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Abstract 
 
Infiltration of water and of leached substances through the capillary zone 
depends on the physical and structural characteristics of the ground and subsoil 
as well as on the intensity and duration of the rainfall or irrigation, vegetal cover, 
terrain slope, drainage pattern, etc. Infiltration models can be classified in three 
categories: semi-empirical, of Green-Ampt and of Richards’ type. The results of 
infiltration models become the input of other flow and transport models, and of 
hydrologic balances in basins. Field works were carried out to quantify the rates 
of infiltration by means of Porchet’s tests, and analyzed in the context of the 
semi-empirical method of Horton, in the sliding zone of the right bank of Juan 
de Grijalva River, between the hydroelectric dams of Malpaso and Peñitas, 
Chiapas, Mexico. The results indicate that the area known as Zona de Relictos 
maintains the highest average values of infiltration, and it is followed by units U-
I, U-II and U-III. Realized tests fall within the scope of the hydrologic studies 
and engineering works that Comisión Federal de Electricidad is performing in 
the site to guarantee the stability of the sliding zone, by draining the groundwater 
flow and channeling the runoff after rainfall events. 
Keywords: infiltration tests and models, rainfall, runoff. 

1 Introduction 

The knowledge and quantification of the flow of water through the capillary zone 
is necessary to solve problems related with the prediction of infiltration and 
runoff, sediment transport, flood control, protection of slopes and rivers banks as 
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is the case, aquifer deep recharge, availability of water for biota, evaluation and 
progression of pollution, etc. Physical and structural characteristics of the soil 
determine the flow pattern of water in any particular region. Results derived 
from infiltration models become the input data for models describing flow of 
water and transport of contaminants through vadose and saturated zones as well 
as of models establishing hydrologic balances in watersheds. In this respect, 
infiltration models are developed to integrate atmospheric hydrology with 
surface and underground hydrology.  
     The purpose of the project is to quantify infiltration rates with Horton’s 
method [1, 2], implemented by means of Porchet-type field tests executed at the 
right bank of Juan de Grijalva river in a landsliding zone. Tests were performed 
in the units called Cuerpo Principal, Zona de Relictos and Zona de 
Amortiguamiento that constitute the slide area of the event occurred in 
November 4, 2007 in which the slope of the hill slid and totally obstructed the 
passage of the water of Grijalva river, near the namesake town located between 
Malpaso and Peñitas hydroelectric dams, figure 1. The engineering scope of 
tests is part of the hydrological studies executed by Comisión Federal de 
Electricidad for guaranteeing the slope stability of the sliding zone by draining 
the groundwater flow and channeling the surface runoff after rainfall events in 
the site. It is therefore necessary to characterize the hydrology and develop the 
corresponding models to estimate water balances and to evaluate catchment areas 
of works of pick up and lightening of the excess of water in the zone. 
 
 

 

Figure 1: Location of the site. 
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2 Context of infiltration models 

Soil infiltration models provide an analytical framework for understanding the 
mechanisms and hydrologic controls of the vadose zone. For managers of water 
resources, infiltrations models may provide an essential support for planning and 
screening of alternative policies, regulations and engineering designs. For aquifer 
mathematical modelers provides the recharge terms of water and source terms of 
substances that migrates from the surface to subsurface flow. Practical 
infiltration models can be classified into three categories: semi-empirical, of 
Green-Ampt, and of Richards type. 
     In semi-empirical models function types are settled down, whose form fits 
with measured values in field, and then proceed to the physical interpretation of 
the observed process. Type functions provide infiltration rates but lack of 
information about the distribution of water content in the soil, and their 
relationship with the unsaturated potential and hydraulic conductivity. 
As examples of this type of models reference can be made to those developed 
in [1–4]. 
     Green and Ampt [5] deducted infiltration relationships based on physical 
principles under the concept of advance of a piston-type wet front. Among 
infiltration models based on the approach of Green-Ampt mention can be made 
of those developed in [6–8], these models takes into account the potential, 
moisture content and conductivity in the capillary zone.  
     Models based on the equations of Richards are founded on the analytical or 
numerical solution of mass balance at the non-saturated zone in combination 
with the law of Darcy-Buckingham. Developed models to solve particular cases 
of Richards’ equation are given in [9–11]. The most important formulations of 
Richards’ equation are those based in the moisture content (θ ) and on the non-
saturated potential ( h ). 
     In the present work Horton [1, 2] semi-empirical procedure was used and 
implemented in field by means of Porchet’s tests [12–15] due to the possibility 
of obtaining practical results through the use of simple, direct, quick, easily 
implemented and low-cost field techniques, figures 2 and 3.  
     Ravi and Williams [12] analyze techniques to estimate field infiltration and 
conclude that semi-empirical techniques are practical and widely used. Williams 
et al. [13] propose different field-oriented methods to quantify semi-empirical 
procedures, including those of the Horton’s type. Montecinos et al. [16] analyze 
various semi-empirical methods based on the solution to Richards’ equation to 
calculate hydraulic conductivity in silty sands and indicate that Porchet’s tests 
show the most uniform behavior as a function of the percentage of fine soil and 
degree of relative density. Nave et al. [17] characterize infiltration process at 
piedmont by using techniques of Horton, Green-Ampt and solutions of the 
equation of Richards of Philip [9] and Smith [18] types. Jutla [19] evaluates 
different infiltration models from an integrated approach of basin modeling and 
from the perspective of dynamic systems. Samper et al. [20] resort to the 
procedure of Horton to estimate infiltration in a basin model. Zhenxue and 
Samper [21] present a methodology to estimate unsaturated flow parameters 
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based on minimizing a functional to allow the calculation of parameters of the 
retention curve and of the relative permeability in laboratory bentonite columns.  

3 Infiltration model of Horton 

Different factors are involved in the infiltration and percolation phenomena, 
among which special mention should be made of the physical characteristics and 
soil structure, subsoil properties, topsoil and vegetation, moisture content and 
soil temperature as well as intensity and duration of rainfall or irrigation events, 
ground gradient and drainage pattern. Infiltration capacity of the soil decreases 
with recharging time starting at a peak value when rains begin, and tending to a 
stable value in the course of time. Horton [1, 2] relates it with the duration of 
rainfall with intensity exceeding the infiltration rate at any time, by means of the 
following expression: 
 

( ) Bt
cc effftf −−+= 0)( ,                                             (1) 

 
where: f  is the infiltration capacity as function of time [L/T]; 0f  the maximum 
infiltration capacity at the beginning of the event [L/T]; cf  the long-term 
asymptotic infiltration capacity [L/T]; B  is a positive decline constant depending 
on the soil [T-1]; and t  the time elapsed since the beginning of rain or irrigation 
[T]. 
     Determination of coefficients 0f , cf  and B  is made experimentally in the 
field; generally the relation cff ≥0  is satisfied. Qualitative characteristics of eqn 
(1) indicates that the function decreases exponentially so that when 0=t  
then 0)0( ff = , whereas when ∞→t , 0→−Bte  and cftf =∞→ )( . The 
infiltration volume is the product of the catchment area by the integral of the 
infiltration capacity eqn (1) in the duration of the event. 
     The Horton’s model is implemented in field by means of approaches of type 
proposed by Porchet [14, 15]. In Porchet’s tests a cylindrical hole with radius r  
is excavated in the ground and it is filled with water until reaching a height h , 
figure 2, so that the surface S  through which water is infiltrated becomes 

( )rhrS += 2π . Mass balance indicates that infiltrated volume in the time interval 
dt  is equal to the infiltration capacity times the infiltration area, 
i.e. ( ) ( ) frhrdtdhr +=− 2/2 ππ . Then separating variables it is found that 

( ))2/( rhdhrdtf +−= ; integrating this latter equation assuming that the variation 
of f  is small within the time interval 12 tt − , the following expression is obtained 

( ) ( )( ) ( )1221 2/22 ttrhInrhInrf −+−+= . Then, to determine the infiltration rate 
f  it is necessary to measure in field the time series ( )Niii ht 1, =

, where N is the total 
number of readings. 
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4 Site location and local geologic model  

The area under study is located between Malpaso and Peñitas hydroelectric 
dams, at the right bank of the Grijalva river, at geographic coordinates 17°21'51'' 
North and 93°23'00'' West at a distance of 12 km from Peñitas dam in the 
territory where the Malpaso syncline is found at the west and La Unión anticline 
to the east; the site is referred to as the physiographic provinces of Montañas del 
Norte and the Planicie Costera del Golfo, figure 1. The site belongs to the 
hydrological basin of the Grijalva River and it has a rainy climate with rain 
falling throughout the year. Drainage is of dendritic type and varies from parallel 
to rectangular associated to the geologic structures. The most relevant 
morphologic features correspond to narrow meander forms of the Grijalva River 
associated to the lithologic features of the site as well as to the geometry of 
fractures and faults affecting the rock mass particularly in the northeast direction. 
The sliding hillside is locally known as Cerro de la Pera and it is located at the 
narrowest meander, 900 m in width, downstream from the Malpaso dam and 
upstream of Peñitas dam. 
 

  

 
 

Figure 2: Infiltration schema of Porchet, photographic details of tests. 

 
     The site is constituted by alternated layers of fine-grained sandstone, 
siltstones, and dark grey clay shale found in thin to laminated strata; the 
sequence is covered by grayish brown ochre silty sandstones in thin to 
intermediate strata as well as by a thick layer of reddish to brown residual soil. 
At some outcropping found at the Juan de Grijalva town the base can be 
observed as constituted by conglomerate-type sandstone and by polymicthic 
conglomerates constituted by fragments of sub-rounded igneous rocks packed in 
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a sandy matrix. The sliding zone is bounded at the north and at the south by 
lateral displacement faults that are mutually parallel and show a Northeast 60° 
Southwest strike; toward the northeast, the block has been segmented by La Laja 
fault that is a regional fault of normal type, figure 1. Following the event of 
November 4, 2007 the hillside became fragmented in units U-I, U-II, U-III and 
the so-called Zona de Relictos, whereas the external area known as Zona de 
Amortiguamiento which remained undisturbed. Units U-I, U-II and U-III are also 
known as Cuerpo Principal, figure 3. 

5 Work program and field results 

Porchet tests were performed in 43 sites, at each site three shallow borings were 
drilled with 6'' in diameter, depth of 30 cm and initial hydraulic head of 30 cm. 
In the bores were performed three variable-head starting series with duration of 
30 minutes each, one test with constant head until the infiltrated volume per unit 
of time became constant and three series of variable head until depleting the 
initial hydraulic head, figure 3 depicts tests locations. 

 

Figure 3: Location of Porchet’s test sites. 

     Starting test series are focused on determining the value of 0f  of eqn (1). 
Table 1 shows average, maximum and minimum values obtained. After 
analyzing the results obtained for units U-I, U-II, U-III and for Zona de Relictos 
it can be determined that Zona de Relictos maintains the largest global average of 
infiltration rate equal to 13,44 cm/min, followed by unit U-III with 5,65 cm/min, 
then by unit U-I with 5,57 cm/min, and finally by unit U-II with 5,29 cm/min. It 
should be observed that there are no major differences among units themselves; 
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Table 1:  Average, maximum and minimum values of 0f . 

 Average values of starting 
infiltration rate 

Maximum values of 
starting infiltration rate 

Minimum values of 
starting infiltration rate 

Unit 0f  (cm/min) 0f  (cm/min) 0f  (cm/min) 

U-I 5,57 11,63 0,35 

U-II 5,29 13,09 0,78 

U-III 5,65 17,62 0,52 

Zona de Relictos 13,44 24,00 3,23 

 
on the other hand, Zona de Relictos maintains a rate of about twice the value 
identified for the units.  
     The test series under constant head makes it possible to estimate the value of 

cf  of eqn (1). Table 2 shows average, maximum and minimum values for each 
unit. It can be determined that Zona de Relictos maintains the largest global 
average of the infiltration rate with a value of 1,13 cm/min followed by unit U-I 
with 0,83 cm/min, then by unit U-III with 0,43 cm/min, and finally by unit U-II 
with 0,39 cm/min. Approximate average values can be found among the different 
units with small differences. The Zona de Relictos maintains a rate of about 
twice the value corresponding to the average of the units. A relevant aspect that 
is worth mentioning refers to the average time to reach the constant infiltration 
rate, it was found to be of approximately 60 minutes in the series of test 
performed.  
     Finally, variable head tests until depleting the initial hydraulic head were 
made, in addition to parameter B  with this type of tests it is possible to 
determine the average infiltration rates to estimate recharge factors in the zone 
under study. Table 3 presents the average, maximum and minimum infiltration 
rates for each zone. The Zona de Relictos maintains the largest global average of 
infiltration rate with a value of 19,51 cm/min; even in the case of eliminating the 
bias of 355,68 cm/min there would remain an average of 6,06 cm/min. It is 
followed by unit U-I with 1,23 cm/min, then by unit U-II with 0,99 cm/min, and 
finally by unit U-III with 0,77 cm/min. Once again, it can be observed that all   
 

Table 2:  Average, maximum and minimum values of cf . 

 Average values of 
stationary infiltration rate 

Maximum values of 
stationary infiltration rate 

Minimum values of 
stationary infiltration rate 

Unit cf  (cm/min) cf  (cm/min) cf  (cm/min) 

U-I 0,83 1,50 0,33 

U-II 0,39 1,22 0,04 

U-III 0,43 1,69 0,08 

Zona de Relictos 1,13 9,19 0,13 
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Table 3:  Average, maximum and minimum values of f . 

 
Average value of infiltration 
rate until depleting the initial 

head 

Maximum value of 
infiltration rate until 

depleting the initial head 

Minimum value of 
infiltration rate until 
depleting the initial 

head 

Unit f  (cm/min) f  (cm/min) f  (cm/min) 

U-I 1,23 6,15 0,15 

U-II 0,99 4,12 0,06 

U-III 0,77 2,24 0,03 

Zona de Relictos 19,51 355,68 0,09 

 

 
units maintain approximate average values and therefore differences among them 
are minimal. The Zona de Relictos keeps a rate of about 20 times the average 
value presented in all units.  

6 Conclusions 

The quantification of the flow of water through the capillary zone is necessary to 
solve problems related with the prediction of infiltration and runoff, sediment 
transport, flood control, protection of slopes and river banks as is the case, 
evaporation-transpiration, aquifer recharge, availability of water for biota, 
evaluation of pollution, etc. Among the various possibilities for estimating 
infiltration rates in the field, it was decided to use the infiltration model proposed 
by Horton because it is possible to be easily implemented in field. Porchet’s tests 
are implemented at the hillside sliding zone located in the right bank of Juan de 
Grijalva river in the State of Chiapas, Mexico, in the zones known as Cuerpo 
Principal, Zona de Relictos and Zona de Amortiguamiento that constitute the 
sliding material areas after the event of November 4, 2007.  
     In all analyzed cases the Zona de Relictos maintains the largest average 
values of infiltration rates, depending on the type of tests it is followed by the 
units constituting the Cuerpo Principal area. In the case of starting series the 
average infiltration rate at Zona de Relictos amounts to 13,44 cm/min, 
5,65 cm/min at unit U-III, 5,57 cm/min at unit U-I, and to 5,29 cm/min at unit U-
II. In constant head tests Zona de Relictos maintains an infiltration rate of 
1,13 cm/min, unit U-I of 0,83 cm/min, unit U-III of 0,43 cm/min, and unit U-II 
of 0,39 cm/min. In the series of variable head until depleting the initial head, the 
Zona de Relictos evidences an infiltration rate of 19,51 cm/min, followed by unit 
U-I with 1,23 cm/min, then by unit U-II with 0,99 cm/min, and finally by unit U-
III with 0,77 cm/min. Lastly, time required to reach constant infiltration becomes 
approximately equal to 60 minutes.  
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