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Abstract 

This paper presents a hydrodynamic modeling of the 
unsaturated zone with a heterogeneous profile in an 
alluvial soil in the Capibaribe River Basin. Three-
dimensional infiltration tests were carried out with the aim 
to do the hydrodynamic characterization applying Beerkan 
Methodology through the BEST algorithm. Therefore, were 
used single ring infiltrometers. The soil profile was 
characterized with the Ground Penetrating Radar (GPR). 
The water transfer processes were simulated with the 
Hydrus Modell. The simulations demonstrated that the 
heterogeneity of the soil generated preferential flows. In a 
heterogeneous soil profile was observed the presence of a 
capillary barrier phenomenon, generating impact on the 
spatial variability of water storage on the soil profile. 

Keywords: Subsurface modeling, preferential flow. 

1. Introduction

Studies on soil water transfer are relevant for interpreting and modeling 
hydrological processes in the unsaturated zone (UZ), principally to determine the 
hydraulic properties of the soil in field scale. These properties are represented by 
hydrodynamic parameters, such as retention curve in general (Alagna et al., 2016, 
Antonino et al., 2001; Lèger et al., 2013). The UZ is very important for understanding 
the water cycle of a region, as it mediates the partition of the volume that reaches 
the surface and the part transferred to the aquifers. Moreover, the vadose zone acts 
as a reservoir of water and/or chemical substances, where it assists in the control of 
soil contamination (Winiarski et al., 2013). 

These studies become more relevant when the regions are in areas of great 
water shortage. The communities of these regions use groundwater, water-trunk and 
rainfall water as the main source of water supply (Xi, et al., 2016). The Brazilian 
semi-arid region presents a lower precipitation rate, generating water availability 
difficulty for economic activities and human supply. Thus, alluvial deposits, 
characterized by small depth reservoir, have fundamental importance for water 
supply in the semi-arid regions of the Brazilian northeast (Ribeiro Filho et al., 2017; 
Cirilo et al., 2016). Therefore, characterizing alluvial aquifers is the key for a 
sustainable management of the scarce water resources in this region. The 
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hypothesis that the soil is homogeneous in field scale is adopted to quantify the 
storage and recharge capacity of these aquifers. This context neglects the impacts 
that a heterogeneous profile can cause in the vadose zone flow processes (Coutinho 
et al., 2015). This can lead to estimation errors, which put the water resources at 
risk. This paper presents a hydrodynamic modeling of the unsaturated zone with a 
heterogeneous profile in an alluvial soil in the Capibaribe River Basin in the state of 
Pernambuco, Brazil. 

 

2. Methodology 

 

2.1. Experimentation site 

 

This study was performed in the Poço da Lama Grange located on the border 
between the cities of Brejo da Madre de Deus and Santa Cruz do Capibaribe. The 
geographic localization is 7º56’57.6”S and 36º17’57.2”W in the Capibaribe dry 
riverbed, Figure 1. Both cities are situated in the west mesoregion of Ipojuca Valley 
microregion. This City belongs to Capibaribe River hydrographic basin and is 
inserted in a hydrogeological fissure domain. This domain consists of a rocks crystal 
basement composed of metamorphic, igneous, and calcium-alkaline rocks.  

 

Figure 1 - Santa Cruz do Capibaribe and Brejo da Madre de Deus localization. 

 

 

The Capibaribe river springs on the border of the cities Jataúba and Porção, 
covering an extension of 280 km until Recife, where it reaches the Atlantic Ocean 
(CPRM, 2005). The Capibaribe River has a high economic importance in 
Pernambuco State, because of its use on agricultural, livestock, Industry and 
residential activities. (Araújo Filho, 2014). This region has moderated dry climate 
based on the INMET classification. The precipitation volume is low and in 2016 the 
maximum monthly rainfall volume measured was 82.5 mm/month in January. The 
precipitation history of Brejo da Madre de Deus and Santa Cruz do Capibaribe are 
demonstrated in Figure 2. The native vegetal cover is Caatinga (Braga et al., 2016). 

Subtitle
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Figure 2 - Precipitation data for Santa Cruz do Capibaribe (S.C.C.) and Brejo da Madre de Deus (B.M.D.). 

 

 

The soil at the study field was characterized as alluvium and has layers of 
different textural classes (EMBRAPA, 2000). A trench was opened with 10m length, 
3m depth and 2m width. In Figure 3a can be seen four kinds of soil textural classes: 
Loamy sand, sand, coarse sand and fine gravel. 

The superficial layer was characterized as loamy sand, presenting organic 
matter and fine particles, which were deposited in floods periods, Figure 3b. The 
sandy characteristic favors the utilization of the GPR. 

 

Figure 3 - Trench of soil profile. a) Profile trench, b) Soil profile. 

 

 

(a) Profile trench. (b) Soil profile. 

M.O. – Superficial Layer (Loamy sand); C2 – Second Layer (Sand); C3 – Third 
Layer (Fine Gravel); C4 – Fourth Layer (Coarse Sand). 

 

2.2. Soil hydrodynamic characterization - Beerkan Method and BEST 
algorithmic 

 

The characterization of the soil hydraulic properties was achieved using BEST 
(Beerkan Estimation of Soil Transfer parameters) method. BEST was first presented 
by Lassabatère et al. (2006) and has the advantage of providing a complete 
characterization of both soil water retention and hydraulic conductivity functions. 

MO 

C2 
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BEST is based on the use of the van Genuchten (1980) relationship for the water 
retention curve with the Burdine (1953) condition and the Brooks and Corey (1964) 
relationship for hydraulic conductivity, since they were found to be accurate for 
describing the hydraulic behavior of most soil types (Fuentes et al., 1992): 
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where  (L3L-3) is the volumetric soil water content, h (L) is the water pressure head, 

K (L T-1) is the soil hydraulic conductivity, n, m and  are shape parameters, km is a 
user index (Haverkamp et al., 2006; Di Prima et al., 2016), p is a tortuosity 
parameter, and hg (L), representing the inflection point of the water retention curve, 

s (L3L-3, field-saturated soil water content), r (L3L-3, residual soil water content) and 
Ks (L T-1, field-saturated soil hydraulic conductivity) are scale parameters.   

In order to estimate all hydraulic parameters, BEST methods require two sets 
of data: i) particle-size distribution (PSD) of the soil and bulk density, and ii) 
cumulative infiltration along with the initial and final soil water contents of the 

infiltration experiment. In BEST, r is assumed to be zero. The saturated water 

content s is derived from the value of bulk density assuming it equals porosity. For 
shape parameters, BEST considers Burdine’s model (1953) leading to m=1-2/n (km = 

2) and  = 2/(mn)+3 (p=1).  

The estimation of the shape parameters by BEST uses the approach 
proposed by Haverkamp et al. (2006). These authors consider that, for an infiltration 
experiment with zero water pressure on a circular surface of radius, r (L), above a 

uniform soil with a uniform water content, i, the three-dimensional cumulative 
infiltration, I (L), and the infiltration rate, i (L T-1), can be described by the following 
explicit transient, Eqs.[3a] and [3b] and steady-state, Eqs.[3c] and [3d] expressions 
(Haverkamp et al., 1994; Aiello et al., 2014): 
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where t (T) is the time and A (L-1), B (-) and C (-) are constants that can be defined 
for the specific case of a Brooks and Corey (1964) relationship as: 
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where  and  are coefficients that are commonly set at 0.6 and 0.75, respectively, 

for i < 0.25 s (Haverkamp et al., 1994; Smettem et al., 1994). More recent 

investigations suggested that the values of  and  scarcely depend on the initial 
degree of saturation but can be soil dependent (Lassabatere et al., 2009). 

 

2.3. GPR Characterization 

 

The ground penetrating radar (GPR) was used for the structural mapping of 
the soil profile to identify the different existing materials. For this purpose, an 
antenna of a frequency of 400MHz was used, applying the “offset mode” (Neal, 
2004). The mapped profile had dimensions of 3 meters of depth and 10 meters of 
length. 

For the calibration of the equipment, an iron rod was placed in a depth of one 
meter. The hyperboles generated by the images in this profile help to calibrate the 
distance and speed of the wave that was used. The average travel velocity of the 
electromagnetic wave for this profile was 0.11 ns. 

Data were treated in the five steps: 1) distance normalization, 2) correct 
position, 3) migration, 4) background removal and 5) filters. Then, after these steps, 
the information collected was interpreted (Coutinho et al., 2015). 

Irregularities on the field in thus the GPR to identify a small layer of air, which 
should be taken off during the treatment. This must be done with caution, so 
information is not lost (Goutaland et al., 2008). 

In the migration treatment, the energy of the emitted signal is attenuated as 
the electromagnetic wave (EMW) travels to a deeper layer. Besides that, a shallow 
object will submit the EMW to the diffraction phenomenon. Then, the propagation 
energy is smaller than when it was generated. Thus, deeper objects can be 
overshadowed, leading to a misinterpretation of the image. Another utility of this 
treatment is the correction of geometry distortions and size of the underground 
buried objects images. 
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The background treatment allows the suppression of horizontal reflectors at a 
depth where the amplitude is constant. 

The filters treatment is defined as the response of a pulse that can have finite 
or infinite duration. They are applied to the removal of low-frequency or high-
frequency noises both in the horizontal and vertical directions. They can be of three 
type: "Infinite Impulse Response" (IIR), “Finite Impulse Response" (FIR) and "Spatial 
2-D Filters ". 

In the interpretation phase, it is necessary to observe the continuity of the 
structures that were identified in a section. 

 

2.4. Hydrus Modelling 

 

The HYDRUS 2D/3D software was utilized to simulate the water internal 
drainage in the profile solving the Richards equations, Eq [5]. For this propose the 
boundary conditions used were: a) absence of flow at the profile surface and sides; 
b) free drainage at the profile bottom. The free drainage of the profile means that the 
bottom flow is only dependent on the hydraulic conductivity, (i.e., the hydraulic 
gradient is unitary). The initial soil was considerate near to the saturation. 

 
       z x

h
K h h z K h h x S

t z x

  
              

   [5] 

The importance of first assessing the moisture profile for the internal drainage 
is the possibility to observe the preferential flows without the influence of large 
potential rates on the surface. This shows the behavior of the soil can have due to 
the different existing materials. It was chosen a 30 days drainage period with the aim 
to have a stable soil, which would present a significant amount of water. Therefore, a 
26-cm mesh was used with 720 knots, 240 1D elements and 1336 2D elements. 

 

3. Results and Discursion 

 

3.1. Infiltration Tests 

 

The cumulative infiltration tests with single ring infiltrometers were performed 
three times for each layer. But these experiments were not done on the Fine Gravel 
layer, because of its thickness. Then, for the Fine Gravel, the Arya and Paris (1981) 
methodology was utilized. The shorter and longer infiltration test duration time were 
399 and 9116 seconds, respectively. The infiltrated water and time are can be seen 
in Table 1. Even though the granulometric classification indicates sandy texture for 
all layers, it was observed the distinction behavior existing in the profile for the 
accumulated infiltration. These hydrodynamic differences are not only generated by 
the granulometry but also depends on the pores size distribution and the soil 
compaction. 
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Table 1 - Total infiltrated water (T.I.W.) and Time (s) for the infiltration tests. 

  MO-R1 MO-R2 MO-R3 Average 

T.I.W. (mm) 1094.35 340.466 1487.200 974.01 

Time (s) 3807 7172 9112 6697.00 

 
C2-R1 C2-R2 C2-R3 

 T.I.W. (mm) 1543.321 1431.079 841.811 1272.07 

Time (s) 1627 711 931 1089.67 

 
C4-R1 C4-R2 C4-R3 

 T.I.W. (mm) 785.691 1571.381 2329.011 1562.03 

Time (s) 422 399 1432 751.00 

R1 – First test; R2 – Second test; R3 – Third test. 

 

The hydrodynamic properties are presented in Table 2. The direct 
adjustments of the cumulative infiltration curves were not made, because some 
parameters may have no physical sense. This is since the equations are developed 
for the homogeneous, isotropic and isothermal profile. The difference of layers in the 
profile can generate errors, where the values of the saturated hydraulic conductivity 
obtained in some cases can be negative (Lassabatère et al., 2006). 

Vanderveare et al. (2000) proposed one way to see the influences in the 
cumulative infiltration curve, which was the linearization of infiltration tests, as 
showed in Eq. [6]. This linearization is presented in Figure 4. The slope of this curve 
expresses the influence of the hydraulic conductivity in relation to the accumulated 
infiltration, Equation [3a]. Then, its decrease indicates a reduction of the profile 
hydraulic conductivity to the existence of a hydraulic barrier between layers. 

:
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Table 2 – Soil hydrodynamic properties. 

 r 
(cm3.cm-3) 

s  
(cm3.cm-3) 

  
(1/cm) 

n (-) Ks  
(cm.min-1)) 

MO 0.004 0.483 6.515 1.327 0.900 
C2 0.010 0.534 4.410 1.437 1.115 
C3 0.020 0.360 111.600 2.700 36.000 
C4 0.004 0.470 2.410 1.682 1.104 

M.O. – Superficial Layer (Loamy sand); C2 – Second Layer (Sand); 
C3 – Third Layer (Fine Gravel); C4 – Fourth Layer (Coarse Sand). 

 

Since the hydraulic conductivity of the soil is directly dependent on the 
existing water volume, the finer layer MO (loamy sand) has a high retention capacity.  
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This makes the conductivity of the next layer C2 (sand) dependent of the MO layer 
water supplied volume. Because of its low water volume, the C2 layer has small 
hydraulic conductivity. This leads the graph to a decrease in its slope. 

 

Figure 4 - Linearization of the cumulative infiltration test. 

 

 

3.2. GPR data analyses 

 

The radargram obtained with the application of a GPR antenna of 400MHz 
frequency is shown in Figure 5. It is observed the presence of long and horizontal 
reflectors during approximately the first sixty centimeters. This manifestation of the 
geophysical signal in the first unit reflects the influence of the soil surface layer, 
composed of a mixture of medium sand, organic matter and grass roots. 

From fifty centimeters deep are observed regions of greater attenuation of the 
electromagnetic signal (between six and ten meters in the abscissa). These regions 
correspond to fine sand layers. Between fifty centimeters and a meter and a half of 
depth, it is possible to observe a series of small curved and discontinuous reflectors. 
These reflectors indicate the presence of a mixture of coarse sand and fine gravel. 

 

Figure 5 - GPR profile with the 400MHz antenna. 

 

 

This geophysical characterization from a trench allows relating the 
heterogeneities to their respective geophysical signatures. This allows with the help 
of the GPR to increase the knowledge of the subsoil heterogeneities in a non-
destructive way on a larger scale than that of excavation. 
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3.3. Hydrus Simulation 

 

The map and graphics of 5 observation sections (3 vertical and 2 horizontal) 
of the initial moisture distribution of profile internal drainage simulation are 
demonstrated in Figure 6. It is observed that moisture distribution at the surface and 
at the base is constant. It is also noticed that for the three points of observation there 
is a marked drop for the existing gravel layer. 

 

Figure 6 - Initial simulation profile for the internal drainage: a) Initial moisture profile, b) Initial top moisture, c) 
Initial bottom moisture, d) Initial 9m transection moisture, e) Initial 6m transection moisture, f) Initial 1m 

transection moisture. 

 

 

After the first four hours of testing the soil already showed a large water 
carrying capacity, where the surface and base humidity decreased around 30%, 
Figure 7. The moisture profiles for the three observation nodes show a reduction of 
the mean value of moisture, being more visible for the layers below the fine gravel 
soil. This is due to the fact that the gravel layer acts as a hydraulic barrier to water 
flow. So, despite presenting a high saturated hydraulic conductivity, in unsaturated 
conditions, its value is not large enough to allow high flow. Its capillary forces are 
very small when compared to the layer immediately above. Because of that, the 
transport of water to the gravel layer dependents on the volume of water provided by 
the preceding layer. This last one has a very low saturated conductivity when 
compared to the gravel. A high spatial variability of water storage is observed, which 
is an effect of the heterogeneity throughout a same horizontal (Coutinho et al., 2015; 
Prédélus et al., 2015). 
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Figure 7 - Drainage profile to the 4 hours simulation: a) Moisture profile, b) Top moisture, c) Bottom moisture, d) 
9m transection moisture, e) 6m transection moisture, f) 1m transection moisture. 

 

 

In the moisture distribution graphics of the top and bottom profile are observed 
the performance of the existing hydraulic barriers on the profile. These barriers are 
located at the interfaces between layers of different textures. Where it is shown that 
its effects are higher at the distances from 0 to 4 meters. This causes a larger 
accumulation of water at the top of the profile and a preferential flow on the fine 
gravel layer. However, between 2 and 4 meters of the profile horizontal distance, the 
graphs do not explicitly show this existence. Nevertheless, when looking at the 
profile isolines graph, it is shown the existence of a preferential flow due to the 
inclination that these materials are arranged. 

This influence of the hydraulic barriers on the generation of the preferential 
flow is explicit when observing the velocity map of the profile, Figure 8. In the 
distance from 2 to 4 meters is observed the existence of a preferential flow for the 
times of 0h, 4h and 12 hours. This leads to a greater accumulation of water in this 
location, which is occasioned by the hydraulic barriers of the different textures layers. 

Besides that, the greatest flow potential is observed for the gravel and coarse 
sandy layers. So, this influence is directly dependent on the hydraulic conductivity. 
Thus, it is generated a rapid stabilization of the drainage in the profile. Where for a 
drainage period of 30 days occurs a small variation in the profile. This providing a 
drainage of 910.2mm during this period. 
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Figure 8 - Velocity vector profile: a) Initial time velocity vector map, b) 4 hours velocity vector map, c) 12 hours 
velocity vector map. 
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4. Conclusion 

 

The infiltration tests showed the heterogeneity influence on water flow, where 
the cumulative infiltration presents a big difference between them. Furthermore, the 
linearization presented a decrease in the gravitational influence, where on the 
contact line of the different layers it causes a reduction in the hydraulic conductivity. 

The Hydrus simulation demonstrated a high influence of the soil heterogeneity 
in the water flow. This is due to the differences between the soil hydrodynamic 
properties and the existing materials in the available profile. The profile textural 
heterogeneity generated the appearance of a preferential flow. 

The GPR mapping showed 4 different geological units on the profile. Thus, it 
could be observed that even with certain interpretation limitations, the methodology 
helped to identify the different lithofacies. However, the existing soil type could not 
be determined, requiring a local sample for this characterization. Nevertheless, when 
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the GPR technique is used in conjunction with other forms of soil physical 
characterization, it becomes a tool with a good level of precision. 
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