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ABSTRACT 

 

 

A major design issue in the implementation of a Subsurface Drip Irrigation (SDI) system 

for extensively crops such as alfalfa (i.e. crops that cover the entire surface as opposed to row 

crops), is the determination of the appropriate depth of placement of the drip line tubing.  It is 

important to allow necessary farming operations with heavy equipment at harvesting times while 

still providing adequate water to meet the crop water requirements. It is also a need to ensure 

appropriate spacing between the dripline laterals to assure reasonable lateral irrigation uniformity 

for plant germination.  

 

In this study, the program HYDRUS-2D was used to determine the wetting pattern above 

and laterally from a subsurface drip emitter of an SDI system, for three soils typically found in 

Southern California and Arizona, a Sandy Clay Loam (SCL), a Clay Loam (CL) and a Loam (L). 

The design and management conditions from an experimental alfalfa field with an SDI system 

located at Holtville CA were used and analyzed. The first irrigation design was with a drip line 

depth of placement of 30 cm and the second design with an installation depth of 50 cm. The two 

different irrigation management schemes utilized by the farmers and producers in that area were: 

one with a running time of six hours and a frequency of every three days and the second one with 

an irrigation running time of twenty-four hours with a frequency of seven days or irrigation every 

week.  

 

After having carried out the analysis and studies of the irrigation designs and management 

schemes mentioned above, a new model with its corresponding management was proposed to meet 

the alfalfa water requirements under that particular field and weather conditions while we ensure 

a sufficiently dry soil surface at harvesting time for each soil case. This irrigation management 

includes twelve hours or irrigation every three days, for each of the three soils analyzed.  

 

It was found that the vertical rise of water above the emitters on the day of the cut, for our 

recommended SDI management was 26 cm, 29 cm, and 27 cm, with a moisture content at the soil 

surface of 14.9%, 24%, and 13% for the SCL, CL, and L soils respectively. Then, through the 
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utilization of classical soil mechanics theory, an analysis to calculate the increase in stress on soils 

at any depth due to a load on the surface from a conventional tractor used during harvest operations 

was made for the proposed SDI system.  The results from the increase in stress were then used 

together with soil strength properties such as shear strength as a function of soil moisture content 

to determine the minimum allowable depth of placement of the drip line tubing to ensure that soil 

failure does not occur. The load increase from a 3,300-kg four-wheel tractor was found to be 0.59 

kg/cm2 under a rear tire at 10 cm below the surface and 0.07 kg/cm2 at 70 cm below the surface.  

 

To ensure that shearing failure does not occur, a stress analysis using Mohr’s circle 

indicated that the soil moisture content at 10 cm below the surface should be no greater than 26.8%, 

32.7%, and 27% in the SCL, CL, and L soils respectively. The mimimum moisture content of 

26.8% occur at 10 cm above the drip line for a SCL soil, which means that the minimum depth 

placement to avoid failure would be 40 cm below the surface. A similar analysis for the CL and L 

yielded minimum installation depths of 35 cm and 40 cm respectively. This type of analysis is 

useful in determining the depth of placement of SDI drip line tubing to ensure adequate 

trafficability of soil irrigated with subsurface drip irrigation systems. An additional outcome of the 

modeling study was the determination of the lateral extent of the wetted zone which can be used 

to determine the appropriate lateral spacing between drip line tubing. Thus, to ensure adequate 

spatial coverage by a subsurface drip system, the maximum horizontal spacing should be of 80 cm 

for SCL and L soils and 90 cm in CL soils. 

 

 

Keywords: Subsurface drip irrigation (SDI), Hydrus-2D, soil failure envelopes, soil shear 

strength, moisture content, alfalfa. 
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1. INTRODUCTION 

 

 

Alfalfa is harvested between three and eleven times each year, depending on soil, irrigation 

practices, and weather conditions. It is used as livestock feed for the dairy, beef, horses, etc. 

(Breazeale et al., 2000). In arid and semi-arid zones, irrigation is truly needed to reach crop 

production and high yields. The large amounts of required irrigation water have enhanced the 

expansion and improvement of its application to efficient irrigation systems. Subsurface Drip 

Irrigation (SDI) systems are low-pressure and high-efficiency irrigation systems that utilize buried 

drip line tubes or drip tapes to meet the crop water requirements within the root zone. This type of 

irrigation system saves water and improves yields by eradicating surface water evaporation and 

the incidence of weeds and diseases on alfalfa leaves. Hutmacher et al., (2001) reported a 20% 

increase in water use efficiency for alfalfa by using SDI rather than furrow irrigation. In another 

comparison between SDI and flood irrigation, Godoy et al. (2003) verified that subsurface 

irrigation greatly enhanced the yield by about 25% while consuming about 40% less water than 

flood irrigation. Alam et al. (2002) showed that a well-designed SDI system can potentially 

decrease the volume of applied water by approximately 22% while increasing the yield by 7%, 

compared to a center pivot sprinkler system. Even though an SDI system may require higher initial 

investment than other irrigation systems; its benefits make it one of the most appropriate irrigation 

systems for this type of crop, especially under arid conditions. 

The HYDRUS-2D (Simunek et al., 2006, 2008) model has been widely used and validated 

for SDI systems (Gärdenäs et al., 2005; Hanson et al., 2006; Skaggs et al., 2006; Hanson et al., 

2008). The action of various irrigation design variables, for instance, drip line spacing and drip 

line installation depth can be easily simulated by this modeling system for a broad range of soil 

types and crops. In this thesis, an analysis is presented to contribute to the design and management 

of an ideal SDI system for alfalfa crop on three different typical types of soils, Sandy Clay Loam 

(SCL), Clay Loam (CL), and Loam (L), under specific weather conditions.  

 

As mentioned earlier, an SDI system is entirely appropriate for extensively grown crops 

(crops that cover the entire surface as opposed to row crops) such as alfalfa, as it delivers the water 

to the rooting zone at high frequency, allowing control of the soil surface moisture required for 
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harvest operations. Dry soil surfaces are necessary prior to and during alfalfa harvesting. 

Consequently, this study presents a relationship between the cohesive strength and the moisture 

content of each of the unsaturated soils utilized. These relationships were determined from an 

investigation and analysis of multiple data sets obtained from the literature for soil properties with 

varying moisture contents 

Well-established models for flow in unsaturated soils can be coupled with known soil 

failure analysis techniques to determine appropriate placement depths that will minimize the 

probability of soil failure with SDI systems.  The following methodology provides a convenient 

approach to the quantitative estimation of unsaturated shear strength, applied to SDI systems for 

extensively crops. 

 

 

1.1. Statement of the problem 

 

Up to this point in time, appropriate depths of placement for drip line tubing in SDI systems 

have been determined by “trial and error” for extensively grown crops such as alfalfa. One of the 

major needs for SDI of alfalfa is the specification of irrigation design and management practices 

that ensure sufficiently dry surfaces at harvesting times while efficiently providing water to the 

crop. 

This research aims to facilitate the determination of the appropriate depth of placement and 

spacing of the drip line tubing in SDI systems for alfalfa crop, to ensure soil trafficability that 

allows the necessary farming operations with sufficiently dry soil surfaces at harvesting time, 

while delivering the necessary amount of water to meet the alfalfa water requirements for specific 

weather conditions.  
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1.2. Goals of the study 

 

1.2.1. General objective 

 

The overall objective of the research described in this study was to determine the 

appropriate depth of placement and spacing of subsurface drip irrigation tubing using well-

established modeling techniques and classical soil mechanics theory. This is necessary in order to 

keep dry soil surfaces so that machinery can drive over the field without damaging the surface or 

becoming stuck and also maintaining sufficient root-zone soil moisture conditions to allow for 

quick re-growth of the cut alfalfa and meet the crop water requirements while simultaneously 

minimizing water losses.  

 

1.2.2. Specific aims 

 

• Specific Aim 1: To be capable of frequent watering extensive crops, such as alfalfa, as is 

required with the drip irrigation method, and still be able to harvest with heavy machinery 

without having to stop irrigating and without the fear of soil failure. 

 

• Specific Aim 2: To determine the vertical extent of the wetted zone above subsurface drip 

irrigation tubes in three different soils, Sandy Clay Loam (SCL), Clay Loam (CL) and 

Loam (L). 

 

• Specific Aim 3: To determine the increased stress at specific depths due to the weight of a 

farm tractor on the soil surface and,  

 

• Specific Aim 4: To use this information together with soil strength properties to determine 

the appropriate depth of placement of drip tubes to ensure that soil failure does not occur 

when the tractor is driven over the drip tubing while irrigation is underway. 

 

• Specific Aim 5: To determine the lateral extent of the wetted zone which can be used to 

determine the appropriate lateral spacing between drip tubing. 
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2. LITERATURE REVIEW 

 

 

2.1. General physical soil properties 

 

2.1.1. Texture and soil textural classes 

Texture denotes to the proportions of particles of several sizes such as sand, silt, and clay 

in the soil. The proportions of the separates in soil texture classes are shown in the soil textural 

triangle ( Fig.1). The ranges of diameters of the three separates are sand (2.0 - 0.05 mm), silt (0.05 

- 0.002 mm), and clay (< 0.002 mm).  

 

Figure 1. The U.S. Department of Agriculture (USDA) soil textural triangle 

 

The percentages of sand, silt, and clay are determined in the laboratory with the hydrometer 

method, the pipette method (Black et al., 1965a), or laser diffraction. Field soil texture methods 

include the feel method, ball and ribbon method, or ball throwing method (Coche et al.,1985). 

Soils are assigned to textural classes depending on the proportions of sand, silt, and clay.  
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Table 1. USDA textural classes of soils 

Common names 

of soils (General 

texture) 

Sand (%) Silt (%) Clay (%) Textural class 

Sandy soils 

(Coarse texture) 

86 - 100 0 - 14 0 - 10 Sand 

70 - 86 0 - 30 0 - 15 Loamy sand 

Loamy soils 

(Moderately 

coarse texture) 

50 - 70 0 - 50 0 - 20 Sandy loam 

Loamy soils 

(Medium 

texture) 

23 - 52 28 - 50 7 - 27 Loam 

20 - 50 74 - 88 0 - 27 Silt loam 

         0 - 20 88 - 100 0 - 12 Silt 

Loamy soils 

(Moderately fine 

texture) 

20 - 45 15 - 52 27 - 40 Clay loam 

45 - 80 0 - 28 20 - 35 Sandy clay loam 

0 - 20 40 - 73 27 - 40 Silt clay loam 

Clayey soils 

(Fine texture) 

45 - 65 0 - 20 35 - 55 Sandy clay 

0 - 20 40 - 60 40 - 60 Silt clay 

0 - 45 0 - 40 40 - 100 Clay 

 

2.1.2.  Bulk density 

 

The bulk density of the soil is the weight of a given volume of oven dried soil divided by 

the volume and reflects the amount of pore space in the soil. Bulk density is typically expressed in 

g/cm3.  

𝐷𝑏 =
𝑀𝑠

𝑉𝑡
                                                                     (1) 

 

Where Db denotes the bulk density, Ms is the mass of solids and Vt is the total volume. Most 

soil bulk density values range from 0.8 to 1.8.  
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2.1.3. Soil permeability: 

 

Soil permeability is capacity of the soil to allow water to move through it. Properties such 

as texture, pore size, and the existence of impervious layers determine the permeability of the soil. 

It is measured in terms of permeability rate or coefficient of permeability (cm/hr., cm/day, cm/s). 

 

Figure 2. Soil permeability in sandy loam and clay loam soils (www.casfs.ucsc.edu) 

 

2.1.4. Soil water content 

The soil is at Field Capacity (FC) after two days of free drainage. The matric potential at 

this soil moisture condition is between - 1/10 to - 1/3 bar. The volumetric soil moisture content 

remaining at FC is 15% to 25% for sandy soils, 35% to 45% for loam soils, and 45% to 55% for 

clay soils. At FC, the water and air contents of the soil are considered to be ideal for crop growth.  

On the other hand, if no additional water is supplied to the soil, it gradually dries out. The 

soil water content where the plant dies is called Permanent Wilting Point (PWP). The soil still 

contains some water, but it is too hard for the roots to extract it from the soil. The matric potential 

at PWP is about -15 bars, with an approximate volumetric soil moisture content of 5% to 10% for 

sandy soils, 10% to 15% for loam soils, and 15% to 20% for clay soils. 

 

http://www.casfs.ucsc.edu/
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The Available Water Content (AWC) (𝜃𝐴𝑊𝐶) is the difference between water content at 

field capacity and the water content (𝜃𝐹𝐶) at permanent wilting point (𝜃𝑃𝑊𝑃). See Eq. (2). 

𝜃𝐴𝑊𝐶 = 𝜃𝐹𝐶 − 𝜃𝑃𝑊𝑃                                                      (2)  

 

 

Figure 3. The general scheme of soil water content (www.passel.unl.edu) 

 

2.1.5. Hydraulic conductivity 

 

The hydraulic conductivity is the ratio of water velocity to the hydraulic gradient, which is 

a function of the permeability of the soil. It is represented as K, and this property of soils describes 

the ability to conduct a fluid (typically water) through pore spaces. It is a function of the 

permeability of the soil, the degree of saturation, and the density and viscosity of the fluid. 

Saturated hydraulic conductivity, Ks, describes water movement through saturated media. 

Saturated hydraulic conductivities Ks are the highest in coarse-textured soils due to larger 

pores and are much lower in the fine-textured soils.  

 

http://www.passel.unl.edu/
https://en.wikipedia.org/wiki/Intrinsic_permeability
https://en.wikipedia.org/wiki/Intrinsic_permeability
https://en.wikipedia.org/wiki/Saturation_(chemistry)
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Viscosity
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Table 2. Estimated water characteristics values for textural classes (K. E. Saxton and W. J. 

Rawls) 

Textural 

class 

Sand  

(%) 

Clay  

(%) 

PWP 

(1500 kPa) 

FC 

(33 kPa) 

Saturation 

(0 kPa) 

AWC Ks 

(mm/h) 

Sand 88 5 5 10 46 5 108.1 

Loamy 

sand 

80 5 5 12 46 7 96.7 

Sandy 

loam 

65 10 8 18 45 10 50.3 

Loam 40 20 14 28 46 14 15.5 

Silty 

loam 

20 15 11 31 48 20 16.1 

Silt 10 5 6 30 48 25 22.0 

Sandy 

clay loam 

60 25 17 27 43 10 11.3 

Clay 

loam 

30 35 22 36 48 14 4.3 

Silty clay 

loam 

10 35 22 38 51 17 5.7 

Silty clay 10 45 27 41 52 14 3.7 

Sandy 

clay 

50 40 25 36 44 11 1.4 

Clay 25 50 30 42 50 12 1.1 

 

2.2. Soil trafficability 

 

Trafficability is a soil capability related to supporting operations of agricultural machinery 

and traffic (vehicles moving on a soil) without degrading soils and ecosystems. Agriculture is 

associated with mechanical impacts on soils to provide optimum conditions for all processes 

relevant to crops production. Processes like tillage, seeding, fertilization or harvesting are highly 

mechanized and require agricultural traffic. Soils must support those operations, but the soil status 

may include periods that are unsuitable for agricultural traffic.  

 

Due to basic soil properties, weather conditions and land use and management, the status 

of soils varies both temporally and spatially. Main limitations of the mobility function of tractors 
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and the risk of soil shearing failure are due to excessive soil water content. The term trafficability 

refers largely to soil moisture conditions providing or restricting field traffic by machinery. 

Trafficability is a significant factor in carrying out farm field operations, especially after rainfall 

events or irrigation when poor trafficability can cause delays in planting, cultivating, harvesting, 

and transporting of field crops (Kornecki and Fouss, 2001).  

 

The definition of trafficability as soil ability is a simplification of more complex 

operational processes. In this case of field traffic, wheels or tracks interact with soils. The 

Association of German Engineers (VDI, 2007) defines trafficability as a property of the 

soil/chassis system, which is determined by physical parameters of the soil, by biological and 

ecological parameters, as well as by technical parameters (wheel load, contact area of the chassis, 

etc.).  Depending on the discipline, this definition refers to the question of whether the status of 

soil will provide the mobility function of a particular vehicle.  

 

Soil properties affect the mobility function of vehicles, for example, the drawbar pull of a 

tractor, and the resistance against soil structural damage. Important factors are soil strength 

(Terzaghi et al., 1996), affecting the bearing capacity of soils, traction parameters of vehicles, and 

the energy required for tillage for example. Soil strength is largely influenced by soil water content 

and density and thus varies with soil moisture conditions. Factors like a too wet soil surface leads 

to stickiness and slipperiness, which may seriously diminish the traffic of vehicles on soils. 

 

2.3. Cohesion, angle of internal friction and shear strength as a function of moisture content 

 

Cohesion is the force that holds together molecules or particles within a soil. This term is 

used in describing the shear strength of soils. Its definition is mainly derived from the Mohr-

Coulomb failure criterion, and it is used to describe the non-frictional part of the shear resistance 

which is independent of the normal stress. In the stress plane of shear stress-effective normal stress, 

the soil cohesion is the intercept on the shear axis of the Mohr-Coulomb shear resistance line.  

Cohesion c is usually determined in the laboratory by the direct shear test.  

Reduction of the soil cohesion due to wetting can cause shear deformation of the slopes at a 
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previously unsaturated shallow layer (Krahn et al. 1989; Rahardjo et al. 1995; Rao 1996; Kim et 

al. 2004). 

The angle of internal friction is a shear strength parameter of soils. Its definition is derived 

from the Mohr-Coulomb failure criterion, and it is used to describe the friction shear resistance of 

soils together with the normal effective stress. 

The angle of internal friction for a given soil is the angle on the graph (Mohr's Circle) of 

the shear stress and normal effective stress at which shear failure occurs. In the stress plane of 

shear stress-effective normal stress, the angle of internal friction is the angle of inclination on the 

horizontal axis of the Mohr-Coulomb shear resistance line. It can be determined in the laboratory 

by the direct shear test or the triaxial stress test. Values of soil cohesion and angle of internal 

friction are given in Table 3 for different soil types. The soil cohesion depends strongly on the 

consistency, packing, and saturation condition.  

The shear strength of soil is the internal resistance per unit area that the soil mass can offer 

to resist failure and to slide along any plane inside it. It is often the principal factor in the behavior 

of soil under loading; for example, the bearing capacity of the soil, slope stability or lateral 

pressure, whether for structural foundations on spread footings, embankments or piling (See Fig. 

4). 

In the same soil, strength may vary considerably with depth, with structural disturbance, or 

with seasonal changes in such natural conditions as ground water level, capillary saturation, 

moisture content, and seepage.  

 

Figure 4. Soils fail in shear. At failure, shear stress along the failure surface reaches the shear 

strength (N. Sivakugan 2001) 
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Table 3. Typical cohesion and angle of internal friction values. (Minnesota Department of 

Transportation, Pavement Design, 2007) 

Textural Class Cohesion (kPa) Angle of internal 

friction (degrees) Compacted Saturated 

Sand 0 0 37 – 38 

Loamy sand 50 – 75 10 – 20  31 – 34 

Sandy loam 50 – 75 10 – 20 31 – 34 

Loam 60 – 90 10 – 20 28 – 32 

Silt loam 60 – 90 10 – 20 25 – 32 

Sandy clay loam 50 – 75 10 – 20 31 – 34 

Clay loam 60 – 105 10 – 20 18 – 32 

Silty clay loam 60 – 105 10 – 20 18 – 32 

Sandy clay 50 – 75 10 – 20 31 – 34 

Silty clay 90 – 105 10 – 20 18 – 32 

Clay 90 – 105 10 – 20 18 – 28 

 

2.4. Mohr-Coulomb failure criterion  

 

The Mohr–Coulomb failure criterion is a set of linear equations in the principal stress space 

describing the conditions for which an isotropic material will fail, with any effect from the 

intermediate principal stress being abandoned (Braja M. Das et al., 2017. 9th Ed.). 

 

Mohr (1900) presented a theory for rupture that is based on the concept that  a material 

fails because of a critical combination of normal stress and shearing stress, and not from either 

maximum normal or shear stress alone. Thus, the functional relationship between normal stress 

and shear stress on a failure plane can be expressed in the following form: 

𝜏𝑓 = 𝑓(𝜎)                                                                    (3) 

 

The failure envelope defined by Eq. (3) is a curved line. For most soil mechanics problems, 

it is sufficient to approximate the shear stress on the failure plane as a linear function of the normal 

stress (Coulomb. 1776). This linear function can be written as: 
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𝜏𝑓 = 𝑐 + 𝜎 tan 𝜙                                                   (4) 

 

Where c is cohesion, φ is the angle of internal friction, σ is the normal stress on the failure 

plane, and τf is the shear strength. 

The previous equation is called the Mohr-Coulomb failure criterion. See Fig. 5 for its 

graphical representation, where  τf  is the maximum shear stress that the soil can take without 

failure, under a normal stress σ. 

 

Figure 5. Mohr-Coulomb failure criterion (N. Sivakugan 2001) 

 

In a saturated soil, the total normal stress at a point is the sum of the effective stress (σ’) 

and pore water pressure (u), or: 

𝜎 = 𝜎′ + 𝑢                                                      (5) 

The effective stress σ’ is carried by the soil solids. The Mohr-Coulomb failure criterion, 

expressed in terms of effective stress, will be of the form: 

 

𝜏𝑓 = 𝑐′ + 𝜎′ tan 𝜙′                                               (6) 

Where c’ is cohesion and φ’ is the angle of internal friction based on effective stress. 
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Thus, Eqs. (4) and (6) are expressions of shear strength based on total stress and effective 

stress. The significance of Eq. (6) can be explained by referring to Fig. 6, which shows an 

elemental soil mass. Let the effective normal stress and the shear stress on the plane ab be σ’ and 

τ, respectively. Fig. 6 (right) shows the plot of the failure envelope defined by Eq. (6). If the 

magnitudes of σ’ and τ on plane ab are such that they plot as point A in Figure 6 (right), shear 

failure will not occur along the plane. If the effective normal stress and the shear stress on plane 

ab plot as point B (which falls on the failure envelope), shear failure will occur along that plane. 

A state of stress on a plane represented by point C cannot exist, because it plots above the failure 

envelope, and shear failure in soil would have occurred already (Braja M. Das et al., 2017. 9th Ed.). 

 

 

 

Figure 6. Mohr-Coulomb failure criterion (Braja M. Das et al., 2017. 9th Ed.) 

 

 

As stated by the Mohr-Coulomb failure criterion, failure from shear will occur when the 

shear stress on a plane reaches a value given by Eq. (6). To determine the inclination of the failure 

plane with the primary principal plane, refer to Fig. 7, where σ’1 and σ’3 are, the major and minor 

effective principal stresses. 
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The failure plane EF makes an angle ϴ with the primary principal plane. To determine the 

angle ϴ and the relationship between σ’1 and σ’3, refer to Fig. 8, which is a plot of the Mohr's circle 

for the state of stress shown in Fig. 7. In Fig. 8, fgh is the failure envelope defined by the 

relationship 𝜏𝑓 = 𝑐′ + 𝜎′ tan 𝜙′. The radial line ab defines the major principal plane (CD in Fig. 

7) and the radial line ad defines the failure plane (EF in Fig. 7) (Braja M. Das et al., 2017. 9th Ed). 

It can be shown that angle bad: 2ϴ = 90 + φ’, or:  

 

𝜃 = 45 +
𝜙′

2
                                                                (7) 

 

 

Figure 7. The inclination of failure plane in soil with primary principal plane (Braja M. Das et 

al., 2017. 9th Ed.) 
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Figure 8. Mohr's circle and failure envelope (Braja M. Das et al., 2017. 9th Ed.) 

 

 

 

2.5. Subsurface drip irrigation for alfalfa 

 

 

Alfalfa acreage is increasing progressively in the US. More than a million acres of alfalfa 

have been added during the past decade (NASS, 2001). Production agriculture in arid lands 

depends on irrigation. Western states rely on ground water aquifers such as the Ogallala, which is 

experiencing declines in the water supply, while the cost of pumping is growing more and more 

because of the increase in energy costs (Alam M. et al., 2009).  

 

Thus, the efficient use of available water is needed to produce crops like alfalfa which is a 

crop that requires enormous amounts of water. Irrigation provides most of this volume of water.  

 

Subsurface Drip Irrigation SDI is a viable alternative irrigation technology that offers the 

potential to reduce the volume of water used to irrigate crops such as alfalfa. There are many 

advantages of SDI systems for alfalfa production (Hutmacher et al., 1992, Henggeler, 1995, Alam 

M. et al., 2009, Lamm et al., 1995, 1997, O’Brien, D., et al., 1998): 
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• Increase efficiency in water application. 

• Increase alfalfa yields.  

• Irrigation water savings.  

• Reduce water loss from evaporation. 

• Reduce or eliminate runoff. 

• Reduction of deep percolation. 

• Improved capture of precipitation. 

• Provide a longer stand life. 

• Produce a healthier root system.  

• Alfalfa can be irrigated prior, during, and immediately after harvest. 

• Eliminate the dry down period required before harvest, as in the case of flood or sprinkler 

irrigation. 

• Improve regrowth after cutting by providing the water needed to start it. 

• Improve the uniformity of growth 

• Reduce or eliminate the presence of weeds that may be encouraged by flood or sprinkler 

irrigation. 

• Conserve water without a loss in production during the somewhat the extended growing 

period. 

• Eliminate leaf scalding in alfalfa, which may occur when using sprinkler irrigation. 

• The lack of surface wetting. 

 

 

2.5.1. Depth of placement 

 

Alfalfa SDI systems generally have a depth of 16 to 18 inches (40.64 – 45.72 cm). The 

justification for deeper placement is to minimize possible damage from tillage, harvest operations, 

and rodent damage (Alam M. et al., 2009). 

 

Some producers have selected shallower depths (12 inches) in the expectation of helping 

crop germination or early stand establishment in the dry season. Some of these shallow 
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installations have experienced damage from rodents (Alam M. et al., 2009) or heavy equipment. 

Deeper placement requires more power to install the drip lines, but this is an insignificant cost in 

comparison to other materials and installation labor.  

 

Yield is not sensitive to placement depth. The yield from a Kansas demonstration for two 

different placement depths for alfalfa showed similar dry matter yields.  

 

 

 

Figure 9. Alfalfa irrigated with an SDI system, located at Holtville CA. 

 

2.5.2. Spacing between drip line tapes 

 

Alfalfa, as it is mentioned before, is an extensive crop and due to that fact, it needs closer 

dripline spacing which can result in increased production. On the other hand, the major cost of an 

SDI system is the price of drip line tubing. The closer the spacing of the dripline, the more drip 

lines are needed to irrigate a specified area and the cost of the system increases. Typically 

recommended spacing for row crops is at 30 inches to 60 inches (Lamm et al., 1997).   

 

There is not an extensive investigation record on alfalfa irrigated with SDI. A field 

demonstration on a producer’s field was established in southwest Kansas to produce information 
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(Alam M. et al., 2009). The site was on sandy loam soils. The yields for the 40-inch dripline 

spacing SDI field were 9.02 and 8.50 tons per acre for 2000 – 2001 years with an application of 

20 inches of irrigation water. The yields from 60-inch dripline spacing SDI field were lower at 

7.98 and 6.56 tons per acre for the same period. The yield advantage for a 40-inch dripline spacing 

over 60-inch dripline spacing ranged from 0.44 to 1.9 tons per acre. However, there is an extra 

installation cost sustained to install a 40-inch dripline spacing as compared to a 60-inch dripline 

spacing (Alam M. et al., 2009). 

 

Another comment from that demonstration was the consequence of spacing on the alfalfa 

establishment. A “striping” presence was visible during germination for the plots with 60-inch 

spacing, which was less evident in the 40-inch spacing plots. The 60-inch plots were also detected 

to have some alfalfa water stress during the growing season during hot, dry periods, which was 

also verified by soil water sensors placed at the mid-point between the drip lines at several 

locations. The 40-inch spacing produced a larger crop yield and improved hay quality when 

compared to 60-inch spacing, especially in dry years (Alam et al., 2002).  

 

 

Figure 10. Edge of an alfalfa plot with an SDI system. Holtville CA. 

 

Although there are great benefits that SDI systems have on crops such as alfalfa, there are 

some disadvantages for this irrigation system (Hutmacher et al., 1992; McGill, 1993) listed as 

follows: 
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• High initial investment cost. 

• Soil water redistribution problems caused by backpressure. 

• Holes in the dripline can allow soil and debris to enter the dripline. 

• Root intrusion.  

• Rodent damage. 

• Tillage and other cultural/harvest practices can damage driplines, resulting in leaks that 

reduce system uniformity. 

• Soil shear failure or compaction by heavy equipment. 

• Surfacing, resulting in wet spots at harvest.  

Solutions to these problems might be an adequate SDI design with the proper drip line 

depth and closer dripline and emitter spacing, thus resulting in more uniform water distribution 

and management (Mcgill, 1993; Hengeller, 1995). 

 

 

Figure 11. Subsurface drip tube injection machine. Holtville CA. 
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3. PRESENT STUDY 

 

 

3.1. Overall summary 

 

In this study, a scheme to support the design and management of subsurface drip irrigation 

systems for alfalfa is presented. This approach aids in the prevention of the wetting of the soil 

surface at harvesting times while at the same time meets the crop water requirements and 

minimizes the water use. A major design issue in the implementation of an SDI system is the 

determination of the appropriate depth of placement and spacing of the drip line tubing to provide 

adequate water to the crop. This approach utilizes the strengths of numerical modeling, using 

HYDRUS-2D software (Simunek et al., 2006, 2008) to simulate the distribution of the soil 

moisture content spatially and temporally. Also, the root water uptake and drainage were 

simulated, in response to drip line installation depth and spacing and any other variables such as 

emitter discharge, irrigation duration, and frequency, to assess the design and management 

practices for SDI systems in alfalfa.  

 

This study utilized HYDRUS-2D to simulate SDI irrigation of alfalfa production in 

Holtville CA in late summer (three specific weeks with their respectively date of the cut). An 

application efficiency of 95% was assumed. The simulations were made with two depths of 

placement (30 cm and 50 cm), and a spacing between the drip-lines of  and 100 cm. Regarding the 

management, two irrigation schedules used by the farmer in the area were simulated: six hours 

every three days and twenty-four hours every week. Three types of soils were analyzed in the 

HYDRUS-2D simulations: Sandy Clay Loam (SCL), Clay Loam (CL) and Loam (L) soils. The 

root distribution in the simulations was obtained from field measurements at Holtville CA as part 

of the research (See Appendix D).   

 

Based on the simulations, an irrigation schedule that safisfies the daily crop needs, 

minimizes water use and ensures dry surfaces at harvesting times was proposed. It consists of a 

running time of 12 hours every three days with a depth of placement of 40 cm for the SCL and L 

soils, and 35 cm for the CL soil. These values represent the minimum depth of placement that 
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ensures soil failure does not occur due to the load increase from a four-wheel tractor typically used 

at harvesting operations.  Another outcome of the modeling exercise was the determination of the 

lateral extent of the wetted zone, which can be used to determine the appropriate lateral spacing 

between drip tubing. The spacing should be no more than 80 cm for SCL and L soils and 90 cm 

for L soil. 

 

3.2. Materials and methods 

 

In this study, the program HYDRUS-2D was used to determine the wetting pattern from a 

subsurface drip emitter for three soil types, a SCL, CL, and L. The model was utilized to determine 

the wetting patterns at harvesting time. The total growing season went from March 1 to September 

21 (2016). With a total duration of the entire cycle of 205 days, and 11 growing cycles 

corresponding to the 11 cuttings, calculated to occur at an accumulation of 750 GDD (Cherney 

and Sulc, 1997) from the previous cut (See Appendix C).  

 

HYDRUS-2D (Simunek et al., 2008), provides a numerical solution of the Richards 

equation (Richards, L.A. 1931), to simulate soil moisture and water flow in unsaturated soils. 

Richards equation can be expressed as: 

 

𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
] +

𝜕

𝜕𝑧
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
+ 𝐾(ℎ)] − 𝑆(ℎ)                                (8) 

 

Where θ denotes the soil volumetric water content [L3 L−3], K(h) is the unsaturated 

hydraulic conductivity [LT−1], x and z the coordinates (horizontal and vertical) [L]. S(h) a sink 

term [L3 L−3 T−1] for the plant root water uptake, h signifies the soil water pressure head [L], and 

t is time [T]. 

 

Six scenarios (Table 4) were analyzed, (See Appendix E for their graphical representation). 

The HYDRUS-2D software (Simunek et al., 2008), simulated soil water flow for the particular 

irrigation scenarios and computed spatially and temporally the soil water movement and moisture 

content. Root water uptake with a maximum root density located at a depth of 30 cm (See 
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Appendix D), evapotranspiration rates and water flux were also simulated with a spacing between 

the drip lines of 100 cm and two depths of placement, 30 cm, and 50 cm. 

 

Table 4. Six scenarios with the corresponding ranges of the system design, the three soil types 

and irrigation application parameters for HYDRUS-2D simulations. 

Simulation Drip lines 

depth of 

placement 

(cm) 

Type of soil Runtime 

(h) 

Frequency 

1 50 Sandy clay loam 

(SCL) 

24 Every week 

2 30 Clay loam (CL) 24 Every week 

3 50 Clay loam (CL) 6 Every three 

days 

4 30 Sandy clay loam 

(SCL) 

6 Every three 

days 

5 50 Loam (L) 24 Every week 

6 30 Loam (L) 6 Every three 

days 

 

The spatial domain was discretized using triangular finite elements. A time-variable flux 

boundary condition was used along the boundary elements representing the emitter so that the total 

drip emitter discharge was equal to the defined emitter discharge, q = 2.71 cm/hr. Eq. (9). See 

Table 5 and Fig. 12 for the drip emitter specifications. 

 

Table 5. Drip emitter specifications 

Flow rate, Q = 0.68 lph 

Radius of the emitter, R = 1.11 cm 

Spacing between emitters L = 36 cm 

 

𝑞𝑒𝑚𝑖𝑡𝑡𝑒𝑟 =
𝑄∗1000

2𝜋𝑅𝐿
= 2.71 𝑐𝑚/ℎ𝑟                                            (9) 

 

Where Q is the flow rate, R is the radius of the emitter and L is the space between emitters.  
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Figure 12. Drip line tape specifications of the SDI installed in the alfalfa field at Holtville CA. 

 

A free drainage boundary condition was applied to the bottom boundary and an 

atmospheric boundary condition along the top boundary. Other limits were assigned a zero-water 

flux condition. The initial condition was in terms of pressure head with a value of - 400 cm head 

(-0.3 bars) corresponding to field capacity. 

 

 

Figure 13. Boundary conditions assigned to each of the HYDRUS-2D simulations. 

  

Each of the four variables listed in Table 4 was expected to affect soil water flow, root 

water uptake, and drainage, with identical climatic conditions and root distribution. These 

simulations were essential in the evaluation of the effect of the depth of placement, selected 

irrigation parameters, and soil texture. 

 



39 

 

Then, through the utilization of classical soil mechanics theory, the increase in stress on 

soil at any depth due to a load on the surface from a typical farm tractor was calculated. This 

information was later used together with soil strength properties such as shear strength as a 

function of soil moisture content to determine the minimum allowable depth placement of drip 

tubes to ensure that soil failure does not occur. The lateral extent of the wetting pattern at the end 

of irrigation was used to determine the maximum spacing which will provide adequate crop 

irrigation throughout the field.  

 

Table 6 shows the particle size distribution, saturated moisture contents (θs), saturated 

hydraulic conductivities (Ks), (K. E. Saxton and W. J. Rawls, 2006), and bulk densities (Carsel and 

Parrish,1988). Also, cohesion and angle of internal friction (Minnesota Department of 

Transportation, Pavement Design, 2007) of the three soils utilized in this study are shown.  

 

Table 6. Soil properties for the three soils analyzed 

Soil type Sandy Clay Loam  

(SCL) 

Clay Loam  

(CL) 

Loam 

(L) 

Sand (%) 60.0 30.0 40.0 

Silt (%) 15.0 35.0 40.0 

Clay (%) 25.0 35.0 20.0 

Bulk density (gm/cc)  1.62 1.56 1.51 

Saturated MC (%) 43.0 48.0 46.0 

50% AWC  5.00 7.00 7.00 

FC (90% sat)  27.0 36.0 28.0 

Saturated conductivity (cm/hr.) 1.13 0.43 1.55 

Angle internal friction (degrees) 32.5 25.0 30.0 

Cohesion (kPa) Compacted 62.5 82.5 75.0 

Cohesion (kg/cm2) Compacted 0.63 0.84 0.76 

Cohesion (kPa) Saturated 15.0 15.0 15.0 

Cohesion (kg/cm2) Saturated 0.15 0.15 0.15 

Cohesion (kPa)  

90% Sat. 

13.5 13.5 13.5 

Cohesion (kg/cm2)  

90% Sat. 

0.13 0.13 0.13 
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Based on this data a relationship between cohesion and soil moisture was made. Figure 14 

is a graphical representation of these relationships for the three soils analyzed. 

 

 

Figure 14. Relationship between cohesive strength and moisture content for the three soils 
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The increase in soil stress at any depth resulting from a surface load can be calculated using 

the Boussinesq equation (1883): 

 

∆𝑝 =
3𝑃

𝑍2∗2𝜋∗[1+(
𝑟

𝑧
)

2
]

5/2                                                       (10) 

 

Where P is a point load at the surface (kg), Δp is the increase in stress (kg/cm2) at a depth 

z below the surface and a radial distance r from the surface point load.  

 

This increase in stress is independent of soil properties. For uniform loads spread over a 

“contact area” a set of tables developed by Newmark (Hough, B.K. 1969) were used to determine 

the increase in stress under such uniform loads (See Appendix F).  

 

Extensive forage crops such as alfalfa which cover the entire surface require that field 

machinery periodically traverse the area. This is usually a tractor. Such equipment produces a 

surface load spread over the areas of the tires in contact with the surface. A four-wheel rubber-

tired tractor with a rear tire (16.9 - 34) that produced a track with a contact area of 86.36 cm x 

42.92 cm = 3707.09 cm2 was utilized (Brodbeck, K.N. 2004). The tractor weight was 3,300 kg 

distributed 65% to the rear wheels and 35% to the front. The wheelbase was 2.33 m and wheel 

spacing 1.6 m according to the manufacturer's specifications.  

 

The greatest increase in stress would occur directly below one of the rear tires and would 

result from the load from that tire as well as the contribution to the stress increase from the other 

three tires. Since the effect of contact area decreases rapidly with depth, the Newmark (1935) 

solution of the Boussinesq equation for stress increase was used to determine the increase in stress 

directly below one rear tire and Eq. 10 was utilized to calculate the contributions of the other three 

tires (See Appendix F for the results). 
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3.3. Results and discussion 

 

The model output by HYDRUS-2D provided volumetric soil moisture content as a function 

of time and space in the solution domain described before. See Appendix E for all the HYDRUS-

2D simulations and results. This wetting pattern was then utilized to determine horizontal spacing 

and appropriate depth placement of the tubing.  The depth of placement was dependent upon the 

shear stress analysis of the soil as a function of moisture content.  

 

After the completion of each HYDRUS-2D simulation, and their respective analysis a 

recommendation was proposed. This proposal consists of an irrigation system representing a 

management of 12 hours of irrigation every three days, instead of 6 hours every three days or 24 

hours every week, with a drip line installation depth of 50 cm.  

 

Simulations showed that for an alfalfa crop in Holtville, an irrigation management scheme 

of 6 hours every four days (Table 7) does not satisfy the crop water needs. This irrigation design 

does not provide enough water during peak water use, and the “deficit” was increased during the 

mid-cycle of the crop with an inadequate recovery near the end of the cycle. The analysis of the 

second irrigation schedule (Table 8) with an irrigation duration of 24 hours and a frequency of 

once per week shows that there was no water deficit and therefore no water stress. However, the 

amount of water used is more than necessary resulting in near soil saturation, even during 

harvesting times and especially for the CL soil.  This is due to the low permeability properties of 

the CL soil and results in a wet soil surface during the harvest (See Appendix E). 

 

An irrigation management scheme consisting of an irrigation duration of 12 hours and a 

frequency of every three days (Table 9) is recommended. This schedule delivers adequate water 

to the crop without creating either a soil-water deficit or excess water during the growth cycle. It 

can be seen that with the recommended management we are delivering adequate water to the crop 

without creating a soil-water deficit or excess during the growing cycle. 
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Table 7. First irrigation schedule analyzed with its respectively water balance  

# 

Days 

August 

2016 

Calendar 

Days 

Net 

Irrigation 

(cm3/day) 

Irrigation 

cm3 

Balance 

cm3 

Gross 

Irrigation 

(cm3/day)  

Irrigation 

cm3 

Balance 

cm3 

1 6 1100 4100 3000 1200 4100 3000 

2 7 1100 0 1900 1200 0 1800 

3 8 1300 0 600 1400 0 400 

4 9 1200 0 -600 1300 0 -900 

5 10 3100 4100 300 3300 4100 -80 

6 11 2800 0 -2500 3000 0 -3000 

7 12 2800 0 -5300 3000 0 -6000 

8 13 2900 0 -8200 3000 0 -9100 

9 14 3100 4100 -7200 3300 4100 -8200 

10 15 3100 0 -10300 3200 0 -11500 

11 16 1500 0 -11700 1500 0 -13000 

12 17 1300 0 -13100 1400 0 -14400 

13 18 1300 4100 -10300 1400 4100 -11700 

14 19 1300 0 -11700 1400 0 -13200 

15 20 1000 0 -12600 1000 0 -14200 

16 21 1000 0 -13600 1000 0 -15200 

17 22 1100 4100 -10600 1100 4100 -12200 

18 23 1000 0 -11600 1000 0 -13300 

19 24 1100 0 -12700 1100 0 -14400 

20 25 3200 0 -15900 3400 0 -17800 

21 26 2900 4100 -14700 3100 4100 -16800 

 

Table 8. Second irrigation schedule analyzed with its respectively water balance 

# # Days August 

2016 

Calendar 

Days 

Net 

Irrigation 

(cm3/day) 

Irrigation 

cm3 

Balance 

cm3 

Gross 

Irrigation 

(cm3/day)  

Irrigation 

cm3 

Balance 

cm3 

1 6 1100 16400 15200 1200 16400 15200 

2 7 1100 0 14100 1200 0 14000 

3 8 1300 0 12900 1400 0 12700 

4 9 1200 0 11600 1300 0 11400 

5 10 3100 0 8500 3300 0 8100 

6 11 2800 0 5700 3000 0 5100 

7 12 2800 0 2900 3000 0 2200 

8 13 2900 16400 16300 3100 16400 15500 

9 14 3100 0 13200 3300 0 12200 

10 15 3100 0 10200 3200 0 9000 
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11 16 1500 0 8700 1500 0 7400 

12 17 1300 0 7400 1400 0 6000 

13 18 1300 0 6000 1400 0 4600 

14 19 1300 0 4700 1400 0 3200 

15 20 1000 16400 20100 1000 16400 18500 

16 21 1000 0 19100 1000 0 17500 

17 22 1100 0 18000 1100 0 16400 

18 23 1000 0 17000 1000 0 15400 

19 24 1100 0 15900 1200 0 14200 

20 25 3200 0 12700 3400 0 10800 

21 26 3000 0 9800 3100 0 7800 

 

Table 9. Recommended irrigation management with an irrigation running time of twelve hours 

with a frequency of every three days 

# Days August 

2016 

Calendar 

Days 

Net 

Irrigation 

(cm3/day) 

Irrigation 

cm3 

Balance 

cm3 

Gross 

Irrigation 

(cm3/day)  

Irrigation 

cm3 

Balance 

cm3 

1 6 1100 8200 7100 1200 8200 7000 

2 7 1100 0 6000 1200 0 5800 

3 8 1300 0 4700 1400 0 4500 

4 9 1200 0 3500 1300 0 3200 

5 10 3100 8200 8500 3300 8200 8100 

6 11 2800 0 5700 3000 0 5100 

7 12 2800 0 2900 3000 0 2200 

8 13 2900 0 -17 3100 0 -900 

9 14 3100 8200 5100 3300 8200 4000 

10 15 3100 0 2000 3200 0 800 

11 16 1500 0 500 1500 0 -700 

12 17 1300 0 -800 1400 0 -2100 

13 18 1300 8200 6000 1400 8200 4600 

14 19 1300 0 4700 1400 0 3200 

15 20 1000 0 3700 1000 0 2200 

16 21 1000 0 2700 1000 0 1100 

17 22 1100 8200 9900 1100 8200 8200 

18 23 1000 0 8900 1000 0 7200 

19 24 1100 0 7800 1200 0 6000 

20 25 3200 0 4600 3400 0 2700 

21 26 3000 8200 9800 3100 8200 7700 
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The minimum depth of placement for a drip emitter with the conditions described above 

would be 50 cm, for all three types of soils to avoid a wet surface.  A wet surface would likely 

result in shear failure of the soil due to a tractor or other heavy equipment on the surface directly 

above the emitter.  

 

With an emitter located at 50 cm depth, it can be seen, for the three soils, that the soil has 

nearly the maximum soil moisture to a distance of about 5 cm above the emitter (Figures 15, 17, 

and 19) and decreases rapidly to about 25 cm above the emitter and results in a dry soil surface. 

Figures 16, 18, and 20 show their graphical representation of the spatial distribution of the 

volumetric water content on the day of the cut for each soil. An emitter depth 30 cm below the 

surface is not satisfactory as shown in Appendix E. Therefore, a depth of 50 cm for these types of 

soils for alfalfa under Holtville CA conditions is recommended as a preliminary result. We did not 

simulate 40 cm because the farmer at this field only buried emitters at 30 and 50 cm depth. Figures 

15, 17 and, 19 show the moisture content at different depths on the day of the cut for the three soils 

with the drip line tape installed at 50 cm with the irrigation management (12 hours, every three 

days) recommended above.  

 

 

Figure 15. Moisture content on the day of the cut, after 12 hours of irrigation, in the SCL soil 

with an emitter placement depth of 50 cm 

Emitter located 

at 50 cm depth 
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Figure 16. Graphical representation of the moisture content on the day of the cut, after 12 hours 

of irrigation, in the SCL soil with an emitter placement depth of 50 cm 

  

 

 

Figure 17. Moisture content on the day of the cut, after 12 hours of irrigation, in the CL soil with 

an emitter placement depth of 50 cm 

 

 

Emitter located 

at 50 cm depth 
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Figure 18. Graphical representation of the moisture content on the day of the cut, after 12 hours 

of irrigation, in the CL soil with an emitter placement depth of 50 cm 

 

 

Figure 19. Moisture content on the day of the cut, after 12 hours of irrigation, in the L soil with 

an emitter placement depth of 50 cm 

 

 

Emitter located 

at 50 cm depth 
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Figure 20. Graphical representation of the moisture content on the day of the cut, after 12 hours 

of irrigation, in the L soil with an emitter placement depth of 50 cm 

 

Table 10 shows increases in stress at depths up to 70 cm below the surface due to the load 

of the tractor on the surface (See Appendix F for the complete stress calculations).  

 

Table 10. Stress increase due to surface load of tractor 

Depth of 

placement 

(cm) 

Front tire #4 

(kg/cm2) 

10 0.590 

20 0.447 

30 0.320 

40 0.167 

50 0.119 

60 0.098 

70 0.073 

 

Since the greatest increase in stress is adjacent the surface, the stress increase at a depth of 

10 cm was used to develop a Mohr’s circle of failure and failure envelope for each soil using the 

stress increase at that depth. Figures 21, 22 and 23 show the results of this analysis for each soil.  
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From figure 21, it can be seen that a minimum cohesive strength of 0.15 kg/cm2 would be 

required to avoid failure for the Sandy Clay Loam soil. Similarly, from Figures 22 and 23, it can 

be seen that the minimum cohesive strength for the Clay Loam and Loam would be 0.18 kg/cm2 

and 0.16 kg/cm2 respectively. 

 

Once the soil wetting pattern from the proposed management of twelve hours of irrigation 

for each soil and the increase in stress at several depths due to the load of a tractor on the surface 

were determined, the Mohr’s rupture theory was applied in order to determine the depth and soil 

moisture conditions at which shear failure would occur due to the surface load. Then this 

information was used to determine the minimum depth placement to avoid this failure condition. 

 

 

 

Figure 21. Mohr's circle and failure envelope for SCL at 10 cm depth with a tractor load at the 

surface. The minimum cohesive strength is of 0.15 kg/cm2 
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Figure 22. Mohr's circle and failure envelope for CL at 10 cm depth with a tractor load at the 

surface. The minimum cohesive strength is of 0.18 kg/cm2  

 

 

 

Figure 23. Mohr's circle and failure envelope for L at 10 cm depth with a tractor load at the 

surface. The minimum cohesive strength is of 0.16 kg/cm2 
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From Fig. 14, it can be seen that a cohesive strength of 0.15 kg/cm2 occurs at a moisture 

content of about 26.8% for the SCL which, from Fig. 15 this can be seen to occur at 10 cm above 

the emitter located at 50 cm. Thus, the minimum drip line placement depth in a Sandy Clay Loam 

soil would be 40 cm. In the same way, it can be seen from Fig. 14 that the cohesive strength of 

0.18 kg/cm2 occurs at a moisture content of 32.7 % for the Clay Loam soil and from Fig. 17 it can 

be seen that this occurs at about 15 cm above the emitter giving a minimum drip line placement 

depth of 35 cm. For the Loam soil, the comparable analysis shows us from Fig. 14 a cohesive 

strength of 0.16 kg/cm2 occurs at a moisture content of about 27% which, from Fig. 19, it can be 

seen to occur at 12 cm above the emitter. Therefore, the minimum drip line installation depth 

would be at 38 to 40 cm under the soil surface.  

 

Finally, the lateral extent of wetting after the proposed twelve hours of irrigation is shown 

for each soil in Fig. 24. This represents one-half of the wetting pattern, so to reach adequate 

coverage, the horizontal spacing between emitters should be twice these values. Thus, for the SCL 

soil since the horizontal wetting pattern reach a distance of about 37 cm, the spacing should be no 

more than 74 to 80 cm.  

 

For the CL soil, the horizontal pattern reached a longer distance than SCL, of about 43 cm, 

therefore the spacing should be no more than 86 to 90 cm. Lastly for the L soil, the wetting pattern 

has a horizontal length of 39 cm, thus, the spacing between drip line tapes should be no more than 

78 to 80 cm. If we round the values of spacing, it can be seen that a spacing distance of 1.0 m, as 

is the standard practice, is close to these recommendations. 
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Figure 24. Horizontal extent of wetting for the three soils. 

 

 

3.4. Conclusions  

 

The present study illustrates how the HYDRUS-2D model can be used together with soil 

shear strength and soil stress analysis techniques to determine minimum depth of placement of 

drip line tubing that ensures dry soil surfaces, especially during harvesting time in order to avoid 

soil failure due to added loads on the soil surface such as those from tractors and heavy machinery 

used at harvesting process. Also, the maximum horizontal spacing between drip line tapes was 

determined using wetted patterns generated by the model to ensure an adequate water coverage in 

order to avoid alfalfa stress. 
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Based on the shear stress analysis in this study, minimum depth of placement for a drip 

line tubing with an emitter flow rate of 2.71 cm/hr. would be in 40 cm, 35 cm, and 40 cm in a 

Sandy Clay Loam, Clay Loam, and Loam soil respectevely. The maximum horizontal spacing 

between drip line tapes would be 80 cm for Sandy Clay Loam and Loam soils and 90 cm for Clay 

soils.  

 

Even though we limited our attention to alfalfa located in Holtville CA, the methodology 

presented here can easily be applied to develop efficient subsurface drip irrigation designs and 

irrigation management/scheduling for a broad range of crops under different weather and soil 

conditions. 
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ABSTRACT 

 

Alfalfa is a crop that provides high-energy feed for dairy cows as well as other types of 

livestock. This crop is also known for its high water-use efficiency. Subsurface drip irrigation is 

an ideal method for meeting the crop’s water demands. In this paper, we present a scheme to 

support the design and management of subsurface drip irrigation systems for alfalfa, which 

prevents wetting the soil surface at harvesting times while minimizing water use. A major design 

issue in the implementation of an SDI system is the determination of the appropriate depth of 

placement of the drip line tubing to provide adequate water to the crop. This approach combines 

the strengths of numerical modeling, using HYDRUS-2D to simulate spatial and temporal 

distributions of soil moisture content, root water uptake and drainage, in response to drip line 

installation depth and spacing, emitter discharge, irrigation duration and frequency to assess the 

best management practices for SDI systems in alfalfa. Therefore, we undertook a modeling study 

utilizing the software HYDRUS-2D to simulate an SDI system commonly used for alfalfa 

production in Holtville CA in late summer. We assumed an application efficiency of 95%, two 

depths of placement of the drip-line (30 cm and 50 cm), and two irrigation schedules commonly 

applied by the farmers, six hours every three days and 24 hours every week were used. The 

simulations were done on sandy clay loam and clay loam soils and utilized a root distribution 

obtained from field measurements at Holtville.  Based on the results of our simulations we propose 

a run time of 12 hours every three days which satisfies the daily crop needs and minimizes water 

use. We recommend a placement depth of 50 cm for the drip tubing to ensure a drier soil surface 

at harvesting time.  

 

Keywords: HYDRUS-2D, simulation, soil moisture, harvesting time, irrigation scheduling. 
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INTRODUCTION 

 

Alfalfa (Medicago sativa L.) is the most important forage crop in the United States with 

very positive biological features relative to water: high water-use efficiency, deep roots, perennial, 

and the ability to sustain production during periodic droughts (Montazar et al., 2016). Alfalfa is 

harvested between 3 and 11 times throughout the year, depending on soil, irrigation practice, and 

climatic conditions. Subsurface drip irrigation (SDI) is a well-known alternative irrigation 

technology with superior application efficiencies. SDI may substantially reduce total water use 

and enhance hay yields. SDI is defined as the application of water below the soil surface through 

emitters with discharge rates generally in the same range as surface drip irrigation (American 

Society of Agricultural Engineers ASAE, 2005). A key benefit of SDI for alfalfa is the ability to 

irrigate immediately prior and after, and even during, the multiple seasonal harvests. An SDI 

system may provide more uniform water distribution over time and space during the growing 

season, which reduces water stress of alfalfa and causes rapid regrowth and higher yields (Putnam 

et al., 2015).  

 

In previous studies, hay yield with SDI was found to be approximately 22% (Hutmacher 

et al., 2001) to 25% (Godoy et al., 2003) higher than flood-irrigated fields. The study by Alam et 

al., (2002) showed that a well-designed SDI system could potentially decrease the volume of 

applied water by about 22%, while increasing the yield by 7%, compared to using a center pivot 

sprinkler system. The other benefits of SDI for alfalfa identified by researchers are the possibility 

to reduce intervals between cuttings by increasing the number of cuttings. Provide a longer stand 

life, produce a healthier root system, and improve the uniformity of growth and reduce weed 

pressure (Hutmacher et al., 2001; Alam et al., 2002; Lamm et al., 2012). Even with the noted 

benefits, growers may face several challenges when irrigating alfalfa by SDI. High investment 

cost, maintenance, rodent control, crop germination and establishment, and adoption of new 

management strategies are among the major issues to be addressed when using buried drip for 

alfalfa. More studies and information are also needed regarding installation depth, dripline spacing, 

emitter configurations, and irrigation duration (Putnam et al., 2015).  
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One of the biggest challenges in alfalfa production is the selection of irrigation design and 

management practices that maximize yield, while at the same time minimizing water losses. Also, 

at harvesting times the soil surface should be sufficiently dry so that machinery can drive over the 

field without creating stressed root-zone soil moisture conditions, allowing for quick re-growth of 

the cut alfalfa. For all these reasons, the optimal irrigation design and management practices are 

not immediately clear for most climatic and soil conditions.  

 

Thus, the overall objective of this study was to determine an appropriate depth at which 

drip irrigation tubing could be placed to avoid wetting the soil surface while providing adequate 

water to the crop. We used the software HYDRUS-2D (Simunek et al., 2008), a detailed numerical 

soil water flow modeling, to determine an appropriate depth of placement of the drip line tubing 

as well improved irrigation water management strategies for SDI of alfalfa in Holtville CA. 

Utilizing two types of soils, sandy clay loam and clay loam, and design variables from the current 

field conditions. After a sensitivity analysis, we propose an irrigation running time of 12 hours 

every three days, which satisfies the daily crop needs and minimizes water use. We recommend a 

drip tubing placement depth of 50 cm to avoid soil surface wetting at harvesting time. 

 

MATERIALS AND METHODS 

 

This modeling study simulated an SDI system used for alfalfa production in Holtville CA 

in late summer, during three specific weeks of August 2016 (From August 6 – 26), when the 

interval between cuts was the shortest (Fig. 25). Typically, the alfalfa is cut about once a month. 

We assumed a growing season with a total of 11 growing cycles, corresponding with the 11 

cuttings. Every cut was calculated to occur at an accumulation of 750 GDD from the previous cut 

(Cherney and Sulc, 1997). The use of GDD can result in better management of alfalfa and more 

profit for producers.  

 

The minimum threshold temperature for alfalfa growth is 42°F, and the maximum 

threshold temperature for alfalfa is 110°F (Sakamoto, Gifford, and Koh, 1977). We used an 

application efficiency of 95% on two different soil types typically found in Southern California 

and Arizona, sandy clay loam and clay loam and a root distribution obtained from field 
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measurements in Holtville. Drip line installations depths of 30 cm and 50 cm, and two irrigation 

schedules used by local farmers there, six hours every three days, and 24 hours every week were 

utilized.  

 

 

Figure 25. Alfalfa growing season through the 2016 year for Holtville CA calculated with GDD. 

In red is highlighted the cycle used for the simulations. The arrow indicates the 8th cut. 

 

We selected four scenarios for our simulations (Table 11). The HYDRUS-2D unsaturated 

water flow model (Simunek et al., 2008), simulated soil water flow for the particular irrigation 

scenarios and computed the spatial and temporal distributions of soil water potential and moisture 

content. Corresponding root water uptake, evapotranspiration rates, and water flux were simulated 

with a spacing between the drip lines of 100 cm. 

 

Table 11. Four scenarios with the corresponding ranges of the system design, soil types and 

water application parameters for HYDRUS-2D model simulations 

Simulation Drip lines depth 

of placement  

(cm) 

Type of soil Runtime  

(h) 

Frequency 

1 50 Sandy clay loam 

(SCL) 

24 Every week 

2 30 Clay loam  

(CL) 

24 Every week 

3 50 Clay loam  

(CL) 

6 Every three 

days 
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4 30 Sandy clay loam 

(SCL) 

6 Every three 

days 

 

HYDRUS-2D is a two-dimensional, finite element model developed at the US Department of 

Agriculture Salinity Laboratory in Riverside, CA.  It provides a numerical solution of the Richards’ 

equation (Eq. 11) to simulate soil moisture and water flow in unsaturated soils.  

 

𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
] +

𝜕

𝜕𝑧
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
+ 𝐾(ℎ)] − 𝑆(ℎ)                              (11) 

 

Where θ is the soil’s volumetric water content [L3 L−3], h denotes the soil water pressure 

head [L], S(h) is a sink term [L3 L−3 T−1] representing plant root water uptake, t signifies time [T], 

K(h) is the unsaturated hydraulic conductivity function [LT−1], and x and z are the horizontal and 

vertical spatial coordinates [L], respectively, of the simulated soil domain. 

 

A solution of Eq. (11) requires characterization of the soil hydraulic properties, as defined 

by the soil water retention, θ(h), and unsaturated hydraulic conductivity function, K(h). The 

constitutive relationships of Van Genuchten-Mualem (Van Genuchten, 1980) were used and 

represented the effective saturation, Se by: 

 

𝑆𝑒 =
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
=

1

(1+|∝𝑉𝐺ℎ|𝑛)𝑚                                               (12) 

 

And 

𝐾(ℎ) = 𝐾𝑠𝑆𝑒
𝑙 [1 − (1 − 𝑆𝑒

1

𝑚)

𝑚

]

2

                                                (13) 

 

Where θs and θr represent the saturated and residual water content [L3 L−3], respectively, 

Ks is the saturated hydraulic conductivity [LT−1], ˛αVG [L−1], n, and l are shape parameters, and 

m=1 − 1/n. Values of the soils hydraulic function parameters used are listed in Table 12.  
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Table 12. Soil hydraulic function parameters for used soils. Carsel and Parrish (1988) 

Soil type 
Θr (cm3 

cm-3) 

Θs (cm3 

cm-3) 
αVG (cm-1) n 

Ks (cm day-

1) 
l 

Clay Loam 0.095 0.41 0.019 1.31 6.24 0.5 

Sandy clay 

loam 
0.1 0.39 0.059 1.48 31.44 0.5 

 

The spatial distribution of the plant roots of alfalfa exerts a strong influence on soil water 

flow, root water uptake, and deep drainage, and therefore necessarily determines deep percolation 

and actual plant transpiration for a given irrigation strategy. A root distribution with the greatest 

root density at a depth of 30 cm, which is near the emitter, was obtained from field measurements 

at Holtville, CA. This distribution was used for the simulations. The sink term, S(h), is employed 

in Eq. (11) to quantify root water uptake, using the commonly approach of Feddes et al. (1976) for 

alfalfa: 

 

𝑆(ℎ) =∝ (ℎ) 𝑥 𝑆𝑝                                                        (14) 

 

Where α(h) is a dimensionless root-water uptake reduction function with values between 

zero and one, to account for soil water stress. If the soil maintains favorable conditions for root 

water uptake, S(h) is equal to the potential root water uptake rate, Sp [L
3 L−3 T−1]. However, if the 

soil is too dry or too wet at any given location (x, z), then α < 1, and the uptake at position (x, z) is 

linearly reduced with the magnitude determined by the reduction function parameters for alfalfa 

as selected from a database (Taylor and Ashcroft, 1972). The potential root water uptake rate, Sp, 

is calculated from (Simunek and Hopmans, 2009): 

 

𝑆𝑝(𝑥, 𝑦) = 𝛽(𝑥, 𝑧)𝐿𝑥𝑇𝑝                                                    (15) 

 

Where β (x, z) [L−2] represents the normalized root density for any coordinate in the two-

dimensional soil domain, Lx [L] denotes the width of the soil surface associated with the potential 

plant transpiration, Tp [LT -1].  
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Crop evapotranspiration of alfalfa was calculated using an irrigation scheduling model 

developed with weather data for 2016 from CIMIS Station #87, Meloland, located in the Imperial 

Coachella Valley Region, near El Centro, CA, to determine a suitable irrigation strategy and water 

needs for alfalfa in Holtville and to predict the effect of water stress.  

 

This model implements a standardized method for estimating reference evapotranspiration, 

ETo (Allen et al., 1998) and uses the crop coefficient, Kc, to compute daily evapotranspiration, ETc 

(Allen et al., 1998). 

 

𝐸𝑇𝑐 = 𝐸𝑇𝑜 𝑥 𝐾𝑐                                                                (16) 

 

The Kc value (Allen, et al., 1998) varies during the growing season and depends on the 

length of initial, mid-cycle and late cycle growth stages. ETc varies widely during the growing 

reporting period, with Kc values ranging from 0.4 in the initial stage to a maximum value of 1.15 

at the mid-cycle and 0.5 near the end of a cycle. Because of full soil coverage by the alfalfa, soil 

evaporation can be considered insignificant throughout the simulated growing season, so that Tp 

in Eq. (15) is equal to ETc.  

 

 

Figure 26. Assumed alfalfa ETc during simulated growing season in Holtville CA, 2016. The 

arrows indicate the different cutting times. 
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In HYDRUS-2D, this time series of ETc defines the potential root water uptake rate Sp. We 

assumed homogeneous soils and that a drip-line behaves as an infinite line source with a constant 

water discharge rate along the drip line. Water flow in a homogeneous soil is symmetrical in the 

horizontal direction between drip lines. Therefore, the two-dimensional transport domain is 

rectangular. The space area used for the simulations was 100 cm high x 200 cm wide (Fig. 27). 

 

The subsurface drip line tubing was placed at two depths, 30 cm and 50 cm representing 

the current conditions in the field. In each simulation, we selected a maximum rooting depth of 

100 cm which was verified by our root density measurements in the field. The spatial domain was 

discretized using triangular finite elements.  

 

Depending on dripline spacing, the number of elements varied between 136 and 7782, with 

element size gradually increasing with distance from the drip-line. The smallest finite elements 

size of 0.1 cm was selected around the drip-line, whereas the large finite elements were about 5 

cm, furthest away from the drip line. A high nodal density is required near the drip-lines to be able 

to accurately model the large spatial gradients in soil water pressure head caused by the infiltrating 

water.  

 

A time-variable flux boundary condition was used along the boundary elements 

representing the emitter. So that the total drip emitter discharge was equal to the defined emitter 

discharge, q = 2.71 cm/hr., with an emitter spacing of 0.36 m along the drip tape according to the 

characteristics of the actual drip tape installed in the experimental field at Holtville CA. A free 

drainage (unit gradient) boundary condition was applied to the bottom boundary and an 

atmospheric boundary condition along the top boundary. All other remaining boundaries were 

assigned a zero-water flux condition. The initial condition was regarding pressure head with a 

value of -400 cm head, which is about -0.3 bars and corresponds to field capacity as an initial 

condition. 
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Figure 27. Space solution (cm) simulated for the subsurface drip irrigation in alfalfa  

 

The irrigation system design and water application parameters are listed in Table 12. Each 

of these four parameters is expected to affect soil water flow, root water uptake, and drainage. To 

illustrate the generality of the irrigation design approach, we made different sensitivity analyses 

with identical climatic conditions and root distribution, to evaluate the effect of drip line depth of 

placement, selected irrigation parameters, and soil texture.  

 

RESULTS AND DISCUSSION 

 

Upon the completion of each HYDRUS-2D simulation, we evaluated the results. After the 

completion of the evaluation, we propose a solution that consists of an irrigation system simulation 

representing a management of 12 hours of irrigation every three days, instead of 6 hours every 

three days or 24 hours every week, with a drip line installation depth of 50 cm. The main 

compromises are between water application and crop water requirements. As the crop grows and 

extracts water from the soil to satisfy its ETc requirement, the stored soil water is gradually 

depleted. The net irrigation requirement is the amount of water required to refill the root-zone soil 

water content back up to field capacity, which in our case since no precipitation occurred, was 

equal to ETc in cm/day. The amounts of water used are typically expressed in depths of water per 
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unit area, in our case, it is cm/day per 3600 cm2.  Gross irrigation water requirement is that quantity 

of water needed plus the number required to take care of losses which occur in transportation and 

application. Since SDI is an irrigation system with superior high efficiencies, we obtained the gross 

irrigation by the division of our net irrigation in cm3/day by 0.95 for each day of the three weeks 

of simulation. With this and the irrigation management practices that the farmers have in Holtville, 

we could make a water balance. The water balance approach to irrigation scheduling keeps track 

of the soil water deficit by accounting for all water additions and subtractions from the soil root 

zone. Crop water consumption or evapotranspiration accounts for the biggest subtraction of water 

from the root zone while irrigation in our case provided the only additions. As the crop grows and 

extracts water from the soil to satisfy its ETc requirement, the stored soil water is gradually 

depleted as we mentioned before.  

 

We found for alfalfa crop in Holtville, an irrigation management of 6 hours every three 

days does not satisfy the crop water needs. This irrigation design does not provide the enough 

water through the growing cycles simulated with the “deficit” increasing during the mid-cycle of 

the crop and inadequate recovery near the end of the cycle. We do not recommend this irrigation 

schedule for alfalfa production in Holtville. Our second analysis was done for the irrigation 

schedule with an irrigation duration of 24 hours and a frequency of once per week. We found that 

under this there was no water deficit and therefore no water stress.  

 

However, the amount of water used is more than necessary resulting in near soil saturation, 

even during harvesting times and especially for the clay loam soil.  This is due to the low 

permeability properties of the clay loam soil and results in a wet soil surface during the harvest. 

These results led us to look for better irrigation management practices. Rather than varying 

irrigation frequency during the growing season, we chose to vary irrigation water application time. 

Thus, we settled on an irrigation management scheme consisting of an irrigation duration of 12 

hours and a frequency of every three days. With this approach, we deliver adequate water to the 

crop without creating either a soil-water deficit or excess during the growth cycle.  

 

On the other hand, the exercise described in this paper illustrates how the HYDRUS-2D 

model can be used to determine the adequate depth of placement of drip irrigation tubing to avoid 
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wetting the soil surface since it was used to determine the vertical rise of the water above the 

emitter. Based on the analysis in this paper, minimum depth placement for a drip emitter with the 

conditions described above would be 50 cm, for both the sandy clay loam and clay loam soils to 

avoid a wet surface.  A wet surface would likely result in shear failure of the soil due to a tractor 

or other heavy equipment on the surface directly above the emitter.  

 

Fig. 28 shows the moisture content in percent vs. depth below the surface for all the 

scenarios presented in Table 12 for a harvest (cutting) day. From this figure, it can be seen that, 

for an emitter located 50 cm below the surface, the soil is saturated to a distance above the emitter 

of about 10 cm and is wetted for a distance of about 27 cm above the emitter. For both the sandy 

clay loam and clay loam soils with two irrigation management schemes, one with irrigation 

duration of 24 hours every week and the other 6 hours every three days respectively. This would 

allow a sufficient safety factor to ensure that the surface would remain dry.  

 

On the other hand, in the same Fig. 28, it can be seen that, for an emitter located 30 cm 

below the surface, the soil is saturated all the way to the surface in a clay loam soil, with an 

irrigation management scheme of 24 hours of irrigation every week. For the same drip-line depth 

of placement, it can be seen that a sandy clay loam soil is saturated to a distance above the emitter 

of about 10 cm, with an irrigation management scheme of 6 hours of irrigation every three days. 

Thus, it is apparent that a depth of placement greater than 30 cm will be required to avoid wetting 

the soil at or near the surface.  

 

Fig. 29 shows the water content vs. depth for our proposed irrigation design with an 

irrigation duration and frequency of 12 hours every three days and a drip line tubing depth of 

placement of 50 cm. The results in Fig. 28 for the sandy clay loam soil and clay loam are similar 

to those for the clay loam from the actual conditions on the field with an emitter located at 50 cm 

depth (See Fig. 28, “50 cm, CL, six hr.” results). In Fig. 29 it can be seen that, for both soils, the 

soil is saturated to a distance of about 5 cm above the emitter and wetted above the initial moisture 

content for about 20 cm above the emitter.  

Thus, for both soils, an emitter depth below the surface of 30 cm would not be satisfactory. 

We recommend placement depth of 50 cm for both soils for alfalfa under Holtville conditions. Fig. 
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30 shows the spatial distribution of volumetric water content on the day of the cut, for our 

recommended scenario in sandy clay loam soil. Even though we limit our study to alfalfa, the 

methodology presented in this analysis can readily be applied to develop efficient drip irrigation 

designs and irrigation scheduling for a wide range of crops under different climatic conditions and 

soil types. 

    

Figure 28. Moisture content on the day of the cut, for the four scenarios simulated in Table 12. 

Vertical lines located at 30 and 50 cm, corresponding to the two drip-lines depths of placement. 

 

Figure 29. Moisture content on the day of the cut, for our recommendations, in both types of 

soils, with an irrigation duration of 12 hours and a frequency of every three days.  Vertical lines 

located at 50 cm, correspond to the drip-line depth of placement. 
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Figure 30. Spatial distribution of volumetric water content on the day of the cut, for the 

recommended scenario in SCL soil, with an irrigation duration and frequency of 12 hours every 

three days. The drip-line is installed at 50 cm depth. 

 

CONCLUSIONS 

 

An irrigation design/management modeling exercise was undertaken to simultaneously 

enhance SDI system design and management for alfalfa with HYDRUS-2D modeling to simulate 

unsaturated soil water flow. The analysis presented provides optimal irrigation system and 

management parameters for drip-line installation depth, applied irrigation water, and irrigation 

frequencies. We evaluate an appropriate depth of placement of drip emitters to avoid wetting the 

soil surface; thereby our analysis is specially designed to ensure sufficiently dry soil surfaces at 

alfalfa harvesting times.  

 

The simulations were performed for both a sandy clay loam and a clay loam soil, which is 

typical of the soils in alfalfa production region near Southern California and Arizona, USA. Results 

showed that an irrigation time of 12 hours every three days would result in the soil becoming 

saturated to a distance of 5 cm above the emitter for both soils to ensure that the soil surface would 

not become wet with the irrigation water. Thereby leading dry surfaces at harvesting times so that 

machinery can drive over the field without creating stressed root zone moisture conditions, 

allowing for quick re-growth of the cut alfalfa we recommend placing the drip emitters 50 cm 

below the surface, and that irrigation design to maximize water use. 
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ABSTRACT 

 

A major design issue in the implementation of a subsurface drip irrigation system is the 

determination of the appropriate depth of placement of the drip emitters to allow basic farming 

operations with heavy equipment while still providing adequate water to the crop. In this study, 

the program HYDRUS-2D is used to determine the wetting pattern from a subsurface drip emitter 

installed at 50 cm for three soils typically found in Southern CA, a Sandy Clay Loam (SCL), a 

Clay Loam (CL) and a Loam (L). We used the model to determine the extent of wetting above, 

and laterally from the drip tubing after twelve hours of irrigation the day of the cut with an 

irrigation frequency of every three days. The vertical “rise” of water above the drip line after this 

irrigation period was 27 cm, 30 cm and 22 cm for the SCL, CL, and L respectively. Then classical 

soil mechanics theory was utilized to calculate the increase in stress on soil at any depth due to a 

load on the surface from a typical farm tractor. This information was then used in combination 

with soil strength properties such as shear strength as a function of soil moisture content to 

determine the minimum allowable depth placement of drip tubes to ensure that soil failure does 

not occur. The load increase from a 3,300-kg four-wheel tractor was found to be 0.59 kg/cm2 under 

a rear tire at 10 cm below the surface and 0.11 kg/cm2 at 50 cm below the surface.  

To ensure that shearing failure does not occur a stress analysis using Mohr’s circle 

indicated that moisture content at 10 cm below the surface should be no greater than 26.8% in the 

SCL soil. This occurs at 10 cm above the drip line installed which means that the minimum depth 

placement to avoid failure would be 40 cm below the surface. A similar analysis for the CL and L 

yielded minimum installation depths of 35 cm and 40 cm respectively. This type of analysis is 

helpful in determining the depth of placement of subsurface drip irrigation lines to ensure adequate 

trafficability of soil irrigated with subsurface drip irrigation systems. 

 

 Keywords: Subsurface drip irrigation (SDI), HYDRUS 2-D, soil shear strength, alfalfa. 
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INTRODUCTION 

 

 

The use of precision irrigation systems and their adequate design, management, and 

scheduling plays an important role for the water application in the right place, with the right 

amount, at the right time. These practices are still under research and require a lot of experimental 

work, studies, and analysis to determine their viability and applicability (Al-Karadsheh et al. 

2002). 

  

When irrigation engineers design an irrigation system, they try to maximize irrigation 

efficiency which is defined as the ratio of the volume of water that is taken up by the crop to the 

amount of irrigation water applied (American Society of Civil Engineers, ASCE, 1978). 

Subsurface Drip Irrigation (SDI) systems have the potential to increase that efficiency since water 

can be applied in short durations and various amounts to meet the crop water requirements.  

 

Initial applications of SDI systems were to row crops such as corn or cotton where drip 

tubes were placed 8 -10 cm below the surface of alternate rows. This allowed farm equipment such 

as tractors with cultivators and fertilizer or pesticide applicators to traverse the rows which did not 

have drip tubes under them in a “controlled traffic” system. As the technology continued to evolve, 

farmers became interested in utilizing SDI on “extensively” grown crops which are not planted in 

rows but are sown continuously throughout the field. (Slack, D. et al., 2010). One such extensively 

grown crop in the US is the forage crop alfalfa which has rooting depths of up to 2 meters. This 

crop has been increasing steadily in thirteen western states of the U.S. More than a million acres 

have been added during the last decade (National Agricultural Statistics Service, USDA).  

 

Alfalfa is harvested as frequently as every two weeks, and the harvest operation requires a 

tractor and other heavy equipment to be driven over much of the surface of the field. Thus, drip 

tubing cannot be placed so close to the soil surface that the surface becomes wetted, or the tractor 

would be at best leave deep damage in the field or at worst to become “stuck.” A practical 

alternative has been to place the drip tubing at a depth high enough that the soil surface will not 

become wetted but is still shallow enough to deliver water to the plant roots. Up to this point in 
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time, appropriate depths for such systems have been determined by “trial and error” for each new 

soil and equipment condition (Slack, D. et al., 2010). 

  

The general objective of this study was to determine a suitable depth for placement of 

subsurface drip irrigation tubing using well-established modeling techniques and classical soil 

mechanics theory. The specific objectives were to determine the vertical extent of the wetted zone 

above subsurface drip irrigation tubes in three different soils, Sandy Clay Loam (SCL), Clay Loam 

(CL) and Loam (L). An additional objective was to determine the increased stress at specific depths 

due to the weight of a farm tractor on the soil surface and, to use this information together with 

soil strength properties to determine the appropriate depth of placement of drip tubes. Finally the 

ultimate objective is to ensure that soil failure does not occur when the tractor is driven over the 

drip tubing while irrigation is in progress. Another result of the modeling exercise was the 

determination of the lateral extent of the wetted zone which can be used to determine the 

appropriate lateral spacing between drip line tubing. 

 

MATERIALS AND METHODS 

 

In this study, the program HYDRUS-2D is used to determine the wetting pattern from a 

subsurface drip emitter for three soil types typically found in Southern CA with an irrigation time 

of twelve hours and a frequency of every three days. Then classical soil mechanics theory was 

applied to calculate the increase in stress on soil at any depth due to a load on the surface from a 

typical farm tractor used in harvest operations.  

 

This information was then used in conjunction with soil strength properties such as shear 

strength as a function of soil moisture content to determine the minimum permissible depth of 

placement of drip line tubing to ensure that soil failure does not occur. The lateral extent of the 

wetting pattern at the end of irrigation was used to determine the maximum spacing at which an 

SDI system will provide adequate crop irrigation throughout the field in a particular soil.  Table 

13 shows the soil properties of the three soils utilized in this study.  
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Table 13. Soil properties for SCL, CL, and L soils 

Soil type Sandy Clay 

Loam  

(SCL) 

Clay Loam  

(CL) 

Loam 

(L) 

Sand (%) 60.0 30.0 40.0 

Silt (%) 15.0 35.0 40.0 

Clay (%) 25.0 35.0 20.0 

Bulk density (gm/cc)  1.62 1.56 1.51 

Saturated MC (%) 43.0 48.0 46.0 

50% AWC  5.00 7.00 7.00 

FC (90% sat)  27.0 36.0 28.0 

Saturated conductivity 

(cm/hr.) 

1.13 0.43 1.55 

Angle internal friction 

(degrees) 

32.5 25.0 30.0 

Cohesion (kPa) 

Compacted 

62.5 82.5 75.0 

Cohesion (kg/cm2) 

Compacted 

0.63 0.84 0.76 

Cohesion (kPa) 

Saturated 

15.0 15.0 15.0 

Cohesion (kg/cm2) 

Saturated 

0.15 0.15 0.15 

Cohesion (kPa)  

90% Sat. 

13.5 13.5 13.5 

Cohesion (kg/cm2)  

90% Sat. 

0.13 0.13 0.13 

 

Based on this data a relationship between cohesion and soil moisture was made. Fig. 31 is 

a graphical representation of these relationships for the three soils. 
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Figure 31. Relationship between cohesive strength and moisture content for the three soils 

 

HYDRUS-2D is a two-dimensional, finite element model provides a numerical solution of 

the Richards equation to simulate soil moisture and water flow in unsaturated soils. Richards 

equation can be denoted as: 
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𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
] +

𝜕

𝜕𝑧
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
+ 𝐾(ℎ)] − 𝑆(ℎ)                             (17) 

 

Where θ denotes the soil volumetric water content [L3 L−3], K(h) is the unsaturated 

hydraulic conductivity [LT−1], x and z the coordinates (horizontal and vertical) [L]. S(h) a sink 

term [L3 L−3 T−1] for the plant root water uptake, h signifies the soil water pressure head [L], and 

t is time [T]. 

 

To simulate a typical drip irrigation system, an emitter flow rate of q = 2.71 cm/hr. was 

utilized in the model. For the simulations in this study, the emitter was placed at 50 m below the 

soil surface in a domain area of 100 cm high by 200 cm wide. The model was then used to simulate 

a typical irrigation time of twelve hours. The initial condition assumed a soil-water content at field 

capacity (- 0.3 bars). The model results provided volumetric soil moisture content as a function of 

time and space in the solution domain described above. This wetting pattern was then utilized to 

determine horizontal spacing and appropriate depth placement of the tubing. 

 

The increase in soil stress at any depth resulting from a surface load can be calculated using 

the Boussinesq equation: 

∆𝑝 =
3𝑃

𝑍2∗2𝜋∗[1+(
𝑟

𝑧
)

2
]

5/2                                                      (18) 

 

Where P is a point load at the surface (kg), Δp is the increase in stress (kg/cm2) at a depth 

z below the surface and a radial distance r from the surface point load. This increase in stress is 

independent of soil properties. For uniform loads spread over a contact area a set of tables 

developed by Newmark (B.K. Hough, 1969) can be used to determine the increase in stress under 

such uniform loads.  
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RESULTS AND DISCUSSION 

 

Extensive crops such as alfalfa which cover the surface require that field machinery 

periodically traverse the area. Such equipment produces a surface load spread over the contact 

areas of the wheels in contact with the surface. For this study, a four-wheel rubber-tired tractor 

was utilized with a rear tire that produced a footprint contact area of 86.36 cm x 42.92 cm = 

3707.09 cm2 (Brodbeck, K.N. 2004).  The tractor weight was 3,300 kg dispersed 65% to the rear 

wheels and 35% to the front. The wheelbase was 2.33 m and wheel spacing 1.6 m. The greatest 

increase in stress would occur directly below one of the rear tires and would result from the load 

from that tire as well as the contribution to the stress increase from the other three tires. Since the 

effect of contact area decreases rapidly with depth, the Newmark solution of the Boussinesq 

equation for stress increase directly below one rear tire and the Bousinessq equation was utilized 

to calculate the contributions of the other three tires.  

 

Once the soil wetting pattern from twelve hours of irrigation for each soil and the increase 

in stress at several depths due to a load of a tractor on the surface have determined,we were able 

to apply Mohr’s rupture theory to determine the depth and soil moisture conditions at which shear 

failure would occur due to the surface load. We could then use this information to determine the 

minimum depth placement to avoid this failure condition.  

 

Figures, 32, 33 and 34 show the modeled moisture content above the emitter the day of the 

cut after twelve hours of irrigation for the SCL, CL and L soils respectively. The moisture content 

reaches near saturation at 4 cm above the emitter for the SCL, 8 cm for the CL and 5 cm for the L 

soil. At those moisture contents, the soil has little or no shear strength, so the drip emitters will 

need to be placed at a shallower or greater depth to avoid failure due to the added load of the 

tractor. Table 14 shows increases in stress at depths up to 50 cm below the surface due to the load 

of the tractor on the surface. 
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Figure 32. Moisture content on the day of the cut, after 12 hours of irrigation, in SCL soil with a 

deph of placement of 50 cm 

 

 

Figure 33. Moisture content on the day of the cut, after 12 hours of irrigation, in CL soil with a 

deph of placement of 50 cm 

 

 

Emitter located 

at 50 cm depth 

Emitter located 

at 50 cm depth 
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Figure 34. Moisture content on the day of the cut, after 12 hours of irrigation, in L soil with a 

deph of placement of 50 cm 

 

Table 14. Stress increase due to surface load of tractor 

Depth of 

placement 

(cm) 

Front tire #4 

(kg/cm2) 

10 0.5902 

20 0.4474 

30 0.3204 

40 0.1672 

50 0.1189 

 

Since the greatest increase in stress is near the surface, we used the stress increase at that 

depth to develop a Mohr's circle of failure and failure envelope for each soil using the stress 

increase at 10 cm depth. Figures 35, 36 and 37 show the results of this analysis for each soil.  

 

 

Emitter located 

at 50 cm depth 
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Figure 35. The minimum cohesive strength is of 0.15 kg/cm2 in a Mohr's circle and failure 

envelope for SCL at 10 cm depth with a tractor load at the surface.  

 

 

Figure 36. The minimum cohesive strength is of 0.18 kg/cm2 in a Mohr's circle and failure 

envelope for CL at 10 cm depth with a tractor load at the surface. 
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Figure 37. The minimum cohesive strength is of 0.16 kg/cm2 in a Mohr's circle and failure 

envelope for L at 10 cm depth with a tractor load at the surface. 

 

From Fig. 35, it can be seen that a minimum cohesive strength of 0.15 kg/cm2 would be 

essential to avoid failure for the SCL soil. Similarly, from Fig. 36 and 37, it can be seen that the 

minimum cohesive strength for the Clay Loam and Loam would be 0.18 kg/cm2 and 0.16 kg/cm2 

respectively. From Fig. 31 it can be seen that a cohesive strength of 0.15 kg/cm2 occurs at a 

moisture content of about 26.8 % for the SCL which, from Fig. 32 it can be seen to occur at 10 cm 

above the emitter. Hence, the minimum placement depth for the SCL soil would be at 40 cm. 

Correspondingly, it can be seen from Fig. 36 that the cohesive strength of 0.18 kg/cm2 

occurs at a moisture content of 32.7 % for the CL soil and from Fig. 33 it can be seen that this 

happens at 15 cm above the emitter giving us a minimum placement depth of 35 cm. For the L 

soil, similar analysis yields a minimum installation depth of 40 cm.  

 

Finally, the greatest lateral extent of wetting after twelve hours of irrigation on the day of 

the cut is shown for each soil in Fig. 38. This represents one-half of the wetting pattern, so to attain 

adequate coverage, the horizontal spacing between emitters should be twice these values. 
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Consequently, for the SCL spacing should be no more than 80 cm, for the CL no more than 90 cm, 

and for the L no more than 80 cm.  

 

Figure 38. Horizontal extent of wetting for the three soils. 

 

CONCLUSIONS 

 

The analysis presented describes how the HYDRUS-2D model can be used in combination 

with soil shear strength and soil stress analysis methods to calculate a minimum depth of placement 

of drip irrigation tape to avoid soil failure due to added loads on the soil surface such the load 

added by a tractor during the harvesting process. This methodology was also used to determine 

maximum horizontal spacing using wetted patterns generated by the model.  

 

Based on the analysis in this study, minimum depth placement for a drip emitter with a 

flow rate of 2.71 cm/hr. would be 40 cm, 35 cm and 40 cm for the Sandy Clay Loam, Clay Loam 

and Loam soils respectivelyin order to avoid shear failure due to a tractor on the surface directly 

above the emitter with a weight of 3,300 kg. Maximum horizontal spacing for the soils was 

determined to be 80 cm for the Sandy Clay Loam, 90 cm for the Clay Loam, and 80 cm Loam 



89 

 

soils. These values can be rounded to 1.0 m, and they are the adequate spacing in order to supply 

the adequate amount of water to the root-zone, increase production and avoid striping presence in 

the plots.  
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APPENDIX C. Growing degree days for alfalfa in Holtville CA. 

 

Table 15. Growing degree days for alfalfa crop located in Holtville CA. The year 2016. 

Date GDD 

per 

day 

Accumulative 

GDD 

Duration 

in days of 

each cycle 

Total duration in 

days of the 

growing season 

Kc Eto 

(cm) 

Etp 

(cm)/da

y 

1-Mar 28.90 28.90 1 1 0.4 0.42 0.17 

2-Mar 29.65 58.55 2 2 0.4 0.44 0.18 

3-Mar 28.70 87.25 3 3 0.4 0.42 0.17 

4-Mar 29.30 116.55 4 4 0.4 0.48 0.19 

5-Mar 26.00 142.55 5 5 0.4 0.36 0.14 

6-Mar 23.70 166.25 6 6 0.4 0.63 0.25 

7-Mar 11.95 178.20 7 7 0.4 0.25 0.10 

8-Mar 16.70 194.90 8 8 0.4 0.50 0.20 

9-Mar 23.20 218.10 9 9 0.4 0.46 0.19 

10-Mar 29.20 247 10 10 1.15 0.49 0.56 

11-Mar 28.85 276.15 11 11 1.15 0.55 0.63 

12-Mar 21.70 297.85 12 12 1.15 0.47 0.54 

13-Mar 21.75 319.60 13 13 1.15 0.51 0.59 

14-Mar 27.55 347.15 14 14 1.15 0.53 0.61 

15-Mar 26.45 373.60 15 15 1.15 0.46 0.53 

16-Mar 31.10 404.70 16 16 1.15 0.51 0.59 

17-Mar 29.70 434.40 17 17 1.15 0.54 0.62 

18-Mar 31.40 465.80 18 18 1.15 0.54 0.63 

19-Mar 30.95 496.75 19 19 1.15 0.51 0.58 

20-Mar 31.20 527.95 20 20 1.15 0.56 0.64 

21-Mar 32.15 560.10 21 21 0.5 0.73 0.37 

22-Mar 25.75 585.85 22 22 0.5 0.80 0.40 

23-Mar 20.70 606.55 23 23 0.5 0.55 0.28 

24-Mar 23.80 630.35 24 24 0.5 0.56 0.28 

25-Mar 27.45 657.80 25 25 0.5 0.56 0.28 

26-Mar 27.45 685.25 26 26 0.5 0.61 0.31 

27-Mar 26.15 711.40 27 27 0.5 0.60 0.30 

28-Mar 26.00 737.40 28 28 0.5 0.65 0.32 

29-Mar 21.40 758.80 1 29 0.5 0.67 0.34 

30-Mar 16.30 16.30 1 30 0.4 0.49 0.19 

31-Mar 21.15 37.45 2 31 0.4 0.60 0.24 

1-Apr 27.90 65.35 3 32 0.4 0.58 0.23 

2-Apr 27.60 92.95 4 33 0.4 0.57 0.23 

3-Apr 31.20 124.15 5 34 0.4 0.59 0.23 

4-Apr 33.25 157.40 6 35 0.4 0.61 0.24 
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5-Apr 33.85 191.25 7 36 0.4 0.53 0.21 

6-Apr 34.95 226.20 8 37 1.15 0.56 0.64 

7-Apr 34.55 260.75 9 38 1.15 0.48 0.55 

8-Apr 28.45 289.20 10 39 1.15 0.31 0.36 

9-Apr 28.30 317.50 11 40 1.15 0.41 0.47 

10-Apr 25.80 343.30 12 41 1.15 0.39 0.44 

11-Apr 24.85 368.15 13 42 1.15 0.44 0.50 

12-Apr 28.35 396.50 14 43 1.15 0.55 0.63 

13-Apr 31.20 427.70 15 44 1.15 0.60 0.69 

14-Apr 33.80 461.50 16 45 1.15 0.80 0.92 

15-Apr 28.55 490.05 17 46 1.15 0.82 0.95 

16-Apr 29.05 519.10 18 47 0.5 0.79 0.40 

17-Apr 29.75 548.85 19 48 0.5 0.77 0.38 

18-Apr 30.05 578.90 20 49 0.5 0.62 0.31 

19-Apr 33.75 612.65 21 50 0.5 0.66 0.33 

20-Apr 35.50 648.15 22 51 0.5 0.68 0.34 

21-Apr 34.45 682.60 23 52 0.5 0.68 0.34 

22-Apr 35.10 717.70 24 53 0.5 0.80 0.40 

23-Apr 31.55 749.25 2 54 0.5 0.71 0.35 

24-Apr 31.90 31.90 1 55 0.4 0.78 0.31 

25-Apr 25.65 57.55 2 56 0.4 0.94 0.38 

26-Apr 25.15 82.70 3 57 0.4 0.63 0.25 

27-Apr 28.05 110.75 4 58 0.4 0.79 0.32 

28-Apr 25.60 136.35 5 59 0.4 0.90 0.36 

29-Apr 28.05 164.40 6 60 0.4 0.72 0.29 

30-Apr 28.80 193.20 7 61 0.4 0.78 0.31 

1-May 28.60 221.80 8 62 1.15 0.60 0.69 

2-May 31.95 253.75 9 63 1.15 0.60 0.69 

3-May 35.95 289.70 10 64 1.15 0.68 0.78 

4-May 39.30 329.00 11 65 1.15 0.80 0.92 

5-May 32.30 361.30 12 66 1.15 0.84 0.97 

6-May 26.40 387.70 13 67 1.15 0.56 0.64 

7-May 26.15 413.85 14 68 1.15 0.64 0.73 

8-May 29.15 443.00 15 69 1.15 0.70 0.80 

9-May 30.85 473.85 16 70 1.15 0.63 0.72 

10-May 34.75 508.60 17 71 0.5 0.67 0.33 

11-May 35.85 544.45 18 72 0.5 0.64 0.32 

12-May 39.35 583.80 19 73 0.5 0.73 0.36 

13-May 39.65 623.45 20 74 0.5 0.75 0.38 

14-May 41.45 664.90 21 75 0.5 0.74 0.37 

15-May 34.55 699.45 22 76 0.5 0.87 0.44 
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16-May 34.85 734.30 3 77 0.4 0.71 0.28 

17-May 35.15 35.15 1 78 0.4 0.64 0.26 

18-May 36.30 71.45 2 79 0.4 0.68 0.27 

19-May 40.45 111.90 3 80 0.4 0.80 0.32 

20-May 37.65 149.55 4 81 0.4 0.92 0.37 

21-May 29.65 179.20 5 82 0.4 0.95 0.38 

22-May 27.65 206.85 6 83 1.15 0.72 0.83 

23-May 31.45 238.30 7 84 1.15 0.82 0.94 

24-May 31.40 269.70 8 85 1.15 0.96 1.11 

25-May 27.60 297.30 9 86 1.15 0.92 1.05 

26-May 31.10 328.40 10 87 1.15 0.71 0.82 

27-May 35.75 364.15 11 88 1.15 0.71 0.81 

28-May 36.40 400.55 12 89 1.15 0.82 0.94 

29-May 34.40 434.95 13 90 1.15 0.73 0.83 

30-May 38.10 473.05 14 91 0.5 0.70 0.35 

31-May 41.20 514.25 15 92 0.5 0.77 0.39 

1-Jun 42.85 557.10 16 93 0.5 0.81 0.40 

2-Jun 45.20 602.30 17 94 0.5 0.75 0.37 

3-Jun 48.80 651.10 18 95 0.5 0.85 0.43 

4-Jun 52.60 703.70 19 96 0.5 0.93 0.47 

5-Jun 51.00 754.70 4 97 0.5 1.03 0.52 

6-Jun 48.75 48.75 1 98 0.4 1.00 0.40 

7-Jun 45.45 94.20 2 99 0.4 0.82 0.33 

8-Jun 44.75 138.95 3 100 0.4 0.80 0.32 

9-Jun 41.95 180.90 4 101 0.4 0.81 0.32 

10-Jun 44.15 225.05 5 102 0.4 0.63 0.25 

11-Jun 39.75 264.80 6 103 1.15 0.86 0.99 

12-Jun 39.00 303.80 7 104 1.15 0.78 0.89 

13-Jun 39.80 343.60 8 105 1.15 0.83 0.95 

14-Jun 41.00 384.60 9 106 1.15 0.83 0.96 

15-Jun 44.65 429.25 10 107 1.15 1.10 1.26 

16-Jun 44.00 473.25 11 108 1.15 0.85 0.98 

17-Jun 42.50 515.75 12 109 1.15 0.74 0.85 

18-Jun 48.35 564.10 13 110 0.5 0.75 0.38 

19-Jun 53.70 617.80 14 111 0.5 0.87 0.43 

20-Jun 55.00 672.80 15 112 0.5 0.98 0.49 

21-Jun 49.10 721.90 16 113 0.5 0.72 0.36 

22-Jun 51.50 773.40 5 114 0.5 0.96 0.48 

23-Jun 49.55 49.55 1 115 0.4 0.86 0.34 

24-Jun 48.90 98.45 2 116 0.4 0.82 0.33 

25-Jun 46.20 144.65 3 117 0.4 0.82 0.33 
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26-Jun 48.15 192.80 4 118 0.4 0.87 0.35 

27-Jun 53.60 246.40 5 119 1.15 0.84 0.97 

28-Jun 54.40 300.80 6 120 1.15 0.84 0.97 

29-Jun 50.30 351.10 7 121 1.15 0.88 1.02 

30-Jun 50.00 401.10 8 122 1.15 0.84 0.96 

1-Jul 50.35 451.45 9 123 1.15 0.84 0.97 

2-Jul 49.70 501.15 10 124 1.15 0.84 0.97 

3-Jul 48.25 549.40 11 125 0.5 0.80 0.40 

4-Jul 49.60 599.00 12 126 0.5 0.85 0.42 

5-Jul 48.15 647.15 13 127 0.5 0.90 0.45 

6-Jul 46.30 693.45 14 128 0.5 0.80 0.40 

7-Jul 48.15 741.60 6 129 0.5 0.75 0.37 

8-Jul 48.35 48.35 1 130 0.4 0.81 0.32 

9-Jul 50.95 99.30 2 131 0.4 0.99 0.39 

10-Jul 53.90 153.20 3 132 0.4 1.06 0.42 

11-Jul 52.70 205.90 4 133 0.4 1.01 0.41 

12-Jul 45.35 251.25 5 134 0.4 0.78 0.31 

13-Jul 48.65 299.90 6 135 1.15 0.73 0.83 

14-Jul 51.50 351.40 7 136 1.15 0.75 0.86 

15-Jul 52.65 404.05 8 137 1.15 0.78 0.90 

16-Jul 51.45 455.50 9 138 1.15 0.70 0.80 

17-Jul 49.05 504.55 10 139 1.15 0.82 0.94 

18-Jul 49.70 554.25 11 140 1.15 0.77 0.88 

19-Jul 50.90 605.15 12 141 0.5 0.80 0.40 

20-Jul 52.95 658.10 13 142 0.5 0.78 0.39 

21-Jul 55.45 713.55 14 143 0.5 0.81 0.40 

22-Jul 55.10 768.65 7 144 0.5 0.83 0.41 

23-Jul 54.00 54.00 1 145 0.4 0.90 0.36 

24-Jul 52.65 106.65 2 146 0.4 0.75 0.30 

25-Jul 53.15 159.80 3 147 0.4 0.68 0.27 

26-Jul 55.60 215.40 4 148 0.4 0.81 0.33 

27-Jul 56.00 271.40 5 149 1.15 0.75 0.87 

28-Jul 55.25 326.65 6 150 1.15 0.84 0.97 

29-Jul 54.15 380.80 7 151 1.15 0.80 0.92 

30-Jul 50.25 431.05 8 152 1.15 0.79 0.91 

31-Jul 50.10 481.15 9 153 1.15 0.74 0.85 

1-Aug 51.20 532.35 10 154 0.5 0.73 0.36 

2-Aug 51.50 583.85 11 155 0.5 0.82 0.41 

3-Aug 51.60 635.45 12 156 0.5 0.81 0.40 

4-Aug 51.70 687.15 13 157 0.5 0.74 0.37 

5-Aug 52.95 740.10 8 158 0.5 0.81 0.41 
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6-Aug 51.90 51.90 1 159 0.4 0.77 0.31 

7-Aug 51.75 103.65 2 160 0.4 0.77 0.31 

8-Aug 50.90 154.55 3 161 0.4 0.89 0.36 

9-Aug 48.25 202.80 4 162 0.4 0.84 0.34 

10-Aug 50.70 253.50 5 163 1.15 0.76 0.87 

11-Aug 49.95 303.45 6 164 1.15 0.68 0.78 

12-Aug 50.85 354.30 7 165 1.15 0.68 0.78 

13-Aug 53.95 408.25 8 166 1.15 0.70 0.81 

14-Aug 55.50 463.75 9 167 1.15 0.75 0.86 

15-Aug 56.30 520.05 10 168 1.15 0.74 0.85 

16-Aug 55.50 575.55 11 169 0.5 0.81 0.41 

17-Aug 53.65 629.20 12 170 0.5 0.75 0.37 

18-Aug 52.55 681.75 13 171 0.5 0.75 0.37 

19-Aug 51.60 733.35 9 172 0.5 0.75 0.37 

20-Aug 51.15 51.15 1 173 0.4 0.67 0.27 

21-Aug 48.05 99.20 2 174 0.4 0.69 0.28 

22-Aug 49.50 148.70 3 175 0.4 0.73 0.29 

23-Aug 48.90 197.60 4 176 0.4 0.68 0.27 

24-Aug 50.50 248.10 5 177 0.4 0.77 0.31 

25-Aug 50.25 298.35 6 178 1.15 0.77 0.89 

26-Aug 47.90 346.25 7 179 1.15 0.71 0.81 

27-Aug 45.55 391.80 8 180 1.15 0.65 0.75 

28-Aug 46.05 437.85 9 181 1.15 0.65 0.75 

29-Aug 51.15 489.00 10 182 1.15 0.71 0.82 

30-Aug 53.50 542.50 11 183 0.5 0.71 0.36 

31-Aug 52.70 595.20 12 184 0.5 0.78 0.39 

1-Sep 50.85 646.05 13 185 0.5 0.69 0.35 

2-Sep 50.45 696.50 14 186 0.5 0.63 0.31 

3-Sep 47.40 743.90 10 187 0.5 0.77 0.39 

4-Sep 44.20 44.20 1 188 0.4 0.99 0.40 

5-Sep 37.80 82.00 2 189 0.4 0.66 0.26 

6-Sep 39.55 121.55 3 190 0.4 0.63 0.25 

7-Sep 44.20 165.75 4 191 0.4 0.58 0.23 

8-Sep 47.75 213.50 5 192 0.4 0.60 0.24 

9-Sep 47.90 261.40 6 193 0.4 0.63 0.25 

10-Sep 48.20 309.60 7 194 1.15 0.67 0.77 

11-Sep 49.75 359.35 8 195 1.15 0.77 0.88 

12-Sep 46.60 405.95 9 196 1.15 0.76 0.87 

13-Sep 39.75 445.70 10 197 1.15 0.81 0.93 

14-Sep 36.90 482.60 11 198 1.15 0.63 0.72 

15-Sep 37.80 520.40 12 199 1.15 0.61 0.70 
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16-Sep 39.35 559.75 13 200 1.15 0.54 0.63 

17-Sep 42.10 601.85 14 201 0.5 0.58 0.29 

18-Sep 45.10 646.95 15 202 0.5 0.59 0.30 

19-Sep 40.70 687.65 16 203 0.5 0.29 0.15 

20-Sep 33.15 720.80 17 204 0.5 0.11 0.06 

21-Sep 38.70 759.50 11 205 0.5 0.29 0.14 
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APPENDIX D. Alfalfa root densities 

 

 

The procedure to obtain the root densities as a function of depth and radius in cm or 

root/cm3 of soil was done by taking core samples from the field in which alfalfa was grown. The 

alfalfa field was located at the alfalfa experimentation field with an SDI system installed at the 

Desert Research and Extension Center at Holtville, CA. Samples were taken every 10 cm up to a 

maximum depth of 100 cm in three different locations along the plot for both depths of placement 

of the drip line tubing. The alfalfa had been established in this plot for three years. 

The samples were extracted in increments of 10 cm by using an auger into the soil, saving 

the soil and root samples in plastics bags.  

 

  

 

Figure 39. Extraction of root samples and stored in plastic bags 



98 

 

The auger had a length of 11 cm, with a diameter of 3.5 cm.  

 

Figure 40. Auger used for taking the samples 

 

The samples were taken at three different locations in the plot (northwest, center-west, and 

southwest edges). 

 

   

Figure 41. Alfalfa plot for experimentation research at DREC, Holtville CA. 
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Figure 42. Graphical representation of the space domain of the alfalfa field at Holtville, CA. The 

red lines represent a drip line installation depth of 18 inches and the blue lines a depth of 12 

inches 

 

Each 10 cm increments of soil were stored in plastic bags, and after sampling was 

completed, they were taken to the lab where the soil was washed through sieves. Sieve sizes 

progressed from number 10, 20 to number 80 (openings 2.00 mm, 0.85 mm and 0.18 mm 

respectively) allowing the soil solution and the majority of the soil to pass through the sieves while 

retaining the root segments. 
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Figure 43. Soil washing through the sieves 

 

The roots retained were removed with tweezers and placed in plastic bags with water for a 

better management of them. 

 

Figure 44. Roots removed from soil 
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Figure 45. Roots from a depth of 10 cm above the emitter 

 

After seperating roots from soil,  the roots were emptied into a Büchner funnel connected 

to a side-arm flask using a neoprene adapter, with a tube leading to a vacuum pump for filtration. 

The main advantage of using this type of filtration is that it proceeds much more quickly than just 

allowing the liquid to drain through the filter medium via the force of gravity. It is essential that 

the amount of liquid being used be limited to less than what would overflow the flask, otherwise 

the liquid will be drawn into the vacuum equipment.       

 

 

Figure 46. Buchner funnel with side arm 

https://en.wikipedia.org/wiki/Vacuum_pump
https://en.wikipedia.org/wiki/Filtration
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Figure 47. Roots are ready 

 

When the roots were without any soil and water, they were randomly placed in a lid of a 

15-cm diameter petri-dish. This petri dish lid with the root sample in place was then photocopied.  

Each root sample was processed in this way, and this photocopied image of the roots was then 

used to estimate the total length of roots in every sample by counting the number of intersections 

of the root segments with the random lines previously placed on a circle equal in diameter to that 

of the petri dish. This methodology is shown below. 

Before making any copy, we need to place the lid with the roots on top of a transparent 

plastic sheet on which was drawn the same circular area of the cover with 20 cm of randomly 

arranged straight lines of 5 cm length. To draw the straight lines, we utilized 5 cm lengths of 

spaghetti randomly arranged on the lid.  Then a copy was made on white paper, and those lines 

then traced on a transparent sheet.  

 

 

Figure 48. Transparent sheet with 20 cm straight lines made with spaghetti. 
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That’s how the random lines were fixed to the transparent sheet. Next, the roots were laid 

randomly within the area of the lid, and the copies were made, expecting that the longer the root, 

the more intersections it will make, on average, with the straight lines. Thus, the number of 

intersections can be used to estimate the total length of the root utilizing equation 19.  

 

 

       

Figure 49. Procedure for make the Xerox copies of the roots 

 

In the Fig. 50, 51, and 52 we can see some examples of the copies of alfalfa roots at 

different depths. 
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Figure 50. Root density at 10 cm depth with a SDI installed at 18 inches depth. 

 

 

Figure 51. Root density at 20 cm depth with a SDI installed at 18 inches depth. 

 

 

 

 

   Figure 52. Root density at 10 cm depth with a SDI installed at 12 inches depth. 
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Whatever the shape of the root, an estimate of its length is given by (Newman 1966): 

 

𝑅 =
𝜋𝑁𝐴

2𝐻
                                                                (19) 

 

Where R is the total length of root, N is the number of intersections between the root and 

the straight lines, A is the area of the circle, and H is the total length of the randomly drawn straight 

lines.  

          

Figure 53. Illustration of the equation, and circular model used. 

 

 

Root density was obtained by dividing the total length of root in the 10 cm sample by the 

original sample volume giving cm root/cm3 soil.  

 

RESULTS 

 

The area of the surface of the lid in the transparent sheet with a diameter of 15 cm was 

calculated as follows: 

𝐴 = 𝜋𝑟2 = 176.72 𝑐𝑚2                                         (20) 

 

With this area and the formula of above, we estimated the total length of the roots in every 

sample at different depths. 
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Depth: 18 inches 

Table 16. Results from the first replication (18 inches) 

Depth N= # intersections R = Total 

length 

(cm) 

Root density (cm 

root/cm3 soil) 

100 cm 0 0.00 0.00 

90 cm 15 41.64 4.16 

80 cm 32 88.83 8.88 

70 cm 7 19.43 1.94 

60 cm 9 24.98 2.50 

50 cm 10 27.76 2.78 

40 cm 26 72.17 7.22 

30 cm 76 210.97 21.10 

20 cm 51 141.57 14.16 

10 cm 59 163.78 16.38 

 

Table 17. Results from the second replication (18 inches) 

Depth N= # intersections R = Total 

length 

(cm) 

Root density 

(root/cm3 soil) 

100 cm 4 11.10 1.11 

90 cm 8 22.21 2.22 

80 cm 4 11.10 1.11 

70 cm 1 2.78 0.28 

60 cm 13 36.09 3.61 

50 cm 4 11.10 1.11 

40 cm 45 124.92 12.49 

30 cm 38 105.48 10.55 

20 cm 51 141.57 14.16 

10 cm 26 72.17 7.22 
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Table 18. Results from the third replication (18 inches) 

Depth N= # intersections R = Total 

length 

(cm) 

Root density 

(root/cm3 soil) 

100 cm 8 22.21 2.22 

90 cm 7 19.43 1.94 

80 cm 35 97.16 9.72 

70 cm 16 44.41 4.44 

60 cm 70 194.31 19.43 

50 cm 19 52.74 5.27 

40 cm 6 16.66 1.67 

30 cm 18 49.97 5.00 

20 cm 21 58.29 5.83 

10 cm 22 61.07 6.11 

 

Depth: 12 inches 

Table 19. Results from the first replication (12 inches) 

Depth N= # intersections R = Total 

length 

(cm) 

Root density 

(root/cm3 soil) 

100 cm 5 13.88 1.39 

90 cm 4 11.10 1.11 

80 cm 0 0.00 0.00 

70 cm 1 2.78 0.28 

60 cm 16 44.41 4.44 

50 cm 4 11.10 1.11 

40 cm 7 19.43 1.94 

30 cm 2 5.55 0.56 

20 cm 4 11.10 1.11 

10 cm 6 16.66 1.67 
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Table 20. Results from the second replication (12 inches) 

Depth N= # intersections R = Total 

length 

(cm) 

Root density 

(root/cm3 soil) 

100 cm 0 0.00 0.00 

90 cm 1 2.78 0.28 

80 cm 16 44.41 4.44 

70 cm 4 11.10 1.11 

60 cm 9 24.98 2.50 

50 cm 18 49.97 5.00 

40 cm 3 8.33 0.83 

30 cm 6 16.66 1.67 

20 cm 12 33.31 3.33 

10 cm 33 91.61 9.16 

 

Table 21. Results from the third replication (12 inches) 

Depth N= # intersections R = Total 

length 

(cm) 

Root density 

(root/cm3 soil) 

100 cm 1 2.78 0.28 

90 cm 1 2.78 0.28 

80 cm 3 8.33 0.83 

70 cm 9 24.98 2.50 

60 cm 9 24.98 2.50 

50 cm 5 13.88 1.39 

40 cm 8 22.21 2.22 

30 cm 6 16.66 1.67 

20 cm 9 24.98 2.50 

10 cm 4 11.10 1.11 
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Average of roots densities found at both depth of placement  

Table 22. Results from the average of 18 inches (left) and 12 inches (right) depths of placement 

 

 

 

 

Figure 54. Root densities results from the average at 18 inches depth of placement of the drip 

line tubing. 
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CONCLUSIONS 

 

 The spatial distribution of the plant roots of alfalfa exerts a strong influence on soil water 

flow, root water uptake, and deep drainage, and therefore essentially determines deep percolation 

and transpiration for a given irrigation strategy.  

 

As a result of our field measurements, it can be seen than most cases, the maximum rooting 

density occurred near the depth of placement of the drip emitters as we might have expected. See 

Fig. 54 for a graphical representation of the average root densities at 18 inches depth. Through the 

utilization of HYDRUS-2D we conducted simulations for this case. Specifically, we used the sink 

term, S(h), in Eqs. 8 and 11 to quantify root water uptake, using the commonly used approach of 

Feddes et al. (1976). The potential root water uptake rate, Sp, is calculated from (Simunek and 

Hopmans, 2009). Sp (x, z) in Eq. 15 represents the normalized root density for any coordinate in 

the two-dimensional soil domain. 
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APPENDIX E. HYDRUS-2D simulations.  

 

Graphical representations of the spatial distribution of volumetric water content on the day 

of the cut for each of the six sceranios (See Table 5) simulated and analyzed with HYDRUS-2D 

(Simunek et al., 2006) sorftware. Spatial domain area is 100 cm high by 200 cm wide. The spacing 

beetween emitters is 100 cm. 

 

 

Figure 55. Simulation #1. Emitters depth of placement: 50 cm, SCL soil, irrigation 24 hours 

every week. 

 

  

Figure 56. Simulation #2. Emitters depth of placement: 30 cm, CL soil, irrigation 24 hours 

every week. 
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Figure 57. Simulation #3. Emitters depth of placement: 50 cm, CL soil, irrigation 6 hours every 

three days. 

 

  

Figure 58. Simulation #4. Emitters depth of placement: 30 cm, SCL soil, irrigation 6 hours every 

three days. 
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Figure 59. Simulation #5. Emitters depth of placement: 50 cm, L soil, irrigation 24 hours every 

week. 

 

  

Figure 60. Simulation #6. Emitters depth of placement: 30 cm, L soil, irrigation 6 hours every 

three days. 
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APPENDIX F. Stress analysis 

 

Table 23. Stress Analysis. Boussinesq Calculations 

z mz nz m n f(m,n) ΔP 1 
ΔP 

Total 

Rtire 

tire #2 

Front 

tire #3 

Front 

tire #4 

cm cm cm cm cm  kg/cm2 kg/cm2 kg/cm2 kg/cm2 kg/cm2 

10 19.72 21.46 1.9720 2.1463 0.2329 0.1475 0.5902 0.5902 0.5902 0.5902 

20 19.72 21.46 0.9860 1.0732 0.1766 0.1119 0.4474 0.4474 0.4474 0.4474 

30 19.72 21.46 0.6573 0.7154 0.1264 0.0801 0.3204 0.3204 0.3204 0.3204 

40 19.72 21.46 0.4930 0.5366 0.0660 0.0418 0.1672 0.1672 0.1672 0.1672 

50 19.72 21.46 0.3944 0.4293 0.0469 0.0297 0.1189 0.1189 0.1189 0.1189 

60 19.72 21.46 0.3287 0.3577 0.0385 0.0244 0.0975 0.0975 0.0975 0.0975 

70 19.72 21.46 0.2817 0.3066 0.0287 0.0182 0.0727 0.0727 0.0727 0.0727 

 

 

Figure 61. Graphical representation of the tractor wheels with each of the point loads 

 

 

Figure 62. Graphical representation of the loading uniformly distributed 
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Table 24. Tabulation of values of Newmark’s stress function  
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