information to set up the numerical models for the VZ and groundwater simulations.
Valuable modelling inputs such as the thickness of the aquifers, BCs and layering are derived from the
information in this section.
Wadis are alluvial features of arid and semi-arid regions which have water almost exclusively during
rainfall events (Maliva and Missimer, 2012; Missimer et al., 2012). Formally they are defined as “a
stream bed or channel, or a steep-sided and boulder ravine, gully, or valley, or dry wash that is usually
dry except during the rainy season, and often forms an oasis” (American Geological Institute, 1997)
As indicated by Maliva and Missimer (2012), the term wadi can refer exclusively to the channel or can
also include the flood plain and the associated valley. Wadis are considered to be similar to the arroyos,
which is the term used for ephemeral streams in the Southwestern United States and Mexico (Maliva
and Missimer, 2012).
The geological characteristics of wadis vary as a function of the proximity to high topographical areas
and the intensity of the rainfall events. In low lying areas proximal to the coastal zone or base level (i.e.
proximal reach), wadis are characterised by a depositional nature, a broad channel and low hydraulic
gradient. On the other hand, the distal section of wadis, which is, the segment located in the higher
topographical areas, exhibit a narrower and steeper channel and an erosive behaviour (Missimer et
al., 2012) (Figure 4). The width of wadi channels in the proximal reach ranges between 50 and 300
metres (Sorman and Abdulrazzak, 1993).

Figure 4. Wadi geomorphology and hydrogeological characteristics as a function of topography (Maliva and
Missimer, 2012).
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In terms of geology, wadis are composed of unconsolidated deposits, often of Quaternary age. These
deposits represent alluvial, flood plains, and aeolian sedimentary facies (Hussein et al., 1993; Kalwa,
2013; Masoud et al., 2019; Sen et al., 2011). The vertical sequence often consists of levels of gravel
and sand intertwined with finer sediments such as clay and silt (Al-Shaibani, 2008; Sorman and
Abdulrazzak, 1993). This intercalation reflects the energy of the rainfall events and the effect of wind.
The thickness of the sedimentary deposits associated with wadis ranges from a few metres up to 100
m (Masoud et al., 2019; Missimer et al., 2012). The grain size and hydraulic conductivity of these
deposits decrease along with the topographical gradient (Maliva and Missimer, 2012) (Figure 4).
Alluvial aquifers related to wadis are often located in the low-lying areas (Figure 4). These aquifers can
vary in nature from unconfined to semi-unconfined and semi-confined (Missimer et al., 2015, 2012).
However, the literature review carried out in this thesis indicates that these aquifers are majorly
unconfined or regarded as such (Al‐Muttair et al., 1994; Al-Shaibani, 2008; Al-Turbak et al., 1993;
Hussein et al., 1993; Masoud et al., 2019; Missimer et al., 2015; Sen et al., 2011).
In the distal segments of wadis, groundwater is transported mainly through the underlying fractured
and weathered bedrock (Al-Shaibani, 2008; Maliva and Missimer, 2012)(Figure 5). Such transport can
be explained by the fact that in distal areas wadis incise through the bedrock and alluvial deposits are
not thick. In the proximal segment of wadis, the groundwater transport through the fractured and
weathered bedrock loses relevance and groundwater flow takes place mostly through wadi
sedimentary deposits (Maliva and Missimer, 2012; Missimer et al., 2012).

Figure 5. Block diagram of a wadi Aquifer in a distal setting (Maliva and Missimer, 2012).

Recharge to the aquifers related to wadis occurs as loss of runoff through the bed sediments during
rainfall events. The loss through the bed is known as transmission losses (Maliva and Missimer, 2012).
The water infiltrating in this way must overcome several obstacles before reaching the saturated zone.
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Some of these obstacles are evaporation, transpiration from vegetation, stagnation in impermeable
layers, a thick VZ, among others (Figure 6) (Maliva and Missimer, 2012).

Figure 6. Schematic of groundwater recharge in wadis. Some of the hurdles associated with the recharge
process are presented in this figure (Maliva and Missimer, 2012).

2.5.

A review of the relevant theory of groundwater flow and soil water.

In this section, a review of the concept of water potential is carried out. The equations commonly used
to represent the flow of water under both unsaturated and saturated conditions are also presented
here. The concepts explored in this section are based on the books by Radcliffe and Šimunek (2010)
and Hillel (2004).
Differences in kinetic and potential energies are responsible for the movement of water from one
location to another. In many cases, the energy status of water can be represented only by potential
forces, neglecting the kinetic component. Potential energy includes relevant forces that act on water
besides the gravitational force. A mathematical expression used in soil physics to account for such
forces is the water potential, presented in Equation 1.
𝜓𝑡 = 𝜓𝑧 + 𝜓𝑝 + 𝜓𝑚 + 𝜓𝑠 + 𝜓𝑎

Equation 1

Where Ψt is the total water potential, Ψz the gravitation potential, Ψp the hydrostatic potential, Ψm the
matric potential, Ψs the solute potential, and Ψa the air or pneumatic potential. The gravitational
potential (Ψz) is the gravitational potential energy concerning a datum. The hydrostatic potential (Ψp)
is the result of the pressure exerted by the overlying water and therefore has only validity under
saturated conditions. The matric potential (Ψm) is due to capillarity and adsorption of water. These two
forces are, in turn, a consequence of adhesion between water and the porous media, and the cohesion
forces of water. The matric potential only takes place in unsaturated conditions. The solute potential
is due to differences in solute concentration (Ψs) while the pneumatic potential (Ψa) refers to the
potential due to the pressure of air and is only taken into consideration for unsaturated conditions.
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Water flows from higher to lower total potential. Therefore, evaluating the terms involved in Equation
1 between two points provides the direction of water flow.
Two variables in Equation 1 can be neglected for many applications. Solute potential can be considered
negligible due to the low concentration of solutes in water. Besides, pneumatic potential can be
ignored due to the difficulty to quantify it. Nonetheless, it is essential to mention that this potential
can affect water flow. Liquid and gas phases occupy the pores in the unsaturated zones. In some cases,
the presence of air can make difficult the movement of water, causing retardation in groundwater
recharge (Freeze and Cherry, 1979).
If the two simplifications mentioned are applied to Equation 1, the water potential equation becomes
the sum of the gravitational, the hydrostatic and the matric potentials. This simplification is commonly
referred to as hydraulic potential (Equation 2).
𝐻 =ℎ+𝑧

Equation 2

Where H is the hydraulic potential, z the gravimetric potential and h is a term that accounts for the
matric potential in unsaturated conditions and hydrostatic potential in saturated ones.
2.5.1. Saturated flow
The flow of water under saturated conditions can be described using different equations. The most
common are the Poisson equation and Darcy’s law. The former is based on the grain size distribution
and fluid viscosity, among others. Since some of these parameters are difficult to determine, the most
frequently used equation to represent groundwater flow is Darcy’s law (Equation 3).
𝑄
𝜕𝐻
= 𝐽𝑤 = −𝐾𝑠
𝐴
𝜕𝑧

Equation 3

Where Q is the flow, A is the cross-sectional area, Jw the flow per unit of area, Ks the saturated hydraulic
conductivity, H the hydraulic potential and z the location concerning the datum. This equation
approaches the flow in a macroscopic an apparent way, which means that in reality, water does not
move through the pores with the velocity that Jw indicates. The Darcy’s law in the form presented is
for vertical flow. However, there are more general formulations that extend to flow in three
dimensions.
Unsaturated flow
The steady flow of water under unsaturated conditions can be represented by the Buckingham-Darcy
equation (Equation 4).
𝐽𝑤 = −𝐾(ℎ)

𝜕𝐻
𝜕(ℎ + 𝑧)
𝜕ℎ 𝜕𝑧
𝜕ℎ
= −𝐾(ℎ)
= −𝐾(ℎ) ( + ) = −𝐾(ℎ) ( + 1)
𝜕𝑧
𝜕𝑧
𝜕𝑧 𝜕𝑧
𝜕𝑧

Equation 4
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Where K(h) is the unsaturated hydraulic conductivity, and the rest of the variables are the same in
Darcy’s law (Equation 3). Steady flow means that there is no change over time in any of the variables
involved in water flow. In Equation 4, K(h) is the unsaturated hydraulic conductivity, which depends
on the negative pressure head. K(h) can also be described as a function of water content (Ɵ). This
hydraulic conductivity is lower than the saturated hydraulic conductivity.
Under transient conditions, which means that at least one variable depends on time, the equation of
continuity or conservation of mass must be considered. The concept behind this equation is that the
water flux entering a control volume equals the water flux leaving it plus any sink or sources of water
(Equation 5).
𝜕𝜃
𝜕𝐽𝑤
=−
− 𝑆(ℎ)
𝜕𝑡
𝜕𝑧

Equation 5

Where Ɵ is the water content, t time, z is the vertical coordinate to the datum, Jw is the volumetric
flux density, and S(h) is a sink function that accounts for sinks as sources such as root water uptake.
Richards’ equation (1931) is obtained (Equation 6) by replacing the Buckingham-Darcy equation
(Equation 4) in the equation of the conservation of mass (Equation 5).
𝜕𝜃(ℎ)
𝜕
𝜕ℎ
𝜕𝐾(ℎ)
= (𝐾(ℎ) ) +
− 𝑆(ℎ)
𝜕𝑡
𝜕𝑧
𝜕𝑧
𝜕𝑧

Equation 6

This equation is a partial differential nonlinear equation frequently used to represent transient flow in
unsaturated mediums. The formulation here presented is for vertical flow (1D) and in a mixed form,
which means, there are two dependent variables, namely Ɵ and h. These two variables are linked
through the water retention curve.
2.5.2. Water retention curve and unsaturated hydraulic conductivity
The water retention curve relates water content with matric potential (Figure 7). This curve is
characteristic for every soil and is commonly determined by physical methods. The shape of the water
retention curve is a function of the type of soil. It also depends on whether the curve is determined by
wetting or drying the soil. This dependency is called hysteresis and means that the values in the curve
are not state function but are affected by the process by which a state is achieved (Figure 8).
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Figure 7. Two examples of the water retention curve (Hillel, 2004). Suction is equivalent to negative pressure
head.

Figure 8. Water retention curve for a soil illustrating hysteresis (Freeze and Cherry, 1979).

Three segments characterise the water retention curve. The first is the adsorption region, which is
commonly steep and takes place at very negative pressure head and low water content. In this region,
water is tightly adsorbed to the soil matrix. The second region is the capillary region, which has the
smallest slope (the most negative one) and is dominated by capillary forces. Finally, the third region is
called the air-entry region. It features almost constant values of water content and very low to null
suction (negative pressure head). An inflexion marks the end of this region. In this inflexion, the suction
is strong enough to withdraw water and allow air to enter the porous media.
Equations can also represent the water retention curve. One of the most used equation is the one by
Van Genuchten (1980) (Equation 7).
𝑆𝑒 (ℎ) =

1
[1 + (−𝛼ℎ)𝑛 ]𝑚

𝑎)

Equation 7
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𝜃(ℎ) =

𝜃𝑠 − 𝜃𝑟
+ 𝜃𝑟
[1 + (−𝛼ℎ)𝑛 ]𝑚

𝑏)

Where Se(h) is the effective soil water saturation (Equation 8), α and n and m are fitting parameters,
Ɵ(h) is the volumetric water content, Ɵs is the saturated volumetric content, Ɵr is the residual
volumetric water content and l the pore-connectivity parameter. The latter parameter is determined
to be, on average, 0.5 in for different soils (Mualem, 1976). Besides, it is commonly assumed the
relation between n and m displayed in Equation 9.
𝑆𝑒 =

𝜃 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟

𝑚 =1−

Equation 8

1
𝑛

Equation 9

The α parameter is related to the inverse of the air entry value, and n is a way to measure the
distribution of the pore size. The residual volumetric water content is the water content measured at
very negative pressure heads when the slope of the water retention curve approximates zero. This
value has been suggested to be the wilting point (van Genuchten, 1980).
Equation 7 b) is obtained by replacing Equation 8 in Equation 7 a) and solving for Ɵ(h).
There are several equations to determine the unsaturated hydraulic conductivity (K(h)) as a function
of the saturated hydraulic conductivity (Ks). Examples of these equations are the ones derived by
Brooks and Corey (1964) and Vogel and Cislerova (1988). Here we present the equation by Van
Genuchten-Mualem (Equation 10).
2
1/𝑚 𝑚

𝐾(ℎ) = 𝐾𝑠 𝑆𝑒𝐼 [1 − (1 − 𝑆𝑒

) ]

Equation 10

Where K(h) is the unsaturated hydraulic conductivity, Ks the saturated hydraulic conductivity, Se the
effective water saturation, and m a fitting parameter of the Van Genuchten equation (Equation 7).
Equation 10 is obtained when Equation 7 is solved for h and then substituted in the equation of
Mualem (1976) (Equation 11). This latter equation approximates unsaturated hydraulic conductivity
as a function of grain-size distribution and assuming the porous media as two bundles of capillary tubes
in series.
𝑆

𝐾(ℎ) = 𝐾𝑠 𝑆𝑒𝐼

[∫0 𝑒
1

[∫0

𝑑𝑆𝑒 2
]
ℎ(𝑆𝑒)

Equation 11

𝑑𝑆𝑒 2
]
ℎ(𝑆𝑒)

If Se and m are known from Equation 7, then K(h) can be computed. K(h) is, in turn, used in the Richards’
equation (Equation 6) to determine the movement of water in the VZ.
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3.

METHODS

Two indicators are used to assess if the infiltration solutions bridge the CL and the VZ. These are the
time and quantity of groundwater recharged. In terms of these two indicators, the VZ and the CL are
bridged if:


Time: the onset of recharge using the solutions is faster than the onset of recharge when only
surface (SF) infiltration takes place.



Quantity: The quantity of groundwater recharge is enhanced when the infiltration solutions are
used compared to the SF infiltration.

The improvement of these two indicators involve a double positive effect: 1) there are more
groundwater resources available in the aquifer and 2) less water will remain in the surface for
evaporation to take place.
Once it has been assessed whether the solutions bridge the CL and the VZ, a comparison between the
performance of the solutions is made. For this comparison, additional factors such as the costs of
construction and the area available in a dam are analysed.

3.1.

General simulation approach

The general approach to assess the two indicators consist of the following steps (Figure 9):
1. Preliminary sensitivity analysis and model construction: a numerical model of the vadose zone
well within a wadi is defined based on literature review. This first model is subsequently modified
after carrying out a preliminary sensitivity analysis. The conclusions of the preliminary sensitivity
analysis are further applied to five additional numerical models.
2. Validation: quasi-steady-state infiltration rates are calculated using simplified versions of the six
numerical models. The resulting infiltration rates are contrasted with the infiltrations rates
obtained from analytical equations.
3. Simulations of single-infiltration event: The six initial models are run until quasi-steady-state
conditions are attained, emulating one infiltration event. Several features are analysed from these
simulations. For instance, an estimation of the individual inputs in models that involve more than
one infiltration solution is made.
4. Sensitivity analysis: A sensitivity analysis of the six initial models is carried out. In this sensitivity
analysis, essential parameters such as the geometry of the solutions are varied within plausible
ranges. Up to this point, the primary indicator assessed is the timing of recharge. Some results of
the sensitivity analysis are later used to assess amounts of groundwater recharge.
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5. Simulations of periodic recharge: Simulations of periodic recharge are carried out. In these
simulations, the BCs are changed over time to simulate recharge in a wadi reservoir over several
years.
6. Assessment of groundwater recharge: The simulations of periodic recharge are used in the last
section of this thesis to evaluate and compare the groundwater recharge generated by the
infiltration solutions. Finally, the performance of the solutions is tested under different scenarios
of dam size and construction cost.

Figure 9. Graphical summary of the method of this thesis.

In the forthcoming sections of this article, the vadose zone well to be modelled is regarded as “Well”
and the infiltration trench as “Trench”. The scenarios to be simulated, and their rationale is presented
in Table 2. The scenarios are named after the main superficial means of stormwater infiltration. For
instance, in the model consisting of a CL, the VZ and the saturated region of the aquifer, stormwater
will mostly infiltrate through the surface (SF). Therefore, the scenario is named SF. When more than
one mean of infiltration is involved, it is indicated by a sum of the two means. For example, for the
well within the wadi reservoir, the infiltration takes places through the surface of the reservoir and the
well. Therefore, this scenario is named Well + SF. The suffix “D” is used to indicate the scenarios where
the WT is deep.
Table 2. Scenarios run in this thesis and their rationale.
SCENARIOS
Simulations of singleinfiltration-event
Well + SF
Well
Trench + SF
Trench
SF
DWell + SF
DWell
DTrench + SF
DTrench
Validation

DESCRIPTION
Rationale: Analyse several features of the recharge rates when a single-infiltration
event takes place
Infiltration from a well and the SF in a VZ with a shallow WT
Infiltration from a well in a VZ with a shallow WT
Infiltration from a trench and the SF in a VZ with a shallow WT
Infiltration from a trench in a VZ with a shallow WT
Infiltration from the SF in a VZ with a shallow WT
Infiltration from a well and the SF in a VZ with a deep WT
Infiltration from a well in a VZ with a deep WT
Infiltration from a trench and the SF in a VZ with a deep WT
Infiltration from a trench in a VZ with a deep WT
Rationale: Assess the validity of some of the characteristics of the models (e.g.
boundary conditions)
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Simplified DWell
Simplified Well
Simplified DTrench
Simplified Trench
Sensitivity analysis

Infiltration from a trench in a thick and isotropic VZ which does not have a CL
Infiltration from a trench in a thin and isotropic VZ which does not have a CL
Rationale: Assess the effect of the geometry of the solutions and the hydraulic
conductivity of the CL on the recharge rates
Infiltration from the SF and a well with the double-length in a thick/thin VZ
Infiltration from the SF and a well with half the length in a thick/thin VZ
Infiltration from the SF and a well with the double diameter in a thick/thin VZ

L*2
L*0.5
r*2
r*0.5
D*2
D*0.5
W*2
W*0.5

Infiltration from the SF and a well with half the diameter in a thick/thin VZ
Infiltration from the SF and a trench with the double depth in a thick/thin VZ
Infiltration from the SF and a trench with half the depth in a thick/thin VZ
Infiltration from the SF and a trench with the double-width in a thick/thin VZ
Infiltration from the SF and a trench with half the width in a thick/thin VZ
Infiltration from the surface without a CL

No SF
Ks*3
Ks*2
Ks*0.5
Simulations of periodic
infiltration
Periodic Well
Periodic DWell
Periodic Trench
Periodic DTrench

3.2.

Infiltration from a well in a thick and isotropic VZ which does not have a CL
Infiltration from a well in a thin and isotropic VZ which does not have a CL

Infiltration from the SF with a CL that has three times the original hydraulic
conductivity
Infiltration from the SF with a CL that has twice the original hydraulic conductivity
Infiltration from the SF with a CL that has half the original hydraulic conductivity
Rationale: Compare the different infiltration solutions in terms of groundwater
recharge
Infiltration from a well in a VZ with a shallow WT and with a periodicity of one year
Infiltration from a well in a deep VZ and with a periodicity of one year
Infiltration from a trench in a VZ with a shallow WT and with a periodicity of one year
Infiltration from a trench in a VZ with a deep WT and with a periodicity of one year

HYDRUS 2D/3D

The software used to model the numerical scenarios is HYDRUS 2D/3D version 3.01. Hydrus is a
software that simulates solute transport, water flow and heat transfer in variably saturated porous
media, which means, transport under saturated and unsaturated conditions. The software can
simulate 2D and 3D scenarios and is based on finite elements (Šimunek and Sejna, 2018).
For simulating water flow under unsaturated conditions, the Van Genuchten-Mualem model of
porosity is considered (Equation 10).

3.3.

Preliminary sensitivity analysis

The proximal part of a wadi is considered for simulation, which is, the aquifer is far from the high
topographical areas and consist mostly of wadi channel deposits. This consideration means that flow
through the fractured and weathered bedrock is not taken into account.
Before setting up the definitive models, a preliminary sensitivity analysis is carried out. This analysis
aims to set values of the domain dimensions, mesh size and other parameters based on modelling and
practical criteria.
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Most of the preliminary sensitivity analysis is carried out using a model involving a vadose zone well.
A model with a trench is also considered in this section but to a minor extent. The reason to use a well
and a trench as a first measure to tune the model is the fact that they produce a mounding of the WT.
Such mounding is vital in defining BCs and the lateral extent of the models.
3.3.1. Model Setup
3.3.1.1.

Configuration of the domain and the infiltration solutions

For the initial well and trench models, the domain dimensions are set at 20 m in the vertical direction
and 18 m in the horizontal one. The well is represented in an axisymmetric domain (pseudo-3D) and
the trench in a 2D one. A WT is established from the bedrock and up to 10 m above the base of the
models. Above, an unsaturated zone extends for 9 m. Finally, capping the VZ, there is a CL of 1 m of
thickness. The dimensions of the parts of the system above mentioned are based on the average values
reported by Missimer et al. (2012) and the ranges provided by other authors for wadi deposit thickness
(AI-Turbak et al., 1993; Masoud et al., 2019), depth to WT (AI-Turbak et al., 1993; Al-Shaibani, 2008)
and saturated thickness (AI-Turbak et al., 1993; Sorman et al., 1997). A summary of such values can be
found in APPENDIX A.
The vadose zone well is set as 5 m in length and 1 m in diameter based on average values mentioned
in the literature (Bouwer, 2002; Liang et al., 2018; Sasidharan et al., 2019). The trench is defined to
have a depth of 3 m and a width of 1 m using the same criteria (Bouwer, 2002; Schueler, 1987).
The modelling domain is discretised with a network of triangular nodes distributed irregularly with a
general resolution of 0.7 m. Linear mesh refinements are assigned to the WT (0.09 metres), the lower
(0.13 m) and the upper (0.37 m) limits of the CL. Point refinements of 0.24 to 0.27 m are allocated in
the corners of the trench and the well.
3.3.1.2.

Boundary conditions

The infiltration from the VZ trench and the well are represented using constant pressure head. This
head is set, having into consideration the assumption of a constant water level in a hypothetical
reservoir that extends up to 2.5 m above the surface of the soil. In the case of the well, such head
translates to 7.5 m pressure head in the bottom and decreases upward. For the trench, the pressure
head in the lowest part of the structure reaches 5.5 m and decreases upwards.
The trench and the well are assumed as cased in contact with the CL (no flow boundary). Bearing in
mind the hypothetical reservoir, a constant pressure head of 2.5 m is defined as the upper BC of the
domain. Such boundary is applied to the uppermost part of the CL. The upper right boundary is set as
seepage face to allow the pass of excess flow when there is mounding of the WT. The lower BC is set
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as no flow to represent the bedrock. The left BC is selected as no flow assuming in all case that there
is symmetry around such boundary.
Figure 23 and Figure 24, which represent the definitive models used, illustrate the domain and BCs
here described except the lateral extent, which is later modified to 25 metres.
3.3.1.3.

Material properties

A review of literature data of hydrogeology (section 2.4 Hydrogeology of wadis) and hydrological
parameters of wadis is done to select values for the models within realistic ranges. APPENDIX A
presents a table that summarises the material properties reviewed while Table 3 summarises the ones
assigned to the model.
The material of the wadi aquifer is selected as loamy sand from the soil catalogue of HYDRUS. This
selection is made because wadi deposits have a trend toward coarse grain sizes (sand and gravel) but
also have finer sediments.
The hydraulic conductivity is set as anisotropic since this parameter changes in direction in bedded
sedimentary deposits (Freeze and Cherry, 1979) and especially in stream beds (Cai et al., 2015;
Missimer et al., 2012; Wojnar et al., 2013). The horizontal hydraulic conductivity (Kh) from the HYDRUS
catalogue (4 m/day) is comprehended within all the ranges of hydraulic conductivity found in the
literature (Al-Shaibani, 2008; Hussein et al., 1993; Kalwa, 2013; Masoud et al., 2019; Missimer et al.,
2015, 2012; Rosas, 2013; Rosas et al., 2015). This value also approximates to the average one found by
Rosas et al. (2013). The vertical hydraulic conductivity (Kv) is assumed as 0.41 m/day based on the
average relationship between Kh and Kv reported by Missimer et al. (2012) and Sorman et al. (1997).
This latter value of hydraulic conductivity is close to the estimation by Kalwa (2013).
The clogging layer is modelled as silty clay from the soil catalogue of HYDRUS. This selection is made
based on the fact that it represents the fine materials of the CLs and the hydraulic conductivity from
the catalogue is the most similar to the one measured by Kalwa (2013).
The parameters of the Van Genuchten equation (1980), namely n, α, and i, are left as the default values
from the HYDRUS soil catalogue. The values of these parameters for the loamy sand are not far from
the ones reported by El-Hames and Al-Wagdany (2013) for a wadi deposit in the KSA.
For the sake of simplicity, hysteresis and air entry values are not considered for the water retention
curve.
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Table 3. Hydraulic parameters defined for the numerical models.

Hydraulic parameter
Horizontal hydraulic conductivity (Kh)
Vertical hydraulic conductivity (Kv)
Residual water content (Ɵr)
Saturated water content (Ɵs)
Van Genuchten parameters
n
α
i

3.3.1.4.

Aquifer
(loamy
sand)
4 m/day
0.84 m/day
0.057
0.41

Clogging layer (Silty
clay)
0.0048 m/day
0.0048 m/day
0.07
0.36

2.28
12.4
0.5

1.09
0.5
0.5

Initial conditions

For the initial conditions, the saturated portion of the aquifer has a pressure head of 10 m in the
bottom of the domain. This pressure head decreases linearly to a value of 0 m at the WT. The initial
conditions of the unsaturated zone are a linear decrease from 0 m in the WT to -1 m at the top of the
CL.
3.3.2. Assessment of the cross-sections to account for groundwater recharge.
Three different mesh lines are placed within the domain to account for groundwater recharge. The
first is situated below the infiltration surfaces (namely just below the CL and around the well contour),
the second a few centimetres above the WT and the third along the right constant head boundary
(Figure 10). Around the first ten days, the fluxes differ considerably (Figure 11) between mesh line 1
and mesh lines 2 and 3. This difference is likely the result of the initial water content of the soil
stabilising, which occurs in different ways depending on the location. From day 20 on, the fluxes are
almost the same, and after day 70, there are no differences. This agreement in the last part of the
curves means that in all the mesh lines, quasi-steady-state fluxes are equal. For the forthcoming
analysis, the groundwater recharge rate will be accounted using mesh line 3.

25

Figure 10. Position of the different mesh lines used to account for groundwater recharge rates.
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Figure 11. Fluxes across the mesh lines in Figure 10.

3.3.3. The right-side boundary condition
For the well, the condition of the upper part of the right boundary does not affect water flow when it
is changed between seepage face and no flow, as illustrated by the recharge rates (Figure 12).
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Figure 12. Recharge rates overtime for different upper-right BCs.

For the scenario of the trench, a seepage face boundary is required to allow flux out of the domain.
Changing the BC from no flux to seepage face do not seem to affect the unsaturated portion above the
mounding of the WT. It is visible in the water flow velocities, which in the unsaturated zone are parallel
to the right boundary (Figure 13). This behaviour is because the flow in the unsaturated zone is vertical.
Therefore, the upper-right BC below the CL and above the WT is entirely assigned to a seepage face.

Figure 13. Velocity vector in the right boundary of the trench scenario. For the sake of illustration, an image
from the definitive models is used.
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3.3.4. Domain length
A sensitivity analysis of the groundwater recharge due to changes in the domain length is carried out.
This analysis is done for the well and trench scenarios. The main priority is to set a domain length so
that the right boundary does not have a considerable effect on the groundwater recharge rates. Such
conditions can be guaranteed when the fluxes of the saturated region at the right boundary are
perpendicular to the constant pressure head BC and parallel to the seepage face BC.
3.3.4.1.

Vadose zone well

When the domain is enlarged, from 18 m to 25 m, the differences in quasi-steady-state fluxes between
the scenarios are in the order of 7%. These differences are mostly in the last part of the curve, which
represents the arrival of the waterfront from the CL (Figure 14) (better illustrated in section
Simulations of single-infiltration ). Before this arrival takes place, groundwater recharge is due to the
influx from the well and do not differ considerably between the two scenarios. At day 40, the recharge
rates have values of 265 m3/day and 270 m3/day for the scenarios of 18 m and 25 m, respectively
(Figure 14). The difference between these rates is 2%. Therefore, the length of the domain does not
seem to have a significant effect on the groundwater recharge rates caused by well infiltration.
Therefore, to select the final length of the domain, the main criteria to be taken from the well scenario
is the mounding of the WT. This mounding should be kept in such a way that it does not reach the right
boundary. Further simulations showed that this is achieved with a length of 25 m.
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Figure 14. Recharge rate overtime for two different domain lengths.

3.3.4.2.

Trench

For a trench in a domain 18 m long in the horizontal direction, the mounding of the WT reaches the
right boundary. Therefore, longer domain lengths are tested looking for the one that produces no
28

mounding at that boundary. Even with a length of 55 metres, mounding in the right limit of the domain
is observed (Figure 15 and Figure 16). Besides, groundwater recharge rates decrease with longer
domains despite more SF contributing to the water input (Figure 17). The mounding could disappear
at very long domain lengths.
Nonetheless, very long domains cannot be simulated in this thesis due to runtimes and computing
capacity constraints. Further simulations and the use of the analytical equations (see section
Validation) show that a domain with a length of 25 m produces reasonable groundwater recharge rates
from the trench. A plausible explanation of the decreasing recharge rates with increasing lateral extent
is the changes in the lateral hydraulic gradient. The horizontal flow of water is proportional to the
gradient, which is in turn given by the difference in hydraulic head divided by the lateral distance
(Darcy’s Law). When longer domains are defined, the lateral distance increases and the gradient takes
lower values.

Figure 15. Examples of the lateral extent of the WT mounding.
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Figure 16. The vertical extent of the WT Mounding at the right boundary of the modelling domain.
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Figure 17. Recharge rate as a function of domain length for the trench scenario.

3.3.5. Mesh size
The overall mesh size of the domain is tested in a well scenario. Several mesh sizes are used. Sizes
above 0.7 m are not considered given that the resolution of the output images is compromised. The
simulations show that this size does not affect groundwater recharge rates (Figure 18). Mesh
refinements are also tuned to optimal values so that the models converge, and the number of nodes
is the minimum possible.
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Figure 18. Recharge rates for different general mesh sizes. The lines superimpose to each other.

3.3.6. Constant pressure head in the reservoir.
A sensitivity analysis of the hypothetical water level in the reservoir is carried out. The recharge rates
increase as the constant upper head is set to higher values (Figure 19). This increase is also noticeable
in the input from the SF, which is higher (higher water content in the unsaturated zone at steady state,
Figure 20) and arrives earlier (Figure 19). Likewise, the mounding of the WT at the right boundary
increases slightly (Figure 20).
Based on the result of this analysis, a level of 2.5 m in the reservoir is selected. It will not allow the
mounding of the WT to reach the right boundary and will help to have a better visualisation of the
steady-state infiltration from the well/trench. Lower values are not considered since they are deemed
to be too small to be representative of a reservoir.
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Figure 19. Recharge rates overtime as a function of the water level in the hypothetical reservoir.
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Figure 20. Water content at steady state for the well scenario using three different water levels in the
hypothetical reservoir.

3.4.

Shallow WT scenarios

Based on the results of preliminary sensitivity analysis, two properties from the first models are
changed. These are the lateral extent and the initial conditions. The lateral extent is elongated to 25
m to avoid an effect of the right boundary on the well scenarios. For the trench, a longer domain might
be required. Nonetheless, the lateral extent and right BCs selected seem to fit the trench properly as
validated by the analytical equations (see section Validation). The scenario where infiltration only takes
place through the SF does not pose a problem regarding the lateral extent of the model since flows are
vertical in the unsaturated zone and there is not a mounding of the WT.
For the initial conditions, the ones used in the preliminary sensitivity analysis are run until a quasisteady state is reached. Then, these initial conditions are fed into different scenarios (Figure 21).
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Figure 21. Initial conditions fed into the shallow WT models (left) and the deep WT scenarios (right).

For the discretisation of the domain, the exact amount of total nodes varied among the different
scenarios and ranges between 22,100 and 22,350 (Table 4). The trench is represented in a twodimensional domain while the well in a pseudo-3D domain. The SF is run both in a 2D domain and in a
pseudo-3D domain.
Table 4. The number of mesh nodes for the shallow WT scenarios.
Scenario
Well + SF
Trench +SF
SF

Nodes
22124
22332
22129

After carrying out the preliminary sensitivity analysis of the models, the dimensions and BCs are set,
as shown in Figure 22, Figure 23, and Figure 24. In these figures, the section in colour represents the
one simulated with HYDRUS 2D/3D. The black and white region is part of the assumption of symmetry
concerning the axis of symmetry.
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Figure 22. Conceptual model of the SF scenario.

Figure 23. Conceptual model of the Well + SF scenario.
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Figure 24. Conceptual model of the Trench + SF scenario.

3.5.

Deep WT scenarios

The scenarios involving a deep WT are simulated using the same characteristics of the shallow WT
scenarios. Nonetheless, in this case, the saturated thickness of the aquifer is not considered. The WT
is simulated as a constant pressure head of 0 m. This modification with respect to the shallow WT
scenarios is done due to the runtimes of the models and computer capacity. Otherwise, the number
of nodes and the times to achieve a quasi-steady state would be too high. Other options for the BCs,
such as a free drainage BC, are not considered since it would make the deep WT models considerably
different to the shallow WT ones. In this sense, it is essential to preserve the 0 m constant head so that
the models can account for phenomena such as the mounding of the WT. The number of nodes and
elements for the deep WT scenarios is presented in Table 5.
Table 5. The number of mesh nodes for the deep WT scenarios.
Scenario
DWell + SF
DTrench +SF
DSF

Nodes
5950
6960
6931
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Figure 25. Conceptual model of the DSF scenario.

Figure 26. Conceptual model of the DWell + SF scenario.
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Figure 27. Conceptual model of the DTrench + SF scenario.
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4.
4.1.

RESULTS AND DISCUSSIONS
Validation

The models constructed are validated using analytical equations. This validation consists of comparing
quasi-steady-state infiltration rates derived from the numerical models and steady-state infiltration
rates obtained from the analytical equations (Table 6). If the order of magnitude of the infiltration
rates is similar between the numerical and the analytical approaches, then the numerical simulations
are validated in the sense that they provide reasonable figures. The aim is not to obtain an exact match
since both the analytical equations and the numerical models have limitations. The meaning of the
terms used in the analytical equations is presented literally in Table 7, and graphically in Figure 28.
Some of the variables indicated in Figure 28 are later used for the sensitivity analysis.
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Table 6. Analytical equations to assess flow from the well and the trench.
Author

Equation

Glover
(1953)

𝑄 = 𝐾𝑠 ∗ 𝑟 ∗ ℎ𝑤 ∗ 𝐶𝑢
Equation 12

USBR
(1977),
method 1

𝐾𝑠 ∗ (𝐶𝑠 + 4) ∗ 𝑟 ∗ 𝑇𝑢
2
Equation 13
𝑟
𝐾𝑠 ∗ (𝐶𝑠 + 4( )) ∗ 𝑟𝑒 ∗ (𝑇𝑢 + 𝐻 − 𝐴)
𝑟𝑒
𝑄=
2
Equation 14
2
2 ∗ 𝜋 ∗ 𝐾𝑠 ∗ ℎ𝑤
𝑄=
𝑙𝑛(2 ∗ 𝐻⁄𝑟) − 1
Equation 15

USBR
(1977),
method 2
Bouwer
(2002)

Elrick et al.
(1989)
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Equation 18
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Figure 28. Schematic showing the different variables used in the analytical equations and the sensitivity
analysis.
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Table 7. Variables embedded in the equations of Table 6.
Variable

Meaning

Units

A
Cu, Cs and C
D
H
Ks
L
Q
q
r

Effective test length
Conductivity coefficients
Trench depth
Height of water in the trench/well
Saturated hydraulic conductivity
Well length
Steady-state flow rate
Steady-state flow rate per unit of length
The radius of the well

[L]
[-]
[L]
[L]
[L*T-1]
[L]
[L3* T-1]
[L*T-1]
[L]

re

Effective radius

[L]

T

Initial WT depth

[L]

Tu

Distance from the source to the WT

[L]

W
α

Width of the trench
Van Genuchten equation fitting parameter

[L]
[L-1]

Three equations are used to validate the well scenarios with a shallow WT. These equations are the
two methods from the USBR (1977) (Equation 12 and Equation 13) and the one derived by Elrick et
al. (1989) (Equation 16).
The first two equations of the USBR (1977) are intended for shallow WT and single packer test in
unconsolidated rocks. The equation of Elrick et al. (1989) (Equation 16) is developed as part of the
One-ponded Height technique and considers the unsaturated component of flow out of the well (third
term).
For a deep WT, the methods of Glover (1953) (Equation 12) and Bouwer (2002) (Equation 17) are used.
The former method is developed for the packer test when the WT is far below the bottom of the well.
It is limited to setups at which H≥10r and the test length equals the water height in the well (H=A). The
equation of Bouwer (2002) is derived for a typical vadose zone well with a deep WT. For Bouwer’s
(2002) equation to be valid, the height of the water level in the well must be at least ten times the
radius of the well (H≥10r).
The values of the variables are kept within the limits of the validity of the equations (Table 8). For
instance, the values of H and A are selected, taking into consideration the restrictions of Bouwer’s
equation (e.g. H=A). The infiltration rates obtained with the analytical approach are compared with
the infiltration rates of a simplified version of the numerical scenarios. In these simplified versions, the
CL is removed. The casing of the well/trench along the contact with this layer is also removed by
changing the BC from no flow to constant pressure head. Besides, anisotropy is not considered, and a
single value of hydraulic conductivity (4 m/day) is applied to the whole domain. The constant head at
the bottom of the solution is changed from 7.5 m to 5 m in the well and from 5.5 m to 3 m in the
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trench. Infiltration is measured at the lower right boundary. In this sense, as demonstrated in the
preliminary sensitivity analysis, under quasi-steady-state conditions fluxes measured in that region
have the same absolute value as the ones measured in the contour of the mean of infiltration (e.g.
well).
Even though the simplified scenarios are not the same as the original ones, they preserve some
essential features that can be tested. Such features are the dimensions of the domain, the position of
the WT, the BCs, the mesh size and refinements, among others. The simplified versions of the shallow
WT well and trench are presented in Figure 29 and Figure 30. For the deep scenarios, the
simplifications are analogous. However, as with the deep WT scenarios, the saturated thickness is not
considered.
The results from the analytical equations and the simplified models are presented in Figure 31.
Table 8. Values of the variables introduced in the analytical equations and the simplified numerical models.
Variable
A
Cu, Cs and C
D
H
HT
Ks
r
re
Tu
W
α

Selected value
5m
31.4, 27.29 and 2.09
10 m
5m
3m
4 m/day
0.5 m
5m
10 m
1m
12.4 m-1
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Figure 29. The simplified version of the Well scenario.

Figure 30. The simplified version of the Trench scenario.
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Figure 31. Diagram showing the results of the analytical equations and the simulations with the simplified models.
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The infiltration rates calculated with the simplified models are in the same order of magnitude of those
from the analytical equations. This similarity validates the simplified scenarios and by extension, many
of the features of the rest of the scenarios.
The highest match between the analytical equations and the simplified model is found for the trench
in a shallow WT setting (Figure 31). Differences are less than 5%. This agreement validates some
aspects of the trench model with a shallow WT. In this sense, the domain extension of 25 m and the
seepage face right BC selected seem to be adequate to represent the trench. Moreover, a similar
approach is used by Heilweil et al. (2015)
The highest differences between the analytical and the numerical approaches are found in the trench
with a deep WT. The value of recharge obtained with the equation of Heilweil et al. (2015) has an order
of magnitude higher than the value obtained with the numerical model, and the difference between
the two approaches is around 115%. This difference might be the result of the oversimplification of
the equation of Heilweil et al. (2015). According to this equation, infiltration from a trench depends
exclusively on depth to the WT and the hydraulic conductivity of the porous media. Unlike the
sensitivity analysis of Heilweil et al. (2015), it will be shown here that trench infiltration rates are also
sensitive to the depth of the trench.
There are differences between the results from the well analytical equations and the well numerical
models. These differences are in the order of 20% and can be partly explained by the limitations of the
analytical equations. According to Stephen (1979), the values provided by the equation of Glover
(1953) for a deep WT can differ up to 160% concerning the actual values. Nonetheless, the fact that
several equations provide similar values and that these values are not too different from the
numerically modelled ones validates the modelling approach here developed.
Finally, it is found that there is not a sharp difference between the infiltration rates from a well with a
deep and a shallow WT. Nonetheless, these differences do not seem to be significant in the model
either (1%), as will be shown in one of the graphical summaries of the sensitivity analysis (Figure 45).

4.2.

Simulations of single-infiltration events

The models are run for some time until quasi-steady-state conditions are attained. In this set of
simulations, a single-infiltration event is considered.
Three features of the resulting recharge rates are analysed: The general behaviour of the curves
representing the recharge rate over time; the times at which recharge starts; and the individual input
of each infiltration mean in the overall recharge rates of the scenarios that involve infiltration from a
solution (i.e. well or trench) and the SF.
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The scenarios are run first considering infiltration from the solution and the SF (e.g. Well + SF).
Subsequently, the same scenario is run without infiltration from the SF (which would lead to scenario
Well). This subsequent run is done by setting a no flux BC in the upper reach of the domain, which is,
the reservoir surface. The two curves are plotted along with a third one. This third curve corresponds
to the recharge rates when the only mean of infiltration is the SF (scenario SF).
4.2.1. Shallow WT
For the scenarios with a shallow WT, the total runtime is set as 100 days. This time is enough for the
recharge rates to attain a quasi-steady state. The evolution of the water content over time shows that
the recharge from the well and the trench arrives considerably earlier than the recharge from the SF
(Figure 32). When the trench or the well are used, the water infiltrating from either of these solutions
is very close to the WT in the first day (Figure 32).

Figure 32. Evolution of water content over time for the three main shallow WT scenarios.

The curves of recharge rate over time also reflect the fact that the well and the trench shorten the
time at which recharge starts (Figure 33 for the well and Figure 34 for the trench).
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For the curves involving the well, the arrival of the first recharge takes place at day 1.3. On the other
hand, the infiltration from the SF takes much more time to arrive, which is around 81 days. These
considerably different arrival times stress the fact that the well is useful in bridging the VZ and the CL
in terms of time.
There is another exciting feature visible in the curves involving the well. The curve of the scenario Well
+ SF has two plateaus. The first one, which starts around day 20, corresponds to the quasi-steady-state
recharge rate due to the infiltration from the well (267.4 m3/day,). This conclusion can be checked in
the scenario involving the well exclusively (black curve, Figure 33). The second plateau, corresponds
to the infiltration from the well plus the input from the SF infiltration (in total 297.5 m3/day), as
attested by the SF scenario (31.3 m3/day, red line, Figure 33). A summary of the values of the features
analysed is provided in Table 9. The input from the well to the overall recharge is 90%, while the SF
accounts for the remaining 10%

Figure 33. Recharge rates overtime of the scenarios involving the Well and SF infiltration.
Table 9. Summary of recharge rates and onset of recharge for the scenarios involving the Well and the SF
infiltration. The values of scenario/ (Well + SF) *100 are normalised to 100%.

Well + SF

Quasi-steady-state
recharge rate (m3/day)
297.5

Scenario/ (Well + SF) Start of
*100
(days)
100%
1.3

Well

267.4

90%

1.3

SF (Axisymmetric)

31.3

10%

81.3

Scenario

recharge

The general behaviour of the scenarios with a trench does not differ much from the ones with a well
(Figure 34). Water infiltrating from the Trench starts recharging on day 1, which is considerably faster
than the beginning of the recharge from the SF (day 81.3). Nonetheless, in this case, two plateaus are
not easily visible. After day 20, there is a recharge rate of 20.64 m2/day, which increases slightly to a
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maximum value of 21.12 m2/day (Table 10). The latter value becomes constant after some time. This
behaviour of the Trench likely means that the input from the SF to the overall recharge rates is more
progressive over time and not as abrupt as for the Well + SF scenario. Another feature worth noticing
is the fact that the recharge rate from the SF is 4% of the overall recharge rate of scenario Trench + SF.
This input is less than the one from the SF in the scenario Well + SF (10%, Table 9)

Figure 34. Recharge rates overtime for the scenarios involving the Trench and the SF infiltration.
Table 10. Summary of recharge rates and onset of recharge for the scenarios involving the Trench and the SF
infiltration. The values of scenario/ (Trench + SF) *100 are normalised to 100%.
Scenario
Trench + SF
Trench
SF (2D)

Quasi-steady-state
recharge rate (m2/day)
21.1
20.6
0.8

Scenario/ (Trench + SF) Start of
*100
(days)
100%
1.6
96%
1.6
4%
80.9

recharge

The differences in input from the SF between the Well + SF and Trench + SF scenarios is likely the result
of two combined effects. First, that the well occupies the less superficial area, so overall it should allow
a higher amount of infiltration from the SF. Secondly, the extension of the pressure heads irradiating
from the trench reach further away than those from the well. This distribution of the pressure head in
the trench scenarios should delay or prevent part of the SF infiltration (Figure 35).
The fact that the well allows a higher contribution from the SF to overall recharge might be of
importance. Such extra contribution might have an impact on the total quantity of groundwater
recharge and could also help to keep wetter conditions in the VZ. These wetter conditions mean that
the connection between the infiltration solution and the WT will take place in a shorter period,
enhancing infiltration.
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Figure 35. A plausible explanation to the higher input from the SF in the scenarios involving a well.

4.2.2. Deep WT
The scenarios with a deep WT are run for a total of 600 days. In terms of water saturation, these
scenarios, unlike the shallow WT ones, do not show a mounding of the WT (Figure 36). As for the
previous set of scenarios, the water content figures show that the infiltration from the trench and the
well reach the WT considerably faster than the waterfront originating from the SF (Figure 36).
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Figure 36. Evolution of water content over time for the three main deep WT scenarios.

For the deep WT scenarios, the shapes of the curves representing the recharge rate over time are
similar to the ones of the scenarios with a shallow WT (Figure 37 and Figure 38). Nonetheless, the
quasi-steady-state recharge rates do increase when the WT is deeper. Such an increase is more
perceptible for the trench (18%) than for the well (1%) (See the values in Table 11and Table 12,
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respectively). Also, the times at which recharge starts are longer in this case. The first recharge from
either solution takes place around 20 days after the beginning of infiltration. For the SF infiltration, the
arrival of the waterfront takes place around 450 days later. These longer times are expected since the
infiltrated water must pass a thicker VZ before reaching the WT and contributing to recharge. The
times at which recharge starts for the deep WT scenarios also point to the fact that the trench and the
well do bridge the CL and the VZ in terms of time.

Figure 37. Recharge rates overtime of the scenarios involving the Well and SF infiltration in a deep WT setting.
Table 11. Summary of recharge rates and onset of recharge for the scenarios involving the DWell and the SF
infiltration. The values of scenario/ (DWell + DSF) *100 are normalised to 100%.
Scenario

Quasi-steady-state
recharge rate (m3/day)

Scenario/ (DWell + Start of recharge
DSF) *100
(days)

DWell + SF

299.4

100%

20.1

DWell

270.8

90%

20.1

DSF (axisymmetric)

29.8

10%
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Figure 38. Fluxes in 2D domain involving then Trench and the SF infiltration in a deep WT setting.
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Table 12. Summary of recharge rates and onset of recharge for the scenarios involving the DTrench and the DSF
infiltration. The values of scenario/ (DTrench + SF) *100 are normalized to 100%.
Scenario

Quasi-steady-state
recharge rate (m2/day)

Scenario/ (DTrench + DSF) *100

Start of recharge
(days)

DTrench + SF

25.3

100%

18.6

DTrench
DSF (2D)

24.7
0.8

97%
3%

18.6
472

Finally, the input of the DSF to the overall recharge rates is lower for the scenarios involving a trench
than for the ones with a well. This conclusion is the same drawn from the previous scenarios (i.e.
shallow WT ones), and the cause is likely the same already explained (Figure 35). The well occupies
less superficial space, and the pressure head from the trench extends further in the horizontal direction
(Figure 39), preventing part of infiltration from the SF.

Figure 39. Pressure head distribution for the deep WT scenarios under quasi-steady-state conditions.

The deep and shallow WT scenarios differ mostly in the timing at which recharge starts and the
recharge rates. The trench and the well in a deep WT setting start recharge around 24 times faster
than the SF. When the WT is shallow, this figure increases to 58 times. The difference between both
settings is very likely the thickness of the VZ and the extension of the saturated regions. When the WT
is deep, the saturated region irradiating from the trench or the well also has to extend further laterally
before there is a connection with the WT. Finally, recharge rates are higher when the WT is deep. This
behaviour is expected since the pressure head extending from the solutions will have less interference
with the pressure head from the WT when the VZ is thick.
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4.3.

Sensitivity analysis

The sensitivity analysis is focused on the geometry of the infiltration solution and the hydraulic
conductivity of the CL. The changes in geometry are carried out in multiples of the original dimensions.
Thus, the vertical and horizontal dimensions are halved and duplicated concerning their original size.
The hydraulic conductivity of the CL is halved, duplicated, and multiplied by three.
For all the infiltration means (well, trench and SF), special scenarios are assessed. For instance, in the
case of the well, the effect of a well which penetrates 1 m below the WT is explored.
The scenarios are named by stressing the changes in the geometry or the hydraulic conductivity. For
instance, a scenario with a well which has twice the original length is indicated as L*2. The letters
representing the well, and the trench dimensions are presented in Figure 28.
In the sensitivity analysis, the scenarios at which the dimensions of the trench and the well are not
modified are termed original scenario or merely original.
4.3.1. The geometry of the well
Two sets of scenarios are run. One set considers the infiltration from the SF, and the other set does
not. The resulting curves for the set of scenarios involving SF infiltration are presented in Figure 40 and
Figure 41. The general shape of these curves resembles the shape of the original scenarios. The two
plateaus are visible in all curves. Besides, the arrival of the water from the SF is visible and takes place
much later than the recharge from the well (Figure 40 and Figure 41). In terms of absolute values, the
infiltration rates increase when the dimensions of the well are augmented. Decreasing dimensions also
have the expected effect, which is, recharge rates get lowered down.

Figure 40. Recharge rates overtime for the well sensitivity scenarios with a shallow WT (L: length of the well and
r: radius of the well).
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Figure 41. Recharge rates overtime for the well sensitivity scenarios with a deep WT (L: length of the well and r:
radius of the well).

For the well, two additional scenarios are considered (Figure 42). One involves the extension of the
well length to a depth of 11 m. This means that the well extends 1 m below the WT. The reason to run
this scenario is to further assess the effect of the position of the WT on the recharge rates from the
well. Also, a well penetrating the aquifer could be back washed to reduce physical clogging.
The other additional scenario run is based on recharge rates per unit of volume, which from here on
will be termed “specific recharge rates”. These recharge rates will be assessed later, in the last section,
which deals with water quantity (Assessment of groundwater recharge). At this point, it is important
to understand that for the cost analysis carried out in this thesis, it is assumed that the price of
construction of a well or a trench is proportional to their volume. Thus, the dimensions with the highest
infiltration rate per unit of volume will be the ones optimising recharge rates in terms of costs. In the
case of the well, it is found that the modification with half the radius and twice the original length has
the highest specific recharge rates. Therefore, a scenario which combines these two modifications is
run (r*0.5 & L*2) (Figure 42). The scenarios based on the specific recharge rates are named “optimum
cost” scenarios.
Figure 42 shows that the scenario with the highest total recharge rate is the one which taps into the
saturated region of the aquifer (L=11m). It is followed by the scenario doubling the length (L*2), and
by the scenario that involves the dimensions that optimise the specific recharge rate (r*0.5 & L*2).
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Figure 42. Recharge rates overtime for the well sensitivity scenarios and the additional cases considered (L:
length of the well and r: radius of the well).

A more detailed analysis of the sensitivity of the well to changes in geometry is presented in Figure 43.
For this analysis, the values of the scenarios without infiltration from the SF are considered. The idea
of not including the SF infiltration is to focus on the changes directly related to the well geometry. In
Figure 43, changes in dimensions and recharge rates are presented relative to the values of the original
scenario, which are the Well and DWell ones.
Figure 43 shows that the well is more sensitive to length. A change in the vertical dimension affects
the recharge rates more than changes in the horizontal direction (radius). The curves obtained are not
linear, but at least for the modifications explored, do not depart considerably from linear behaviour. If
we assume a linear trend, the slope of the line related to changes in length is higher than one. For
instance, doubling the length of the well in a deep WT increases the recharge rate by 2.4. Assuming
the same linearity for the curves involving changes in the radius, the slope of such curves would be
lower than 1.

Figure 43. The sensitivity of the recharge rates as a function of relative changes in the dimensions of the well (L:
length of the well and r: radius of the well).
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It is noteworthy that an increase in length will produce higher recharge rates when the WT is deep.
This behaviour is likely because the pressure heads of the saturated part of the aquifer and the well
have a higher degree of connection when the WT is shallow (Figure 44). Such a higher degree of
connection renders the pressure head gradient around the well smaller, and so the infiltration rate is
also lower. Equivalently, the pressure head gradient around a well is higher when the WT is deeper.
These steeper pressure-head gradients translate into more significant infiltration rates.

Figure 44. A plausible explanation to the differences in the recharge rates for a longer well as a function of the
depth to the WT. Both pressure head distributions are in quasi-steady state.

A diagram summarizing the results of the sensitivity analysis is presented in Figure 45.
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Figure 45. Graphical summary of the results of the well sensitivity analysis.

The diagram in Figure 45 stresses the fact that for most scenarios, there are little variations between
the recharge rates of the deep and shallow WT scenarios (1 to 2%). However, the variation is noticeable
when the length of the well is increased. In this case, differences between the deep WT scenarios and
the shallow ones go up to 12%. The reason for such difference is the one explained using Figure 44
very likely.
4.3.2. The geometry of the trench
As for the well, two sets of scenarios are run. One set involves the infiltration from the SF and the other
one does not include that input. The shapes of the obtained curves resemble the curve of the original
scenarios (Trench + SF and DTrench + SF, Figure 46 and Figure 47, respectively). For all scenarios, the
contribution of the SF infiltration to the curves is hardly visible. An exciting feature in both graphs is
the fact that the modifications in the trench width are very close to the original scenarios, suggesting
little sensitivity of the recharge rates to these changes.
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Figure 46. Recharge rates overtime for the trench sensitivity scenarios in a shallow WT setting (D: depth of the
trench and W=width of the trench).

Figure 47. Recharge rates overtime for the trench sensitivity scenarios in a deep WT setting (D: depth of the
trench and W=width of the trench ).

The observation above regarding the width of the trench is visible in Figure 48. In this figure, the
relative changes in width have practically no effect on the relative recharge rates, as attested by the
horizontal lines for both shallow and deep WT settings. On the other hand, a variation in the depth of
the trench does result in a variation of the recharge rate. This variation is non-linear, but if
approximated with a line, the slope would be smaller than one.
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Figure 48. The sensitivity of the recharge rates as a function of relative changes in the dimensions of the trench
(D: depth of the trench and W=width of the trench ).

Only two particular scenarios are run in this case. They correspond to the combination of the
modifications which have the highest specific recharge rate (optimum cost scenarios). These
modifications are D*0.5 and W*0.5, which gives result to the scenarios W*0.5 & D*0.5 for both deep
and shallow WT. These dimensions have the highest specific recharge rates since they allow the highest
pressure head gradients around the trench, enhancing infiltration (Figure 49). The recharge rates
obtained for these scenarios are presented along with the rest of the infiltration rates in Figure 50.

Figure 49. Pressure heads for two trench sensitivity scenarios.

Figure 50 shows a special behaviour for the trench. Unlike the well, the recharge rates are dependent
on the depth to the water table. Differences between deep WT and shallow WT scenarios range from
5% to 29%, and for most of the modification, it is above 17%. This dependency coincides well with the
observation from Heilweil et al. (2015), which conclude that the main factor controlling infiltration
rates from the trench is the depth to the WT. Such a conclusion is stressed in their equation, which has
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the depth to the WT and the hydraulic conductivity as the only variables. Nonetheless, they do not
consider the depth of the trench itself, which here is shown to affect the recharge rates (Figure 48).

Figure 50. Graphical summary of the results of the trench sensitivity analysis.

From the previous analysis, it can be concluded that the well has the highest sensitivity to geometry.
Such higher sensitivity is especially noticeable for the well length. On the other hand, the trench shows
a higher sensitivity to the initial position of the WT and a minor extent to its depth.
4.3.3. Hydraulic conductivity of the CL
For SF infiltration, the parameter explored in this sensitivity analysis is the hydraulic conductivity of
the CL. Focus is laid on this parameter of the CL because this layer controls the water infiltration from
the SF.
When the hydraulic conductivity of the CL is higher, the quasi-steady-state recharge rates increase,
while the onset of recharge is earlier (Figure 51). When the hydraulic conductivity is halved, there is
no visible recharge from the SF. It is possible that some recharge takes place but that the amount of
time required to observe it is longer than the runtimes considered.
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The particular case when the CL is absent is considered in this analysis. Such a scenario should give an
idea of the maximum potential infiltration from the SF and would also help to indirectly assess the use
of the reservoir release technique to enhance infiltration. In this sense, a proper assessment of the
latter technique would require, among other factors, the consideration of water stages in the wadi
channel, among others. These tasks are beyond the scope of this thesis.
The maximum recharge rates of all the SF scenarios is observed when the CL is removed (No CL
scenario). The recharge rates obtained with that scenario are one order of magnitude superior to the
rest of the SF scenarios. These recharge rates are even higher than the scenarios involving the trench.
Besides, the scenario without a CL has a fast start of recharge. Since day 1.6, the waterfront arrives.
Such value is around the figures for the well and the trench (Figure 51). These observations suggest
that the reservoir release technique could have potential in areas where the downstream sediments
are not capped by silt and clay.

Figure 51. Recharge rates overtime for the SF sensitivity scenarios in a shallow WT setting (Ks: hydraulic
conductivity).

When the recharge rates of the sensitivity scenarios are plotted relative to the original scenario (SF),
two characteristics of the obtained curves seem relevant (Figure 52). The first one is the fact that the
relative recharge rates follow a linear trend, except the Ks*0.5 scenario. Doubling Ks translate into
twice the recharge rates of the original scenario. The second relevant feature is that there are hardly
any differences between the deep and shallow WT scenarios. Nonetheless, the difference between
deep and shallow WT scenarios is present when the clogging layer is absent (Figure 53). In this case,
recharge rates are higher for the deep WT scenario, which is possibly the result of a higher vertical
hydraulic gradient.
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In terms of timing, there is no linear trend between the change in Ks and the time at which recharge
starts. For instance, the decrease in the start of recharge is more significant when Ks is doubled than
when it is three times higher (Figure 51).

Figure 52. The sensitivity of the recharge rates as a function of relative changes in hydraulic conductivity of the
CL (Ks: hydraulic conductivity).

Figure 53. Graphical summary of the results of the SF sensitivity analysis (Ks: hydraulic conductivity).
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The sensitivity analysis shows that if the hydraulic conductivity of the clogging layer increases, the
obtained recharge rates are still too low compared to the trench. This means that even if a reservoir
or a downstream portion of a wadi has a higher hydraulic conductivity than the reservoir bed, it might
not be high enough to outperform the use of trenches or wells. The only case it might be worth using
the reservoir release technique is when the CL is absent.
To conclude the sensitivity analysis, a short discussion regarding the times at which recharge starts is
carried out (Table 13). For the trench and the well, it is observed that the scenarios with increasing
dimensions show a faster start of recharge (e.g. r*2 and W*2) than those involving smaller dimensions.
Furthermore, the fastest start of recharge takes place when the vertical dimensions are increased.
Among solutions, the trench shows the fastest start of recharge, followed closely by the well
(differences between the two solutions are around 10%). The slowest recharge takes place with the SF
infiltration. An exception is a scenario when the CL is absent, which has an onset of recharge
comparable to the well and the trench.
Table 13. Comparison within and among solutions of the times at which recharge starts.
Trench

Well

Modification
D*2 - L*2
W*2 - r*2

DTrench DWell
Time (days)
16.2
16.4
18.4
19.6

0.5
1.5

0.0
1.1

Original
W*0.5 - r*0.5
D*0.5 - L*0.5
Optimum cost

18.6
18.8
20.8
21.2

1.6
1.6
2.5
2.6

1.3
1.4
2.5
0.0

20.4
21.4
26.4
16.8

Modification
No CL
Ks*3

DSF
SF
Time (days)
15.4
1.7
198.6
35.5

Ks*2
SF
Ks*0.5

276.6
475.7
-

48.6
81.0
-

A conclusion that can be drawn from the single-infiltration event simulations and the sensitivity
analysis is that the well and the trench are useful bridging the VZ and the CL in terms of time, which
means, they shorten the time before recharge starts. Also, these times get optimised when the vertical
dimensions of the infiltration solutions are augmented.

4.4.

Simulations of periodic recharge

The aim of conducting this set of simulations is to estimate the quasi-steady state maximum recharge
rates when water infiltrates periodically. The time series of recharge rate and cumulative recharge
obtained from this periodic simulation are used in the next section to quantify volumes of groundwater
recharge. These periodic simulations are intended to resemble the typical operating conditions of a
reservoir in the KSA. These conditions mean that:


The reservoir fills due to a precipitation event that takes place once or twice per year.



There is evaporation.



As the water infiltrates, the level in the reservoir falls.
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Over the years, the infiltration of the stormwater can be dilucidated as pulses of groundwater
recharge. In other words, infiltration is not continuous.

While implementing these ideal conditions into the periodic simulations, several limitations are found:


When evaporation is considered, the pressure head at the surface of the CL becomes highly
negative (-100m) (Figure 54). Once the reservoir fills, and infiltration starts, the contrast in
pressure heads between the bottom of the column of water (2.5 m) and the topsoil (-100 m) is too
high for the numerical models to run. There is also a contrast between the pressure head
irradiating from either the well or trench and the pressure heads in the CL. This contrast also
hinders the periodic simulations.



There is not an optimum way in HYDRUS 2D/3D to simulate the water level fall within the reservoir
as water infiltrates. The version of HYDRUS used for this thesis has the reservoir BC, which is
intended for this kind of scenarios. Nonetheless, this BC would only be useful to simulate a water
head directly above the infiltration solution and not a water head in the whole reservoir (i.e. above
the well/trench and the topsoil).

These limitations are overcome by applying the following simplifications:


Infiltration from the clogging layer is not considered. This simplification helps to overcome the
problems related to the substantial differences in pressure head in the interface between water
and topsoil. Furthermore, it allows the assessment to be focused solely on the performance of the
infiltration solution. This assumption is reasonable given that the input of water from the SF has
been proved to be relatively minor in comparison with the input from the well or the trench.
Furthermore, under arid conditions, the SF infiltration is expected to be even lower.



Evaporation is not considered. An exercise is done to see the effect of evaporation by comparing
the pressure heads of the initial conditions used in previous models and the pressure heads that
would be obtained by considering evaporation. This exercise is conducted by applying an
evaporation rate of 15mm/day for one year to the initial conditions of the well scenario. The
selected evaporation rate is higher than the maximum ones mentioned by Missimer et al. (2015)
(9.5 mm/day) and is very close to the evaporations measured by Kalwa (2013) (between 12 and 21
mm/day) and the potential evaporation (between 13 and 16 mm/day) referred in Lopez et al.
(2014). The difference between the models without evaporation and the one which considers this
hydrological variable is limited to the first 1.4 metres of the soil profile (Figure 54). In that region,
pressure heads go as low as -100m and shift rapidly with depth to a value of -1m. For the rest of
the VZ, conditions are the same between the two scenarios analysed. Therefore, it is deemed that
neglecting evaporation will not have a significant effect on the overall infiltration patterns and
rates.
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Falling head conditions in the reservoir are not considered but a constant pressure head. This head
could represent a mean value within the reservoir. Subsequently, the infiltration must be stopped
to represent a pulse of groundwater recharge, as would be in real conditions. Such a stop would
correspond to the point at which all the water has already infiltrated. Instead of an abrupt stop of
infiltration, the stop is simulated as a linear fall of the head in the reservoir. This simplification is
better explained later in this section. Other options, such as having a falling head with a fixed rate,
are not considered. The water level in the reservoir falls because of infiltration and not at a fixed
rate. Limitations are present in the scheme selected and in other schemes as well.



Another simplification that is necessary for these scenarios is the wetting of the top 1.5 m of the
soil profile by adding 1 m of pressure head. When this wetting is not carried out, the models do
not run. By adding 1 m, the pressure head in the top 1.5 m of the soil passes from a minimum of 2 m (Figure 54), to -1 m. This change is not dramatic. Furthermore, it does not affect the recharge
rates. This is proven, by performing the wetting and running a well and trench scenarios without
infiltration from these solutions. Considering that the maximum recharge rates observed are the
result of this wetting procedure, and comparing them with the quasi-steady state recharge rates
from the well and the trench, it can be observed that the effect of the wetting is entirely negligible
(Table 14).

Figure 54. Comparison of the initial conditions when the evaporation is considered (left) and when it is not
(right).
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Table 14. Comparison of the fluxes that could potentially be caused by the wetting of the upper 1.5 m of the soil
with the fluxes from the means of infiltration.
Scenario

% of the maximum flux in the wetting scenario
compared to other scenarios

Trench

0.002%

CL (2D)

0.060%

Well

0.009%

CL (axisymmetric)

0.076%

The operation scheme of the reservoir for the periodic simulations is presented in Figure 55. This
scheme also involves some aspects of the numerical model.
Regarding precipitation, the simulations are set to have a precipitation event per year. It is also
assumed that the level of 2.5 m is achieved instantaneously. This assumption is reasonable since
precipitation in the KSA usually develops into flash floods which ultimately end up in the reservoirs
(Gee and Hillel, 1988; Kalwa, 2013; Lopez et al., 2015, 2014; Maliva and Missimer, 2012; Missimer et
al., 2012; Sen et al., 2011).
The first nine days of infiltration takes place under a constant head of 2.5 m. This head would represent
an average stage within the reservoir. Besides, by using this head, it would be possible to make a
comparison between the recharge rates obtained from the periodic simulations and those from
previous scenarios. It was decided to maintain nine days of constant head infiltration based on the
stages observed by Kalwa (2013). According to this author, well infiltration within the Al-Alb reservoir
takes place for around nine days.
In real conditions, the period of infiltration varies with the solution selected. In this sense, it could
happen that emptying the reservoir with wells could take nine days, 15 days with the trench and two
months with the surface infiltration. Nonetheless, there is no reliable way to determine these times
with the information available, and therefore, the solutions are assessed using a fixed time of
infiltration and comparing the resulting volumes of recharge.
Subsequently, infiltration from the well or the trench is stopped. Such a stop is carried out by changing
the BC from constant head to a no flux BC. However, it was not possible to change the BC
instantaneously. It proved to be too abrupt for the simulations to run. Therefore, it is decided to make
a linear fall of the water level from 2.5 m to the bottom of the infiltration solution. The rate of head
fall used is selected in such a way that both the water in the infiltration solution and water in the VZ
fall vertically at the same pace. If this synchronicity is not met, there is water from the VZ which flows
into the well, which is not commonplace. Once the water level has fallen to the bottom of the
infiltration solution, the BC is set to no flux. After this period, infiltration ceases until the beginning of
the next year (Figure 55).
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Figure 55. Reservoir operation scheme for the periodic simulations.
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The periodic simulations are run until the maximum yearly recharge rate stabilises. This stabilisation is
assumed to take place when the maximum recharge rate repeats over three consecutive years.
The results of the periodic simulations show that the shallow WT scenarios stabilise fast, reaching the
maximum recharge rate in the first one to three cycles (Figure 56 and Table 15). For these scenarios,
the highest recharge rate is also very close to the maximum potential one, which corresponds to the
quasi-steady-state recharge rates (Figure 57). On the other hand, the deep WT scenarios require more
years to reach stability, namely eight and four cycles for the trench and the well, respectively (Figure
56 and Table 15). Furthermore, their stabilised recharge rates are much lower than the potential ones
(Figure 57).
The numbers in Figure 56, Figure 57 and Table 15 also show that the trench has better performance
than the well in terms of the number of cycles required to reach stability and in the percentage of the
maximum stable recharge rate concerning the maximum potential.

Figure 56. Time series of the periodic simulations.
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Table 15. Maximum yearly recharge rates for the periodic simulations.
Year

Trench (m^2/day)

1

20.62

Well
(m^3/day)
258.3

DTrench
(m^2/day)

2
3
4
5
6
7

20.62
20.62
20.62
20.62
20.62
20.62

259.6
259.7
259.7
259.7
259.7
259.7

17.55
20.84
20.86
20.92
20.92
20.92
20.92

8
9
10

20.62
20.62
20.62

259.7
259.7
259.7

20.92
20.92
20.92

DWell
(m^3/day)
120.2
165.4
166.7
167.0
167.2
167.3
167.3
167.4
167.4
167.4

The results of the periodic simulations hint two aspects. First, that the shallow scenarios might have
higher cumulative infiltration since they stabilise first and have higher recharge rates. Second, that the
trench seems to perform better in the periodic simulations given that it reaches most of its potential
recharge rate and gets stable first.

Figure 57. Graphical summary of the results of the periodic simulations.

4.5.

Assessment of groundwater recharge

4.5.1. Small-scale comparison
This section aims to quantify the amount of groundwater that each solution can infiltrate over some
time.
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First, a comparison of the solutions on a small scale is carried out. To do so, the amount of water that
a well can infiltrate over one year is compared with the infiltration from a trench and the SF for the
same period. The software computes the yearly cumulative recharge required at the lines which are
used to account for fluxes (see green lines in Figure 23 and Figure 24, for instance).
For the comparison, the cumulative recharge of a year at which the systems are stable is selected.
Stability, as explained in the section before, is attained when the maximum yearly recharge has the
same behaviour over time. In the case of a well with a shallow WT, such stability is achieved after three
years (Table 15). Therefore, year three is selected for the present analysis. The same is done for the
trench. The reason to take the stable part of the cumulative recharge series is to avoid dependence of
the cumulative recharge on the initial conditions. Besides, in this way, focus is laid on the long-term
behaviour of recharge.
The trench has cumulative recharge per unit length (m2/day). Therefore, to convert the trench into a
3D domain and to compare it with the other two means of infiltration (i.e. the well and the SF), two
scenarios are considered:
1. The trench has the same storage volume as the well.
2. The trench has the same infiltration area as the well.
The storage volume refers to the volume inside the trench or the well. The infiltration area is the one
at the surface of the solution, i.e., the area available for infiltration.
The two-dimensional cumulative recharge of the trench is multiplied by the lengths that assure the
equivalence of volume (1.6 m) and area (2.7 m) to the well.
For the SF infiltration, there are not simulations of periodic recharge. Therefore, an indirect estimation
is done. A circular area of 25 m in radius is considered. This area corresponds to the surface projection
of the area of influence of the well. Infiltration from the SF is set to take place for nine days at the
maximum steady-state recharge rate that has been obtained when the reservoir head is 2.5 m (31.3.
m3/day). Subsequently, the head is decreased linearly until zero and then stopped. Such linear
decrease is done in a way analogous to the reservoir operation carried out for the trench and the well
(Figure 55).
The results of this small-scale comparison show that the well is superior to the other means of
infiltration. It has the highest cumulative recharge over a year. This recharge rate (Table 16) is between
3.4 and 4.6 times the cumulative recharge from the trench, and 14.9 times the one from the SF. If the
cumulative recharge is added for a period longer than a year (i.e. five years), the superiority of the well
is evident (Figure 58).
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In terms of the trench, its recharge is 0.24 times the recharge of the well and between 1.5 and 3.5
times the one from the SF.
Table 16. Yearly cumulative recharge for the well, the equivalent trench and the SF.
Scenario

Yearly
Cumulative
recharge (m^3)

Well/Scenario

6735.8
2007.2

5-year
cumulative
recharge (m^3)
33678.9
10036.2

Well
Trench (same area)
Trench (same vol.)
SF

1456.0
453.6

7279.9
2267.8

4.6
14.9

1
3.4

Figure 58. Cumulative recharge overtime for the well, the equivalent trench and the SF.

When the WT is deep, the hierarchy of the performance of the infiltration solutions remains (Table 17
and Figure 59), which means that the well always yields the highest yearly cumulative recharge while
the SF the lowest. Nonetheless, when the WT is deep, the performance of the well is enhanced
regarding the trench and the SF infiltration. In this case, the well yearly cumulative recharge is between
6 and 8.3 times the recharge from the trench and 16.4 the one from the SF.
Table 17. Cumulative recharge for the well, the equivalent trench and the SF when the WT is deep.
Scenario

DWell
DTrench (same area)
DTrench (same vol.)
SF

Yearly
Cumulative
recharge (m^3)
7113.3

5-year
cumulative
recharge (m^3)
35566.5

DWell/Scenario

1187.6
861.5
433.3

5938.2
4307.4
2166.6

6.0
8.3
16.4

1.0
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Figure 59. Cumulative recharge overtime for the well, the equivalent trench and the SF under deep WT
conditions.

In all cases, the SF has the lowest cumulative recharge. The actual recharge could be even smaller since
some of the assumptions to calculate the SF cumulative recharge are favourable to this mean of
infiltration. For instance, the area of infiltration is much more than the one considered for the well and
the trench.
A comparison of the yearly cumulative recharge between the scenarios with a deep and a shallow WT
shows a difference. When the WT is deep, the cumulative recharge of the well increases while the
cumulative recharge of the trench decreases. This pattern could be the combined effect of two
dynamics. It is possible that for the well, recharge increases in a deep WT because it has higher
pressure gradients around the screen. In the case of the trench, the pressure head around the solution
may be more connected to the WT. It could also be that the saturated region expands further away
from the trench and therefore in a deep WT, a more significant share of the water will be left in the
porous media.
The present analysis indicates that for small scales (i.e. a well and a small trench), both the trench and
the well bridge the VZ and the CL. This indication is in line with the results from previous authors
(Händel et al., 2014; Heilweil et al., 2015; Kalwa, 2013; Missimer et al., 2015). In all cases, they showed
that the use of vertical structures such as wells and trenches, allow more groundwater recharge that
SF infiltration does. Furthermore, Missimer et al. (2015), Händel et al. (2014), and Kalwa (2013) also
considered a CL in their studies.
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4.5.2. Analysis or yearly recharge under different geometrical configurations
For the analysis of which solution performance better at small scales, it has been used a vadose zone
well and a trench with dimensions as set in the six original models. In the next part, it is explored the
effect of varying the solution geometries on the yearly cumulative recharge.
The analysis is done by using the coefficients of the quasi-steady-state infiltration rates between each
geometrical configuration and the original scenarios. These coefficients are presented in the first and
final columns (e.g. Mod./Trench) of Figure 45 and Figure 50. The yearly cumulative recharge of the
standard solutions is multiplied by these coefficients. For this comparison exercise, only a shallow WT
will be considered. The length of the trench is the one that assures equivalence of the infiltration area
with the well (2.7 m). This approach is simple, but it can give a preliminary idea of the performance of
the solutions under different geometrical conditions.
For the trench and the well, when the dimensions are increased the yearly cumulative recharge
increases (e.g. r*2 and W*2, Figure 60). The maximum cumulative recharge is obtained when the
vertical dimensions are elongated (i.e. L*2 and D*2). Since the well is more sensitive to modifications
in its dimensions, the variation among the different geometries is higher than it is for the trench (Figure
60).

Figure 60. Yearly cumulative recharge for the different geometries explored in this thesis (optimum cost well:
r=0.5m and L=10m; optimum cost trench: D=1.5m and W=0.5m).

What would be the cost of constructing the well and the trench under the different modifications? This
question is assessed using the standard price of the construction of a vadose zone well and trenches.
Brown & Schueler (1997) estimate that the construction of these solutions for the mid-Atlantic region
of the USA varies between 4 and 9$ per cubic feet. This price is likely different in other areas of the
world and has probably changed over time. However, it is used in this thesis just for reference
purposes.
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It is assumed that both solutions have the same construction cost of 7.5$/ft3. Converting cubic feet to
cubic metres, the approximate cost of the solutions would be 265$/m3 of storage. For each geometrical
configuration, the individual volume is calculated and then converted to cost using the ratio 265$/m3.
The yearly cumulative recharge is then divided by the total cost to obtain the yearly cumulative
recharge per dollar.
For all the geometries explored in this thesis, the well has the best yearly cumulative recharge per
dollar (Figure 61, Table 18, and Table 19). Among the modifications, the optimum cost is the ones
whose recharging performance is the highest per dollar. Besides, the scenarios that involve a small
diameter (r*0.5) yield the most recharge per unit cost. In the case of the trench, the yearly cumulative
recharge per dollar is higher in the cases at which dimensions are shortened (W*0.5, D*0.5 and
optimum cost).

Figure 61. Yearly cumulative recharge per dollar considering different geometries (optimum cost well: r=0.5m
and L=10m; optimum cost trench: D=1.5m and W=0.5m).
Table 18. Cost, yearly cumulative recharge and yearly cumulative recharge per dollar for the different well
configurations.
Modification

Cost

Yearly
Cumulative
recharge (m^3)

Yearly cumulative recharge
per dollar (m^3/$)

L*2
r*2
Well

1,873.2 $
3,330.1 $

15620.3
9083.5

8.3
2.7

832.5 $
208.1 $
312.2 $
468.3 $

6735.8
5294.9
2725.6
12914.9

8.1
25.4
8.7
27.6

r*0.5
L*0.5
r*0.5&L*2 (optimum cost)
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Table 19. Cost, yearly cumulative recharge and yearly cumulative recharge per dollar for the different trench
configurations.
Modification

Yearly
Cumulative
recharge (m^3)

Yearly cumulative recharge
per dollar (m^3/$)

3,538.2 $
2,830.6 $
1,415.3 $
707.6 $

3034.1
2125.8
2007.2
1937.4

0.9
0.8
1.4
2.7

353.8 $
176.9 $

1313.4
1221.8

3.7
6.9

Cost

D*2
W*2
Trench
W*0.5
D*0.5
D*0.5&W*0.5 (optimum cost)

Comparing the yearly cumulative recharge per dollar of equivalent modifications show that the well is
between 2.4 and 9.7 times more effective than the trench (Table 20). By equivalent modification, it is
meant that for instance, a well halved in the vertical direction (L*0.5) is equivalent to a trench that is
also halved in the same direction (D*0.5). This equivalence is just for comparison purposes.
Table 20. Comparison of the yearly cumulative recharge per dollar between equivalent well- and trenchscenarios.
Modifications

Mod. Well/Mod. Trench

L*2-D*2
r*2-W*2
Well-Trench
r*0.5-W*0.5
L*0.5-D*0.5
r*0.5&L*2-D*0.5&W*0.5

9.7
3.6
5.7
9.3
2.4
4.0

The reason why some modification infiltrates more water than others per dollar can be explained using
the specific recharge rate. This recharge rate, which is per unit of volume, is directly proportional to
the yearly cumulative recharge per dollar. The specific recharge is often higher for the modifications
that involve a reduction of the dimensions (Table 21). When this reduction happens, there is less
connection between the pressure head from the infiltration solution and the WT. Therefore, the
pressure head gradient around the infiltration solution is higher, and so is the specific recharge (Figure
62). This interpretation is analogous to the one done by Händel et al. (2014), who also observed that
specific recharge rates (in their case per unit of screened area) diminished once the well entered in
contact with the WT.
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Table 21. Specific recharge rates of the well and the trench under different geometrical configurations.
Specific recharge
(m^3/day/m^3)

rates

Specific recharge
(m^2/day/m^2)

Modification
r*0.5 & L*2
r*0.5

Well
290.1
267.6

DWell
323.8
264.5

Modification
W*0.5&D*0.5
D*0.5

Trench
50.256
27.012

DTrench
53.024
28.648

L*2
L*0.5
original
r*2

87.7
91.8
85.1
28.7

99.3
90.1
86.2
29.3

W*0.5
original
D*2
W*2

19.922
10.32
6.24
5.465

23.64
12.34
8.36
6.65

rate

Figure 62. Plausible graphical explanations for the differences observed in the specific recharge rates.

For the present analysis of cost, only a shallow WT is considered. Based on the results of the cumulative
recharge, it is likely that the well outperformance, even more, the trench if a deep WT is considered.
4.5.3.

Groundwater recharge considering space

One more analysis is carried out. In this analysis, the amount of water infiltrated is assessed, taking
into consideration a common constraint. This constraint is the area within the dam available to place
the solutions.
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It will be assumed that the reservoir has a squared shape in plant view. Within this squared dam, the
maximum possible number of wells are fit. The resulting yearly cumulative recharge is compared to
the one that the same dam would have if it is filled with the maximum possible number of trenches.
One geometric distribution within the dam is selected for each infiltration solution (Figure 63). These
distributions might not be the mathematical optimum, but they seem to be space-efficient.
Several sizes of dams are assessed. These sizes start from 1 km2 and an increase in powers of ten. For
a given area, the number of rows and columns of wells is found using Equation 19 and Equation 20,
respectively. The maximum number of trenches is given by Equation 21 and the individual length of
each trench by Equation 22. The resulting number of wells and trenches is then multiplied by the yearly
cumulative recharge. The meaning of the terms in Figure 63 and Equation 19 to Equation 22 are
presented in

Table 22. For this hypothetical exercise, it will be assumed that water is unlimited.

Figure 63. Plant view of the distribution of trenches and wells in a reservoir with area equal to Ad.

𝐿𝑆 = (2𝑁𝑟 + 1) ∗ 𝑟𝑖

Equation 19

𝐿𝑆 = (2 + (𝑁𝑐 − 1) ∗ √3) ∗ 𝑟𝑖

Equation 20

𝑁𝑇 = √𝐴𝑑 ⁄(𝐿𝑖 ∗ 2 + 𝑊)

Equation 21

𝐿𝑆 = 𝐿 𝑇 = √𝐴𝑑

Equation 22
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Table 22. List of the meaning of the variables in Figure 63 and equations 19 to 22.
Variable

Meaning

Units

Ad

Area of the hypothetical dam

[L2]

Ls

Length of the sides of a squared dam

[L]

Li

The lateral extent of the influence of the trench

[L]

LT

Longitude of each trench

[L]

ri

The radius of influence of the well

[L]

NT

Number of trenches

Nr

Number of rows of wells

Nc

Number of columns of wells

The packaging of the solutions within the reservoir depends on their radius and length of influence.
When the WT is shallow, they are determined visually from the model outputs. For the well, it
corresponds to 25 m. In the case of the trench, the length of influence selected is 50 m. As shown in
the preliminary sensitivity analysis, at this length, the mounding produced by the trench at the right
boundary is small (32 cm) and will be considered negligible (Figure 16).
When the WT is deep, there is not mounding visible. Therefore, the radios and length of influence are
taken as the maximum lateral extent of the saturated region that extends from the infiltration solution
into the VZ. By taking this lateral extent, it is assured that solutions placed close, are not interfering
with each other in terms of water flow. In this way, it is possible to add the individual yearly cumulative
recharges to obtain the one from all the solutions in the dam. For a deep WT, the radius of influence
of the well is measured from the output graphs and corresponds to 17.5 m. For the trench, the length
of influence is measured in the same way and is determined to be 23 m.
When the WT is shallow, the cumulative infiltration from the trench is around 1.6 times the recharge
from the well (

Table 23), regardless of the size of the dam (Figure 64). This observation suggests that for a fixed area,
the trench is more effective in recharging water.
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Table 23. Results of the yearly cumulative recharge for several dam sizes and a shallow WT setting.

Dam
(km2)
1
10
100
1000
10000

size

Number of wells
418
4464
45770
460630

Total length of the
Trenches (m)
9000
98031
990000
9897929

4615691

99000000

Yearly cumulative recharge
Well
Trench

Trench/Well

2.82E+06
3.01E+07
3.08E+08
3.10E+09

4.51E+06
4.91E+07
4.96E+08
4.96E+09

1.6
1.6
1.6
1.6

3.11E+10

4.96E+10

1.6

Figure 64. Cumulative recharge as a function of dam size for the scenarios in a shallow WT.

For a deep WT, the well improves its performance and becomes the best option to optimise cumulative
recharge for a fixed area (Figure 65, and Table 24). This improvement in the performance is reflected
in the ratios of trench yearly cumulative recharge over well yearly cumulative recharge. In the shallow
WT scenarios, this ratio takes values around 1.6. On the other hand, when the WT is deep, the ratio
decreases to around 0.94 (Table 24).
Table 24. Results of the cumulative recharge over five years for several dam sizes and a deep WT setting.

Time

Number
wells

of

the total length of the
trenches (m)

Yearly cumulative recharge (m3)
DTrench
DWell

DTrench/DWell
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1
10
100
1000
10000

896
9256
93765
941829
9419088

2.10E+04
2.12E+05
2.12E+06
2.13E+07
2.13E+08

6.23E+06
6.28E+07
6.29E+08
6.30E+09
6.31E+10

6.37E+06
6.58E+07
6.67E+08
6.70E+09
6.70E+10

0.98
0.95
0.94
0.94
0.94

Figure 65. Cumulative recharge as a function of dam size for the scenarios in a deep WT.

There is a limitation in the approach used to estimate the fluxes from the trenches within the reservoir
in the case of the maximum packaging. This limitation is the fact that when the length of influence of
the trench is longer, the recharge rates decrease (Figure 17). In this case, the length of influence was
set as 50 m, but the recharge rates are the same as the ones from a trench in a domain 25-metres long.
It is therefore likely that the actual yearly cumulative recharge of the trench is in overall smaller in the
exercises with a fixed area. Such consideration would, in turn, imply that the well could have a better
performance than the trench in a fixed area when the WT is shallow.
Finally, when water infiltrates through the well or the trench, SF infiltration is not considered. The
input from the surface would likely render the cumulative recharge for the well even higher. As shown
before, the well allows more infiltration from the SF. Such behaviour is evident as the SF has a more
significant share of the total recharge rate of the Well + SF scenarios (around 10%) unlike the trench
(about 4%).
A qualitative summary of the performance and characteristics of the solutions assessed is presented
in Figure 66.
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Figure 66. A qualitative summary of the findings regarding the infiltration solutions.
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5.

LIMITATIONS

Modern vadose zone wells are more complex than the one here simulated. They include components
of the systems that aim to pre-treat the stormwater and to avoid clogging of the well (sedimentation
traps, filters, settling chambers) (Edwards et al., 2016; Sasidharan et al., 2019, 2018). Some of these
components involve the use of several compartments instead of a single cavity, as simulated here
(Sasidharan et al., 2019, 2018). Nonetheless, the exact simulation of these wells is complicated and
beyond the scope of this work.
Clogging of the infiltration solutions over time is not considered. This factor is essential since it will
diminish the infiltration rates as time passes by. Furthermore, the way clogging develops changes
among solutions. For instance, in the case of the trench, the bottom tends to be clogged first while the
walls can continue infiltrating water (Bouwer, 2002). Clogging rates will also change over time and as
a function of the operating procedures of a well (van Beek et al., 2009). For further studies, it is also
recommended to assess the issue of clogging.
The structure of cost considered for the final analysis is simplistic. In reality, the cost will likely not only
depend on the volume of solution constructed but also on some technical aspects. These aspects could
be, for instance, the depth of drilling. Usually, the deeper a well must be drilled, the higher the cost.
Furthermore, the maintenance cost is not included. Nonetheless, the simplifications of cost used in
this thesis are adequate for illustrating some points. The structure of cost could be improved for
specific cases.
Finally, the VZ beneath a wadi is more complicated than the way it is simulated here. It usually involves
different levels of fine material in between coarser sediments (Al-Shaibani, 2008; Sorman and
Abdulrazzak, 1993). Besides, there are usually features on the surface, such as cracks that form due to
the dry conditions and that allow a faster infiltration (Novák et al., 2000).
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6.

SUMMARY AND CONCLUSIONS

The analytical equations validate several of the features of the scenarios run (Figure 31), including a
lateral domain extension of 25 m for the trench scenario. The validation of the scenarios is given by
the fact that the order of magnitude of the infiltration rates calculated with the analytical equations is
similar to the order of magnitude of the values obtained with the numerical models.
When either the well or the trench is used, the start of infiltration is much faster than it is for the SF
infiltration. When the WT is shallow (10 m), and either the well or the trench is used, the recharge
starts around 1.4 days after the beginning of infiltration (Table 9 and Table 10). On the other hand,
when the SF is the only mean of infiltration, the onset of recharge is around 80 days after the beginning
of infiltration (Table 9 and Table 10). When the WT is deep, the recharge starts around day 20 for the
well and the trench, and at day 473 for the SF infiltration (Table 11and Table 12). These figures
regarding time suggest that the trench and the well do bridge the VZ in terms of time, leading very
likely to higher volumes of recharge and fewer evaporation losses. By using these structures, recharge
starts between 24 and 58 times faster than the recharge from the surface.
Overall, the quasi-steady-state recharge rates show a higher sensitivity to changes in the vertical
dimensions (depth of the trench and length of the well) than to horizontal modifications (width of the
trench and radius of the well) (Figure 43 and Figure 48). The highest recharge rates for the well (701.8
m3/day, Figure 45) and the trench (41.8 m2/day Figure 50) are obtained when the length is doubled,
and the WT is deep. These maximum recharge rates suppose and increase in the quasi-steady-state
recharge rates of 2.6 times for the well and 1.7 times for the trench concerning the standard
dimensions.
The well and the trench are sensitive to changes in the vertical dimensions and the position of the WT
table. However, the well shows a higher sensitivity to the geometry while the trench shows the higher
dependency of recharge rates on the location of the WT. The sensitivity of the well to length is also
found to be an essential factor by Händel et al. (2014). The particular behaviour of the trench coincides
to a reasonable extent with the conclusions of Heilweil et a. (2015). These authors realised that the
trench infiltration depends mostly on the initial positions of the WT. Nonetheless, they conclude that
trench geometry had a minimal effect on the recharge rates, which does not entirely agree with the
finding of this thesis. Trench depth also affects recharge rates.

In terms of time, those modifications that involve the increase of the vertical dimensions have a faster
start of groundwater recharge. For the well, the start of recharge can reduce to zero days when the VZ
is completely bridged and up to 1.25 times faster concerning the original geometry when the length is
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doubled (Table 13). For the trench, the fastest start of recharge happens when its depth is doubled in
a shallow WT. The resulting start of recharge is 3.3 times faster than it is for the standard trench (Table
13).
The reservoir release technique could potentially be useful since it has a better performance than the
business as usual scenario (i.e. only SF infiltration). A better assessment of this solution is required to
make a comparison with the well and the trench.
The periodic simulations suggest the better performance of the trench is terms of the number of cycles
required to achieve equilibrium. The trench also has a higher share of its maximum potential
infiltration in the periodic simulations. Nonetheless, these features did not translate into a higher
recharge quantity. Therefore, the indicators of the periodic simulation do not seem to be relevant to
predict the cumulative recharge.
When the implementation of the infiltration solutions is considered in a small scale, it has been shown
that the well has the highest yearly cumulative recharges (Figure 58, Figure 59, Table 16 and Table
17). This recharge is between 3.4 and 4.6 times the cumulative recharge from the trench and 14.9
times the one from the SF. For a deep WT, the hierarchy remains, and the well recharges the highest
amounts. For that case, the well recharge is between 6 and 8.3 times the recharge from the trench and
16.4 the one from the SF. The figures for small scales also clearly indicate that the well and the trench
bridge the VZ and the CL in terms of recharge quantity. This indication agrees well with previous works,
which also suggest that structures such as wells and trenches perform better than surface infiltration
(Händel et al., 2014; Heilweil et al., 2015; Kalwa, 2013; Missimer et al., 2015). The observation of
quantity recharge also points towards the well as the most effective way to enhance groundwater
recharge.
In terms of cost, the well has the highest yearly cumulative recharge per dollar. It can be between 2.4
and 9.7 times more effective than the trench when equivalent modifications are compared (Table 20).
When the maximum amount of solutions is placed in a fixed area, and the WT is shallow, the trench
might recharge more quantity of water every year. The uncertainty in this asseveration arises from the
uncertainties in the length of influence of the trench and the corresponding recharge rates. When the
WT is deep, the well has a slightly better performance and its yearly cumulative recharge surpasses
the one form the trench.

The specific recharge rates, which are indirectly related to cost, indicate that it is more beneficial to
construct several wells with a small diameter and long length, than fewer wells with an equivalent
volume. Taking into account, the dimensions here used, such optimum well could have 0.5 m in
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diameter, a length which approximates the depth of the VZ, and a distance of a few metres between
the bottom of the well and the WT. The latter conditions would assure some treatment of the
infiltrated water before becoming part of the groundwater resources (Liang et al., 2018). In the case
of the trench, the dimensions that optimise cost and yield a good recharge are a narrow width (around
0.5 m) and a trade-off between high depth to the WT and high trench depth.
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APPENDIX
APPENDIX A

Table 25 presents a review of key hydraulic parameters of wadis based on the available literature.
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Table 25. Literature review of key hydraulic parameters of wadis. R. Value stands for representative value.
Parameter
Ks wadi

Kh wadi

Study
Alataway & Alfy,
2019

Kv
wadi

Ks clogging
layer

Porosity

Sy

Saturated
thickness

R. value
R. value

0.1-100
0.58-57.4
12.2
0.2283.19
30.65
15

R. value

32.112
0.88-24.2
4.7
0.2-1.1

Al-Shaibani, 2008

Range
R. value
Range
Range
R. Value
Range

Sorman et al., 1997
Sorman et al., 1995
Hussein et al. 1993

R. Value
Range
Range

24

Al-Turbak et al.,
1993

Range

7.8-627.3

0.16-0.4

29-63

R. value
Range
R. Value

153.4
2.9-82.1
47.03

0.28

12.5

Masoud et al., 2019
Rosas et al., 2015
Missimer, 2015
El_Hames & AlWagdany, 2013
Rosas Aguilar, 2013
Kalwa, 2013
Missimer
2012

et

al.,

Abdulrazzak, 19861988

Range
R. value
Range

Depth
to the
WT

Thickness
of
the
deposits

Ɵr

Ɵi

α

ß

0.24

0.03

0.08

15

2

5-60
0-100

0.003-0.163
0.032
0.22-0.41
0.3
0.2

35

0.22-0.39
0.29
0.006-0.007
1.2-80.2
38

1-15
8

0.10-0.30
0.25

0-38
10

10-54
41.04

13.68

0.3

0.15

0-33
10
4-20

0-20

12

0.25
2-3

7-1000

Ɵs

0.25-0.35

0.1
0.07-0.20

0.15-0.26
3.3 17

17.5-69

95

DECLARAÇÃO

Eu Jose David Henao Casas, aluno do Instituto Superior Técnico nº 188801, autor da dissertação para obtenção do
Grau de Mestre em environmental engineering, com o título Numerical and Analytical Assessment of Stormwater
Infiltration via Vadose Zone Wells and Infiltration Trenches concedo ao Instituto Superior Técnico uma licença
perpétua, mas não exclusiva, para utilizar esta dissertação para fins de ensino ou investigação e autorizo-o a inseri-la, bem
como ao seu resumo alargado, em formato pdf, na sua página da internet, com endereço www.tecnico.ulisboa.pt de
modo a permitir a sua divulgação junto de todos os que acedam àquela página, e, com o mesmo propósito de divulgação,
a responder favoravelmente aos pedidos de instituições de ensino ou de investigação e Centros de Documentação ou
Bibliotecas, remetendo-lhes aqueles mesmos ficheiros em formato pdf, mas fazendo uma expressa menção, seja na sua
página na internet seja quando da remessa atrás referida, à obrigação de quem assim aceda àquela minha dissertação e
respectivo resumo alargado em salvaguardar os meus direitos de autor sobre estes documentos, que me são conferidos
pelo Código do Direito de Autor e dos Direitos Conexos.

Lisboa, a 1 d e s e t e m b r o de 2019

O aluno n.º 188801

Jose David Henao

96

