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Introduction

Arid zones are characterised by small average amounts of rainfall, which makes the

availability of water for vegetation scarce and uncertain. However, very intensive rainfall

events do occur, causing runoff and erosion on the hillsides. Erosion is considered to be

one of the most significant environmental problems in Chile, especially for the forestry

and agriculture sector. More than half of the country’s national territory is affected

by some form of land degradation. The soils are not well protected against extreme

rainfall events because the vegetation is scarce. In order to increase the availability of

water for forestry plantations and to reduce erosion on the hillsides, a number of water

harvesting techniques and soil conservation measures have been developed in Chile.

As to the different soil and water conservation measures, the attention in this work is

focused on the infiltration furrows, a water harvesting system. The technique’s primary

objective is to collect the runoff water that is moving downhill, hereby avoiding erosion

and permitting a higher infiltration of rainwater into the soil at the site of planting.

Infiltration furrows are not only known in Chile but are also widely applied in soil

degraded areas in a number of other Southern American countries like Peru, Bolivia

and Ecuador.

In order to be efficient, the infiltration furrows should be constructed in proportion to

the amount of water that will be collected during a rainfall event. For this end, data are

needed on the soil physical characteristics such as infiltration rate. Unfortunately, the

availability of these data is limited or non-existent in Chile. For collecting the necessary

data, a project was carried out with the help and cooperation of CAZALAC (Centro

del Agua para Zonas Aridas y Semiáridas de América Latina y El Caribe, International
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Hydrological Programme IHP of UNESCO) that was made possible through a part-

nership between Ghent University, La Serena University and CONAF (Corporación

Nacional Forestal).

Experimental field data were collected on erosion, runoff and infiltration processes in

the semi-arid Fourth Region of Coquimbo with a rainfall simulator and a pressure

infiltrometer. By means of the collected data, the runoff and erosion response of soils

during extreme rainfall events could be determined. In this work, the emphasis is laid

upon infiltration and runoff processes. A study of the erosion processes was done by

Baert (2005).

This work is subdivided into three parts. In the first part, land degradation in Chile

and the erosion problems the study area is facing, are discussed. In the part ’Litera-

ture Review’, a general overview is given of the conservation techniques with a special

emphasis on the characteristics and history of the infiltration furrows. Further on, an

in depth study is made of the infiltration process and the factors that are influenc-

ing infiltration. Experiences of researchers with rainfall simulations as an infiltration

measurement method and the models that describe infiltration are reviewed. In the

part ’Materials and Methods’, the six experimental sites are described in detail. The

method of field measurements with the rainfall simulator is explained and the techni-

cal characteristics of the rainfall simulator are described. Results of the inventory, the

infiltration characteristics and the proposed infiltration furrow systems are given and

explained in the part ’Results and Discussion’.

Within the framework of an adequate soil conservation and land use policy the results

of this project are highly useful in designing erosion control structures and water har-

vesting techniques. Results from this study can be used for soil and water conservation

planning and sustainable land use in this region, with the possibility to expand the

knowledge to similar areas in Latin-America and the Caribbean.
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Chapter 1

Land Degradation in Arid and

Semi-Arid Areas

Desertification as defined in the United Nations Convention to Combat Desertification

of 1996 (UNCCD) is not the natural expansion of existing deserts but the degradation

of land in arid, semi-arid, and dry sub-humid areas. Desertification is a gradual process

of soil productivity loss and the thinning out of the vegetative cover because of human

activities and climatic variations such as prolonged droughts and floods. It turns the soil

into a less productive natural resource, it diminishes the resistance of the areas against

natural climatic variability and in some areas it endangers the food production. What

is most alarming is that the land’s topsoil, if mistreated, can be blown and washed

away in a few seasons, but it takes centuries to build up. Desertification is at the

root of political and socio-economic problems and poses a threat to the environmental

equilibrium in affected regions (UNCCD, 1996).

In Chile, land degradation is considered to be one of the most significant environmental

problems, especially for the forestry and agriculture sector. 48.3 millions of hectares

in Chile or approximately 65% of the countries territory are affected by desertification

4



CHAPTER 1. LAND DEGRADATION IN ARID AND SEMI-ARID AREAS 5

(PANCD, 1997). Table 1.1 summarizes a preliminary research of 290 municipalities

throughout the 12 different regions of the country (in figure 1.1 the location of each

region is indicated). The desertification categories were determined by considering the

following factors for each municipality: aridity of the climate, percentage eroded soils,

poverty of its population and the evolution of the desertification process (progressive,

stable or regressive) for the last 10 years. 93% of the municipalities were found to be

affected in one or more aspects. Only 7% did not show any signs of desertification

(Soto, 1999).

The present desertification, and in general land degradation in arid and semi-arid

areas, is the result of a long-term evolution. In the first place, natural factors as relief,

precipitation and soil characteristics are determining the process of land degradation.

But mainly human activities have such a strong impact on the soils and vegetation

that they are disrupting the environmental equilibrium, by which the process of land

degradation can begin. The main causes in Chile are overgrazing, cutting of trees, forest

fires, inefficient irrigation practises and the pressure of city expansion. At the moment,

large areas of the country are strongly eroded or subjected to salinisation and have

the aspect of a desert, even though high quantities of rain can fall on it. If nothing is

done, more than one million and a half Chileans will be forced to emigrate from there

home area and this will put even more pressure onto the cities. In general, the country

is suffering great financial losses as a consequence of erosion and land degradation.

The UNCCD is an international legally binding convention that now has more than 180

country members. Its purpose is to identify the practical measures necessary to combat

land degradation and mitigate the effects of drought. Chile signed it in 1996, when the

convention entered into force and the National Congress ratified and published it in

the Government Gazette when it became a national law in 1997. Therefore, Chile is

committed to the following actions: (i) to give priority and to assign sufficient resources
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Table 1.1: Number of investigated municipalities in Chile that are affected by desertification

per region (Soto, 1999) (Urban zones (*) were not included: 2 en the V Region

and 40 in the metropolitan Region of Santiago de Chile)

Region No. analyzed Categories

municipalities Strong Medium Weak Not affected

I 10 2 5 2 1

II 9 4 2 2 1

III 9 2 7 - -

IV 15 8 6 1 -

V (*) 35 14 19 2 -

Rm (*) 10 3 2 5 -

VI 33 3 10 8 12

VII 29 8 5 13 3

VIII 49 9 10 30 -

IX 30 11 14 5 -

X 42 1 23 18 -

XI 10 6 2 - 2

XII 9 5 3 - 1

TOTAL 290 76 108 86 20

% 100 26 37 30 7

to the combat against desertification (ii) to define priority directives and strategies

and (iii) to combat the most profound causes of desertification, in particular, the

socio-economic factors. Chile’s national action plan against desertification (Plan de

Acción Nacional contra la Desertificación, PANCD) was published in 1997 and the

Coordination Office of PANCD and the National Forestry Cooperation (Corporación

Nacional Forestal, CONAF), that is the National Coordination Organ of the UNCCD

in Chile are in charge of its application.
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The financial resources provided by the PANCD are used to support sustainable so-

lutions such as forestation of degraded areas, improvement of irrigation practises and

recuperation of degraded soils in eroded areas and areas subjected to land degradation.

At this time, more than three million hectares have been recuperated, but there are

still some 45 million affected hectares to be saved.

Figure 1.1: Chile is subdivided into 12 regions, measurements were carried out in the Fourth

Region (IV Región) of Central Chile

The Fourth Region (see figure 1.1), together with the Second and the Seventh Region,

priority regions pointed out by the Committee of PANCD, was the place where the

systematic sampling and measurements for this study were carried out. The Fourth

Region, also known as the Region of Coquimbo, is situated in the arid zone Central-

Chile, to the south of the Atacama desert. The region is arid because the ratio of mean

annual rainfall P to mean annual potential evapotranspiration ET0 is 0.09 (UNEP,



CHAPTER 1. LAND DEGRADATION IN ARID AND SEMI-ARID AREAS 8

1992). According to the classification of UNEP (1992), an area is considered to be

arid when the ratio of P to ET0 lies between 0.05 and 0.2. The main factors causing

land degradation in the Fourth Region are inefficient irrigation practises, removal of

bushes for fuel, frequent wood fires, overgrazing, mining activities and overcultivation

in agricultural areas (Soto, 1999).



Chapter 2

The Fourth Region of Coquimbo

2.1 Geography and Climate

The Fourth Region extends from 29◦00′ S to 32◦10′ S and covers an area of 40,462

km2 or 5.3% of the national territory (Sánchez & Morales, 1998). The three principal

watersheds which define the three provinces of the Fourth Region correspond to the

rivers Elqui, Limaŕı and Choapa. These three provinces are then again subdivided in

a total of 15 municipalities (see figure 2.1).

According to the criteria of Emberger (Daget, 1977) for classifying bioclimatic zones,

the Fourth Region immerses in a Mediterranean climate zone. It is located in the

transition zone between a Mediterranean desert and a semi-desert. The coastal area

is characterised by a high degree of humidity of 85% and clouds with very moderate

temperatures. In La Serena the annual mean temperature is 14.7 ◦C. The interior is

characterised by an absence of clouds and the temperature increases in accordance with

the distance from the coast. The precipitation tends to decrease toward the interior,

except for the Cordillera de Los Andes, where precipitation rises again. Precipitation

is concentrated during the winter months May till August and the rest of the year is

9
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Figure 2.1: The Fourth Region of Coquimbo (Squeo et al., 2001)
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Figure 2.2: Mean annual precipitation in La Serena for the period of 1869 to 1999 (Squeo

et al., 1999)

characterised by a long spell of dry months usually from September till April. Moderate

to severe droughts are frequent. Extremely dry years were 1960, 1962, 1964, 1969, 1979,

1988, 1990, 1995 and 1998 when less than 20 mm of precipitation was recorded.

Precipitation in La Serena has decreased from average annual values of 170 mm at

the beginning of the 20th century to 80 mm at this moment (see figure 2.2), while the

annual average historical precipitation is 120 mm (Squeo et al., 1999). This long term

temporal variability of precipitation and more generally, the phenomenon of global

climate change is an additional factor that needs to be considered when evaluating

water conservation techniques.
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2.2 Land Degradation and Erosion in the Fourth

Region

The region is characterised by small average annual amounts of rainfall. However, very

high rainfall intensities can occur, causing runoff and erosion on the hill slopes. Erosivity

of the precipitation is the potential ability of rain to cause erosion, and is quantified

by an erosivity factor R (Wischmeier et al., 1978) that connects rainfall characteristics

with the amount of erosion generated. From average monthly precipitation values of

18 meteorological stations, the erosivity was determined qualitatively by the modified

Fournier index (MFI, mm2/mm), which was correlated with the dimensionless ICONA

R factor (ICONA, 1988). The spatial distribution of the erosivity in the Fourth Region

(Valenzuela & Morales, 2004) is shown in figure 2.3. The erosivity diminishes from

north to south, following the precipitation pattern. The ICONA R factor is varying

from 7 in the north to 102 in the south.

Those values are relatively low compared with other regions in the country. For the

map in figure 2.3, the MFI was calculated from average monthly and average annual

rainfall (MFI 1). However, if MFI had been calculated as the average of the different

MFI’s of each year calculated separately (MFI 2), higher values would have been ob-

tained (Michiels et al., 1993). The difference between these two calculation methods is

more pronounced for regions where precipitation is irregular and unequally distributed

throughout the year. Since this is the case in the Fourth Region, the ICONA R factor

is probably underestimated.

The sensibility of an area to erosion also depends strongly on the cover rate of the

vegetation. Before European colonisation, the areas were mainly covered with steppe

forest. Excessive felling for firewood, deforestation by an expansion of agriculture and

overgrazing during the past century denuded the land and led to an increased erodibility
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Figure 2.3: Erosivity in the IV region of Coquimbo (Valenzuela & Morales, 2004)

of the soils in the region. Next to the vegetation cover, geographical position, slope

and soil characteristics are also important factors influencing erodibility in the Fourth

Region. A rough overview of the erodibility of the soils in the Fourth Region is given

in figure 2.4.

Especially the soils derived from igneous rocks are more susceptible to erosion. In those

soils, the alteration product of the igneous rocks forms a clayey subsoil, with a low

permeability and a substrate of decomposed rocks that are favouring superficial runoff

and formation of ravines and erosive active channels (Peralta and Peralta, 1990). Most
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Figure 2.4: Erodibility in the IV region of Coquimbo

of those soils are found on hills that are subjected to intensive grazing and removal of

the bush vegetation by herds. The herds have a negative influence upon the vegetation

present because of their selective diet impoverishing the value of the natural vegetation

(Le Houérou, 1981) and because of the fact that too many animals reside for too long

on the same land. Removal of bush for fuel and wild fires that are frequent in the region

are also important factors of the degradation of the valuable native vegetation.

Since the beginning of the sixties, on approximately 60% of the soils in the Region of

Coquimbo evidences of superficial erosion have been found. Loss of topsoil, sediment
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deposition and colour changes in soils have been noted. In case of severe erosion, ravines

of various depths or even complete losses of the toplayer have been detected (Endlicher,

1988). It is estimated that roughly 85% of the region is affected by some form of erosion,

16.5% of it considered as severe, 36% moderate and 50% of the surface has low to very

low erosion rates (CORFO, 1979). Quantitative data of soil losses in the Fourth Region

are scarce. In a previous study in the south of the region, average soil losses in the range

of 2 tonnes.ha−1.year−1 were measured in the field (Gatica, 1998).

The surface affected by erosion is indicated for each municipality in table 2.1. Also an

indication is given on the aridity by considering (i) the number of dry months in a year

and (ii) the index (P-ET0)/P that relates the annual hydrological P-ET0 deficit to the

precipitation P. A higher value of the aridity index (P-ET0)/P and a higher number of

dry months indicates a more arid zone.

In table 2.1 it is seen that the province of Elqui has the highest aridity index and a

higher number of dry months. The province is also suffering most from erosion: almost

60% of the surface is eroded. The most extreme case is the community of Higueras

where almost the entire surface (98%) is affected. Aridity and erosion decreases toward

the south of the region. Nevertheless, also in the municipality of Illapel in the province

of Choapa considerable erosion damage (81%) is found.
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Table 2.1: Erosion and aridity per municipality in the Fourth Region (Soto, 1999)

(important sectors of the high Andes (*) were not included in the analysis)

Municipality Population Surface Eroded surface (P-ET0)/P Dry

(ha) (ha) (%) months

Province Elqui

1 La Higuera 3.498 174.883 171.036 98 20-50 9-10

2 Vicuña 21.660 275.261 - - 10-20 9-10

3 La serena 120.816 148.395 82.559 56 10-20 9-10

4 Coquimbo 122.766 126.173 56.033 44 5-10 9-10

5 Andacollo 12.246 68.141 2.371 3.5 10-20 9-10

6 Paihuano 3.772 259.003 141.572 55 10-20 9-10

Total Prov. Elqui 284.758 776.595 453.571 58 5-50 9-10

Province Limaŕı

7 Ovalle 84.982 213.172 149.173 70 5-10 9-10

8 Ŕıo Hurtado (*) 5.090 338.598 179.113 53 5-10 9-10

9 Punitaqui 8.723 250.229 8.000 3.2 5-10 9-10

10 Monte Patria (*) 28.374 328.863 - - 5-10 9-10

11 Combarbalá 14.382 265.375 120.540 45 5-10 9-10

Total Prov. Limaŕı 141.551 1.396.237 456.826 43 5-10 9-10

Province Choapa

12 Canela 10.140 270.204 12.000 4.4 5-10 7-8

13 Illapel 29.007 257.610 209.000 81 5-10 9-10

14 Los Vilos 15.805 195.356 87.000 44 2.5-5 7-8

15 Salamanca (*) 23.126 325.026 149.000 46 2.5-5 9-10

Total Prov. Choapa 78.078 1.048.196 457.000 44 2.5-10 7-10
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Chapter 3

Soil and Water Conservation

Practises in Chile

3.1 General Overview

Incorporation of conservation techniques of rainwater and soils, as in the law No. 19 561

(Law on Forest Encouragement), stimulates recuperation of soil degraded areas in

Chile. Numerous soil and water conservation techniques were introduced and they imply

a new form of combatting land degradation and reversing the process of desertification,

assuring a more productive and sustainable use of the soils. A general overview is given

here on the conservation techniques without going into detail. Some examples are shown

in figure 3.1.

The soil and water conservation techniques which are introduced on account of the Law

of Forestry Encouragement and the PANCD can be classified in two groups. The first

class of techniques are those whose primary function is the protection of the soil on the

hillsides. The techniques temper the energy of the superficial runoff and/or increase the

infiltration of rain in the soil. They are generally used in arid and semi-arid areas and

18
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their main goal is to favour the survival and growth of trees and shrubs, by permitting

a more efficient use of the soil’s productivity. In this group terraces, half moon terraces,

diversion channels and infiltration furrows can be found.

The second group of techniques has the primary objective to protect road infrastruc-

tures, villages and agricultural fields. They consist in transverse works that damper the

energy of the runoff during a rain event by reducing its velocity and favouring sediment

deposition. By this type of works the hill slopes of the area are smoothened and/or

retardation of the concentration time of the watershed is made possible. The second

group is not always associated with the introduction of vegetation, but both types of

works can be used either separately or in a complementary form, dependent on the

conditions on the field. Contour furrows, linear elements and several dike structures

belong to this group.

3.2 Infiltration Furrows

Between the different soil and water conservation measures, the choice was made to

focus on the infiltration furrows. It is a soil and water conservation technique that

is not only applied in Chile but is also very popular in a number of other Southern

American countries like Peru, Bolivia and Ecuador. The technique belongs to the first

group and its primary objective is to collect the runoff water that is moving downhill,

hereby avoiding erosion and permitting a higher infiltration of rainwater into the soil

at the site of planting.

From a cost-benefit point of view, the infiltration furrows are easy to construct and

have a low cost. On the other hand, they are excellent rainfall collecting systems.

When they are implemented in areas with forestry plantations, they have a direct

benefit for the vegetation by improving the disposal of rainfall water. In return, the
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Figure 3.1: A. half moon terrace; B. diversion channel; C. infiltration furrows; D. stone dike;

E. contour furrows; F. gabion dike
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presence of vegetation at an efficient infiltration furrow system will again strengthen

the infiltration capacity of the soil by the growing of roots and the protection the

bushes provide against extreme rainfall events.

The main functions infiltration furrows have to fulfill are:

• increase the infiltration capacity of the water into the soil;

• reduce superficial runoff;

• reduce velocity of superficial runoff;

• retain sediments transported by runoff;

• accumulate rainfall that can be used in the direct neighbourhood for irrigation.

3.2.1 Design and Construction

In the field, the infiltration furrows are a collection of oblong rectangular pits that are

constructed transversely on the hillside, following the contour lines. Figure 3.2 gives

an example of a collection of furrows on a sloped field.

The section can be trapezoidal or rectangular, although the first is recommended to

avoid collapses of the construction. CONAF (2001) recommends a width of 0.2 m at

the base, a width between 0.51 m and 1 m at the top, a depth between 0.2 m and 0.4 m

and a length varying from 2.5 m to 5 m. In figure 3.3 the cross−section of a trapezoidal

furrow is represented.

The design and technical characteristics of the infiltration furrows are a function of

the soil and climate conditions of the area where they are to be implemented. When

designing the furrows, the fundamental principle is that the quantity of precipitation

that falls in the collecting area has to be smaller than or equal to the harvesting
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Figure 3.2: Infiltration furrows are constructed transversely on the hillside, following the

contour lines

Figure 3.3: Cross−section of an infiltration furrow
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capacity and the infiltration capacity of the furrows. The spacing between the furrows

and hence the collecting area of each furrow is based on a design rainfall event with a

certain period of return of the area intervened (Lemus and Navarro, 2003). Life time

of the furrows should be equal to or longer than the period in which the vegetation

reaches a protective cover against the erosive forces of intense precipitation events.

Maintaining the furrows by cleaning the deposited soil material transported along by

runoff is fundamental to augment the life time. Millán et al. (2000) recommended to

assess the dimensions of the furrows for a period of return of 10 to 15 years, based on

necessary life time of infiltration furrows.

The incorporation of water and soil conservation systems demands an important finan-

cial and technical effort. However, there are few standards of design and construction

of the infiltration furrows. No technical elements are available that contribute to the

engineering of their design and more knowledge is needed on infiltration and erosion

processes. For the evaluation and optimisation of the furrows in particular, studies on

the amount of collected runoff, the amount that can infiltrate in the furrows and the

filling up of the furrows by deposited sediment through the years are needed.

3.2.2 Evaluation of Research on Infiltration Furrows

Results at this moment have shown that the works realised on infiltration furrows

permitted a higher survival of the introduced vegetation. For example at El Sauce in the

province of Ovalle more than 80 % of the planted trees survived the first year (Pizarro

et al., 2003). Moreover, it was clear that the negative effects of erosion and runoff

were significantly reduced. Local inhabitants report that the wells in the areas where

water harvesting and erosion control techniques were introduced, kept higher water

levels at longer durations. The works were introduced with the purpose to increase

the availability of subterranean water for the inhabitants of the location. Another
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direct and not less important effect is that roads passing the lower parts of micro-

watersheds stayed passable during days of heavy rainfall. In comparison with other

soil conservation measures, especially the infiltration furrows have shown to be very

efficient in conserving soil and water when they were introduced (Pizarro et al., 2003).

Within the framework of the economic evaluation of the soil and water conservation

techniques constructed throughout the country, the costs and benefits of the various

works realised in the period between 1993 and 2002 were investigated by Pizarro et

al. (2003). The works that presented the lowest costs were those constructed by hand,

like the infiltration furrows and the deviation channels. These two works do not need

expensive material or machines and are easy to construct. In the case of infiltration fur-

rows, similar efficiency (m3/year) values of the work done by the labourers for different

dimensions (depth, length and width) were found. A simple construction is required

so that the works can be widely adopted by farmers and local inhabitants. Sufficient

labour has to be made available for their construction and maintenance. It was noted

that on topographic uneven terrains where infiltration furrows were introduced the

works were hampered. Sometimes spatial distribution and design of the works is al-

tered significantly on the field (Lemus and Navarro, 2003) by practical considerations.

The furrows suffer from extreme rainfall events and their efficiency is reduced when

they decay or collapse or when the volume of rainfall exceeds their capacity. This is

caused by an inefficient engineering design or by an erroneous spacing in the field. In

general, it is obvious that the furrows realised have fulfilled their duty. However, in

a lot of cases the infiltration furrows are too small or in some cases the designs are

oversized (Pizarro et al., 2003). At the same time, economic evaluation results show

that the cost-benefit relation is not always the appropriate one. The infiltration furrows

are to be improved, however, both for their functionality and for the optimisation of

the financial resources given to them.



Chapter 4

The Infiltration Process

Infiltration is the process of water penetrating from the ground surface into the soil

(Hillel, 1980). The rate of this process, relative to the rate of water supply, deter-

mines how much water will enter the unsaturated soil zone, and how much will run

off. Therefore, infiltration is of paramount importance to the water economy of plant

communities, recharge of aquifers, surface runoff and soil erosion.

When water infiltrates the soil profile, it changes the water content distribution with

depth. In a homogeneous and stable soil profile with a uniform initial moisture content

θi, after infiltration has continued for some time, a specific moisture profile arises that

has different zones (Verplancke, 2004) as shown in figure 4.1.

The forces driving vertical infiltration of rainfall in a water unsaturated soil are con-

trolled by matric gradients and gravitational gradients. The influence of the gravita-

tional force increases when time proceeds. The distance in pressure height between the

saturated soil surface and the initial dry ground increases with time and the pressure

gradient decreases with time. After some time, the infiltration rate decreases, the pres-

sure gradient reaches unity and the infiltration flux reaches a constant value more or

less equivalent to the saturated hydraulic conductivity Ks (Dingman, 1984) (fig. 4.2).

25
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Figure 4.1: After the start of infiltration, the water content distribution changes with depth

and different zones can be distinguished (Verplancke, 2004; Cornelis, 2005)

It is generally agreed that, due to air entrapment during the infiltration process, field

measurements of infiltration do not measure a completely saturated hydraulic conduc-

tivity, but the so-called ’field saturated’ hydraulic conductivity, further denoted by Kfs

(Reynolds et al., 1983).
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Figure 4.2: Infiltration rate and cumulative infiltration as a function of time

4.1 Soil Hydraulic Properties

Soil hydraulic properties are required to fully understand and predict soil water infil-

tration. Two important soil hydraulic properties are the soil water retention curve and

the saturated hydraulic conductivity (Shao and Horton, 1998).

4.1.1 Saturated Hydraulic Conductivity Ks

Hydraulic conductivity measures the ability of the soil to conduct water. It essentially

expresses an interaction between the porous media and the flowing fluid (Verplancke,

2004). Ks for mineral soils is determined primarily by pore geometry. However, many

factors can cause the pore size, and hence the Ks, at the surface to be much greater

or much less than those of the underlying undisturbed mineral soil. The heterogeneity

in Ks is recognized to have the major effect in stochastic analysis of unsaturated flow

(Russo and Bresler, 1982; Shin et al., 1998), leading to a substantial variation in local

infiltration.

For an accurate estimation of the areal mean infiltration curve, it was found previously

that expressing soil variability through the value of Ks is enough (Russo and Bresler,

1982; Shin et al., 1998). It was also found that regarding infiltration in heterogeneous
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field during surface seal formation, it is sufficient to use the value of Ks to represent

the heterogeneity in the soil hydraulic properties (Assouline and Mualem, 2002).

Variability and heterogeneity of most field soils affect the measured values of Ks, show-

ing also a large spatial variability and making exhaustive measurements necessary to

obtain a reliable estimation of Ks for larger land areas. Dagan and Bresler (1983) pro-

vided insight into estimation of the effects of horizontal spatial variability of Ks on

the areal average infiltration and they considered Ks as a stochastic variable with a

lognormal density distribution function.

4.1.2 Soil Water Retention Curve

The soil water retention curve visualises in ’closed-form’ the relation h(θ) between soil

moisture content θ (vol %) and soil matric potential h (cm H20). Soil matric potential

h is is a dynamic property of the soil and defined in such a way that it is zero when

all the pores are filled with water. This relationship is non-linear and depends on the

coefficients of the function. The knowledge of the soil water retention curve is essential

to describe the water movement through a soil profile. The relationship h(θ) is typical

for a given soil having its particular status of consolidation, geometrical arrangement

of particles and aggregation and other chemical and biological features (Verplancke,

2004).

When the soil water retention curve of a soil is determined in the laboratory on core

samples, a set of discrete points are given as result. In literature various analytical

functions are described that can be fitted on those data. The most commonly used

function for this is proposed by Van Genuchten (1980):

θ = θr + (θs − θr)

(

1

1 + (α |h|)n

)m

(4.1)
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In this equation, α, n and m have no physical meaning and determine the general form

of the curve. θ is the volumetric moisture content at a given pressure head h (cm H20),

θs is the volumetric moisture content at saturation (cm3/cm3) and θr is the residual

volumetric moisture content (cm3/cm3). Rewriting equation 4.1 results in:

h(θ) =

((

(

θs − θr

θ − θr

)
1

m

− 1

)

1

αn

)
1

n

(4.2)

Equation 4.2 can be used to determine the matric potential h(θ) (cm H20) at a given

volumetric moisture content (cm3/cm3). Matric potential is often expressed as log(cm

H20). The logarithm of the cm of water suction pressure applied is called the pF value.

The shape of the soil water retention curve is influenced by soil structure as well

as soil texture. The amount of water stored at the relatively higher values of matric

potentials (0 to - 1MPa) depends primarily upon the capillary effect and the pore size

distribution and hence is strongly influenced by the soil structure. Water retention at

the lower matric potentials is less influenced by structure and more by the soil texture

and the specific surface of the soil material (Verplancke, 2004).

From the soil water retention curve, the available water capacity can be determined.

Available water capacity AWC refers to the capacity of a soil to retain water available

to plants. After heavy rainfall or irrigation, the soil will drain until field capacity is

reached. Field capacity is usually taken as the moisture content of a soil which has

drained freely for 1 or 2 days after saturation (Verplancke, 2004). In the absence of

water supply, the moisture content in the root zone decreases as a result of water

uptake by the vegetation. As water uptake progresses, the remaining water is held to

the soil particles with greater force, lowering its potential energy and making it more

difficult for the plant to extract it. Eventually, a point is reached where the vegetation

can no longer extract the remaining water. The water uptake becomes zero when the
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wilting point is reached. Wilting point is the moisture content at which plants will

permanently wilt. Commonly, the moisture content at 15 000 cm H2O or pF 4.2 is

assumed to represent the permanent wilting point (Verplancke, 2004).

As the water content above field capacity cannot be held against the forces of gravity

and will drain and as the water content below wilting point cannot be extracted by

plant roots, the total available water in the root zone is the difference between the

water content at field capacity and the permanent wilting point:

AWC = 10 ∗ (θfs − θwp) ∗ Zr (4.3)

where AWC is the available water capacity in the root zone (mm), θfs the volumetric

moisture content at field capacity (vol %), θwp the volumetric moisture content at the

permantent wilting point (vol %) and Zr the rooting depth of the vegetation (m).

4.2 Factors influencing the Infiltration Process

Rain infiltration is determined by a number of factors including rainfall characteristics,

soil hydraulic properties, antecedent soil and soil water conditions and topographic

factors. In recent years, increased attention is given to the effect of surface sealing and

crusts on infiltration (Baumhardt et al., 1990; Mualem et al., 1990; Römkens et al.,

1990). Of particular interest has been the effect of rainfall characteristics (Römkens et

al., 1986; Baumhardt et al., 1991), chemical and mineralogical soil properties (Shain

berg, 1992), soil physical parameters (Mualem and Assouline, 1989; Bradford and

Huang, 1992), and surface slope gradient and length (Poesen, 1986; Bryan and Poesen,

1989) on surface seal development.
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4.2.1 Initial Moisture Content

Antecedent water content influences infiltration rate by increasing the conductivity

(Benyamini, 1981; Ben-Hur et al., 1985; Le Bisonnais and Singer, 1992). Increased

conductivity tends to increase the infiltration rate, but by increasing the radius of

curvature of menisci in the soil pores, it also reduces the effect of surface tension in

drawing the water into the soil, which tends to reduce the infiltration rate. Furthermore,

a soil that is relatively wet at the beginning of the water input will more likely become

saturated during the event, resulting in a longer period of reduced infiltration.

4.2.2 Stone Cover

Numerous studies have been conducted on the effect of stone cover on infiltration,

runoff and erosion. An increase in area covered with stones has two opposing effects

on soil permeability: (i) it reduces the portion of bare soil which is susceptible to

seal formation and low infiltration rate, and (ii) it increases the portion of the total

impermeable area.

Results indicate that the first mechanism carries most of the weight in determining

the infiltration rate when the soil is exposed to rain (Epstein et al., 1966; Agassi and

Levy, 1991). With the increase in cover percentage, the chance of movement of runoff

water, originating from the bare sealed areas and from the covering stones, to the area

under the stones increases. A large portion of this runoff water is now being taken up

by the soil, because under the stones the soil has maintained its initial infiltration rate.

In turn, the infiltration rate of the soil increases. Final infiltration rates were higher in

soils with more stone cover. Moreover, the infiltration rate decreases more gradually in

soil with stone cover.

Research of Ai et al. (1999) showed that under conditions of rainfall, the greater the

stone cover percentage, the higher the infiltration rate. The study of Agassi and Levy
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(1991) on the effect of size of the covering stones on the infiltration rate concluded

that stone size had no significant effect on the infiltration rate. Their results suggest

that the percentage of soil cover is a more important factor in determining the soil’s

infiltration capacity than the numbers of stones used for a specific level of covering.

However, according to Koon et al. (1970) the infiltration rate does depend on the total

perimeter of the covering particles. The greater the total perimeter, the more favourable

the conditions for lateral movement of water underneath the stone, where no crust is

formed, and hence a higher infiltration rate should be obtained. Valentin and Casenave

(1992) found 0.029 m to be a threshold value of medium diameter of stones, when the

value was smaller, the ratio of infiltration rate to non-embedded stone cover percentage

was positive.

4.2.3 Surface Slope

Despite numerous studies, the relationship between slope angle and infiltration rate

remains unclear. Contradictory observations have been made regarding the influence of

slope angle on infiltration: infiltration rates have been observed to increase, decrease,

or remain unchanged with changing slope angles. The slope angle influences several

critical factors affecting the infiltration process: these include surface storage, effective

rainfall intensity and overland flow depth. For a given surface roughness, the maximum

surface storage capacity and the mean ponding pressure head would decrease with

increasing slope angle, and infiltration rate would therefore also be expected to decrease.

Increasing trends may result when other processes intervene and become the dominant

influence on infiltration.

A decreasing infiltration rate with increasing slope angle has commonly been observed

in the field in soils from different parts of the world (e.g. Nassif and Wilson, 1975;

Sharma et al., 1983). In a controlled field experiment, Luk et al. (1993) used simu-
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lated rainfall to examine the influence of slope angle on infiltration in a loess soil that

was prone to crusting. For storms of short duration, infiltration rate increased with

increasing slope angle, but for longer storms, the reverse occurred and infiltration rate

decreased with increasing slope angle.

The authors identified both a ’crust’ and a ’slope’ effect. The terms were not defined

specifically, but it was understood that the crust effect was related to the hydraulic

conductivity of the seal and the slope effect was the influence of slope angle on over-

land flow depth, surface storage and the rate of seal formation. During short storms,

crusting occurred more rapidly on the lower slope angles and the hydraulic conduc-

tivity of the seal was the dominant influence, so the infiltration rate increased with

an increasing slope angle. Once the seal was well established at all slope angles, the

dominant influence of slope angle was on overland flow depth and surface storage, and

the infiltration rate decreased with increasing slope angles.

The infiltration rate was observed to increase with increasing slope angle for a silty

loam prone to surface crusting (Poesen, 1984). An explanation for this was that surface

sealing was less developed on steeper slopes due to the higher impact angle of falling

raindrops and the greater erosion rates. It was also noted that rills had formed on the

surface, and there was a positive correlation between slope angle and rill depth. The

increase of infiltration rate may equally have resulted from more extensive breaching

of the seal by rills on the steeper slopes, as Poesen (1984) also suggests.

Bradford and Huang (1992) stated that the determining characteristic influencing the

relationship was the susceptibility to surface sealing. The infiltration rate increased with

slope angle for the soil most susceptible to surface sealing. The process responsible for

the increase, however, remained unclear. The authors observed more extensive rilling

on the steeper slope. Bryan and Poesen (1989) observed an increase in infiltration rate

where rilling incised through the surface seal. It is possible therefore that infiltration
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increases with slope angle only where rill development is associated with increasing

slope angle.

Other studies (Fox et al., 1997) showed that sealing intensity did not vary with slope

angle, and the dominant influence of slope angle on infiltration rate resulted from

changes in overland flow depth and surface storage. Fox et al. (1997) also suggest that

small changes in seal hydraulic conductivity with micro−relief play an important role

in the infiltration process.

4.2.4 Surface Sealing

The crust or seal is a layer of low hydraulic conductivity at the soil surface whose

presence significantly reduces infiltration. The saturated hydraulic conductivity of the

crust can be lower by several orders of magnitude than in the underlying layers (Mc

Intyre, 1958). Raindrop impact was found to be the principal force governing the for-

mation of the surface seal (Slattery and Bryan, 1992). Raindrop impact compacts the

thin surface layer into a structural crust and the deposition of detached particles in

micro-depressions forms sedimentary crusts. But also soil properties like texture, ag-

gregate size distribution, soil bulk density and soil cover (stones or vegetation) can

be the determining factors in seal formation process. Despite extensive research, the

processes involved in seal and crust formation and their influences on infiltration are

not yet fully understood.

Rainfall Characteristics

The main mechanism of soil sealing due to the rain is the disaggregation of the surface,

the washing in of fine particles and compaction of the immediate surface by raindrop

impact (Mc Intyre, 1958). Seal formation enhanced by the impact energy of raindrops is

frequently the cause of low infiltration rates and consequently the cause of an increase
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in runoff and erosion (Shainberg and Letey, 1984).

The effect of rainfall induced soil surface sealing on infiltration was studied mainly

under laboratory conditions and in some field experiments (Hadas and Frenkel, 1982;

Boiffin and Monnier, 1985; Kut́ılek, 1985; El−Amir et al., 1985; Fattah and Upadhyaya,

1996; Ruan et al., 2001). The rainfall characteristics, i.e. intensity, kinetic energy and

electrical conductivity, were found to play a significant role in shaping the seal prop-

erties and the corresponding infiltration curve (Mohamed and Kohl, 1987; Baumhardt

et al., 1990; Shainberg, 1992; Agassi et al., 1996; Assouline and Mualem, 2000).

Rainfall Intensity

Morin and Benyamini (1977) and Agassi and Levy (1991) stated that the rainfall

intensity had no effect on the rate of seal formation and its final infiltration rate. This

assumption, that the infiltration curve in sealed soils is unique and independent of

rainfall intensity, is widely applied.

Römkens et al. however suggested already in 1986 that seal development is not only

related to cumulative rainfall energy but also to rain intensity. In a further study,

Römkens et al. (1986) observed differences in the conductivity of seals generated by

storms of different rain intensities. This result could be related to the removal of a

larger amount of dispersed soil material in storms of greater rainfall intensity. Storms

of greater intensity have larger surface flow rates which are more capable of removing

dispersed soil material than storms of low rain intensities (Römkens et al., 1986).

Mualem et al. (1993) and others reported that smaller amounts of rainfall infiltrate as

the rainfall intensity increases and that the infiltration rate diminishes faster as the

rainfall intensity increases. The final infiltration rate also seems to be a function of the

rainfall intensity, with the higher rate obtained for a higher rainfall intensity. It has been

suggested that a shallower saturated zone within the seal layer is the reason for this
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phenomenon. The disturbed layer which forms the surface seal is not saturated from

the very beginning of the rainfall. It has a significant water-holding-capacity and takes

time to reach saturation. Under high intensity rainfall the seal layer reaches saturation

only at its upper zone close to the soil surface. The relative effect of field heterogeneity

on the infiltration curve appears to increase with higher rainfall intensities (Assouline

and Mualem, 2002).

The assumption that the infiltration curve and the final infiltration rate in sealing soils

is unique and independent of rainfall intensity can therefore result in a considerable

error when improperly applied and should not be automatically extended to field scale.

Soil Properties

A large number of soil properties affect the process of seal formation: aggregate stability

(El−Amir et al., 1985), aggregate size distribution (Moldenhauer and Kemper, 1969),

initial bulk density (Benyamini, 1981), texture (Gabriels and Moldenhauer, 1978; Ben-

Hur et al., 1985) and chemical conditions (Shainberg, 1992; Agassi et al., 1996).

Where erosion occurs due to sheet flow over the surface or where mineral grains are

brought into suspension by the splashing of raindrops, fine sediment may be carried

into larger pores and effectively reduce the surface pore size and permeability. Chemical

dispersion of soil upon contact with free water due to the presence of chemical and

mineralogical constituents are conducive to seal development and the soil is physically

dispersed due to rainfall, surface flow or breakdown of surface aggregates by soil air

pressure upon the intrusion of rain water.

4.2.5 Physical and Chemical Properties

The movement of liquid water in the unsaturated zone is affected by the surface tension,

density, and viscosity of water, all properties that depend on temperature. Viscosity
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is especially sensitive (Dingman, 1984). Increased infiltration rates are attributed to

viscosity effects on hydraulic conductivity from increased stream temperatures (Ronan

et al., 1998). The viscosity of water at 30 ◦C is less than half its value at 0 ◦C. Thus

the hydraulic conductivity at 30 ◦C is about twice as large as it is at 0 ◦C, other things

being equal. Infiltration rates twice as large with 25 ◦C water as with 0 ◦C water were

found in laboratory experiments (Dingman, 1984).

Systematic diurnal and interseasonal variations of infiltration rate in the field can there-

fore be explained by temperature dependence of hydraulic conductivity. Calculations

by Lin and Greenwald (2003) showed that the variation of infiltration rate with temper-

ature was generally 1.5 to 2.5 times larger than that predicted from effluent viscosity

changes per se, suggesting the possible involvement of other temperature-dependent

factors.

Many studies have been conducted over more than five decades on the effects of sodium

on soil hydraulic conductivity (e.g., Sumner, 1993). Dilution of high-sodicity soil water

by low-sodicity rainfall can cause declining soil hydraulic conductivity K by inducing

swelling, aggregate slaking and clay particle dispersion (Abu-Sharar et al., 1987; Yousaf

et al., 1987; So and Aylmore, 1993; Crescimanno et al., 1995).

Sodium-induced slaking and clay dispersion can be particularly destructive at the soil

surface as it may cause the formation of a virtually impermeable surface crust which

impedes water entry into the soil (Agassi et al., 1985; Shainberg et al., 1992). Decreases

in hydraulic conductivity in soils in western Sicily were found ranging from 3 - 8% to

85 - 94% in a sandy loam soil, and from 9 - 13% to 42 - 98% in a clay soil (Bagarelloa

et al., 2005).
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4.2.6 Grazing Animals

Quantitative data on the effect of grazing on infiltration and other terms of the field

soil water balance are scarce. Livestock grazing on rangelands has the potential effect

of reducing infiltration into soils (Thurow et al., 1988; Wood et al., 1989; Takar et al.,

1990) because of disturbances on soil and plant cover. Trampling promotes surface soil

compaction and sealing (Warren et al., 1986) and has direct effects on soil bulk density.

Indirect effects are often more important. Examples of the latter are loss of structure

of the top soil due to reduced organic matter content and decreased macro-porosity

resulting from lower soil biological activity (Stroosnijder, 1992). Grazing pressure re-

moves shrubs, herbs, and grasses and controls the major input of organic matter to

the soil surface. The exposure of bare soil to climate variations enhances soil crusting

and slaking. In semi-arid rangeland areas of the USA, numerous studies on the effects

of grazing on hydrological properties have been undertaken (e.g. Gifford and Hawkins,

1978). All studies showed that vegetation cover was the dominant factor influencing

infiltration. Therefore, infiltration of soils is lower on bare soils than beneath trees and

shrubs (Blackburn, 1984).

4.2.7 Vegetation

The importance of this factor lies in the physical protection bushes and plants offer to

the soil. Raindrops are intercepted by the vegetative cover and the impact of splash

from the raindrops is highly reduced. Surface seal development is greatly reduced when

cover prevents rainfall impact on the soil surface (Glanville and Smith, 1988; Loch et

al., 1989; Foley et al., 1991).

At the same time, the presence of vegetation improves the edaphic characteristics of

the soil. By its root system, soil properties like permeability and structure are modified,

water can infiltrate more rapidly into the soil and there is a higher resistance to soil
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erosion. Even in arid scrubland, infiltration rates were found to be nearly three times

higher under individual bushes than in the open (Dingman, 1984). Infiltration of soils

is lower on bare soils than beneath trees and shrubs (Blackburn, 1984). The exposure of

bare soil to climate variations enhances soil crusting and surface sealing can be greatly

reduced by vegetation.

4.3 Rainfall Simulations for Measuring Infiltration

4.3.1 Rainfall Simulators

Pioneer work on the use of rainfall simulators to simulate natural rainfall for many

types of water erosion and hydrologic experiments was done in the USA by Meyer and

Mc Cune (1957).

The use of rainfall simulators for soil erosion and infiltration research offers many

advantages as compared to field experiments under natural rainfall conditions. The

main advantage is the better control of the factors that influence soil erosion such as

the erosivity (e.g. rainfall intensity, impact velocity of drops, ..) or the erodibility (e.g.

soil-water content, organic matter content, ..) of the soil (Cornelis et al., 2004).

A rainfall simulator in the laboratory or in the field needs to produce rain with the

correct: (1) rainfall intensity, (2) raindrop size distribution, (3) raindrop impact energy

or rain kinetic energy, (4) spatial variability over the plot and (5) temporal variability

over the plot (Stroosnijder, 2004).

Rainfall simulators are essential tools for investigating hydrologic processes on arid and

semiarid rangeland where rainfall events are sporadic. Rainfall simulators can be used

to collect data in a relatively short period, rather than the 10 to 20 years needed to

collect sufficient information from natural rainfall events. However, one should realise
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that the cost and time needed to construct a rainfall simulator are relatively high.

Those that most closely reproduce rainfall patterns and intensity are expensive and

require large expenditures of manpower for setup and operation.

4.3.2 Comparison with Other Methods

Compared with other methods, rainfall simulators appear to have advantages in mea-

suring infiltration. With a rainfall simulator, water is applied at appropriate rates and

energies, and the soil is wet in an appropriate manner. A relatively large area is sampled,

reducing the variance generally associated with hydraulic properties at small scales of

measurement. Reduced variability is also associated with surface sealing (Ben-Hur et

al., 1987). The ability to use rainfall simulator data to provide parameter values for

modelling infiltration in a catchment was found to be of great practical significance by

Silburn and Connolly (1995).

In a comparative study by Gupta et al. (1993), Ks values obtained with a double ring

infiltrometer and Guelph permeameter were statistically the same, but were signifi-

cantly lower than those determined by a rainfall simulator. The Ks values obtained

with the Guelph permeameter and the Guelph infiltrometer have greater variability

than those obtained with the rainfall simulator. The Guelph permeameter and Guelph

infiltrometer methods require a larger number of measurements as compared to rainfall

simulator method to achieve a mean Ks value exhibiting a comparable standard error

of estimate.

Contradictory observations were made by Schiettecatte et al. (2002) who reported

infiltration rates measured by an infiltrometer that were three times higher than with

a field rainfall simulator. Infiltration was measured by means of a small Kamphorst

infiltrometer and a large field rainfall simulator. Possibly the breaking of the surface

seal had a much larger impact on the infiltrometer measurements.
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As for other measurement methods, the area considered in rainfall simulation exper-

iments is often limited compared to the full scale problem. The results obtained can

mostly not simply be transferred to the full scale field situation and need to be properly

interpreted (Cornelis et al., 2004).

4.4 Modelling Infiltration

As a result of the various factors that are influencing the infiltration process, the large

spatial variability and the time variations in soil properties, infiltration is a complex

process. For accurate infiltration modelling, it is necessary to derive the soil specific

infiltration characteristics directly from field measurements. Many forms of equations

can then be made to fit the shape of an infiltration curve. However, the resulting

model parameters may be specific to the measurement conditions and may not predict

infiltration for the same soil when rainfall intensity, surface roughness, slope etc. are

different.

Though, infiltration needs to be described and this can be done approximately with

some existent mathematical equations. These mathematical equations can be subdi-

vided in two main groups (Cornelis, 2005):

• simple empirical and semi-empirical models: mathematical models based on the

fact that the infiltration rate is highest at the start of the process and eventually

asymptotically attains a steady state. Usually, the aim is to fit the observations

as well as possible and some models don’t even have a theoretical background.

• numerical models: those are based on the numerical integration of a partial differ-

ential equation that describes the infiltration process. Usually, the general stream

equation or the Richards equation is used.
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4.4.1 Empirical and Semi-Empirical Models

The Kostiakov Equation (1932) The form of this equation is a simple power

function of time (h) of the form:

i = at−b (4.4)

With i in cm/h. The empirical constants a (cm) and b are determined by infiltration

measurements. The equation states that the initial infiltration rate has an infinite

value and when time goes to infinity, it reaches the constant value of zero. Since an

infinite infiltration rate is not possible and the final infiltration rate has a constant

value different from zero, the Kostiakov model is only approximately representing the

infiltration process.

The Kostiakov equation for cumulative infiltration is:

I = αt−β (4.5)

With I in m. The empirical constants α (cm.h) and β are determined by infiltration

measurements or by deriving equation 4.5.

The Horton Equation (1940) The form of this equation is an exponential function

of time (h) of the form:

i = ic + (i0 − ic)e
βt (4.6)

With i in cm/h. The empirical constants initial infiltration rate i0 (cm/h), final infil-

tration rate ic (cm/h) and β (h−1) are determined by infiltration measurements. The

equation states that the initial infiltration rate has the value of i0 and when time goes
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to infinity, it reaches the constant value ic of final infiltration capacity. The asymptotic

steady infiltration rate ic is a measure for the field saturated hydraulic conductivity,

Kfs. This is a more correct representation of the infiltration process than the modified

Kostiakov because it also models a realistic value for the initial infiltration rate i0.

The Horton equation for cumulative infiltration is:

I =

∫ t

0

idt = ict +
1

β
(i0 − ic)(1 − e−βt) (4.7)

The Philip Equation (1957) The model of Philip, is based on a physical back-

ground and its equations are derived from the Richards equation. The infiltration rate

i in function of time (h) is given by the following equation:

i =
1

2
St−1/2 + A (4.8)

With i in cm/h. The empirical constants S (cm.h−1/2) and A (cm/h) are determined by

infiltration measurements. The parameter S is called the sorptivity and represents the

capacity of the soil to absorb water. S is dependent on the value of θi and θs. During the

initial stages of infiltration, the first term of the equation 4.8 dominates. In this stage

the vertical infiltration proceeds at almost the same rate as absorption or horizontal

infiltration and the gravity component is negligible. As infiltration continues, the sec-

ond term A becomes progressively more important until it dominates the infiltration

process. When time goes to infinity, the value of the infiltration rate i becomes A and

this, in fact, determines the value of the field saturated hydraulic conductivity Kfs.

The Philip equation for cumulative infiltration is:

I = St1/2 + At (4.9)

Note that the Philip approach can only be applied after the time of ponding is reached.
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4.4.2 Numerical Models

The use of empirical or semi-empirical infiltration equations only allows the computa-

tion of the infiltration curves, while numerical techniques not only quantify infiltration

volumes but also describe the water movement in soil. To fully understand the infiltra-

tion process, knowledge is required of the water movement both on the soil surface and

through the soil profile. In this work, the quantification and study of the infiltration

process will be restricted to the empirical or semi-empirical equations, such as the ones

described above. They will give us no information on the subsurface water distribu-

tion. There do exist models based on the Richards equation, that take into account

two-dimensional infiltration and allow the calculation of the subsurface water distri-

bution. Simulation of the flow of water by the Richards equation in unsaturated and

partly saturated soil has been applied by many investigators (e.g. Vogel and Hopmans,

1992; SWAP, 1997).
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Chapter 5

Materials and Methods

5.1 The Experimental Sites

The experiments were set up on six study locations on hill slopes under extensive

grazing in soil degraded areas in the vicinity of La Serena, Illapel and Ovalle. The

location in the Fourth Region of the six measurement sites is indicated in figure 5.1. At

each measurement site, three experiments were performed on slopes of approximately

10%, 20% and 30%.

5.1.1 Quebrada de Talca and Arayan

Quebrada de Talca is located in the municipality of La Serena and Arayan just across

the border in the municipality of Vicuña. The locations are close to each other and

belong to the micro watershed of Rio Elqui Bajo (watershed of Rio Elqui) and are at an

average height of 400 m above sea level. In figure 5.2 the place where the measurements

were carried out is indicated with a circle. The mean annual precipitation at the nearest

weather station for both locations was calculated from 1960 until 2004 and is ± 86

mm. Soils in the area are classified as aridisols or alfisols (Arevalo et al., 1983) and
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Figure 5.1: The six locations were the experiments were carried out 1: Quebrada de Talca;

2: Arayan; 3: Peñaflor; 4: Embalse Recoleta; 5: Las Cañas de Choapa; 6: Quelen

(after Squeo et al., 2001)
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measurements were carried out on a sandy loam soil (USDA, 1991).

Figure 5.2: The study locations at Quebrada de Talca (at the left) and Arayan (at the right)

5.1.2 Peñaflor

Peñaflor is located toward the cordillera north-east of Ovalle, in the micro watershed

of the Rio Hurtado (watershed of Rio Limari) at an average height of 700 m above sea

level. In figure 5.3 the place where the measurements were carried out is indicated with

a circle. The mean annual precipitation at the nearest weather station was calculated

from 1960 until 2004 and is ± 123 mm. Soils in the area are classified as alfisols (Arevalo

et al., 1983) and measurements were carried out on a sandy loam soil (USDA, 1991).
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Figure 5.3: The study location at Peñaflor

5.1.3 Embalse Recoleta

Embalse Recoleta or the storage lake Recoleta is situated north-east of the city of Ovalle

in the municipality of Ovalle at the border with the municipality of Hurtado. Embalse

Recoleta is situated at the confluence of the rivers Higuerillas and Hurtado (watershed

of Rio Limari) and is at an average height of 400 m above sea level. The storage lake

dates from 1943, has an average capacity of 100 millions of cubic meters of water and

covers an area of 555 hectares. The storage capacity has decreased due to sediment

deposition of the eroded material that is transported into the basin along with runoff.

When the sediment accumulates in the basin, fewer volumes of water can be stored

(Gonzalez, personal communication). In figure 5.4 the place where the measurements

were carried out is indicated with a circle. The mean annual precipitation at the nearest

weather station was calculated from 1960 until 2003 and is ± 104 mm. Soils in the area
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are classified as alfisols (Arevalo et al., 1983) and measurements were carried out on a

sandy loam soil (USDA, 1991).

Figure 5.4: The study location at Embalse Recoleta

5.1.4 Cañas de Choapa

Cañas de Choapa is situated at the south-west of the city of Illapel in the municipality

of Illapel, close to the borders of the municipalities of Los Vilos and Canela. It belongs

to the micro watershed of the Rio Choapa Medio (watershed of Rio Choapa) and is at an

average height of 300 m above sea level. In figure 5.5 the place where the measurements

were carried out is indicated with a circle. The mean annual precipitation at the nearest

weather station was calculated from 1964 until 2004 and is ± 176 mm. Soils in the area

are classified as alfisols (Arevalo et al., 1983) and measurements were carried out on a

sandy loam soil (USDA, 1991).
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Figure 5.5: The study location at Cañas de Choapa

5.1.5 Quelen

Quelen is situated at the south-east of the city of Salamanca at the municipality of

Salamanca. It belongs to the micro watershed of the Rio Choapa alto (watershed of

Rio Choapa) and is at an average height of 900 m above sea level. In figure 5.6 the

place where the measurements were carried out is indicated with a circle. The mean

annual precipitation at the nearest weather station was calculated from 1973 until 2004

and is ± 302 mm. Soils in the area are classified as entisols (Arevalo et al., 1983) and

measurements were carried out on a loam soil (USDA, 1991).
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Figure 5.6: The study location at Quelen

5.2 Field Measurements

For each test a two by five meters plot was delimited, the longer side parallel to the

gradient of the slope. This plot was then again subdivided in two subplots A and

B of one by five meter to assure reprocatibility. Rainfall intensity was measured at

each experimental site by placing 18 small cups with an inner diameter of 9.4 cm that

collected the rainfall during the experiment. A general overview of the experimental

plot is given in figure 5.7.

The plots were uniformly sloped and on all of them some stones and vegetation was

present, the latter in the form of small germinating plants. Stone cover rate and

vegetation cover rate were evaluated by visual observation and a classification method

for cover rate. With this method, a coefficient was given to each plot that indicated a

class of cover rate. For low cover rates (< 5%), the number of stones or small germi-
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Figure 5.7: Schematic representation of the experimental field, subdivided in two identical

areas of one by five meters; the position of the cups that were used to determine

the rainfall intensity and the position of the sprinklers are indicated by circles

nating plants was estimated. The scale that was used is based on the Braun-Blanquet

scale (Braun-Blanquet, 1964) and includes the following classes and corresponding co-

efficients:

r : very few individuals (1-2);

+ : few individuals (3-20), cover rate smaller than 5%;

1 : individuals abundant (20-100), cover rate smaller than 5%;

2a : cover rate 5 - 12.5%;

2b : cover rate 12.5 - 25%;
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3 : cover rate 25 - 50%;

4 : cover rate 50 - 75%;

5 : cover rate 75 - 100%.

A light weight plastic wind screen was wrapped around the rainfall simulation plots

that are shown in figure 5.8 to protect the measurements from the influence of wind .

Figure 5.8: The rainfall simulation plots: collecting runoff and protecting measurements

with a wind screen

Every rainfall experiment lasted twenty minutes in order to attain a steady state rate

of sediment transport and infiltration. Soil particles were detached by splash from rain-

drop impact and scour from overland water flow. The hereby generated runoff was then

collected in tubes and the runoff intensity (l/min) was continuously measured during

the experiment as shown in figure 5.8. Infiltration rates were calculated by subtracting

runoff from rainfall rate at any time, neglecting surface retention. Surface retention was

kept at a minimum by using plots with a smooth surface, free of vegetation and slopes

steeper than 10%. At each location the infiltration rate in the infiltration furrows was

measured with a pressure infiltrometer attached to a Guelph permeameter reservoir.

Various soil samples were taken at each plot.
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5.3 Soil Samples

Initial soil moisture content at each experimental field was determined on disturbed soil

samples by the gravimetric method in the laboratory of the university of La Serena.

Undisturbed soil core samples (100 cm3) were taken on which soil texture, organic

matter and the soil water retention curve were determined in the laboratory of Soil

Physics and Soil Care at Ghent University .

The organic matter and CaCO3 content were determined by the method of mechan-

ical analysis and the analysis of the soil texture by the method of Pipette Robinson

(Day, 1965). The methods used in the laboratory to define the pF curve were: the

underpressure-method with the sandbox (pF 0 - 2.7) and the overpressure-method with

ceramic plates (pF 2.0 - 4.2 ). The parameters of the Van Genuchten equation (Van

Genuchten, 1980) were estimated with the iterative algorithm of Marquardt (1963) by

means of RETC-software (Van Genuchten et al., 1991).

5.4 Characteristics of the Rainfall Simulator

The rainfall simulator consists of one sprinkler boom (PVC C-6, 32 mm) supported by

mobile, metallic tripods with adjustable legs. Teejet TG SS 14 W nozzles (Spraying

Systems Company, Weeton IL, USA) were selected as they produce an axial flow,

wide-angle, full spray cone. These were positioned at one meter from each other. The

advantage of using nozzles is (i) the wide range of drop sizes produced, and (ii) the

existence of an initial velocity at the nozzle outlet, which is important to ensure the

drops to reach the soil surface with a fall velocity close to their terminal velocity

(Cornelis et al., (2004).

A sketch of the rainfall simulator which was used for the field measurements is given

in figure 5.9. For all of the experiments, the sprinkler boom was installed at 1.80 m

above the ground. Water was supplied from the water tank to the nozzles by a pumping
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unit. Pressure at the nozzles was kept constant at 0.1 MPa and was regulated at the

pumping unit with a compression stop valve and monitored with two pressure gauges

at the sprinkler boom.

Figure 5.9: General sketch of the rainfall simulator as used in the field.

Drop size distribution for the Teejet nozzles was determined by Cornelis et al., (2004)

in the I.C.E. Wind Tunnel of the department of Soil Management and Soil Care by

the stain method (Hall, 1970). The cumulative volume percentages of the drop size

distribution for a simulated rainfall at a nozzle operating pressure of 0.1 MPa is given

in table 5.1. From this distribution, d50 can be derived and is 1.31 mm. This means

that 50% of the volume of the raindrops have a diameter smaller than 1.31 mm. More

information on the drop size distribution parameters, d25, d50 and d75 and spreading

and sorting coefficients is given in table 5.2.

The drop size distribution should represent the drop sizes of natural rain at the given

intensity, as this affects the kinetic energy of individual drops and that of the precipi-

tation event as a whole. The determined d50 of 1,31 mm however is somewhat small in

comparison with what was found in the literature for precipitation events with compa-

rable rainfall intensities (Zanchi & Torri, 1980). The maximum drop size in table 5.1 is
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Table 5.1: Cumulative volume percentage of the drop sizes for the Teejet TG SS 14 W

nozzles at an operating pressure of 0.1 MPa (I.C.E. Wind Tunnel, Cornelis et al.,

2004)

Drop diameter Cumulative volume percentage

(mm) (%)

0.2 0.14

0.6 7.34

1.0 27.77

1.4 55.20

1.8 86.18

2.2 100.00

2.6 100.00

3.0 100.00

Table 5.2: d25, d50, d75, spreading coefficient d75/d25 and sorting coefficient (d75-d25)/d50

for the Teejet TG SS 14 W nozzles (operating pressure: 0.1 MPa) (I.C.E. Wind

Tunnel, Cornelis et al., 2004)

d25 d50 d75 d75/d25 (d75-d25)/d50

1.00 1.31 1.61 1.61 0.47

2.2 mm, whereas many authors found larger maximum drop sizes of natural raindrops

varying from 5 mm to 7 mm (e.g. De Ploey, 1986).

The kinetic energy (KE) of the simulated precipitation at a pressure of 0.1 MPa at a fall

height of 1.80 m was determined by Erpul (1996) at 3.03 J/m2.mm. This value is small
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Table 5.3: Relationships between Kinetic Energy KE and intensity I of rainfall events in

similar climatic zones according to the climate classification of Köppen (1918)

Reference Location KE (J/m2.mm)

Coutinho and Tomás, 1995 Portugal 35(1 − 0.559e−0.034I)

Rosewell, 1986 Brisbane, Australia 26.35(1 − 0.699e−0.0349I)

Zanchi and Torri, 1980 Firenze, Italy 9.81 + 11.25log(I)

Table 5.4: Kinetic Energy KE of three different rainfall events with average rainfall intensi-

ties of respectively 1.3 mm/h, 2.5 mm/h and 4.7 mm/h

Reference KE (J/m2.mm)

rainfall event 1 rainfall event 2 rainfall event 3

Coutinho and Thomás, 1995 16.72 17.47 18.80

Rosewell, 1986 8.77 9.47 10.72

Zanchi and Torri, 1980 11.20 14.29 17.37

in comparison to what was found in literature for natural rainfall events of the location

under study. From the relationships between kinetic energy and rainfall intensity of

natural rainfall events in comparable Mediterranean climates (Köppen, 1918) that are

given in table 5.3, larger values for kinetic energy were found. The kinetic energy of

three natural rainfall events with average rainfall intensities of respectively 1.3 mm/h,

2.5 mm/h and 4.7 mm/h that were recorded at the weather station of La Serena for

the period between June 1996 and July 1998 was calculated (see table 5.4).

It seems that the kinetic energy of the simulated rainfall (3.03 J/m2.mm) approaches

more closely the kinetic energy of natural rainfall events with a small average rainfall

intensity I determined with the Rosewell relation (8.77 J/m2.mm). But in general,
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the kinetic energy of the simulated rainfall seems to be small compared to the kinetic

energy of the natural rainfall events in the Fourth Region.

5.5 Measuring Infiltration Capacity of the Furrows

To measure the infiltration rate in the infiltration furrows a pressure infiltrometer

attached to a Guelph permeameter reservoir was used. The principle behind the Guelph

permeameter is that it can provide a constant height of water during the infiltration

process. This device can provide a good estimate of the saturated hydraulic conductivity

and infiltration capacity of the underlying soil (Vandervaere et al., 1997) and is practical

to use in the narrow infiltration furrows.

The two major components of this device are:

1. Guelph Permeameter Reservoir Assembly

2. Pressure Infiltrometer Foot Assembly

The pressure infiltrometer foot assembly is a heavy gauged plated steel ring that is

designed to resist repeated blows from a rubber mallet as the cutting ring is inserted

into the soil. The diameter of the ring is 9 cm and the insertion depth is between 3 cm

and 5 cm. The installation of the ring in sand, loam or silt structured soils presents no

problem and because of the small diameter, the instrument is adapted for measuring

infiltration capacity on sites with a high rock content.

Once the cutting ring is inserted, the Guelph permeameter reservoir assembly is at-

tached to the support tube of the pressure infiltrometer ring. The air-tip is lifted at

an appropriate height to establish a pressure head or hydraulic gradient (cm) at the

soil surface. The appropriate height for a sandy loam and a loam soil is 5 cm to 10 cm

(Soilmoisture Equipment Corporation, 1992).
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The water height (cm) at the soil surface is determined by equation 5.1 that converts

the well height indicator value (cm) measured on the Guelph permeameter to the

actual water height dependent on the the cutting ring insertion depth (Soilmoisture

Equipment Corporation, 1992).

Water height(cm) = (7.5 − I) + WH (5.1)

with I= the cutting ring insertion depth (cm) and WH=the well height indicator value

at the Guelph permeameter (cm).

The Guelph permeameter has two reservoirs. The inner reservoir provides a better

resolution when making readings in slow infiltration soils (e.g. clay loam and clay

textured soils). The outer reservoir can be used for all other situations. The change

in reservoir water level outflow (cm/h) is recorded and the flow rate Q (cm3/h) is

calculated by multiplying with the reservoir calibration factor X (2.21 cm2) for the

inner reservoir and Y (35.31 cm2) for the outer reservoir.
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Chapter 6

Field measurements

6.1 Rainfall Intensity Distribution

Before its use on the field, several tests were performed with the simulator to assess

its rainfall intensity distribution on a horizontal surface. The influence of the wind

was mitigated as much as possible by placing a wind screen. It was found that the

most homogeneous distribution could be achieved by using all nozzles at a pressure

of approximately 0.1 MPa (Erpul, 1996). On the horizontal plane, the difference in

pressure between the two outer end nozzles never exceeded 0.03 MPa.

The spatial distribution of the rain intensity at this nozzle operating pressure was

measured with small cups of 9.4 cm inner diameter and hence a collecting surface of 69

cm2. 162 cups, placed in a specified surface of two m by seven m as indicated in figure

6.1 were exposed to 15 minutes of rainfall in the horizontal plane. Spatial distribution of

the rain intensity was interpolated from the measured intensities by means of Ordinary

Kriging (Van Meirvenne, 2004).

Within the tested area of two by seven meters, an area of two by five meters was

chosen with the most homogeneous rainfall intensity distribution. The outcome of the
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Figure 6.1: The positions of the calibration cups and the corresponding observed intensities

(mm/h) for the Ordinary Kriging interpolation

Figure 6.2: Schematic representation of the rainfall intensity (mm/h) interpolated by Ordi-

nary Kriging. The positions of the nozzles are given at scale.

interpolation of the rainfall intensity distribution for the selected area of two by five

meters is given in figure 6.2.

From figure 6.2 it can be seen that the rainfall intensity on the plot can vary significantly,
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i.e. from 100 mm/h to 160 mm/h. A pattern is observed within the spatial distribution

of rainfall intensity: the highest intensities (140 mm/h to 160 mm/h) are concentrated

on four spots. Those are the places were the spray cones of two neighboring nozzles

overlap. Except from those spots, the spatial distribution of the rainfall intensity is

quite homogeneous, with values ranging from 100 mm/h to 120 mm/h.

The Ordinary Kriging interpolation performed was evaluated by the Cross Validation

technique. Cross Validation alternately omits one data point in the data set and esti-

mates that point by means of the remaining data. Comparison between the observed

and estimated results is visualized in the scatter plot in figure 6.3. The majority of

the data points are distributed close to the diagonal. A value of 0.75 for the corre-

lation coefficient was obtained, which indicates that the linear relationship between

estimated and measured values is satisfying. The mean estimation error (MEE) value

of 1.27 mm/h and the mean absolute estimation error (MAEE) value of 8.82 mm/h

are small values compared with the mean rainfall intensity of 126.84 mm/h (errors of

respectively 1% and 7%).

A second rainfall simulation was carried out under the same conditions, but with the

calibration cups placed at different positions (see figure 6.4). By this, an independent

data base of rainfall intensities is obtained on which a Jack Knifing validation can be

performed. Jack Knifing estimates the intensities of this data set based on the Kriging

algorithm calculated for the original data set. Interpolation is thus performed on the

locations of the second data set. This allows a comparison of the spatial distribution

of the rainfall intensity between the two rainfall simulations.

Comparison between the observed and estimated results for the Jack Knifing interpo-

lation is visualized in the scatter plot in figure 6.5. The data points are now distributed

at larger distances from the diagonal. The value of the correlation coefficient is 0.24: no

clear linear relationship between observed and estimated values was found. The mean
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Figure 6.3: Scatter plot of the estimated rainfall intensities versus observed intensities

(mm/h) for Cross validation

estimation error value is 1.20 mm/h and is small compared with the mean rainfall

intensity of 124.28 mm/h. However, MEE is based on positive as well as a negative

differences. Therefore, MAEE has to be evaluated and this parameter illustrates that

the interpolation makes a mean absolute error on the independent data of 21.08 (17%).

MAEE together with the correlation coefficient and the scatter plot indicate that the

rainfall intensity distribution is different for the two simulations. Although conditions

during both rainfall simulations were kept the same, local and temporal differences in

rainfall intensity can occur. No rainfall simulation is equal and it is most likely that

wind and pressure at the nozzles are the two most important factors influencing the

distribution of rainfall intensity in an unpredictable way.
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Figure 6.4: The positions of the calibration cups and the corresponding observed intensities

(mm/h) for the Jack Knifing test

In spite of the local differences between these two calibration tests, it is shown that

the overall mean intensity on the field is quite similar. Average rainfall intensities of

respectively 126.84 mm/h and 124.28 mm/h were obtained, showing the similarity

of the tests. The plots in both tests received the same total amount of rainfall as

the rainfall intensities were similar. This average is of more importance than rainfall

intensity distribution by itself for obtaining infiltration rates from field measurements.

On the field, rainfall simulations were carried out on slopes up to 30% and it is known

that rainfall intensity is influenced by slope angle. However, the influence of raindrop

inclination on rainfall intensity at the surface was considered to be small. The rainfall

simulator was constructed parallel to the surface and only a small angle of incidence

of raindrops was permitted because initial velocity at the nozzles ensured that drops

fell more or less perpendicular to the surface. To correct the interpolation values for

possible local and temporal differences occurring during field measurements, it was
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Figure 6.5: Scatter plot of the estimated rainfall intensities versus observed intensities

(mm/h) for Jack Knifing

decided to measure the rainfall intensity for every simulation performed on the field.

On each tested plot in the field, 18 collecting cups were placed to obtain the average

mean rainfall intensity by which more accurate infiltration rates could be calculated

from measured runoff intensities (see section 5.2 on the field measurements for more

details).



CHAPTER 6. FIELD MEASUREMENTS 68

6.2 Fitting the Infiltration Models

Three infiltration models of Horton (1940), Philip (1957) and Kostiakov (1932) were

fitted to 17 collected cumulative infiltration datasets obtained from the measurements

with the rainfall simulator (the average of the cumulative infiltration of plot A and B

was taken). The same was done with the 6 collected cumulative infiltration datasets

obtained from the measurements with the pressure infiltrometer where the average of

two or three measurements was taken. The experimental data were screened graphically

for outliers during the fitting procedure and only if it could be justified to do so, they

were discarded (Verplancke, 2004). The fitting results were compared for each model

and it was found that the shape of the modelled curve and the predicted field saturated

hydraulic conductivity Kfs could vary significantly from model to model.

For accurate interpretation of the infiltration process a correct and representative shape

of the infiltration curve and Kfs value is necessary. Therefore, parameters of the infil-

tration models, to carry out the appropriate comparisons, were statistically estimated

by using the least square technique (200 iterations) in non-linear regression models on

the cumulative infiltration data in S-Plus 6.1. The characterising constants were α and

β for the Kostiakov model, ic, io and β for the model of Horton and S and A for the

Philip model.

Goodness of fit tests were conducted by comparing the residual sum of squares SSQ.

The errors were revised for independency by plotting the differences between predicted

versus observed cumulative infiltration and by checking for trends. An example of the

four models fitted to the infiltration data is given in figure 6.6. The value of SSQ for

the three infiltration models for all the 23 infiltration tests is reported in table 6.1.

The average SSQ values were: 3.650, 1.136 and 3.168 for the infiltration models of

Kostiakov, Horton and Philip respectively. Higher SSQ values were obtained for the

measurements with the rainfall simulator than for the measurements with the pressure
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infiltrometer for all of the three models. The deviations between observed and predicted

cumulative infiltration rates distributed more normally and showed themselves to be

more independent in the model of Horton than those of the other infiltration models.

The estimated infiltration rate with the model of Horton approached more closely the

observed infiltration rate and the observed final infiltration rate. 1

Figure 6.6: The models of Kostiakov, Horton and Philip fitted to observed infiltration data

for one trial at Quebrada de Talca at the low slope

1For more information, the experimental infiltration data and the infiltration curves modelled with

the Horton equation are given in Appendix A.
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Table 6.1: The final infiltration rates and the SSQ values of the three infiltration models

Kostiakov (1932) Horton (1940) Philip (1957)

i(4h) SSQ ic SSQ A SSQ

(cm/h) (cm/h) (cm/h)

Quebrada de Talca

steep 2.313 1.256 5.064 0.695 3.487 1.788

moderate 2.555 0.778 4.737 0.534 3.845 2.095

low 1.436 2.443 2.893 0.315 1.843 4.016

furrow 1.617 0.083 2.753 0.063 2.478 0.228

Arayan

steep 0.977 3.068 3.314 1.509 1.066 3.245

moderate 4.424 0.287 6.207 0.405 5.818 0.647

low 3.568 1.429 6.680 0.612 5.185 1.726

furrow 0.886 0.762 2.279 0.202 1.283 0.551

Peñaflor

steep 2.398 1.901 4.406 1.774 3.454 2.067

moderate 0.203 3.697 0.858 0.637 -1.642 2.277

low 0.294 15.170 -0.344 0.637 -1.922 10.410

furrow 2.508 0.007 2.185 0.004 2.927 0.012

Embalse Recoleta

moderate 0.531 5.893 1.221 0.339 -0.660 5.060

low 2.263 9.608 3.241 7.129 2.750 8.568

furrow 0.838 0.321 2.632 0.216 1.541 0.273

Cañas de Choapa

steep 0.713 1.874 2.448 0.686 0.429 2.067

moderate 0.279 1.262 1.235 0.785 -0.879 0.795

low 0.651 0.494 2.285 0.256 0.735 0.405

furrow 1.688 0.548 4.398 0.294 3.239 0.780

Quelen

steep 0.211 8.080 0.539 0.843 -2.123 4.556

moderate 0.364 2.201 1.773 0.724 -0.699 2.002

low 0.225 2.606 1.102 0.719 -1.020 2.137

furrow 1.107 0.649 3.604 0.018 2.107 1.047
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6.2.1 Kostiakov

As an estimate for the saturated field hydraulic conductivity, the infiltration rate i(4h)

at four hours after the start of the infiltration process was taken. The i(4h) values range

from 0.203 cm/h to 4.424 cm/h. Final infiltration rates estimated with the Kostiakov

model were most of the times smaller than the ones estimated with the model of Horton

and the model of Philip.

6.2.2 Horton

As an estimate for the saturated hydraulic field conductivity Kfs, the value of the final

infiltration capacity ic was taken. The ic values ranged from -0.344 cm/h to 6.680 cm/h.

The Horton model estimated only one time a negative value for the final infiltration

capacity ic, at the low slope of Peñaflor. Rainfall intensity during this simulation was

lower than the average (78 mm/h compared to 120 mm/h) because one nozzle was not

operating well. It is possible that rainfall intensity influenced the infiltration rate and

that smaller infiltration rates were obtained. But it can not explain the negative value

for the ic. Final infiltration rates estimated with the Horton model were always, except

for two cases, larger than the ones estimated with the model of Kostiakov and except

for one case larger than the ones estimated with the model of Philip.

6.2.3 Philip

As an estimate for the saturated hydraulic field conductivity Kfs, the value of the

parameter A was taken. Problems in fitting the model of Philip became apparent when

the final estimated infiltration rate did not attain a steady constant value, whereas

from visual exploration of the data, a final infiltration rate could be concluded. This

was observed only for the infiltration datasets obtained with the rainfall simulator. It

was the case for Quelen, the place where the lowest infiltration rates were measured on
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a loam soil. It was also the case at the low slope at Peñaflor and the moderate slope at

Cañas de Choapa. The A values range from -2.123 cm/h to 5.818 cm/h. Furthermore,

final infiltration rates estimated with the Philip model were always, except for one case,

lower than the final infiltration rates estimated with the Horton model and in most of

the cases lower than the final infiltration rates estimated with the Kostiakov model.

6.2.4 Conclusion

The average SSQ values for all of the 23 infiltration characteristics showed that the

model of Horton fitted best on the infiltration data. The comparison shows that the in-

filtration rate can be predicted by using the model of Horton, as well for the infiltration

data collected with the rainfall simulator as for the infiltration data collected with the

pressure infiltrometer. Higher SSQ values and more variable infiltration rates were ob-

tained for the measurements with the rainfall simulator at the soil surface than for the

measurements with the pressure infiltrometer in the infiltration furrows. Lowest final

infiltration rates were predicted by the Kostiakov model and highest final infiltration

rates were predicted by the Horton model. The value of the parameter ic of the Horton

model can be used as a rough estimate for the saturated field hydraulic conductivity

Kfs.
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6.3 Soil Physical Characteristics and Infiltration

6.3.1 Quebrada de Talca

The results of the textural analysis are given in table 6.2. According to the USDA

(1991) soil classification, the soil at Quebrada de Talca is a sandy loam soil. Standard

deviations for the average sand, silt and clay content are very low (0.6 to 2%) except

for the sand particles larger than 500 µm (8.2%). Average organic matter content is

0.8% and average CaCO3 content is 0.5%.

Table 6.2: Result of the granulometric analysis of the soils at Quebrada de Talca

Slope Clay % Silt % Sand % Sand % O.M. % CaCO3 % Texture

(0-2µm) (2-50µm) (> 50µm) (> 500µm) USDA

steep 9.5 17.2 73.3 28.9 0.8 0.6 sandy loam

moderate 13.3 10.2 76.5 35.8 0.6 0.3 sandy loam

low 9.9 13.7 76.4 19.4 1.0 0.6 sandy loam

Some other factors that can influence the infiltration rate (e.g. soil bulk density, slope,

cover rate, rainfall intensity, ..) are summarized in table 6.3.

Table 6.3: Initial soil moisture content θi; soil bulk density ρb; total pore volume TPV; stone

Cover SC; vegetative cover VC and rainfall intensity I of the simulated rainfall

at Quebrada de Talca

Slope Slope θi ρb TPV SC VC I v

(%) (vol%) (g/cm3) (%) (mm/h) (cm/s)

steep 14 14.65 1.606 39 r 2a 125 8

moderate 23 4.57 1.631 38 + 2a 141 16

low 33 6.10 1.744 34 1 1 126 15
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In figure 6.7, the three soil moisture retention curves that were fitted on the experi-

mental data are given. The resultant parameters of the Van Genuchten (1980) equation

with the mean coefficient of determination r2 and the residual sum of squares SSQ are

given in table 6.4. Available water capacity AWC was determined for a rooting depth

of 1 m, assuming the field capacity is reached at pF 2.

The average r2 is 0.99 and the average SSQ is 1.9, the latter being small compared to

the range of the volumetric moisture content. The Van Genuchten equation fits very

well on the experimental data and no outliers are found.

Figure 6.7: Soil water retention curve of the soils at Quebrada de Talca

Differences between the shapes of the three curves are more pronounced at the higher

water contents (pF lower than 2), where the soil structure is the most important factor
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Table 6.4: Parameters of the Van Genuchten (1980) equation with the moisture content at

field capacity (pF=2), wilting point (pF=4.2) and available water capacity for 1

m rooting depth

Slope θr θs α n m SSQ r2 θfs θwp AWC

(vol%) (vol%) (vol%) (vol%) (mm/m)

steep 6.00 44.00 0.05 1.10 0.43 1.34 0.99 24.42 8.61 158.05

moderate 9.90 43.15 0.04 1.46 0.45 1.34 0.99 22.20 9.58 126.24

low 6.80 32.53 0.10 3.95 0.07 2.90 0.99 20.02 9.90 101.17

influencing water retention. The difference is most pronounced for the low slope, that

can retain fewer water (θs: 32.53 vol%).

The volumetric moisture content at saturation θs is the maximum water holding capac-

ity of a soil and in theory equals the TPV of a soil. Estimated θs values were determined

for the three plots (32.5%, 43% and 44%) and all values are slightly different from the

TPV (34%, 38% and 39%). In practice, θs is always slightly smaller than the TPV.

The difference in water retention capacity is less pronounced at low water contents (pF

higher than 2). The shape of the curve is now primarily determined by the soil texture

(sandy loam), that is the same for the three soils. The slope of the water retention curve

is not gradually decreasing but shows a steep decline at the lower water contents. This

is because in soils with a high sand content, most of the pores are relatively big and

once these large pores are emptied, only a small amount of water can be retained by

the soil.

Infiltration rates (mm/min) (figure 6.8) were determined by fitting the cumulative

infiltration data to the model of Horton (1940) as explained in section 6.2. The initial

infiltration rate i0 (cm/h), final infiltration rate ic (cm/h), β (h−1) and the value of

SSQ of the Horton model (1940) are given in table 6.5.
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Table 6.5: The values of the final infiltration rate ic, initial infiltration rate io, β and the

residual sum of squares SSQ

ic io β SSQ

(cm/h) (cm/h) (h−1)

steep slope 5.064 14.605 19.487 0.695

moderate slope 4.737 13.237 11.371 0.534

low slope 2.893 13.836 11.057 0.315

furrow 2.753 5.656 15.844 0.063

The Horton model fits the data very well, with low SSQ values in all of the cases.

Initial infiltration rate values for the soil at the surface are ranging from 13.237 to

14.605 cm/h with a standard deviation of 0.686 cm/h. The resultant ic or saturated

field hydraulic conductivity values for the soil at the surface are ranging from 2.893 to

5.064 cm/h with a standard deviation of 1.170 cm/h.

According to the classification of O’Neal (1952) the soils at the plots have a moderate

infiltration rate although a lower infiltration rate at the low slope is noted. The infil-

tration rate in the furrows (2.753 cm/h) is also classified as moderate but it is lower

than the average infiltration rate at the soil surface.

The soil characteristics that affect infiltration capacity are related in the first place to

pore geometry. The soils are more or less coarse textured and have a relatively high

TPV by which water can easily infiltrate. The lower infiltration capacity of the soil at

the low slope (2.893 cm/h) is probably because soil bulk density is the highest (1.744

g/cm3) and maybe also because initial soil moisture content (14.65%) is the highest of

the three plots. The shape of the three modeled infiltration curves is similar.
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Figure 6.8: Infiltration rate of the soils at Quebrada de Talca

6.3.2 Arayan

The results of the textural analysis are given in table 6.6. According to the USDA

(1991) soil classification, the soil at Arayan is a sandy loam soil. Standard deviations

for the average sand, silt and clay content are high (4.6 to 10.9%) with the difference

in texture being most pronounced for the soil at the steep slope (loam soil). Average

organic matter content is 0.7% and average CaCO3 content is 1.7%.

Some other factors that can influence the infiltration rate (e.g. soil bulk density, slope,

cover rate, rainfall intensity, ..) are summarized in table 6.7.
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Table 6.6: Result of the granulometric analysis of the soils at Arayan

Slope Clay % Silt % Sand % Sand % O.M. % CaCO3 % Texture

(0-2µm) (2-50µm) (> 50µm) (> 500µm) USDA

steep 22.2 32.9 44.9 13.4 0.3 1.0 loam

moderate 9.0 27.6 63.4 35.0 1.0 1.4 sandy loam

low 16.1 23.8 60.1 22.0 0.9 2.8 sandy loam

Table 6.7: Initial soil moisture content θi; soil bulk density ρb; total pore volume TPV;

Stone Cover SC; Vegetative cover VC and Precipitation intensity of the simulated

rainfall I at Arayan

Slope Slope θi ρb T.P.V. SC VC I v

(%) (vol%) (g/cm3) (%) (mm/h) (cm/s)

steep 14 5.06 1.686 36 3 2 122 4

moderate 25 5.40 1.631 38 1 2 112 6

low 37 5.59 1.364 49 1 2 116 10

In figure 6.9, the three soil moisture retention curves that were fitted on the experi-

mental data are given. The resultant parameters of the Van Genuchten (1980) equation

with the mean coefficient of determination r2 and the residual sum of squares SSQ are

given in table 6.8. Available water capacity AWC was determined for a rooting depth

of 1 m, assuming field capacity is reached at pF 2.

The average r2 is 0.98 and the average SSQ is 7.4, with a high SSQ value (19.36) for

the moderate slope. Still, the Van Genuchten equation fits well on the experimental

data and no outliers are found for all of the three curves. Estimated θs values were

determined for the three plots (35.07%, 36.99% and 47.79%) and all values are slightly

different from the TPV (36%, 38% and 49%).
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Figure 6.9: Soil water retention curve of the soils at Arayan

The shape of the curves for the three plots are very different from one another. The

curve at the steep slope has a higher clay and loam content (see table 6.6) and has a

more gradual slope. On loam soils the pore size distribution is more uniform than on

sandy loam soils so that decreasing the matric potential causes a more gradual decrease

in water content (Verplancke, 2004). At the low slope, higher water contents can be

retained at all pF values compared with the soil at the steep slope. The shape of the

curve is typical for a soil with a high sand content. The slope of the water retention

curve shows a very steep decline at the moderate slope. The water retention curves

were determined on soil core samples and are point measurements, the shape of this

curve is extreme and it is possible that this curve is not representing the true water

retention capacity of the soil.
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Table 6.8: Parameters of the Van Genuchten (1980) equation with the moisture content at

field capacity (pF=2), wilting point (pF=4.2) and available water capacity for 1

m rooting depth

Slope θr θs α n m SSQ r2 θfs θwp AWC

(vol%) (vol%) (vol%) (vol%) (mm/m)

steep 16.26 35.07 0.06 2.07 0.06 0.64 0.99 31.13 23.96 71.66

moderate 2.29 36.99 0.03 1.01 0.38 19.36 0.97 23.46 5.80 176.56

low 12.93 47.79 0.09 4.60 0.09 2.20 0.99 27.43 14.76 126.74

Infiltration rates (mm/min) (figure 6.10) were determined by fitting the cumulative

infiltration data to the model of Horton (1940) as explained in section 6.2. The initial

infiltration rate i0 (cm/h), final infiltration rate ic (cm/h), β (h−1) and the value of

SSQ of the Horton model (1940) are given in table 6.9.

Table 6.9: The values of the final infiltration rate ic, initial infiltration rate io, β and the

residual sum of squares SSQ

ic io β SSQ

(cm/h) (cm/h) (h−1)

steep slope 3.314 17.242 27.197 1.509

moderate slope 6.207 10.279 10.763 0.405

low slope 6.680 15.768 22.352 0.612

furrow 2.279 13.175 56.924 0.202

The Horton model fits the data very well, with low SSQ values in all of the cases.

Initial infiltration rate values are ranging from 10.279 to 17.242 cm/h with a standard

deviation of 3.670 cm/h. The resultant ic or saturated field hydraulic conductivity

values are ranging from 3.314 to 6.680 cm/h with a standard deviation of 1.822 cm/h.
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Figure 6.10: Infiltration rate of the soils at Arayan

According to the classification of O’Neal (1952) the soil at the steep and the moderate

slope has a moderate infiltration rate and the soil at the low slope has a moderately

rapid infiltration rate. The infiltration rate in the furrows (2.279 cm/h) is also classified

as moderate but it is lower than the average infiltration rate at the soil surface.

The infiltration rate in the furrows shows a steep decline and final infiltration capacity

is attained more quickly than at the surface. The soil at the steep slope is more fine

textured (loam soil) and has a relatively small TPV (36%) which can explain the lower

infiltration capacity (3.314 cm/h). The infiltration rate at the moderate and the low
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slope show a more gradual decline than the infiltration rate at the steep slope. Final

infiltration rate is attained more quickly at the steep slope.

6.3.3 Peñaflor

The results of the textural analysis are given in table 6.10. According to the USDA

(1991) soil classification, the soil at Peñaflor is a sandy loam soil. The soil at the steep

slope has a higher clay and a lower sand content and is classified as a sandy clay loam.

Average organic matter content is 2.7% and average CaCO3 content is 1.6%.

Table 6.10: Result of the granulometric analysis of the soils at Peñaflor

Slope Clay % Silt % Sand % Sand % O.M. % CaCO3 % Texture

(0-2µm) (2-50µm) (> 50µm) (> 500µm) USDA

steep 29.1 26.6 44.3 14.2 2.6 1.6 sandy clay loam

moderate 12.2 25.7 62.2 21.9 3.5 1.9 sandy loam

low 14.0 22.3 63.7 18.9 2.1 1.4 sandy loam

Some other factors that can influence the infiltration rate (e.g. soil bulk density, slope,

cover rate, rainfall intensity, ..) are summarized in table 6.11.

In figure 6.11, the three soil moisture retention curves that were fitted on the experi-

mental data are given. The resultant parameters of the Van Genuchten (1980) equation

with the mean coefficient of determination r2 and the residual sum of squares SSQ are

given in table 6.12. Available water capacity AWC was determined for a rooting depth

of 1 m, assuming field capacity is reached at pF 2.

The average r2 is 0.99 and the average SSQ is 6.03, the latter being small compared to

the range of the volumetric moisture content. The Van Genuchten equation fits very

well on the experimental data and no outliers are found.
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Table 6.11: Initial soil moisture content θi; soil bulk density ρb; total pore volume TPV;

Stone Cover SC; Vegetative cover VC and Precipitation intensity of the simu-

lated rainfall I at Peñaflor

Slope Slope θi ρb T.P.V. SC VC I v

(%) (vol%) (g/cm3) (%) (mm/h) (cm/s)

steep 10 6.31 1.433 46 2a 2b 101 -

moderate 23 6.15 1.499 43 3 4 112 8

low 28 5.17 1.478 44 2b 3 78 10

Table 6.12: Parameters of the Van Genuchten (1980) equation with the moisture content at

field capacity (pF=2), wilting point (pF=4.2) and available water capacity for

1 m rooting depth

Slope θr θs α n m SSQ r2 θfs θwp AWC

(vol%) (vol%) (vol%) (vol%) (mm/m)

steep 23.58 55.19 0.01 1.40 0.91 3.59 0.99 40.66 23.64 170.24

moderate 12.97 44.20 0.05 2.88 0.16 9.52 0.99 28.45 14.56 138.96

low 13.35 41.50 0.04 3.01 0.15 4.98 0.99 27.59 14.77 128.16

The soil water retention curves for the moderate and the low slope are practically the

same. The shape of the curve for the steep slope is the same but is shifted toward the

right, the sandy clay loam soil is capable of retaining more water in the pores.

Infiltration rates (mm/min) (figure 6.12) were determined by fitting the cumulative

infiltration data to the model of Horton (1940) as explained in section 6.2. The initial

infiltration rate i0 (cm/h), final infiltration rate ic (cm/h), β (h−1) and the value of

SSQ of the Horton model (1940) are given in table 6.13.

The Horton model fits the data very well, with low SSQ values in all of the cases.
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Figure 6.11: Soil water retention curves of the soils at Peñaflor

Initial infiltration rate values are ranging from 10.153 to 15.911 cm/h with a standard

deviation of 2.951 cm/h. The resultant ic or saturated field hydraulic conductivity

values are ranging from -0.344 to 4.406 cm/h with a standard deviation of 2.470 cm/h.

According to the classification of O’Neal (1952) the soil at the steep slope has a moder-

ate infiltration rate and the soil at the moderate slope has a moderately slow infiltration

rate. The Horton modelled a negative value for the final infiltration rate ic, since infil-

tration data were very low. However, a negative value for infiltration rate is physically

impossible. The real infiltration rate must be close to zero and therefore, the soil at

the low slope is considered to have a very slow infiltration capacity (< 0.125 cm/h).

The infiltration capacity of the furrows is classified as moderate (2.185 cm/h).
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Table 6.13: The values of the final infiltration rate ic, initial infiltration rate io, β and the

residual sum of squares SSQ

ic io β SSQ

(cm/h) (cm/h) (h−1)

steep slope 4.406 10.153 23.282 1.774

moderate slope 0.858 15.911 24.331 0.637

low slope -0.344 14.159 12.050 0.637

furrow 2.185 3.440 4.074 0.004

The infiltration rate at the steep slope shows a more steep decline and final infiltration

capacity is attained quite quickly. Note that soil texture, bulk density (1.499 and 1.478

g/cm3) and soil water retention curves are the same for the moderate and the low slope,

but the infiltration curves are different. Other factors that are capable of influencing the

infiltration process like rainfall intensity (78 and 112 mm/h) were maybe responsible

for this.
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Figure 6.12: Infiltration rate of the soils at Peñaflor

6.3.4 Embalse Recoleta

The results of the textural analysis are given in table 6.14. According to the USDA

(1991) soil classification, the soil at Embalse Recoleta is a sandy loam soil. Standard

deviations for the average sand, silt and clay content are low (0.4 to 5.4%). Average

organic matter content is 0.7% and average CaCO3 content is 1.7%.

Some other factors that can influence the infiltration rate (e.g. soil bulk density, slope,

cover rate, rainfall intensity, ..) are summarized in table 6.15.
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Table 6.14: Result of the granulometric analysis of the soils at Embalse Recoleta

Slope Clay % Silt % Sand % Sand % O.M. % CaCO3 % Texture

(0-2µm) (2-50µm) (> 50µm) (> 500µm) USDA

steep 12.2 21.3 66.5 30.0 2.0 2.3 sandy loam

moderate 12.4 30.8 56.8 30.8 3.3 1.7 sandy loam

low 11.7 30.4 58.0 23.9 0.9 0.7 sandy loam

Table 6.15: Initial soil moisture content θi; soil bulk density ρb; total pore volume TPV;

Stone Cover SC; Vegetative cover VC and Precipitation intensity of the simu-

lated rainfall I at Embalse Recoleta

Slope Slope θi ρb T.P.V. SC VC I v

(%) (vol%) (g/cm3) (%) (mm/h) (cm/s)

steep 15 3.76 1.393 47 + + 53 12

moderate 19 2.58 1.360 49 r 3 113 9

low 35 2.92 1.460 45 r 2 93 9

In figure 6.13, the three soil moisture retention curves that were fitted on the experi-

mental data are given. The resultant parameters of the Van Genuchten (1980) equation

with the mean coefficient of determination r2 and the residual sum of squares SSQ are

given in table 6.16. Available water capacity AWC was determined for a rooting depth

of 1 m, assuming field capacity is reached at pF 2.

For the moderate slope, the data points at the lower water contents do not fit so

well on the Van Genuchten equation, the SSQ for this curve is 8.08. The results and

conclusions drawn for this curve at the lower water contents need to be treated with

some precaution.
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Figure 6.13: Soil water retention curve of the soils at Embalse Recoleta

Table 6.16: Parameters of the Van Genuchten (1980) equation with the moisture content at

field capacity (pF=2), wilting point (pF=4.2) and available water capacity for

1 m rooting depth

Slope θr θs α n m SSQ r2 θfs θwp AWC

(vol%) (vol%) (vol%) (vol%) (mm/m)

steep 12.08 41.08 0.05 2.88 0.16 3.10 1.00 26.43 13.54 128.98

moderate 15.44 49.12 0.07 1.51 0.34 8.08 0.99 23.33 11.84 114.85

low 3.97 37.15 0.11 2.02 0.13 1.41 1.00 21.58 8.67 129.11
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Estimated θs values were determined for the three plots (41.08%, 49.12% and 37.15%)

and all values are more or less the same as the TPV (47%, 49% and 45%). The shape

of the curves for the three plots are comparable, with respectively the moderate, the

steep and the low slope capable of retaining higher water contents.

Infiltration rates (mm/min) (figure 6.14) were determined by fitting the cumulative

infiltration data to the model of Horton (1940) as explained in section 6.2. Due to

some practical problems, the rainfall simulation was interrupted on the steep slope and

the results could not be used for determining the infiltration curve of the steep slope.

The initial infiltration rate i0 (cm/h), final infiltration rate ic (cm/h), β (h−1) and the

value of SSQ of the Horton model (1940) are given in table 6.17.

Table 6.17: The values of the final infiltration rate ic, initial infiltration rate io, β and the

residual sum of squares SSQ

ic io β SSQ

(cm/h) (cm/h) (h−1)

moderate slope 1.221 14.716 14.200 0.339

low slope 3.241 25.793 237.280 7.129

furrow 2.632 11.425 85.580 0.216

The Horton model fits the data of the moderate slope very well, at the low slope,

a high SSQ value is noted. During the simulation at the low slope the wind turned

and infiltration data are not so reliable. The resultant ic or saturated field hydraulic

conductivity values are 1.221 and 3.241 cm/h. According to the classification of O’Neal

(1952) the soil at the moderate slope has a moderately slow infiltration rate and the

low slope has a moderate infiltration rate. The infiltration rate in the furrows (2.632

cm/h) is classified as moderate and is more or less the same as the infiltration rate at

the soil surface.
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Figure 6.14: Infiltration rate of the soils at Embalse Recoleta

The modelled initial infiltration rate i0 is higher at the low slope but from figure 6.14 it

can be seen that the infiltration rate during the first minutes of simulation was higher

on the moderate slope. Texture for both soils are the same and can not explain the

different shape of the infiltration curves. However, several other factors are capable of

influencing the infiltration rate. It is possible that the rainfall intensity (93 mm/h) on

the low slope, that was very small because the wind turned during simulation, played

a role in it.
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6.3.5 Cañas de Choapa

The results of the textural analysis are given in table 6.18. According to the USDA

(1991) soil classification, the soils at Cañas de Choapa are all sandy loam soils. Standard

deviations for the average sand, silt and clay content are low (2.6 to 5.6%). Average

organic matter content is 1.3% and average CaCO3 content is 0.5%.

Table 6.18: Result of the granulometric analysis of the soils at Cañas de Choapa

Slope Clay % Silt % Sand % Sand % O.M. % CaCO3 % Texture

(0-2µm) (2-50µm) (> 50µm) (> 500µm) USDA

steep 11.7 23.7 64.6 25.4 1.3 0.5 sandy loam

moderate 8.8 20.5 70.7 29.6 1.3 0.5 sandy loam

low 5.6 18.3 76.1 29.5 1.5 0.5 loamy sand

Some other factors that can influence the infiltration rate (e.g. soil bulk density, slope,

cover rate, rainfall intensity, ..) are summarized in table 6.19.

Table 6.19: Initial soil moisture content θi; soil bulk density ρb; total pore volume TPV;

stone Cover SC; vegetative cover VC and rainfall intensity I of the simulated

rainfall at Cañas de Choapa

Slope Slope θi ρb T.P.V. SC VC I v

(%) (vol%) (g/cm3) (%) (mm/h) (cm/s)

steep 14 3.56 1.693 36 0 1 124 8

moderate 22 3.12 1.561 41 0 1 121 7

low 29 2.36 1.688 36 + 1 111 10

In figure 6.15, the three soil moisture retention curves that were fitted on the experi-

mental data are given. The resultant parameters of the Van Genuchten (1980) equation
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with the mean coefficient of determination r2 and the residual sum of squares SSQ are

given in table 6.20. Available water capacity AWC was determined for a rooting depth

of 1 m, assuming field capacity is reached at pF 2.

The average r2 is 0.986 and the average SSQ is 5.897, the latter being small compared

to the range of the volumetric moisture content. The Van Genuchten equation fits very

well on the experimental data and no outliers are found.

Figure 6.15: Soil water retention curve of the soils at Cañas de Choapa

The three soil water retention curves are the same for the slopes, no significant difference

is observed.
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Table 6.20: Parameters of the Van Genuchten (1980) equation with the moisture content at

field capacity (pF=2), wilting point (pF=4.2) and available water capacity for

1 m rooting depth

Slope θr θs α n m SSQ r2 θfs θwp AWC

(vol%) (vol%) (vol%) (vol%) (mm/m)

steep 6.81 35.58 0.060 5.695 0.048 6.46 0.986 24.49 11.29 131.96

moderate 4.78 35.74 0.058 1.960 0.165 2.22 0.996 22.21 8.19 140.14

low 4.81 36.21 0.147 5.332 0.040 9.01 0.976 22.61 10.92 116.90

Infiltration rates (mm/min) (figure 6.16) were determined by fitting the cumulative

infiltration data to the model of Horton (1940) as explained in section 6.2. The initial

infiltration rate i0 (cm/h), final infiltration rate ic (cm/h), β (h−1) and the value of

SSQ of the Horton model (1940) are given in table 6.21.

Table 6.21: The values of the final infiltration rate ic, initial infiltration rate io, β and the

residual sum of squares SSQ

ic io β SSQ

(cm/h) (cm/h) (h−1)

steep slope 2.448 14.567 21.717 0.686

moderate slope 1.235 13.735 23.544 0.785

low slope 2.285 12.505 32.898 0.256

furrow 4.398 12.026 41.420 0.294

The Horton model fits the data very well, with low SSQ values in all of the cases.

Initial infiltration rate values are ranging from 12.505 to 14.567 cm/h with a standard

deviation of 0.1037 cm/h. The resultant ic or saturated field hydraulic conductivity

values are ranging from 1.235 to 2.285 cm/h with a standard deviation of 0.658 cm/h.
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Figure 6.16: Infiltration rate of the soils at Cañas de Choapa

According to the classification of O’Neal (1952) the soils at the moderate and the low

slope have a moderately slow infiltration rate and for the steep slope it is moderate.

The infiltration rate in the furrows (4.396 cm/h) is classified as moderate. The shape of

the infiltration curve and the final infiltration capacity is the same for the three slopes.

Soil texture, soil bulk density, soil water retention curve, rainfall intensity, organic

matter or stone and vegetation cover were all more or less the same for the three

measurements. The infiltration curves show a reasonable steep decline and the final

infiltration capacity is attained quite quickly, as is mostly the case in soils with a

higher sand content (average sand content is 68.6 %) (Verplancke, 2004).
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6.3.6 Quelen

The results of the textural analysis are given in table 6.22. According to the USDA

(1991) soil classification, the soil at Quelen is a loam soil. Standard deviations for the

average sand, silt and clay content are very low (0.4 to 1.9%). Average organic matter

content is 1.9% and average CaCO3 content is 2.4%.

Table 6.22: Result of the granulometric analysis of the soils at Quelen

Slope Clay % Silt % Sand % Sand % O.M. % CaCO3 % Texture

(0-2µm) (2-50µm) (> 50µm) (> 500µm) USDA

steep 11.7 45.2 43.0 14.6 2.2 2.5 loam

moderate 11.0 44.0 45.0 17.5 2.2 2.9 loam

low 11.8 43.9 44.2 14.0 1.2 1.9 loam

Some other factors that can influence infiltration rate (e.g. soil bulk density, slope,

cover rate, rainfall intensity, ..) are summarized in table 6.23.

Table 6.23: Initial soil moisture content θi; soil bulk density ρb; total pore volume TPV;

stone Cover SC; vegetative cover VC and rainfall intensity I of the simulated

rainfall at Quelen

Slope Slope θi ρb T.P.V. SC VC I v

(%) (vol%) (g/cm3) (%) (mm/h) (cm/s)

steep 15 3.80 1.585 40 + 2a 97 8

moderate 24 4.02 1.490 44 + 2a 116 4

low 29 5.20 1.486 44 + 1 117 16

In figure 6.17, the three soil moisture retention curves that were fitted on the experi-

mental data are given. The resultant parameters of the Van Genuchten (1980) equation
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with the mean coefficient of determination r2 and the residual sum of squares SSQ are

given in table 6.24. Available water capacity AWC was determined for a rooting depth

of 1 m, assuming field capacity is reached at pF 2. The average r2 is 0.994 and the

average SSQ is 3.2, the latter being small compared to the range of the volumetric

moisture content. The Van Genuchten equation fits very well on the experimental data

and no outliers are found.

Figure 6.17: Soil water retention curve of the soils at Quelen

The three soil water retention curves are the same for the slopes, no significant difference

is observed.
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Table 6.24: Parameters of the Van Genuchten (1980) equation with the moisture content at

field capacity (pF=2), wilting point (pF=4.2) and available water capacity for

1 m rooting depth

Slope θr θs α n m SSQ r2 θfs θwp AWC

(vol%) (vol%) (vol%) (vol%) (mm/m)

steep 5.61 44.14 0.105 5.696 0.034 4.33 0.992 29.94 14.65 152.80

moderate 7.37 41.49 0.099 3.252 0.072 4.82 0.990 27.37 13.52 138.53

low 8.27 44.83 0.072 1.763 0.163 0.47 0.999 28.86 13.10 157.66

Infiltration rates (mm/min) (figure 6.18) were determined by fitting the cumulative

infiltration data to the model of Horton (1940) as explained in section 6.2. The initial

infiltration rate i0 (cm/h), final infiltration rate ic (cm/h), β (h−1) and the value of

SSQ of the Horton model (1940) are given in table 6.25.

Table 6.25: The values of the final infiltration rate ic, initial infiltration rate io, β and the

residual sum of squares SSQ

ic io β SSQ

(cm/h) (cm/h) (h−1)

steep slope 0.539 16.712 19.819 0.843

moderate slope 1.773 17.648 30.050 0.724

low slope 1.102 14.376 27.218 0.719

furrow 3.604 8.126 26.855 0.018

The Horton model fits the data very well, with low SSQ values in all of the cases.

Initial infiltration rate values are ranging from 14.376 to 17.648 cm/h with a standard

deviation of 1.685 cm/h. The resultant ic or saturated field hydraulic conductivity

values are ranging from 0.539 to 1.773 cm/h with a standard deviation of 0.618 cm/h.
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Figure 6.18: Infiltration rate of the soils at Quelen

According to the classification of O’Neal (1952) the soils at the surface all have a

moderately slow infiltration rate. The infiltration capacity of the furrows is higher

(3.604 cm/h) and is classified as moderate. The shape of the infiltration curve and the

final infiltration capacity is the same for the three slopes. Soil texture, soil bulk density,

soil water retention curve, rainfall intensity, organic matter or stone and vegetation

cover were all more or less the same for the three measurements. The infiltration curve

shows a steep decline and final infiltration capacity is attained quite quickly, this was

not expected since the soil at Quelen is classified as a loam soil (average sand content

of 44 %) (Verplancke, 2004).
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6.3.7 Conclusion

Most of the soils are classified (USDA,1991) as sandy loam soils. Exceptions are the

loam soil at the steep slope at Arayan, the sandy clay loam soil at the steep slope at

Peñaflor and the loamy sand soil at the low slope of Cañas de Choapa and all of the

soils investigated at Quelen, that were loam soils. When considering the Kfs values

estimated with the rainfall simulator, the soils investigated at Quebrada de Talca and

Arayan (province Elqui) have the highest infiltration capacity and the soils at Cañas

de Choapa and Quelen (province Choapa) the lowest infiltration capacity. At Embalse

Recoleta and Peñaflor (province Limaŕı) resultant field saturated hydraulic conduc-

tivity values lie in between. In general, moderately slow (O’Neal, 1952) conductivities

are found at Quelen and Cañas de Choapa and moderate conductivities at the other

four locations. At Cañas de Choapa and Quelen, higher infiltration rates were measured

in the infiltration furrows. At Quebrada de Talca and Arayan the infiltration rates of

the furrows were always lower than the rates measured at the surface.

No general conclusions can be drawn on the effect of slope or surface cover on final

infiltration rates, but some indications can be given. For example, the lowest rates stone

and vegetation cover were found at Cañas de Choapa and Quelen, and at each slope

cover rate was more or less the same. At those locations, differences in final infiltration

rates for each slope were smallest. Both plots had almost the same cover rate at Embalse

Recoleta, but still a difference between final infiltration rate was observed of 1.2 cm/h

for moderate slope and 3.2 cm/h for the low slope. Soil texture and bulk density was

more or less the same at both slopes, so it is possible that slope degree induced the

difference. Also it is possible that the organic matter content played a role in it (3.3 %

for the moderate slope and 0.7% at the low slope). At Peñaflor, cover percentage was

highest at the moderate slope but infiltration rate there was the lowest measured at the

three sites. Remarkable is the high clay content (22%) and low sand (45%) content at
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the steep slope (sandy clay loam) at Peñaflor compared to 13% clay and 60% sand at

the other slopes (sandy loam), while infiltration rate is highest at the steep slope. One

should expect a lower infiltration capacity on more clayey soils and on a steep slope.

Although the influence of vegetative and stone cover is not fully understood, it could

play an important role. At Quebrada de Talca, cover rate can explain the measured

differences in infiltration capacity at the plots, since texture and bulk density was more

or less the same. Compared to the small slope, infiltration rates were higher on the

steep and the moderate slope, where stone cover rates were higher. It is suggested

therefore that the influence of cover should be taken into account in order to correctly

extrapolate infiltration rates at watershed level.

Contradictory observations have been made regarding the influence of slope angle on

infiltration: final infiltration rates have been observed to increase (Quebrada de Talca

and Peñaflor), and to decrease (Arayan and Embalse Recoleta) with increasing slope

angle. At Quelen, the highest final infiltration rate was found on the moderate slope

while texture, soil bulk density and soil cover were comparable for the three slopes.

It is known that under field conditions, conductivities may vary hundred fold in soils

with almost similar textures due to structural changes (Verplancke, 2004). The nature

of soil structure is highly specific and each soil has to be considered separately, which is

rather difficult. Soil bulk densities were measured on core samples and give an indica-

tion of the soil structure of the upper layer. However they are point measurements and

cannot represent the structure of the soil profile as a whole. Also, a number of phys-

ical, chemical and biologic processes occurring in the soil may change the hydraulic

conductivity of water through the soil. It is possible that some soils were salt affected

and this may influence the Kfs. It is well known that sodic soils with high exchange-

able sodium have a poor hydraulic conductivity. No measurements were done on the

chemical properties of the soils, but this could be subject for further investigations.



Chapter 7

Design of the Infiltration Furrows

7.1 Method

There are two possible options for designing an infiltration furrow system:

1. Starting from a given area As of the cross-section, the distance D between the

furrows is determined. This implies that the dimensions of the furrow i.e. the

width at the base b; the width a; the height H; the inclination of the lateral sides

Z=Y/H; the length of the lateral sides l and the length of the furrow L (see figure

7.1) are known.

2. Starting from a given distance D between the furrows, that is associated with

for example a certain planting pattern, the area of the cross-section and the

dimensions of the furrow i.e. the width at the base b; the width a; the height H;

the inclination of the lateral sides Z=Y/H; the length of the lateral sides l and

the length of the furrow L (see figure 7.1) are determined.

To protect the hillsides against erosion, it is recommended to assess the dimensions

of the furrows for a period of return of 10 to 15 years (Millán et al., 2000). This is

the period in which the vegetation reaches a protective cover against the erosive forces

101
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Figure 7.1: Dimensions of the furrow

of intensive rainfall events. No sufficient rainfall data were available to determine a

design rainfall event with the appropriate period of return. However, hourly rainfall

data recorded at the weather station of La Serena in the province of Elqui were avail-

able for the period between June 1996 and July 1998 on which conclusions could be

drawn. Determination of the distance between the furrows will be directly related to

the magnitudes and intensities of rainfall events of this dataset.

The furrows should also be constructed in proportion to the amount of water that is

needed for the vegetation. The resulting designs will be evaluated in terms of water

demand based on the average annual precipitation calculated from 1960 until 2004 at

each of the six locations.
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7.1.1 Runoff Coefficient

The runoff coefficient RC is defined as the relationship between the total volume of

superficial runoff and the total volume of precipitated water in a certain period of

time. The runoff coefficient for the six locations under study was based on the runoff

measured during the 20 minutes of rainfall simulation.

The average for the three rainfall simulations performed at each location was taken for

the measured rainfall amount P and the measured Runoff R. Cumulative infiltration I

was calculated by subtracting runoff R from the rainfall amount P.

Table 7.1: Runoff coefficients for the six locations under study

Location P I R RC

(mm) (mm) (mm) (-)

Quebrada de Talca 44 21 22 0.51

Arayan 39 22 17 0.43

Peñaflor 36 11 24 0.68

Embalse Recoleta 34 13 22 0.63

Cañas de Choapa 40 11 29 0.73

Quelen 37 9 28 0.75

Runoff coefficients are varying from 0.43 (Arayan) to 0.75 (Quelen). As expected, values

for runoff and runoff coefficient are lowest for Arayan, where the soil has a higher

infiltration capacity. Highest runoff values were measured at Cañas de Choapa, but it

is the loam soil at Quelen that has the highest runoff coefficient.
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7.1.2 Spacing D between the Furrows

The furrows will be spaced stepwisely in the field as shown in figure 7.2.

Figure 7.2: Design of the spacing in the field of the infiltration furrows

The length L (m) of the furrows can be chosen freely, although CONAF (2001) recommends

a length varying from 2.5 m to 5 m. The fundamental principle is that the collecting

capacity of the furrows has to equal the amount of runoff that is generated in the im-

pluvium area and the amount of rain that falls in the furrow during the precipitation

event.

This principle can be expressed mathematically as follows:

VR + VP = Vif + VI (7.1)



CHAPTER 7. DESIGN OF THE INFILTRATION FURROWS 105

with VR: the volume of runoff (l) that is generated in the impluvium area during the

rainfall event; VP : the volume of precipitation (l) that is collected in the infiltration

furrow during the rainfall event; Vif : the volume of the infiltration furrow (l) and VI :

the volume of water that infiltrates in the infiltration furrow (l).

R ∗ D + P ∗ a = As ∗ 1000 + b ∗ I (7.2)

with R: the amount of runoff in mm; P: the amount of precipitation in mm; I: the

amount of water that infiltrates in the infiltration furrow (mm); a: the width at the

top in m and As: the area of the cross-section in (m2).

The equation for determining the spacing D (m) between the furrows is now:

D =
As ∗ 1000 + b ∗ I − P ∗ a

R
(7.3)

7.1.3 Area of the Cross-Section As

In the second case the dimensions of the furrows, capable of collecting the precipitation

and the runoff from the impluvium area with a certain spacing D, are determined. The

length L (m) of the furrows can be chosen freely and can be associated with for example

a certain planting pattern.

First, the area As of the cross-section is calculated, based on equation 7.2:

R ∗ D + P ∗ a − b ∗ I

1000
= As (7.4)

Once the area As (m2) is known, the dimensions of the furrow can be determined. A

trapezoidal section is recommended to avoid collapses of the construction.
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The formula for the area of a trapezoidal section is:

(b + a) ∗ H

2
= As (7.5)

with b: the width at the base of the furrow (m) and H: the height of the furrow (m).

The recommended value of b is equal to 0.2 m (CONAF, 2001).

The height H (m) of the furrow can be determined with the equation:

H =
−2 ∗ b +

√
4 ∗ b2 + 16 ∗ Z ∗ As

4 ∗ Z
(7.6)

with Z = Y/H: the slope or inclination of the lateral sides (see figure 7.1).

It is important that the inclination is adapted to the soil type so that the sides of the

furrow are stable. Recommended Z values for the lateral sides of furrows for various

soil types are given in table 7.2. Extra attention needs to be given to soils with a very

high sand content. For this type of soils, the furrows should be constructed with larger

slopes.

Table 7.2: Recommended inclination of the lateral sides for infiltration furrows (MOP, 1981)

soil type slope

(m/m)

rock almost vertical

peat 0.25

heavy clay soils 0.5 - 1

other soil types 1

very sandy soils 2
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The corresponding width a (m) of the infiltration furrow is then:

a = b + 2 ∗ H ∗ Z (7.7)

The length l (m) of the lateral sides can be determined with the formula:

l =
√

H2 + (H ∗ Z)2 (7.8)

7.2 Results and Discussion

Hourly rainfall data recorded at the weather station of La Serena were available for the

period between June 1996 and July 1998. From these rainfall data, two large rainfall

events were chosen on which further conclusions will be drawn. By calculating the

design and spacing of the furrows for such large rainfall events, the first important

requirement of the furrows, i.e. the decrease of superficial runoff and protection against

erosive processes on the hillsides will be fulfilled. For the resulting designs and spacings,

the furrows will be evaluated afterward in terms of water conservation based on the

average annual precipitation P (mm) calculated from 1960 until 2004 at each of the six

locations. The two rainfall events that will be studied are:

• a rainfall event from 10/6/1996 to 12/6/1996 of 34 hours with a large total

amount of rainfall of 85.6 mm and an average rainfall intensity of 2.5 mm/h

• an extreme rainfall event at 25/06/1998 of 22 hours with a very large total amount

of rainfall of 102.4 mm and an average rainfall intensity of 4.7 mm/h
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7.2.1 Proposed Design

It was chosen to focus on three different furrow designs that are most frequently used in

the Fourth Region (Pizarro, 2003). Results are based on these design but note that they

can easily be recalculated with the methodology given in section 7.1 if other dimensions

would be required in the field.

The spacing D was calculated for the following three designs of infiltration furrows:

design 1: has the following dimensions: a width of 0.2 m at the bottom and 0.5 m at

the top, a depth of 0.2 m and a length of 3 m. Such an infiltration furrow has

the capacity to collect 210 l water.

design 2: has the following dimensions: a width of 0.2 m at the bottom and 0.6 m at

the top, a depth of 0.4 m and a length of 3 m. Such an infiltration furrow has

the capacity to collect 480 l water.

design 3: has the following dimensions: a width of 0.25 m at the bottom and 0.75 m

at the top, a depth of 0.4 m and a length of 3 m. Such an infiltration furrow has

the capacity to collect 660 l water.

The spacing D between the furrows for the three designs is given in table 7.3 for

the large rainfall event of 10/06/1996-12/06/1996 and table 7.3 for the extreme rain-

fall event of 25/06/1998. D was determined for each location with equation 7.3. The

amount of runoff was determined by multiplying the runoff coefficient from table 7.1

with the hourly precipitation during the rainfall event. The amount of water that infil-

trated in the furrows during each rainfall event was based on the cumulative infiltration

characteristic curve determined with the pressure infiltrometer.
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Table 7.3: Spacing D necessary to collect the amount of water harvested during the rainfall

event from 10/6/1996 to 12/6/1996

Location R (mm) I (mm) D (m)

design 1 design 2 design 3

Quebrada de Talca 43.7 938.0 4.9 6.8 8.5

Arayan 36.8 776.7 5.0 7.2 9.0

Peñaflor 58.2 746.0 3.0 4.4 5.5

Embalse Recoleta 53.9 896.0 3.8 5.3 6.7

Cañas de Choapa 62.5 1497.1 5.2 6.5 8.2

Quelen 64.2 1227.0 4.2 5.5 6.9

Table 7.4: Spacing D necessary to collect the amount of water harvested during the extreme

rainfall event of 25/06/1998

Location R (mm) I (mm) D (m)

design 1 design 2 design 3

Quebrada de Talca 52.2 607.6 2.7 4.2 5.7

Arayan 44.0 503.3 2.7 4.5 6.1

Peñaflor 69.6 483.8 1.7 2.8 3.8

Embalse Recoleta 64.5 580.1 2.1 3.3 4.5

Cañas de Choapa 74.8 148.9 0.6 1.7 2.4

Quelen 76.8 794.6 2.3 3.4 2.5

The results of table 7.4 show that during the extreme precipitation events the distance

between the furrows has to be very small in order to harvest all the water that is

generated during the event. This is the case even for design 3 that has a very large

collecting capacity. The runoff from the impluvium area of furrows that are constructed

at such short distances D will not provide enough water for the vegetation that is
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planted at the furrow during small precipitation events. In arid regions vegetation can

only benefit from a limited number of precipitation events per year. The main goal of

the furrows is to assure the survival and growth of planted trees and shrubs. Furrows

are constructed in the field so that the introduced vegetation can directly benefit from

the collected water. It is the water demand of this vegetation that determines the

amount of water that needs to be stored in each furrow. Because precipitation is so

scarce, it is better to chose the distances between the furrows that are given in table

7.3. Hence a larger impluvium area is obtained and larger amounts of water can reach

the furrow for a direct benefit of the plants growth. Another purpose for constructing

furrows is the protection of the soil against erosion and to protect for example roads

in the lower parts of the watersheds. Therefore, shorter distances are proposed, as the

ones of table 7.4.

In the second case, the dimensions of the furrows, capable of collecting the precipitation

and the runoff from the impluvium area with a spacing D of 10 m, a length L of 3 m,

an inclination Z of value 1 and a width b at the bottom of 0.2 m are determined. The

results for the two precipitation events are given in table 7.5 and table 7.6.

Table 7.5: Dimensions of the furrow to collect the amount of water generated during the

large rainfall event from 10/6/1996 to 12/6/1996

Location As H a l Vif

(m2) (m) (m) (m) (l)

Quebrada de Talca 0.35 0.50 1.20 0.71 1055

Arayan 0.31 0.46 1.13 0.65 921

Peñaflor 0.56 0.66 1.51 0.93 1684

Embalse Recoleta 0.48 0.60 1.40 0.85 1440

Cañas de Choapa 0.44 0.57 1.34 0.81 1323

Quelen 0.52 0.63 1.46 0.89 1565
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Table 7.6: Dimensions of the furrow to collect the amount of water generated during the

extreme rainfall event of 25/06/1998

Location As H a l Vif

(m2) (m) (m) (m) (l)

Quebrada de Talca 0.48 0.60 1.40 0.85 1434

Arayan 0.42 0.55 1.31 0.78 1254

Peñaflor 0.72 0.76 1.71 1.07 2164

Embalse Recoleta 0.63 0.70 1.60 0.99 1889

Cañas de Choapa 0.61 0.69 1.57 0.97 1827

Quelen 0.69 0.74 1.68 1.04 2081

The volume of water that the furrow needs to collect during the large and the extreme

precipitation event is very high. The height of the infiltration furrows should not exceed

0.4 m, the soils in the region are shallow and if furrows were constructed with these

heights H, it is assumed that the collected water would infiltrate into the deeper soil

layers and vegetation would not be able to benefit from it. It seems that the distance

D of 10 m is too large to be able to construct an efficient infiltration furrow system

in the field. The solution here is to reduce the spacing D between the furrows or, if

this is not opportune, to combine smaller furrows with other techniques like diversion

channels.

The distances based on the extreme rainfall (see table 7.4) give the highest protection

against erosion processes and land degradation but unfortunately these distances are to

small to be practical at forestry plantations and at the same time do not collect enough

water for the vegetation during smaller rainfall events. If protection against extreme

rainfall events like the one of 25/06/1998 is required, it is advised to introduce extra soil

and water conservation techniques like diversion channels in the field, complementary
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to the furrows. A distance of 10 m between the infiltration furrows is not opportune,

the required height H and width a of the furrows are to large to be used at forestry

plantations.

It is concluded that the distances D based on the large rainfall event (see table 7.3) for

the three designs studied are the best option if furrows are introduced on the hillsides.

With these distances, all of the water generated during a large rainfall event will be

collected in the furrows. Moreover, it will be shown that the amount of harvested water

is sufficient, even for small precipitation events, to directly benefit the vegetation and

to provide it with sufficient water during the year.

7.2.2 Runoff and Harvested Water

The course of the runoff generated at the impluvium area (VR) and the filling up of

the furrow (Vif) during the two rainfall events is visualised to provide more insight into

the amount of water that can be expected in the furrows during the events. Two extra

rainfall events were studied: a small and a moderate rainfall event to see how many

water will be collected during smaller rainfall events. The course is given for design 2

at Quebrada de Talca (D=6.8 m) in figure 7.3 for a small rainfall event of 2/02/1997,

figure 7.4 for a moderate rainfall event of 3/07/1996-4/07/1996, figure 7.5 for the large

rainfall event of 10/06/1996-12/06/1996 and figure 7.6 for the extreme rainfall event of

25/06/1998. At figure 7.6 the excess water that is generated during the extreme rainfall

event once the furrow is completely filled up (t=12h) is also represented.
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Figure 7.3: Precipitation P, the amount of generated runoff (R) and the amount of water

harvested per hour (Vif) during a small rainfall event at 2/02/1997

Figure 7.4: Precipitation P, the amount of generated runoff (R) and the amount of wa-

ter harvested per hour during a moderate rainfall event from 3/07/1996 until

4/07/1996
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Figure 7.5: Precipitation P, the amount of generated runoff (R) and the amount of water

harvested per hour during the large rainfall event of 25/06/1998

Figure 7.6: Precipitation P, the amount of generated runoff (R) and the amount of water

harvested per hour during the extreme rainfall event of 25/06/1998
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7.2.3 Water Conservation

The overall effect of the furrows in terms of water conservation was evaluated based

on the average annual precipitation P (mm) calculated from 1960 until 2004 at each of

the six locations. By this, the average annual amount of water collected at the location

of the furrow Iif (mm) for the six locations under study is given in table 7.7.

Table 7.7: Average annual precipitation P (1960-2004), runoff R=P*RC, infiltration at the

furrow Iif and f=Iif/(P-R)

design 1 design 2 design 3

Location P R Iif f Iif f Iif f

(mm) (mm) (mm) - (mm) - (mm) -

Quebrada de Talca 86 44 382 9 526 12 657 16

Arayan 86 37 332 7 448 9 591 12

Peñaflor 123 84 452 11 989 25 818 21

Embalse Recoleta 104 66 444 12 777 20 775 20

Cañas de Choapa 176 128 1162 24 1515 32 1829 38

Quelen 302 226 1669 22 2668 35 2731 36

The amount of water that would normally infiltrate into the soil without the furrows

I=P*(1-RC) was calculated with the runoff coefficients of table 7.1. The factor f by

which the amount of infiltrating water has increased due to the introduction of the

furrow quantifies the improved water availability for the vegetation relative to the

situation without the furrows.

PAN evaporation at the water surface during the hours that the furrow contains water

was not taking into account. It is assumed that the error hereby introduced however is

very small since average infiltration rate in the furrow (24 mm/h - 47 mm/h) is much

higher than the average PAN evaporation that can be expected in arid regions (0.4

mm/h - 0.5 mm/h) (FAO, 1998).
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The resulting infiltrating amounts of water are 7 to 38 times higher at the furrow than

at the soil surface. By introducing the furrows, the infiltration capacity of hillsides at

the six locations will improve significantly. The highest effect is noted for the soils at

Cañas de Choapa and Quelen, where infiltration capacity of the soil surface is lowest.

Data on the annual water needs of the vegetation at the locations were not available.

Raper (1998) reported water needs of 500 mm/yr to 900 mm/yr for trees and shrubs in

the Mediterranean regions of South-Australia. It is likely that the amounts of water that

are needed for the vegetation in the Fourth Region of Chile, with a comparable climate

(Köppen, 1918), are more or less the same. Note that sufficient water is provided by all

of the three designs at the locations Cañas de Choapa and Quelen. At the other four

locations, it is best to use design 2 or design 3 in order to provide enough water for

the vegetation. Of the six locations under study, the soils capacity to absorb rainfall

is smallest at Quelen (RC=0.75) and Cañas de Choapa (RC=0.73). At the same time,

the average annual precipitation is higher at these two locations. Therefore at Cañas

de Choapa and Quelen larger volumes of runoff are generated and more water can flow

toward the furrows.



Chapter 8

Summary and Conclusions

Experimental field data were collected on runoff and infiltration processes in the semi-

arid Fourth Region of Coquimbo with a rainfall simulator and a pressure infiltrometer.

By means of the collected data, the runoff response of soils during extreme rainfall

events was determined. Based on these results, the infiltration furrows were constructed

in proportion to the amount of water that was collected during rainfall events.

Before its use on the field, several tests were performed with the simulator to assess its

rainfall intensity distribution on a horizontal surface by using all nozzles at a pressure

of approximately 0.1 MPa. The influence of the wind was mitigated as much as possible

by placing a wind screen. It was found that the rainfall intensity on the plot can vary

significantly, from 100 mm/h to 160 mm/h. A pattern is observed within the spatial

distribution of rainfall intensity: the highest intensities (140 mm/h to 160 mm/h) are

concentrated on four spots. Those are the places were the spray cones of two neighboring

nozzles overlap. Except from those spots, the spatial distribution of the rainfall intensity

is quite homogeneous, with values ranging from 100 mm/h to 120 mm/h.

117
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Although conditions during two calibration tests were kept the same, local and tempo-

ral differences in rainfall intensity can occur. No rainfall simulation is equal and it is

most likely that wind and pressure at the nozzles are the two most important factors

influencing the distribution of rainfall intensity in an unpredictable way. The overall av-

erage intensity on the field was quite similar: average rainfall intensities of respectively

126.84 mm/h and 124.28 mm/h were obtained. This average is of more importance

than rainfall intensity distribution by itself for obtaining infiltration rates from field

measurements. To correct the interpolation values for possible local and temporal dif-

ferences occurring during field measurements, it was decided to measure the rainfall

intensity for every simulation performed on the field. On each tested plot in the field,

18 collecting cups were placed to obtain the average mean rainfall intensity by which

more accurate infiltration rates could be calculated from measured runoff intensities.

Parameters of the infiltration models of Kostiakov (1932), Horton (1940) and Philip

(1957) to carry out the appropriate comparisons, were statistically estimated by using

the least square technique. The average SSQ values for the three models were respec-

tively 3.650, 1.136 and 3.168. Higher SSQ values were obtained for the measurements

with the rainfall simulator than for the measurements with the pressure infiltrometer

for all of the three models. The estimated infiltration rate with the model of Horton

approached more closely the observed infiltration rate and the observed final infiltra-

tion rate. The comparison shows that the infiltration rate can be predicted by using the

model of Horton, as well for the infiltration data collected with the rainfall simulator

as for the infiltration data collected with the pressure infiltrometer. The value of the

parameter ic of the Horton model can be used as a rough estimate for the saturated

field hydraulic conductivity Kfs.

Most of the soils are classified (USDA,1991) as sandy loam soils except for the soils in-

vestigated at Quelen, that were loam soils. In general, moderately slow (O’Neal, 1952)
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conductivities are found at Quelen and Cañas de Choapa and moderate conductivi-

ties at the other four locations. At Cañas de Choapa and Quelen, higher infiltration

rates were measured in the infiltration furrows. At Quebrada de Talca and Arayan

the infiltration rates of the furrows were always lower than the rates measured at the

surface. Although the influence of vegetative and stone cover is not fully understood,

it could play an important role. Contradictory observations have been made regarding

the influence of slope angle on infiltration.

A method was developed to determine the necessary distance D between the furrows

starting from a given area As of the cross-section and to determine the dimensions of

the furrow starting from a given distance D between the furrows, that is associated with

for example a certain planting pattern. Hourly rainfall data recorded at the weather

station of La Serena in the province of Elqui were available for the period between June

1996 and July 1998 on which conclusions were drawn. Determination of the distance D

between the furrows was directly related to the magnitudes and intensities of rainfall

events of this dataset. The resulting designs were then evaluated in terms of water

demand based on the average annual precipitation calculated from 1960 until 2004 at

each of the six locations.

The runoff coefficient for the six locations under study was determined with the runoff

measured during the 20 minutes of rainfall simulation. Runoff coefficients are varying

from 0.43 (Arayan, sandy loam soil) to 0.75 (Quelen, loam soil).

A large rainfall event of 34 hours with a total amount of rainfall of 85.6 mm and an

average rainfall intensity of 2.5 mm/h and an extreme rainfall event of 22 hours with a

total amount of rainfall of 102.4 mm and an average rainfall intensity of 4.7 mm/h were

studied. The results were calculated for three designs, frequently used in the Fourth

Region and for a fixed distance of 10 m between the infiltration furrows. Fixing the

distance in advance at 10 m is not opportune, the required height H and width a of
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the furrows are to large to be used at forestry plantations. It is concluded that the

distances D based on the large rainfall event, ranging from 3 m to 9 m (depending

on the location and the design) are the best option if furrows are introduced on the

hillsides. With these distances, all of the water generated during a large rainfall event

will be collected in the furrows.

By introducing the furrows, the amount of water available at the site of planting is

multiplied by a factor 7 to 38 (depending on the location and the design). The infiltra-

tion capacity of hillsides at the six locations improves significantly. The highest effect

is noted for the soils at Cañas de Choapa and Quelen, where infiltration capacity of

the soil surface is lowest and the average annual precipitation amounts are higher. Suf-

ficient water is provided by all of the three designs at the locations Cañas de Choapa

and Quelen. At the other four locations, it is best to use design 2 or design 3 in order

to provide enough water for the vegetation. The amount of water that is harvested

during the year is enough to fulfill the annual water needs of the vegetation.

In this study, basic soil physical information about soils of the study area is provided,

information that was limited or non-existent in the Fourth Region. Secondly, and most

important, a quantification of the infiltration capacity and the runoff response of some

soils in the area was made. The application of the water harvesting technique under

study, the infiltration furrow, was investigated for the protection of the hillsides against

erosion and to provide the vegetation with enough water during the year. The improved

assessment of the dimensions will increase the efficiency of the furrows, both for their

functionality as for the optimisation of the financial resources given to them. The results

can contribute to an improved soil and water conservation planning and sustainable

land use in the Fourth Region of Chile.

In a next step, information on the soil moisture redistribution and the retention ef-

ficiency of the infiltration furrows can be collected to refine the results. At the same
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time, further insight on the effects of the infiltration furrows at the watershed level

is needed. A future perspective is the study of the long term effect of the infiltration

furrows in terms of soil and water conservation, with the possibility to expand the

knowledge to similar areas in Latin-America and the Caribbean.
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Appendix A

Infiltration Curves

Samenvatting

1 Inleiding

In ariede gebieden is neerslag schaars en de beschikbaarheid van water voor de veg-

etatie onzeker. Toch komen soms zeer hevige regenbuien voor, die runoff en erosie in

hellende gebieden veroorzaken. In Centraal-Chili is erosie en landdegradatie één van de

belangrijkste milieuproblemen, in het bijzonder voor de landbouw en de bosbouw. Om-

dat het gebied aried is en de vegetatie schaars, wordt de bodem niet goed beschermd

tegen hevige neerslagbuien. Om erosie te beperken en de infiltratiecapaciteit van de bo-

dem te verhogen, werden bodemconserveringstechnieken en regenwateropvangsystemen

gëıntroduceerd.

De aandacht in dit werk gaat uit naar één van deze technieken, de infiltratiegreppels.

Door het plaatsen van infiltratiegreppels op de helling, wordt de runoff, die anders

134
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Figure A.1: Cumulative infiltration and infiltration rate for the soils at Quebrada de Talca.

Top: steep slope; center: moderate slope; bottom: low slope.
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Figure A.2: Cumulative infiltration and infiltration rate for the soils at Arayan. Top: steep

slope; center: moderate slope; bottom: low slope.
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Figure A.3: Cumulative infiltration and infiltration rate for the soils at Peñaflor. Top: steep

slope; center: moderate slope; bottom: low slope.
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Figure A.4: Cumulative infiltration and infiltration rate for the soils at Embalse Recoleta.

Top: steep slope; center: moderate slope; bottom: low slope.

langs de hellingen naar beneden zou stromen, opgevangen. Zo wordt enerzijds erosie

drastisch gereduceerd en verhoogt anderzijds de beschikbaarheid van water voor de

plant sterk. Om effectief te zijn, dienen de dimensies van de greppels aangepast te zijn

aan de hoeveelheid runoff die kan verwacht worden tijdens een regenbui. Er zijn echter

slechts weinig bodemtechnische elementen beschikbaar die bijdragen tot een efficiënt

greppelontwerp en meer informatie over infiltratie- en erosieprocessen in Centraal-Chili

is vereist.
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Figure A.5: Cumulative infiltration and infiltration rate for the soils at Cañas de Choapa.

Top: steep slope; center: moderate slope; bottom: low slope.
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Figure A.6: Cumulative infiltration and infiltration rate for the soils at Quelen. Top: steep

slope; center: moderate slope; bottom: low slope.



APPENDIX A. INFILTRATION CURVES 141

Figure A.7: Cumulative infiltration and infiltration rate measured in the furrows. Top: Que-

brada de Talca; center: Arayan; bottom: Peñaflor
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Figure A.8: Cumulative infiltration and infiltration rate measured in the furrows. Top: Em-

balse Recoleta; center: Cañas de Choapa; bottom: Quelen
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Voor het verzamelen van deze technische gegevens werd een project opgezet tussen

CAZALAC (Centro del Agua para Zonas Aridas y Semiáridas de América Latina y El

Caribe, International Hydrological Programme of UNESCO), de Universiteit Gent, de

Universiteit La Serena en CONAF (Corporación Nacional Forestal). Voor een geschikt

bodembehoud- en landgebruiksbeleid, zijn deze resultaten zeer nuttig voor het ontwerp

van bodem- en waterconserveringstechnieken. Ze trachten ook een aanzet te geven om

de kennis uit te breiden naar gelijksoortige gebieden in Latijns-Amerika en de Caräıben.

2 Bodemdegradatie in de Vierde Regio

De Vierde Regio, ook wel de Coquimbo-Regio genoemd, is gesitueerd in Centraal-Chili

ten zuiden van de Atacama woestijn. De regio is aried volgens de verhouding van

de gemiddelde jaarlijkse neerslag tot de gemiddelde jaarlijkse potentiële evapotranspi-

ratie, zijnde 0.09 (UNEP, 1992). Volgens de criteria van de UNCCD (United Nations

Convention to Combat Desertification) wordt een regio aried genoemd wanneer deze

verhouding tussen 0.05 en 0.2 ligt.

Men schat dat ongeveer 85 % van de Vierde Regio aangetast is door enige vorm van

erosie, 16.5 % hiervan is ernstig, 36 % middelmatig en 50 % van de oppervlakte is

aangetast door een lichte tot zeer lichte vorm van erosie (CORFO, 1979). Oppervlakkige

erosie komt voor op ongeveer 60 % van de gronden. Niet enkel het verlies van de toplaag,

sedimentdepositie en kleurverschillen in bodems, maar ook ernstiger vormen van erosie

zoals ravijnvorming en zelfs het volledig verdwijnen van de toplaag werden gemeld

(Endlicher, 1988).

Een beeld van de door erosie aangetaste oppervlakte en de ariditeit voor de drie provin-

cies van de Vierde Regio wordt gegeven in tabel A.1. Een hogere waarde voor de index

(P-ET0)/P en een groter aantal droge maanden duiden op een meer ariede zone.
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Table A.1: Erosie en ariditeit voor de drie provincies in de Vierde Regio (Soto, 1999)

Provincie Populatie Oppervlakte Geërodeerde oppervlakte (P-ET0)/P Droge

(ha) (ha) (%) maanden

Provincie Elqui 284.758 776.595 453.571 58 5-50 9-10

Provincie Limaŕı 141.551 1.396.237 456.826 43 5-10 9-10

Provincie Choapa 78.078 1.048.196 457.000 44 2.5-10 7-10

In het algemeen is de provincie Elqui in het Noorden van de Vierde Regio meer aried

en lijdt ze ook het meest onder erosie (bijna 60 % van de oppervlakte). Ariditeit en

erosie nemen af naar het zuiden van de regio. Toch worden op sommige plaatsen in de

provincie van Choapa nog sterk aangetaste gebieden gevonden.

3 Infiltratiegreppels

De bodem- en waterconserveringstechnieken die worden voorgesteld in de wet N◦ 19 561

over bosuitbreiding hebben als doel het behoud en herstel van bodemgedegradeerde

gebieden in Chili te stimuleren. Verscheidene van deze technieken werden sindsdien

gëıntroduceerd. Ze verzekeren een productiever en duurzamer gebruik van de bodems

en ze bieden een nieuwe kijk op de bestrijding van landdegradatie en desertificatie. In

dit werk wordt het gebruik van de infiltratiegreppel geëvalueerd.

Infiltratiegreppels zijn een verzameling van langwerpige putten die volgens de hoogte-

lijnen worden geconstrueerd in het veld. De doorsnede van de infiltratiegreppel kan

rechthoekig of trapeziumvormig zijn, alhoewel deze laatste een betere stabiliteit van de

constructie verzekert. CONAF (2001) raadt een breedte van 0.2 m onderaan, tussen de

0.51 m en 1 m bovenaan, een diepte tussen 0.2 m en 0.4 m en een lengte die varieert
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tussen 2.5 m en 5 m. In figuur A.9 wordt de doorsnede van een trapeziumvormige

infiltratiegreppel voorgesteld.

Figure A.9: Dwarsdoorsnede van een infiltratiegreppel

De belangrijkste functies die de infiltratiegreppels dienen te vervullen zijn:

• toename van de infiltratie van water in de bodem;

• reductie van oppervlakkige runoff:

• reductie van de snelheid van oppervlakkige runoff:

• vasthouden van het sediment dat wordt getransporteerd met de runoff.

De infiltratiegreppels zijn eenvoudig te construeren en hebben een relatief lage kost.

Het zijn zeer goede opvangsystemen voor regenval. Wanneer zij worden gëıntroduceerd

in te bebossen gebieden, zullen zij de aangeplante vegetatie rechtstreeks bevoordelen
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door de beschikbaarheid van water te verhogen. De aanwezigheid en de groei van de

vegetatie aan of in een efficiënt greppelsysteem kan dan op haar beurt de infiltratieca-

paciteit van de bodem verhogen door de groei van wortels en de bescherming die het

bladerdek van de bomen en struiken biedt tegen extreme regenbuien. De introductie

van bodem- en waterconserveringstechnieken vraagt echter een belang-rijke financiële

en technische inspanning. Er zijn slechts weinig technische en bodemfysische elementen

beschikbaar die bijdragen tot een gestandaardiseerd en efficiënt ontwerp. Ook is meer

kennis vereist over infiltratieprocessen in bodems van de regio, de hoeveelheid runoff

die kan verwacht worden tijdens een regenbui, de infiltratiecapaciteit van de greppels

zelf en de hoeveelheid sediment die zal worden opgevangen tijdens de jaren.

4 Het Infiltratieproces

De grote ruimtelijke en temporele variabiliteit in bodemkundige eigenschappen samen

met nog vele andere factoren die het infiltratieproces bëınvloeden, maken dat infiltratie

een complex proces is. Twee belangrijke parameters die de infiltratie van water in de

bodem beschrijven, zijn de bodemvochtretentiecurve en de verzadigde hydraulische

geleidbaarheid. Andere factoren van belang zijn onder andere de bodembedekking, de

helling, de regenvalkarakteristieken, het initieel vochtgehalte en de temperatuur. Ook

dient rekening te worden gehouden met het de invloed van korstvorming of verzegeling

van de bovenste bodemlaag op de infiltratiesnelheid. Voor de beschrijving van het

infiltratieproces werd gebruik gemaakt van enkele eenvoudige empirische en semi-

empirische modellen: de vergelijking van Kostiakov (1932), de vergelijking van Horton

(1940) en de vergelijking van Philip (1957).

5 De Meetplaatsen
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De metingen werden uitgevoerd op zes locaties onder extensieve begrazing in bodemgede-

gradeerde gebieden in de omgeving van La Serena, Illapel en Ovalle. Op elke locatie

werden 3 regenvalsimulaties uitgevoerd op hellingen van ongeveer 10 %, 20 % en 30 %.

Een proefveld van twee bij vijf meter werd afgebakend op een uniforme helling, de

langste zijde parallel met de helling. Dit veld werd dan opnieuw onderverdeeld in twee

deelveldjes A en B van één bij vijf meter om zo de herhaalbaarheid van de proef te

garanderen. De metingen werden afgeschermd van de invloed van de wind met een

windscherm. Op elk proefveld was enige vorm van bodembedekking onder de vorm van

kleine steentjes of kleine kiemende plantjes aanwezig. De steen- en vegetatiebedekking

werd geëvalueerd met behulp van een classificatiemethode voor bodembedekking. Twee

foto′s van de regenvalsimulator op het veld zijn gegeven in figuur A.10.

Figure A.10: De regenvalsimulator op het proefveld

Elke regenvalsimulatie werd twintig minuten om zo een stabiele eindinfiltratie- en sed-

imenttransportsnelheid te verkrijgen. De runoff die werd gegenereerd gedurende de

simulatie werd opgevangen en continu gemeten (l/min). Infiltratiesnelheid was dan

het verschil van de gemeten runoff en de regenvalintensiteit. Op elke locatie werden

ook infiltratiemetingen uitgevoerd in de infiltratiegreppels met een druk infiltrometer

gekoppeld aan een Guelph permeameter reservoir. Tevens werden ongestoorde ring-
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monsters genomen voor de bepaling van de bodemtextuur, het organische stofgehalte

en de bodemvochtretentiecurve in het laboratorium van de vakgroep Bodembeheer en

Bodemhygiëne van de Universiteit Gent.

6 Infiltratiemetingen

De snelheid waarmee water infiltreert in het bodemoppervlak werd gemeten met een

regenvalsimulator en in de infiltratiegreppels met een druk infiltrometer. Een regenval-

simulator is een essentieel instrument voor het onderzoek over hydrologische processen

in ariede en semi-ariede gebieden waar regenbuien slechts sporadisch voorkomen. Met

een regenvalsimulator is het mogelijk om data te verzamelen in een relatief korte peri-

ode, vergeleken met de tien of twintig jaar nodig om voldoende informatie te verzamelen

uit natuurlijke regenbuien. De druk infiltrometer werd gekoppeld aan een Guelph per-

meameter reservoir en is een voor de smalle greppels praktisch meetinstrument waarmee

een goede inschatting van de infiltratie van water in de greppels kan worden verkregen.

De regenvalsimulator die werd gebruikt voor deze studie bestaat uit één centrale sproei-

boom, ondersteund door draagbare driepikkels. De Teejet TG SS 14 W sproeikoppen

bevinden zich op een afstand van 1 m van elkaar op de sproeiboom. Voor elk van de

experimenten werd de centrale sproeiboom op 1.80 m hoogte boven het veld, evenwijdig

aan de helling geplaatst. De druk ter hoogte van de sproeikoppen werd gedurende de

experimenten constant gehouden op 0.1 MPa. De druppelgroottedistributie, met een

mediaan druppelgrootte d50 van 1.31 mm, is vrij klein in vergelijking met wat voor

natuurlijke regendruppels kan worden verwacht. Verder is de kinetische energie van de

gesimuleerde regenbuien 3.03 J/m2.mm (Erpul, 1996). Deze waarde is waarschijnlijk te

klein voor de kinetische energie die kan verwacht worden voor natuurlijke regenbuien

in de Vierde Regio.
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7 Distributie van de Neerslagintensiteit

Vooraleer de regenvalsimulator op het veld werd gebruikt, werd de ruimtelijke distrib-

utie van de neerslagintensiteit bij een druk van 0.1 MPa aan de sproeikoppen gemeten.

162 bekers met een binnendiameter van 9.4 cm werden over een horizontaal oppervlak

van twee op zeven meter verspreid en gedurende 15 minuten aan de gesimuleerde regen

blootgesteld. De distributie van de neerslagintensiteit werd met Ordinaire Kriging (Van

Meirvenne, 2004) ruimtelijk gëınterpoleerd.

Binnen het geteste gebied van twee bij zeven meter werd een oppervlak van twee bij

vijf meter uitgekozen die de meest homogene ruimtelijke distributie vertoonde. Het

resultaat van de Ordinaire Kriging interpolatie voor het geselecteerde gebied van twee

bij vijf meter is weergegeven in figuur A.11.

Figure A.11: Schematische voorstelling van de neerlagintensiteit (mm/h) gëınterpoleerd

door Ordinaire Kriging. De positie en grootte van de sproeikoppen zijn op

schaal getekend.

Een patroon werd waargenomen in de ruimtelijke distributie: de hoogste neerslaginten-
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siteiten (140 mm/h tot 160 mm/h) werden gemeten op de plaatsen waar de sproeikegel

van twee sproeikoppen overlappen. Buiten deze plaatsen is de neerslagintensiteit vrij

homogeen, met waarden die variëren van 100 mm/h tot 120 mm/h.

Voor de twee testen die werden uitgevoerd en vergeleken, bleek de ruimtelijke distribu-

tie van de neerslagintensiteit vrij verschillend te zijn. Alhoewel de condities gedurende

de simulatie constant werden gehouden, kunnen lokale en tijdelijke verschillen in neer-

slagintensiteit toch voorkomen. De wind speelt nog een belangrijke rol alsook de vari-

atie in druk aan de sproeikoppen. Ondanks de lokale verschillen in neerslagintensiteit,

blijkt de gemiddelde regenvalintensiteit op beide proeven dezelfde (126.84 mm/h en

124.28 mm/h). Voor een juiste inschatting van de infiltratiesnelheid is dit gemiddelde

belangrijker dan de regenvaldistributie op zichzelf.

8 Modelleren van de Infiltratiekarakteristiek

De resultaten van de drie infiltratiemodellen van Horton (1940), Philip (1957) en

Kostiakov (1932) werden vergeleken, zowel wat betreft de cumulatieve infiltratiedata

bekomen met de regenvalsimulaties als deze bekomen met de druk infiltrometer. De

vorm van de gemodelleerde curve en de voorspelde veldverzadigde hydraulische gelei-

dbaarheid Kfs varieerde significant van model tot model.

SSQ, de residuele kwadratensom van de fouten waren respectievelijk 3.650, 1.136 en

3.168 voor het model van Kostiakov, Horton en Philip. De resultaten tonen aan dat

het model van Horton het best aan de infiltratiedata fit en dat hogere SSQ waarden

werden bekomen voor de metingen met de regenvalsimulator dan voor de metingen

met de druk infiltrometer voor de drie modellen. De infiltratiesnelheden geschat door

het model van Horton benaderden de geobserveerde infiltratiesnelheden ook beter. De

laagste eindinfiltratiesnelheden werden bekomen met het model van Kostiakov en de
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hoogste met het model van Horton. De waarde van de parameter ic van het model

van Horton wordt verder als een ruwe schatting voor de veldverzadigde hydraulische

geleidbaarheid Kfs aanvaard.

9 Bodemfysische Eigenschappen en Infiltratie

De meeste bodems die werden onderzocht, werden geklasseerd (USDA, 1991) als zandige

leembodems, in Quelen zijn alle bodems leembodems. De hoogste infiltratiecapaciteiten

werden gevonden in Quebrada de Talca en Arayan en de laagste in Cañas de Choapa en

Quelen. In het algemeen worden matig trage (O’Neal, 1952) geleidbaarheden gevonden

in Cañas de Choapa en Quelen en matige geleidbaarheden op de andere vier locaties.

In Quebrada de Talca en Arayan lagen de infiltratiesnelheden van de greppels lager

dan deze gemeten aan het oppervlak, in Cañas de Choapa en Quelen lagen ze hoger.

Alhoewel de invloed van steenbedekking en plantenbedekking nog niet volledig be-

grepen is, heeft het mogelijks een belangrijke invloed op de infiltratie. Ook over de

invloed van de helling konden geen uitspraken worden gedaan: eindinfiltratiesnelheden

konden zowel stijgen (Quebrada de Talca en Peñaflor) als dalen (Arayan en Embalse

Recoleta) met toenemende helling. Een bodemstructuur is zeer specifiek en elke bodem

dient eigenlijk apart te worden beschouwd. Ook zou het kunnen dat sommige bodems

een hoog uitwisselbaar zoutgehalte hadden en zo de infiltratiesnelheid bëınvloedden.

Dit kan eventueel nog verder onderzocht worden.

10 Een Ontwerp voor de Infiltratiegreppels

Een efficiënt greppelontwerp dient in verhouding te zijn met de hoeveelheid water

die kan verwacht worden in de greppel tijdens een regenbui. Het bepalen van de afs-

tand tussen de greppels en haar dimensies werd gerelateerd aan de neerslaghoeveelheid
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en neerslagintensiteiten eigen aan het neerslagregime van de onderzochte locaties. De

berekeningen werden gebaseerd op regenbuien die werden geregistreerd in de Vierde

Regio tussen juni 1996 en juli 1998 en de jaarlijkse gemiddelde neerslag van 1960 tot

2004.

De runoffcoëfficient RC werd bepaald aan de hand van de runoff die werd gemeten

tijdens de 20 minuten durende regenvalsimulaties en wordt gegeven in tabel A.2.

Table A.2: Runoffcoëfficient RC van de zes onderzochte locaties

Locatie Neerslag Infiltratie Runoff RC

(mm) (mm) (mm) (-)

Quebrada de Talca 44 21 22 0.51

Arayan 39 22 17 0.43

Peñaflor 36 11 24 0.68

Embalse Recoleta 34 13 22 0.63

Cañas de Choapa 40 11 29 0.73

Quelen 37 9 28 0.75

De drie ontwerpen die het meest gebruikt worden in de Vierde Regio werden onderzocht,

de dimensies van deze ontwerpen zijn weergegeven in tabel A.3.

Table A.3: Dimensies van de 3 onderzochte ontwerpen

b a H L Volume

(m) (m) (m) (m) (l)

ontwerp 1 0.2 0.5 0.2 3 210

ontwerp 2 0.2 0.6 0.4 3 480

ontwerp 3 0.25 0.75 0.4 3 600

De resulterende afstanden tussen de infiltratiegreppels voor deze drie ontwerpen worden
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weergegeven in tabel A.4 voor de regenbui van 10/06/1996-12/06/1996 en in tabel A.5

voor de extreme regenbui van 25/06/1998. De hoeveelheid runoff werd bepaald met

de runoff coëfficient van tabel A.2 en de hoeveelheid neerslag tijdens de regenbui. De

hoeveelheid water die infiltreert in de greppels tijdens elke regenbui werd gebaseerd op

de infiltratiekarakteristiek die met de meetgegevens van de druk infiltrometer bepaald

werd.

Table A.4: Afstand D tussen de infiltratiegreppels gebaseerd op de regenbui van 10/6/1996

tot 12/6/1996

Locatie R (mm) I (mm) D (m)

ontwerp 1 ontwerp 2 ontwerp 3

Quebrada de Talca 43.7 938.0 4.9 6.8 8.5

Arayan 36.8 776.7 5.0 7.2 9.0

Peñaflor 58.2 746.0 3.0 4.4 5.5

Embalse Recoleta 53.9 896.0 3.8 5.3 6.7

Cañas de Choapa 62.5 1497.1 5.2 6.5 8.2

Quelen 64.2 1227.0 4.2 5.5 6.9

Uit de resultaten van tabel A.5 blijkt dat de afstanden, vereist om de volledige hoeveel-

heid water te verzamelen die terecht komt in de greppels tijdens de extreme regenbui,

te klein zijn. Zelfs voor ontwerp 3, dat een vrij groot volume water (600 l) kan opvan-

gen, is dit het geval. Deze afstanden zijn niet praktisch in gebruik en bovendien zal het

impluvium gebied te klein zijn om voldoende water op te vangen voor de vegetatie die

naast de greppel wordt geplant. Omdat neerslag schaars is in de Vierde Regio, dienen

de afstanden tussen de greppels ook aangepast te zijn aan de waterbehoefte van de

vegetatie. Het is beter de afstanden tussen de greppels te baseren op de regenbui van

10/6/1996 tot 12/6/1996 die worden gegeven in tabel A.4. Hierdoor vergroot het implu-
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Table A.5: Afstand D tussen de infiltratiegreppels gebaseerd op de regenbui van 25/06/1998

Locatie R (mm) I (mm) D (m)

ontwerp 1 ontwerp 2 ontwerp 3

Quebrada de Talca 52.2 607.6 2.7 4.2 5.7

Arayan 44.0 503.3 2.7 4.5 6.1

Peñaflor 69.6 483.8 1.7 2.8 3.8

Embalse Recoleta 64.5 580.1 2.1 3.3 4.5

Cañas de Choapa 74.8 148.9 0.6 1.7 2.4

Quelen 76.8 794.6 2.3 3.4 2.5

vium en wordt meer runoff verzameld in de greppels zodat aan de waterbehoefte van de

vegetatie kan worden voldaan. Wanneer het voornaamste doel van de infiltratiegreppels

het vermijden van erosieprocessen is om bijvoorbeeld een weg te beschermen in lager

gelegen delen van het stroomgebied, dienen de korte afstanden in tabel A.5 worden

toegepast.

De invloed van de infiltratiegreppels in termen van waterbehoud werd geëvalueerd

op basis van de jaarlijkse gemiddelde neerslag P (mm) berekend van 1960 tot 2004.

De hoeveelheid water Iif die dan jaarlijks in de greppel terechtkomt en infiltreert,

wordt gegeven in tabel A.6. De factor f waarmee de hoeveelheid infiltrerend water is

toegenomen door de introductie van de infiltratiegreppels is een maat voor de verhoogde

waterbeschikbaarheid voor de vegetatie.

Uit de resultaten blijkt dat de jaarlijkse hoeveelheid water die infiltreert in de greppels

7 tot 38 keer hoger kan zijn dan wanneer geen greppel zou worden gegraven. Door het

introduceren van dit waterconserveringssysteem, verhoogt de infiltratiecapaciteit van

de onderzochte hellingen significant. Het grootste effect wordt waargenomen in Cañas
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Table A.6: P: jaarlijkse gemiddelde neerslag (1960-2004), runoff R=P*RC, Iif : de hoeveel-

heid water die jaarlijks in de infiltratiegreppel wordt verzameld en f=Iif/(P-R)

ontwerp 1 ontwerp 2 ontwerp 3

Locatie P R Iif f Iif f Iif f

(mm) (mm) (mm) - (mm) - (mm) -

Quebrada de Talca 86 44 382 9 526 12 657 16

Arayan 86 37 332 7 448 9 591 12

Peñaflor 123 84 452 11 989 25 818 21

Embalse Recoleta 104 66 444 12 777 20 775 20

Cañas de Choapa 176 128 1162 24 1515 32 1829 38

Quelen 302 226 1669 22 2668 35 2731 36

de Choapa en Quelen, waar de infiltratiecapaciteit van de bodem het laagst is en de

meeste runoff in de greppel kan worden verwacht.

Er zijn geen gegevens gevonden over de jaarlijkse waterbehoeftes van de vegetatie op de

onderzochte locaties. Raper (1998) vermeldt waterbehoeftes van 500 mm tot 900 mm

per jaar voor bomen en struiken in mediterrane gebieden in Australië. Het is hoogst

waarschijnlijk dat de waterbehoefte voor de vegetatie in de Vierde Regio van Chili, met

een vergelijkbaar klimaat, in dezelfde grootte orde liggen. Gebaseerd op deze veronder-

stelling kan besloten worden dat voldoende water voor de vegetatie beschikbaar zal zijn

op de locaties Cañas de Choapa en Quelen voor de drie onderzochte ontwerpen. Op

deze twee locaties is de gemiddelde jaarlijkse neerslag hoger en is de runoffcoëfficient

ook groter. Voor de andere vier locaties, waar de bodem een hogere infiltratiecapaciteit

heeft en dus minder runoff kan worden gegenereerd tijdens de regenbuien, wordt best

ontwerp 2 of ontwerp 3 toegepast.
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11 Algemeen Besluit

In deze studie wordt basisinformatie over de bodemfysische eigenschappen van de on-

derzochte bodems gegeven, informatie die weinig tot niet voorhanden was in de Vierde

Regio van Chili. Zeer belangrijk is ook dat de infiltratiecapaciteit en de runoff respons

van de onderzochte bodems werden begroot. Het gebruik van de watercaptatietechniek

in deze studie, de infiltratiegreppel, werd onderzocht om de hellingen tegen erosie te

beschermen en om de vegetatie gedurende het jaar van voldoende water te voorzien.

Het geoptimaliseerd ontwerp zal de efficiëntie van de infiltratiegreppels verhogen, zowel

in hun functionaliteit als voor de financiële inspanningen die deze techniek vergt. De

resultaten kunnen zo bijdragen tot een verbeterd bodem- en waterbehoud en duurzaam

landgebruik in de Vierde Regio van Chili.

In een volgende stap kan informatie verzameld worden over de herverdeling van het

bodemvocht en de retentiecapaciteit van de infiltratiegreppels om de resultaten te

verfijnen. Ook is meer kennis vereist over de invloed van de infiltratiegreppels op

stroombekkenniveau. Naar de toekomst toe kan dan het lange termijn effect van deze

watercaptatietechniek op het bodem- en waterbehoud worden geëvalueerd, met de mo-

gelijkheid de kennis uit te breiden naar gelijksoortige gebieden in Latijns-Amerika en

de Caräıben.


