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Abstract 
Drip irrigation is globally acknowledged as the most efficient system. However, the concept of "efficiency" relies on irrigation 
cultural practices, local agro-climatic conditions, and soil characteristics. In Uruguay, the absence of accurate wet bulb 
shape prediction often leads to common over-irrigation practices. Consequently, water loss through deep percolation, 
groundwater contamination, reduced crop yields, higher energy expenditure, and elevated fertilizer usage introduce un-
certainties about the true efficiency of drip irrigation. The primary objective of this study is to develop a methodology for 
estimating wet bulb dimensions and their dynamics under drip irrigation. To achieve this, an experiment was conducted 
using a lysimeter containing representative soil from southern Uruguay. Alfalfa was irrigated using a central dripper with 
varying application times and flow rates. The lysimeter was equipped with tensiometers, and moisture observations were 
made with a neutron probe. The collected data were used to calibrate a numerical model implemented in the Code Bright 
program (UPC, Barcelona, Spain). The model exhibited a good fit in the upper strata (h<60cm), and revealed a deeper 
and thinner bulb compared to estimates found in the literature for soils of similar texture. This model, accurately computing 
the wet bulb's shape in heavy and stratified soils in Uruguay, allows simulations of various irrigation scenarios. Conse-
quently, this work holds great potential for improving the efficiency of drip irrigation in the region. 

Keywords: drip dynamics, drip irrigation, clay soils, numerical modeling, wet bulb 

 

Resumen 

El riego por goteo es reconocido mundialmente como el sistema más eficiente. Sin embargo, el concepto de eficiencia se 
basa en las prácticas culturales de riego, las condiciones agroclimáticas locales y las características del suelo. En Uru-
guay, la ausencia de una predicción precisa de la forma del bulbo húmedo a menudo conduce a prácticas comunes de 
riego excesivo. En consecuencia, la pérdida de agua a través de la percolación profunda, la contaminación de las aguas 
subterráneas, la reducción del rendimiento de los cultivos, el mayor gasto de energía y el uso elevado de fertilizantes 
introducen incertidumbres sobre la verdadera eficiencia del riego por goteo. El objetivo principal de este estudio es desa-
rrollar una metodología para estimar las dimensiones del bulbo húmedo y su dinámica bajo riego por goteo. Para lograr 
esto, se realizó un experimento utilizando un lisímetro que contenía suelo representativo del sur de Uruguay. La alfalfa se 
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regó con un gotero central con diferentes tiempos de aplicación y caudales. El lisímetro estaba equipado con tensiómetros 
y las observaciones de humedad se realizaron con una sonda de neutrones. Los datos recopilados se utilizaron para 
calibrar un modelo numérico implementado en el programa Code Bright (UPC, Barcelona, España). El modelo exhibió un 
buen ajuste en los estratos superiores (h<60cm) y reveló un bulbo más profundo y delgado en comparación con las 
estimaciones encontradas en la literatura para suelos de textura similar. Este modelo, que calcula con precisión la forma 
del bulbo húmedo en suelos pesados y estratificados en Uruguay, permite simulaciones de varios escenarios de riego. 
En consecuencia, este trabajo tiene un gran potencial para mejorar la eficiencia del riego por goteo en la región. 

Palabras clave: dinámica de goteo, riego por goteo, suelos arcillosos, modelado numérico, bulbo húmedo 

 

Resumo 

A irrigação por gotejamento é mundialmente reconhecida como o sistema mais eficiente. No entanto, o conceito de "efi-
ciência" depende de práticas culturais de irrigação, condições agroclimáticas locais e características do solo. No Uruguai, 
a ausência de previsão precisa da forma do bulbo úmido geralmente leva a práticas comuns de irrigação excessiva. 
Consequentemente, a perda de água por percolação profunda, contaminação de águas subterrâneas, rendimentos redu-
zidos das culturas, maior gasto de energia e uso elevado de fertilizantes introduzem incertezas sobre a verdadeira efici-
ência da irrigação por gotejamento. O objetivo principal deste estudo é desenvolver uma metodologia para estimar as 
dimensões do bulbo úmido e sua dinâmica sob irrigação por gotejamento. Para isso, foi realizado um experimento utili-
zando um lisímetro contendo solo representativo do sul do Uruguai. A alfafa foi irrigada usando um gotejador central com 
diferentes tempos de aplicação e vazões. O lisímetro foi equipado com tensiômetros e as observações de umidade foram 
feitas com uma sonda de nêutrons. Os dados coletados foram usados para calibrar um modelo numérico implementado 
no programa Code Bright (UPC, Barcelona, Espanha). O modelo apresentou um bom ajuste nos estratos superiores 
(h<60cm) e revelou um bulbo mais profundo e mais fino em relação às estimativas encontradas na literatura para solos 
de textura semelhante. Este modelo, calculando com precisão a forma do bulbo úmido em solos pesados e estratificados 
no Uruguai, permite simulações de vários cenários de irrigação. Consequentemente, este trabalho tem grande potencial 
para melhorar a eficiência da irrigação por gotejamento na região. 

Palavras-chave: dinâmica de gotejamento, irrigação por gotejamento, solos argilosos, modelagem numérica, bulbo úmido 

 
 

1. Introduction 

In several countries, such as Uruguay, there are ag-
ricultural areas with high land value and small-scale 
producers. When climatic conditions with high inter-
annual variability exist, production is affected, and 
farmers can only grow by increasing productivity 
through the use of efficient irrigation techniques. In 
Uruguay, a large part of fruit and vegetable produc-
tion is carried out under drip irrigation.  

It is globally technically acknowledged that drip irri-
gation is the most efficient system, registering effi-
ciencies between 60% and 95%(1). However, from 
the 1990s onwards the absolute affirmation of effi-
ciency and advantages such as the non-existence 
of deep percolation have been questioned by sev-
eral authors and begin to be conditioned to the de-
sign and its management(2-8). These authors claim 
that the method is efficient only if the design and op-
eration are based on a good estimation of the shape 
and dimensions of the wet bulb, since plants do not 
respond directly to the frequency of water applica-
tion, but to the water potential (tension) in the soil. 

In the last 30 years, great advances have been made 
in the implementation of drip irrigation techniques. 
Most of the research focuses on particular 

experiences with certain soil types, crops and irriga-
tion designs, which are not very generalizable(7-10). 

Regarding Uruguay, there is not enough research 
data about soil characterization, agro-climatic varia-
bles and statistics to allow a correct design of drip 
irrigation. These factors are considered without tak-
ing into account the local conditions of the soil-wa-
ter-plant system. In general, experiences and data 
from other regions, such as Europe and the US, are 
adopted. Drip irrigation has a strong experimental 
basis in arid and semi-arid climates, light and homo-
geneous soils, those in which it was developed. 
However, García Petillo(11) points out that the claim 
of greater efficiency and greater water savings does 
not always have sufficient experimental basis for 
conditions other than those in which drip irrigation 
was developed. In fact, the experience in Uruguay 
seems to indicate that the efficiencies are not such 
due to deep percolation and soil compaction phe-
nomena. According to García Petillo(12), the lower 
efficiency of drip irrigation may be due to the fact 
that the shape of the wet bulb in stratified and heavy 
soils is not spherical, presenting smaller horizontal 
diameters. In such soils, higher diameters are ex-
pected. 
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Based on the above, this paper proposes a method 
to calculate the dimensions of the wet bulb and its 
dynamics in representative soils of the south of Uru-
guay, using as the main measurement parameter 
the water potential (tension) in the soil. For this pur-
pose, a field test was carried out under controlled 
conditions using soil water potential (tension) as the 
main measurement parameter to obtain reliable 
measurements to be used as input to a numerical 
model. The model was implemented, calibrated and 
used to identify the optimum irrigation flow rates and 
frequencies for different scenarios for the consid-
ered soils. 

 

2. Materials and methods  

The irrigation tests were performed at the National 
Institute of Agricultural Research’s Laboratory (Insti-
tuto Nacional de Investigaciones Agropecuarias 
(INIA)), Las Brujas, Canelones, Uruguay; between 
December 20, 2013 and May 21, 2014. The meth-
odology was based on Provenzano(13), and comple-
mented by Dabral and others(14); García Petillo and 
others(11)(15). A physical model consisting of an in-
strumented lysimeter was implemented. Then, an ir-
rigation sequence was carried out to measure the 
dimensions and dynamics of the wet bulb, followed 
by simulations with a numerical model. The main 
parameter used in this work was the water potential 
(tension) in the soil, measured continuously every 
hour. The drainage phenomenon is strongly de-
pendent on the initial conditions of the system, so 
once the tensiometers were installed, tension pat-
terns were obtained immediately before starting the 
irrigation. 

2.1 Physical model 

A cylindrical watertight lysimeter of 1.20 m diameter 
and 1.20 m depth was built. These dimensions were 
considered to ensure that the system boundaries 
were far enough apart not to affect the wetted zone 
results. It was installed horizontally to avoid prefer-
ential water flows. Then a soil profile representative 
of the south region of Uruguay was reproduced into 
the lysimeter, as described later in this section. A 
surface dripper was installed in the center of the ly-
simeter to apply the flow rate. Alfalfa was sowed in 
November in the lysimeter, since it is a reference 
crop for which direct evapotranspiration data are 
available (Figures 1 and 2). The experiments began 
once the crop reached a root development greater 
than 40 centimeters. 

 

 

Figure 1. 4 L/h droppers used 

 

 

Figure 2. Lysimeter with alfalfa planted 

 

The soil considered for this experiment is classified 
as a typical Brunosol according to the Uruguayan 
soil classification system(16), and corresponds to a 
typical Argiudoll according to the Soil Taxonomy 
classification(17); medium to heavy texture, silty 
loam. Table 1 presents the description of these 
soils, predominant in the south and center-south of 
Uruguay(18).  

 

Table 1. Soil Profile Texture Description 

Layer 
Depth 
(cm) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Texture 

A 0-25 13 64 23 Silty loam 

B 25-65 8 33 59 
Silty-clay 

loam 

C 65- + 7 36 57 
Silty-clay 

loam 
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The methodology to experimentally characterize the 
soil consisted of plotting the couples (tension-hu-
midity) for all the tensiometers in operation during 
the testing period, and discarding those that did not 
present a uniform distribution. Once the tensiometer 
data had been refined, the parameters of the Van 
Genuchten(19) equation [3] were fitted: n and m 
(curve-fitting parameter with m=1-1/n), α (empirical 
parameters), θsat (saturation humidity) and θres 
(residual humidity). The adjusted parameters are 
shown in Table 2. These parameters were taken as 
starting values for the calibration in the implementa-
tion stage of the numerical model. Then, the param-
eters were adjusted during calibration, as were the 
values of hydraulic conductivity. 

 

Table 2. Parameters of the H-Curves (θ) 

Depth (cm) Θres (%) Θsat(%) α (m-1) n m 

Depth A 
(0-25) 

0.12 0.43 2 1.5 0.33 

Depth B 
(25-65) 

0.159 0.474 5 1.5 0.33 

Depth C 
(65- +) 

0.18 0.56 5 1.2 0.17 

 

The soil water characteristics obtained with the ex-
perimental parameters of the soil water retention 
curve are presented in Table 3. The bulk density 
(DAp), the Field Capacity (CC) was determined as 
the moisture content measured at -0.01 MPa, and 
the Permanent Wilt Point (PMP) measured at -1.5 
MPa(20). For the PMP, values tested in the labora-
tory with pressure chamber were taken, according 
to the methodology of Richards(21). 

 

Table 3. Soil water characteristics 

 

Nine digital tensiometers connected to a Data Log-
ger (Fig 4) were installed, which recorded continu-
ous measurements every 1 hour during the entire 
test period. In addition, 4 analogical tensiometers 
were used as control devices. They were installed 
at different depths (20cm, 30cm, 40cm, 60cm, 80cm 
and 100cm) and at different locations in the section 
(see Figure 3a and b). The equipment was powered 

by a 12V, 7Ah battery that was charged by a solar 
panel installed on site and portable chargers as a 
backup. 

 

a) Plan 

 

b) Section 

 

Figure 3. Tensiometers placement scheme 

 

In addition, 4 neutron probe tubes were installed to 
measure soil water content (H). A probe model CPN 
503 (Campbell Pacific Nuclear INC)(22) was used 
during the period from 1 April to 19 May 2014, where 
moisture and tension measurements coincided to 
obtain the experimental data to characterize the soil 
profile. 

 

Figure 4. 40-cm-long tensiometer and data logger 
connected to the PC 

Depth 
(cm) 

DAp 
(gr /cm3) 

CC 
(vol-
ume) 

PMP 
(vol-
ume) 

AD 
(vol-
ume) 

Depth A 
(0-25) 

1.417 0.320 0.120 0.200 

Depth B 
(25-65) 

1.483 0.300 0.159 0.141 

Depth C 
(65- +) 

1.603 0.450 0.180 0.270 
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Figure 5. Neutron Probe model CPN 50 

 

In order to obtain reliable and applicable data for the 
numerical model, controlled conditions were estab-
lished, consisting of irrigation and evapotranspira-
tion as the only water inputs to the system, respec-
tively. For this purpose, the lysimeter was installed 
in a space designed to isolate rainfall, called "Rain-
out Shelters" consisting of two "half sheds" which 
move on a rail closing the roof manually or when 
rain is detected. The lysimeter was provided with a 
drain located at the bottom of the system. The out-
lets were placed 10 cm from the bottom, provided 
with a tap to measure water outflows. Hourly ETo 
was calculated according to the Penman-Monteith 
methodology(23). Data from an automatic weather 
station (Davis LB model Vantage Pro) located at the 
site was used for this purpose. 

Three irrigation sequences (volume application) 
consistent with other works reported in the litera-
ture(12-13)(24) and with practices and experiences of 
local producers were programmed: application of 
4L/h, each application in times of 1h, 2h and in 
pulses and two daily applications. Irrigation rate 
changes were made once the soil reached around -
300 hpa. The irrigation system consisted of a pump 
and emitters in the top center of the lysimeter. The 
drippers were self-compensating, and the pipes 
used were 0.5 inch. The pumping system had a 
pressure of 1 kg/cm2. 

2.2 Numerical modeling  

A numerical model was developed to predict the 
characteristics of the wetted zone by localized irri-
gation, in particular the shape of the wet bulb and its 
dynamics. The code, Code_Bright(25), was selected, 

which solves thermo-hydro-mechanical problems 
with 2D and 3D transient flows in saturated and un-
saturated soil. The following assumptions were 
adopted for the model implementation: 

● No thermodynamic, soil mechanics and solute 
transport phenomena are considered. This implies 
that the equation describing the physical phenome-
non to be modeled (conceptual model) is the Rich-
ards equation. 

Each horizon is considered homogeneous; how-
ever, the intrinsic permeability is accepted to vary in 
the horizontal (radial, r) and vertical (y) directions. 

● Hysteresis phenomena were not considered for 
the wetting and drying cycles of the soil.  

The liquid water conservation equation and unsatu-
rated flow were considered for the model. Based on 
the simplifications of the conceptual model, the type 
of problem selected in the code is the one that cor-
responds to the water mass balance where the un-
known is Pl (liquid pressure), working with the liquid 
phase and only with the water species (w). The 
Code_Bright code considers the following expres-
sion for the water conservation equation [1] and [2].  

 
𝜕(𝜃𝑙

𝑤𝑆𝑙∅)

𝜕𝑡
+ ∇ ∙ (𝒋𝒍

𝒘) = 𝑓𝑤  [1] 

 
Sl: Degree of saturation of the liquid phase.   

(
% of pores occupes by water in the

liquid state
) 

θl
w: Mass content of water per unit  

volume in the liquid phase  
𝒋𝐥
𝐰: Mass flow rate of liquid water 

   fw: External water ingress 

ϕ ∶  Porosity 

 
 

𝒋𝐥
𝐰 = −

𝑘∙𝑘𝑟𝑙

𝜇𝑙
(∇𝑃𝑙 − 𝜌𝑙𝑔)[2] 

 

 μl and ρl are the dynamic viscosity,density  
 of water at 20ºC 

g: gravity 

Pl: Relative to atmospheric pressure. 

 (Pl = 0 = Patm) 

 

This equation is the Richards equation, which de-
scribes the physical phenomena to be modeled 
(conceptual model). 

For the retention curves, the Van Genuchten model 
was selected. [3] 
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S0 =
Sl−Srl

Sls−Srl
= (1 + (

Pg−Pl

P
)

1

1−𝜆
)

−𝜆

[3] 

𝑃 = 𝑃0

𝜎

𝜎0
 

 
Pl: Relative to atmospheric pressure. (Pl

= 0 = Patm) 

P0: Measured P at certain temperature 
1

α
 

 
σ0:  Surface tension at temperature in which P0 

was measured 

Usually σo= 0,072 N/m al 20ºC 

 λ: Shape function for retention curve 

Srl: Residual saturation  

Sls: Maximum saturation  

φ0: Reference porosity  

  

For intrinsic permeability, the model of Kozeny [4] 
was used. 

 

k = k0
φ3(1−φ0)2

(1−φ)2φ0
3    [4] 

 

k0: Intrinsic permeability referred to φ0 

(k11)0, (𝑘22)0, (𝑘33)0: Intrinsic permeability  

1st, 2nd, 3rd principal component principal 

 component of the direction respectively 

φ0: Reference porosity to calculate intrinic  

permeability  

 

The Van Genuchten model [5] was used for relative 
permeability. 

 

krl = √Se ((1 − Se
1

λ⁄ )
λ

)
2

 [5] 

 

krl =
𝑘(ℎ)

𝑘𝑠𝑎𝑡
 

 

λ: exponent 

 Srl: Residual saturation  

 Se: Maximum saturation 

 

The domain considered in the model consists of a 
cylinder of dimensions 0.6 m radius and 1.2 m 
depth, for which axial symmetry is considered. The 
dripper (water inlet) is at the point (0,0) of the do-
main, which represents the center of the real lysim-
eter. The domain is divided into four bands with 
depths of 25 cm, 40 cm, 35 cm and 20 cm corre-
sponding to horizons A, B, C and drainage layer, re-
spectively. The model mesh was generated by the 
program automatically selecting triangular ele-
ments. In this case, it was decided to have a denser 
mesh in the region where the bulb was supposed to 
develop. Each tensiometer was assigned a node in 
the generated mesh. A scheme of the domain with 
the dripper and the position of the tensiometers is 
shown in Figure 6. 

 

 

Figure 6. Scheme of the meshed domain and position 
of the tensiometers associated with the corresponding 

calculation nodes 

 

The following equation represents the general cal-
culation scheme for boundary conditions. They in-
corporate von Newman type terms and Cauchy type 
[6]. In this way, the inputs and outputs at the bound-
aries are represented in the model by: 

 

𝑗𝑙
𝑤 = (wl

w)0𝑗l
0 + (wl

w)0γl(Pl
0 − Pl) +

       βl((ρlwl
w)0 − (ρlwl

w))  [6] 

 

𝑗𝑙
𝑤: Water flow rate 

𝑤𝑙
𝑤 :mass fraction of solute 

𝑃𝑙: liquid pressure 

𝛾𝑙 =  Parameter needed to be             

     ≠ 0 when 𝑃𝑙  is prescribed  

𝜌𝑙: liquid density  
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𝛽𝑙: Parameter considered only when mass  

    transport is present  

 

Root uptake is an outflow of the system. This was 
represented by evapotranspiration. Although in the 
literature(4)(26-27) there are some models described to 
represent root absorption, it is difficult to find a 
model that represents the complexity of this sys-
tem(28). Therefore, root uptake was modeled as wa-
ter output equal to evapotranspiration distributed in 
a volume equal to the surface of the lysimeter by a 
depth of 40 cm. This assumes that the roots were 
uniformly distributed in this volume and that this was 
the zone of greatest root activity.  

A no-flow condition was applied in the direction per-
pendicular to the edge of the lysimeter and in the 
axis of axial symmetry [7] and [8]. 

 

𝑗𝑙
𝑤(R, y⃑ ) = (wl

w)0𝑗𝑙
0 = 0  [7] 

 

𝑗𝑙
𝑤(0, y⃑ ) = (wl

w)0𝑗𝑙
0 = 0  [8] 

 

A seepage-type drainage boundary condition was 
set at the bottom base of the lysimeter. This condi-
tion enables drain if and only if the pressure set at 
the boundary (Po) in this case set to zero is equal to 
or less than the pressure of the liquid phase. This is 
in case there is saturation; otherwise, the flow 
through the lower boundary of the lysimeter is zero [9]. 

 

𝑗𝑙
𝑤(𝑟, L) = {

𝑗𝑙
𝑤  si Pl(r⃗, L) ≥ 0

0 si Pl(r⃗, L)  ≤ 0
 [9] 

 

The initial values of the unknowns were assigned in 
nodes/surfaces on the geometry with constant val-
ues. In this case, the only variable to which an initial 
condition is assigned is the pressure. The surfaces 
were defined according to the zone influenced by 
each tensiometer, assigning to it the value meas-
ured at the beginning of each test in each tensiom-
eter. As a first approximation, the parameters ob-
tained from the experimental curves for the three 
soil horizons were fixed and the parameters corre-
sponding to the intrinsic permeability were adjusted, 
starting from literature values. In a second instance 
and by means of a manual calibration, the parame-
ters of the curves were varied to reproduce the pe-
riod in which the soil was irrigated with 4L/h, as 
shown in Table 5. The calibration parameters were 
five: α, m, Ko r, Koy, λ. 

For the calibration, it was first sought to obtain a sin-
gle set of parameters to reproduce the three types 
of applications carried out, however, this was not 
achieved because it was observed that the soil per-
meability curves varied as the test time elapsed. 
This may be due to an incomplete consolidation of 
the lysimeter soil. In this context, it was decided to 
calibrate the values of the soil parameters for each 
irrigation rate period. 

 
Table 4. Irrigation rates considered 

Volume 
application 

Q 
(L/h) 

Irrigation 
time (h) 

Daily 
Application 

Jl 
(kg/s) 

Daily 
volume 

(L) 

4L1h 4 1 1 0.00111 4 

4L2h 4 2 1 0.00111 8 

4Lp1h 4 1 2 0.00111 8 

 

The Mean Absolute Relative Error coefficient(29) was 
used to evaluate the numerical model. It was calcu-
lated as equation [10]: 

 

𝐸𝑅𝑀𝐴 =
1

𝑛
∑

|𝑂𝑖−𝑆𝑖|

|𝑂𝑖|
𝑛
𝑖=1   [10] 

 

Oi: values observed in a sample of size "n". 

Si: values calculated by the model in a sample of 
size "n". 

 

A schematic of the simulated lysimeter and the po-
sition of the tensiometers at each node (used for cal-
ibration), and the position of the control tensiome-
ters are shown in Figure 7. 

 

Figure 7. Scheme of the lysimeter mesh with the nodes 
at the position of the simulated tensiometers 
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2.3 Numerical simulation 

For the simulation of the wet bulb shape, a period of 
5 days in January was considered, and the volume 
and application times of 1 h, 2 h, and 0.5 h and 1 h 
pulses were evaluated. The initial conditions (and 
because they are transient phenomena) determine 
the behavior of the wet bulb dynamics. A typical sit-
uation in irrigation management in Uruguay was se-
lected, consisting of an initial condition of soil mois-
ture of 300 hPa in the whole profile. 

 

3. Results 

3.1 Model calibration 

Table 5 shows the calibration results for the appli-
cation volume of 4L. 

 

Table 5. Calibration Parameters (4L/h Volume application) 

Volume application 4L1h 4L2h 4Lp1h 

H
or

iz
on

 A
 

α (m-1) 5 5 5 

m 0.33 0.3 0.3 

λ 0.3 0.3 0.3 

Kx 1xe-11 1xe-11 1xe-10 

Ky 1xe-10 1xe-10 1xe-10 

H
or

iz
on

 B
 

α (m-1) 5 5 5 

m 0.33 0.3 0.3 

λ 0.3 0.3 0.3 

Kx 1xe-12 1xe-12 1xe-12 

Ky 1xe-11 1xe-11 1xe-11 

H
or

iz
on

 C
 

α (m-1) 5 5 5 

m 0.3 0.3 0.3 

λ 0.4 0.4 0.4 

Kx 1xe-10 1xe-10 1xe-11 

Ky 1xe-11 1xe-11 1xe-11 

 

In Table 6 the ERMA indicates the relative differ-
ence of the error made by the model. The following 
table shows the results of the evaluation coefficients 
of the numerical model for each tensiometer in each 
irrigation rate period. 

For the present work, acceptable calibration set-
tings were those that obtained an ERMA index of 
less than 15%. 

Figures 8, 9 and 10 compare the model outputs at 
the positions of the tensiometers whose data were 
used for the calibration stage for the 3 volume 

application proposed (Figures 8, 9 and 10 in Sup-
plementary material). 

The difference in the simulation times in each test cor-
responds to equipment failure events where the Data 
Logger did not record data. The criterion was to simu-
late the entire period available with data in each vol-
ume application. The error plotted corresponds to the 
voltage measurement system (+/-5hPa) according to 
SWT6(30). 

 

Table 6. Results of the numerical model evaluation 

ERMA (%) 

 Node 

Volume 
application 

347 283 223 110 104 86 

4L1h 14.2 3.8 8.0 9.6 7.3 2.4 

4L2h 8.4 4.7 8.7 1.2 2.6 2.3 

4Lp1h 9.03 6.2 4.4 5.6 ND 4.5 

 

3.2 Radius and depth of the bulbs 

Table 7 shows the maximum radius and depths 
reached by the experimental treatments. An iso-
baric value of 0.01 MPa was taken as the limit of the 
wet zone (wet bulb), which corresponds to a soil at 
field capacity. 

 

Table 7. Radius and maximum depths of calibrated 
tests 

Volume 
application 

4L1h 4L2h 4Lp1h 

1st
 A

pp
lic

at
io

n Rmax 
(cm) 

17 20 17 

hRmax 

(cm) 
0-25 22 0 

hmax 
(cm) 

50 52 18 

E
nd

 o
f R

an
ge

 P
er

io
d Rmax 

(cm) 
17 20 18 

hRmax 

(cm) 
30 22 0 

hmax 
(cm) 

50 52 21 

N
º 

of
 

ap
pl

ic
at

io
n  

6d 1d 6/3 d 

 

3.3 Numerical simulation 

Regarding the results of the wet bulb shape simula-
tions, figures 11 to 14 show the evolution of the wet-
ted zone after each application and the time at 
which the maximum radius was reached once 
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irrigation was finished each day (Figures 11 to 14 in 
Supplementary material). 

 

4. Discussion 

From the previous figures, a good adjustment is ob-
served in the tensiometers placed in the center of 
the lysimeter, that is, below the dripper, while the 
values of the tensiometers placed below 60 cm 
show a greater deviation. This can be noticed for all 
irrigation rates. At the same time, as the application 
volume increased, better adjusted calibrations were 
achieved.  

For tensiometers placed below 60 cm, the model 
presented lower quality in the adjustments. The 
model tends to equilibrium, not capturing rapid wa-
ter arrivals, which can be associated with the entry 
of water through preferential routes in soils with 
macropores, probably due to the wetting-drying cy-
cles to which the soil was subjected(31-32). This effect 
is not noticeable in the upper part of the lysimeter 
because the area associated with macroporosity 
tends to decrease with depth(33). This is why these 
oscillations are not associated with the different irri-
gation applications, which can be observed in the 
surface tensiometer graphs. This indicates that the 
water that reaches the deeper strata arrives very 
slowly and is distributed in the area. 

4.1 Parameters of the retention curves 

For the parameters of the retention curves, they 
never reached values typical of clay soils as cited in 
the literature(2)(20)(34-35). This can be explained as we 
are dealing with structural phenomena of 
macroporosity, where the hydrodynamic response 
of the soil (on a macro scale) resembles parameters 
of coarser textured soils. Figures 15, 16 and 17 
show the comparison of the retention curves in their 
evolution over time of the irrigation treatments (us-
ing the sets of parameters calibrated in the model) 
vs. the theoretical curve for each horizon of the profile. 

 

Figure 15. Comparison of retention curves, their 
evolution in test time and theoretical for Horizon A 

 

Figure 16. Comparison of retention curves, their evolu-
tion in test time and theoretical for Horizon B 

 

 

Figure 17. Comparison of retention curves, their evolu-
tion over test and theoretical time for Horizon C 

 

4.2 Forecasting the wet bulb shape 

Regarding the results for the measurements of ra-
dius and depth of the bulbs, the dimensions of the 
wet bulbs in clay soils in the literature(36-38) should 
be between 30 and 40 cm for maximum radii and 
depths less than 40 cm. As can be seen in Table 8, 
the trend of the maximum radii and calibrated 
depths are lower for the former and higher for the 
latter, compared to those reported in the literature. 

 

Table 8. Theoretical values for clayey soils 

Theoretical Parameters  

 (m-1) 1,4 

m 0,24 

 0,3 

Kx 1xe-13 

Ky 1xe-15 

 

Regarding the number of applications, it is interest-
ing to note that for all cases, in the successive ap-
plications, the radii grow as the initial conditions are 
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varied after each application. This suggests that it is 
necessary not to let the soil dry out and to look for 
an optimal efficiency range of moisture/tension in 
which irrigation should be applied. Moreover, such 
management avoids transformations at the struc-
tural level of the soil, such as cracks and changes 
in the porosity, which decrease the water holding 
capacity of the soil and, therefore, increase perco-
lation losses. 

The model adequately represents the dynamics of 
the wet bulb at a macro scale; however, it does not 
represent the existence of phenomena where po-
rosities are present at different scales, e.g. 
macropores, preferential paths, since the numerical 
model used did not conceptually take this phenom-
enon into account. In this case, the porosity is rep-
resented by a single value per soil type, simply hav-
ing established the parameters of the corresponding 
water retention curves. In any case, the results of 
the simulations for the radii were lower than those 
established by the literature(38) for the soils used in 
this work, as well as the greater depths. 

Regarding pulse irrigation, we can observe that alt-
hough the radius is reduced, so is the depth that 
reaches the wet zone in all treatments. It can be ob-
served that as the daily volume is distributed in more 
applications per day —e.g., the irrigation time is dis-
tributed in each application—, greater reductions in 
depth are achieved.  

As for the comparison of the bulb dimensions, it can 
be observed that the radii reached in the different 
simulations of the irrigation volume application were 
always smaller than those presented in the bibliog-
raphy, and the opposite is the case with the depth 
reached by the bulb. As an example, Table 9 shows 
the comparison between literature values for clay 
soils and those obtained by the simulations for sim-
ilar volume applications. This is explained by the 
fact that in most cases the soil properties are based 
on the description of the texture, giving little weight 
to the structure. This is evidence of structural phe-
nomena of the clays of southern Uruguay that im-
pose a change in the conceptual model of single po-
rosity, as mentioned in previous paragraphs. 

 
Table 9. Comparison of literature values and those obtained from simulations 

 R max (cm) H max (cm) 

Simulations Bresler(39) Karmelli and others(35) Simulations Bresler(39) 
4L/h 1 hour of irrigation 16 25-30 80 32 15 

4L/h 2 hours of irrigation 25 35 100 43 20 

 
 

The effect of preferential paths (fissures) in this type 
of soil is potentially more important the drier it is, 
weighing structural and macro-scale phenomena 
over textural ones. The numerical model does not 
consider changes in porosity or mechanical phe-
nomena, so an alternative to improve the model fit 
could be the incorporation of other phenomena such 
as double porosity. 

It is understood that to improve this aspect of the 
model, macro structural phenomena should be in-
corporated into the conceptual model, which implies 
abandoning the concept of constant porosity as a 
soil property and activating the simulation of soils 
with double porosity in the numerical model. At the 
same time, parameters of the Van Genuchten 
curve(s) should be considered, where maintaining 
the tension —i.e., the main measured variable— 
forces the soil to lose more water. 

 

5. Conclusions 

This paper presents the calibration of a model for 
heavy and stratified soils with a silty loam and silt-

clay loam texture, typical of southern Uruguay. The 
model fits more adequately in the upper strata 
(h<60cm) and has limitations in the deeper strata, 
underestimating the vertical drainage and overesti-
mating the horizontal distribution. 

Through the calibrated model it was possible to 
evaluate the influence of different irrigation applica-
tions on the shape of the wet bulb in stratified and 
heavy soils. Contrary to accepted literature, the hor-
izontal diameters of the wet bulb are consistently 
smaller. Our findings reveal that understanding the 
initial soil stress/moisture conditions is critical to ef-
fective design. Pulse irrigation promises to reduce 
percolation losses, with reductions of up to 11% in 
two daily applications and up to 23% in four daily 
applications. To optimize design strategies, it is rec-
ommended to maintain soil moisture within a spe-
cific range to counter macroporosity-related deep 
percolation losses. Working with lower flow rates 
can improve efficiency, although it can result in 
smaller wet front radii and reduced maximum wet 
depth. Also, achieving overlap of wetting bulbs 
through proximity of drippers offers an effective 



Sastre MT, Silveira L, Gamazo P 
 

 

Agrociencia Uruguay 2023 27(NE1) 11 
 

technique. The concept of distributing the daily irri-
gation volume over multiple applications also 
emerges as a viable strategy to minimize percola-
tion losses. 
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Uruguay: origen, clasificación, manejo y conservación. 
Montevideo: Hemisferio Sur; 2007. 2v. 

19. Van Genuchten MT. A closed form equiation 
for predicting the hydraulic conductivity of unsaturated 
soils. Soil Sci Soc Am J. 1980;44(5):892-8. 

20. Pizarro F. Riegos localizados de alta frecuencia 
(RLAF) goteo, microasperción y exudación. 2a ed. 
Madrid: Mundi-Prensa; 1990. 471p. 

21. Richards LA. Methods of measuring soil 
moisture tension. Soil Sci. 1949;68(1):95. 

22. Campbell Pacific Nuclear Inc. Operating manual 
503DR. Durham: InstroTek. Operating; 2013. 47p. 

23. Allen RG, Pereira LS, Raes D, Smith M. 
Evapotranspiración del cultivo: guias para la 
determinación de los requerimientos de agua de 
los cultivos. Roma: FAO; 2006. 298p.  

24. Lopez Canteñs G, Herrera Puebla J, Ostos 
Santoa A, Lizarraga Mendiola L, Hernandez-Avila 
J. Aplicación de modelos matemáticos para la 
obtención de la curva de retención de humedad 
del suelo. Rev latinoam recur nat. 2010;6(1):44-50. 

25. Olivella S, Gens A, Carrera J, Alonso EE. 
Numerical formulation for a simulator (Code-Bright) 
for the coupled analysis of saline media. Eng 
Comput. 1996;13(7):87-112.  

26. Clothier BE, Green SR. Roots: the big movers 
of water an chemical in soil. Soil Sci. 1997;162:696-
700.  

27. Simunek J, Sejna M, Van Genuchten MT. The 
Hydrus-2D software package for simulating two 
dimensional movement of water, heat, and multiple 
solutes in variably saturated media. Version 2.0.  
Riverside: U S Salinity Laboratory; 1999. 225p. 

28. Mmolawa K, Or D. Root zone solute dynamics 
under a drip irrigation: a review. Plant Soil. 
2000;222:163-90. 

29. Wallach R, Li Y, Cohen Y. The role of soil 
hydraulic conductivity on the spatial and temporal 
variation of root water uptake in drip irrigated corn. 
Plant Soil. 2002;243:131-42.  

30. AT Delta-T Devices Ltd. SWT6, SWT4, SWT4R 
User Manual. London: Delta-T Devices; 2009. 52p. 

31. Jarvis NJ. The MACRO model (Version 3.1): 
technnical description and sample simulations. 
Uppsala: Swedish University of Agricultural 
Sciences; 1994. 51p. 

32. Rubio C, Llorens P, Van Genuchten MT. 
Modelización del flujo transitorio en suelo franco-
limoso utilizando Hydrus 1D. In: Samper J, Paz A, 
editors. Estudios de la Zona No Saturada. Vol. 7, 
Estudios de zona no saturada del suelo. La Coruña: 
Universidade da Coruña; 2005. pp. 257-61.  

33. Lexow C. Curso Hidrodinámica de la Zona no 
Saturada. Santa Rosa: Universidad de la Pampa; 
2006. 121p.  

34. Zazueta FS. Micro Irrigación. México: ICFA; 
1992. 212p. 

35. Mallants D, Mohanty BP, Vervoort A, Feyen J. 
Spatial analysis of saturated hydraulic conductivity 
in a soil with macropores. Soil Technol. 
1997;10(2):115-31. 

36. Karmelli D, Peri G, Todes M. Irrigation 
systems: design and operation. Oxford: Oxford 
University Press; 1985. 187p. 

37. Quezada C, Venegas A, García H, Ocampo J. 
Frecuencia de reposición Hídrica en Olivos bajo 
riego por goteo en un suelo franco-arcilloso. Agro 
Sur. 2005;33(2):74-86. 

38. Keller J, Bliesner R. Sprinkle and trickle irrigation. 
New York: Van Nostrand Reinhold; 1990. 652p. 

39. Bresler E. Trickle drip irrigation: principles and 
applications to soil-water management. Adv Agron. 
1977; 29:344-93. 

 



Sastre MT, Silveira L, Gamazo P 
 

 

Agrociencia Uruguay 2023 27(NE1) 13 
 

Supplementary material 

 

 

Figure 8. Observed and modeled stress for a flow rate of 4 L per day in 1 daily application of 1 hour (4L1h). For each 
node, the coordinates of the associated tensiometer (r, h) are indicated in parentheses, where r is the radius and h is the 

depth. Calibration period 143 hours 
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Figure 9. Observed and modeled voltage for a flow rate of 4 L per day in 1 daily application of 2 hours (4L2h). 
Calibration period 35 hours 
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Figure 10. Observed and modeled voltage for a flow rate of 4 L per day in 2 daily applications of 1 hour (4Lp1h). 
Calibration period 35 hours 
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Figure 11. Volume application 4L 1h (one application) 

 

 

Figure 12.Volume application 4L 2h (one application) 

 

 

Figure 13. Volume application 4L p 1h (two applications per day) 

 

 

Figure 14. Volume application 4L p 0.5h (four applications per day) 

 


