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In India, very limited knowledge of soil 

infiltration characteristics in forages are 

available.  In this  study,  infi l trat ion 

characteristics of land covered by six forages 

have been studied with respect to bare land in 

sandy loam soil. Two empirical (Kostiakov and 

Horton) and two physically-based (Phillip and 

Green‒Ampt) models have been employed to 

estimate infiltration characteristics and 

compared with observed field infiltration data. 

The steady-state infiltration rates measured in 

forages and bare land were significantly 

(p<0.05) different. The highest average steady-

state infiltration rate was measured in Panicum 
-1maximum (9.00 cm h ) followed by TSH (7.40 cm 

-1h ) and least was recorded in Cenchrus ciliaris 
-1(2.65 cm h ) whereas the average steady-state 

infiltration rate recorded for bare land was 1.90 
-1cm h . Results showed that the Kostiakov and 

Phillip model simulated the field infiltration 

characteristics with higher accuracy than the 

two other models except for Chrysopogon fulvus 

and bare land in which the Horton model 

outperformed other models. Higher steady-

state infiltration rates in forages were 

attributed to more porosity measured in the 

soils under forages as compared to bare land. 
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nfiltration of water through soil is a natural process and it is one of the 
important key components of the hydrological cycle ( ).             
When the soil is dry, water infiltrates into the soil at a faster rate. It is             

termed as initial infiltration rate. As water moves down and occupies pore             
spaces, the rate of infiltration reduces and eventually reaches a steady rate.               
This is termed as a steady-state infiltration rate or constant infiltration rate. 
Knowledge of infiltration characteristics of soil has great importance in irrigation 
study, drainage system design, groundwater recharge study, non-point source 
pollutant transport in the soil profile, rainfall-runoff modelling (

), etc. Groundwater is one of the important sources of water especially for 
irrigation and drinking purposes in many parts of India. Knowledge of the 
infiltration process of an area gives an idea of potential zones of groundwater 
recharge ( ). Water from the soil profile reaching the water table 
through the infiltration process helps in quantifying the amount of groundwater 
recharge. 

Grassland in India covers about 24% of its geographical area ( ). 
These grasslands comprise various forage species ( ), which           
are the food of many herbivorous animals ( ). Different                
forage species in Indian grasslands and their spatial prevalence over India 
mentioned in ( ). Grasslands are important zones for groundwater 
recharge as reported by many researchers( ; ) and 
many infiltration studies in grasslands were conducted in many parts of the 
world( ; ). However, infiltration studies in Indian 
grasslands, as well as the influence of forage species on infiltration, are not 
available.

Measuring infiltration characteristics within a small spatial scale is possible. 
However, measuring infiltration characteristics for a larger spatial scale is a 
daunting work and incorporates a huge cost, labour, and time. Therefore, efforts 
were made to model infiltration characteristics in soil with varying soil physical 
properties, vegetation types, etc. which resulted in the development of many 
analytical models. These models are classified in two categories as empirical 
models, viz., Kostiakov  model ( ), Horton model (

), Mezencev model ( ), Modified Kostiakov (
), etc. and physically-based models, viz., the Green-Ampt model 

( ), Philip two - term model ( ), Brutsaert model 
( ), Swartzendruber model ( ), etc. A review 
of these models in great detail in mentioned in ( ).            

( ) and ( ) have evaluated the performance 
of these soil infiltrations models in under various field conditions (

). For example, ( ) 
evaluated the efficacy of seven infiltration models in simulating infiltration 
characteristics and steady-state infiltration rates under various soil and land use 
and land cover conditions. They found that the Brutsaert model and 
Swartzendruber model were more robust with the least uncertainty and less 
sensitive to land use and land cover. 
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Keeping the above facts and research gaps in view, an in-
depth field study was carried out to investigate               
infiltration characteristics in six forage species at Jhansi                    
in Central India and the results of the infiltration                
study on forages were compared with bare land (control). 
Also, the performance of four infiltration models was 
evaluated in simulating the infiltration process in forages and 
bare land. 

This study was carried out during the year 2017-2018 at the 
research farm of ICAR-Indian Grassland and Fodder 
Research Institute (IGFRI), Jhansi, Uttar Pradesh. The 
geographical position of the study location is 25.43º N       
latitude and 78.58º E longitude with an elevation of 284         
metres above the Mean Sea Level. The climate is sub-humid 
type characterized by a hot dry summer and cold winter. The 
normal annual rainfall of Jhansi is approximately 800                  
mm. The texture of the soil of study location is sandy                   
loam type (% sand: 69, % silt: 21 and % clay: 10) with poor 
water holding capacity. The field capacity (%w) and 
permanent wilting point (%w) moisture content of the                
soil were measured as 13.0 % and 5.2 %, respectively.                    
Bulk density of the plots ranged from 1.82 to 2.09 g/cc. The 
porosity of the soil in the plots was observed to be            
ranges from 14 to 29%. The pH, EC, and % organic carbon in 

-1 the plots were measured as 7.71, 0.14 dSm and 0.48, 
respectively. 

 field infiltration test in six mature forages and bare land 
(control) was carried out during November 2017 using 
Double Ring Infiltrometer (DRI) ( ). A DRI consists of 
one inner ring (diameter 29.5 cm) and one outer ring 
(diameter 49.5 cm). Detailed methodology for measurement 
of infiltration rate using DRI can be found in 
Six forages i.e., (i) Cenchrus ciliaris, (ii) Dicanthium annulatum, 
(iii) Heteropogon contortus, (iv) Tri Specific Hybrid (TSH), (v) 
Panicum maximum and (vi) Chrysopogon fulvus have been 
selected for this experiment. The infiltration test was 
replicated thrice for each forage grass and bare land.  
shows the field view of the grass plots and bare land. The 
duration of each infiltration experiment extended for more 
than four hours and the depth of water infiltrated down was 
measured at predefined time intervals. As the infiltration rate 
is high at the beginning of the experiment, the depth of 
infiltrated water was recorded at every 30 seconds time 
interval for the initial 5 minutes. Then, the interval of 
recording depth of infiltrated water was increased due to a 
decrease in the infiltration rate. The last reading of the depth 
of infiltrated water was taken at 266 minutes in each 
experiment. 

To study hydrological processes such as the design of 
hydraulic structures, design of urban drainage system, 
estimation of design flood, groundwater recharge, solute 
dynamics, etc., availability of spatial infiltration rate data are 
inevitable. However, it is labourious, time-consuming, and 

MATERIALS AND METHODS
Study area

Infiltration test in experimental fields
In-situ

Fitting of infiltration models 

Fig. 1a

Sihag et al. 2017. 

Fig. 1b

impractical to measure spatio-temporal infiltration rate at a 
larger scale. To solve this problem, different empirical and 
physical-based infiltration models were developed to 
represent the variation of the infiltration rate in soil using 
minimum parameters. Among the empirical models, the 
Horton model and the Kostiakov model, and among 
physically-based models, Phillip's two-term model and 
Green-Ampt model were used in this study. The procedure 
for predicting the infiltration rate employing these empirical 
and physically-based models can be found in  
( ). A brief description of the infiltration models is 
presented below: 

( ) proposed a simple empirical infiltration 
equation based on curve fitting from field infiltration data. It 
relates infiltration rate to time as a power function:

Where f  is infiltration rate; t is time after infiltration starts; K p

as well as αare the constants and depend on the soil and initial 
conditions. The parameters, K and α must be evaluated from 
measured infiltration data. 

( ) assumed that the infiltration rate (f ) decreases p

with time and tends to a minimum constant rate (f ) with the c

elapse of time. He related the infiltration rate to the rate of 
work performed and the change in infiltration capacity from 
f tof  as the work remaining to be performed, with β as the p c

proportionality factor. The final form of the Horton equation 
is obtained as,

For a uniform soil with uniform soil-moisture content, and the 
excess water supply rate at the surface, ( ) found a 
solution to the flow equation in the form of an infinite series. 
Because of rapid convergence, the first two terms of the series 
are considered sufficient and constitute the Philip two-term 
model. It is represented as,

whereS is termed as soil sorptivity which depends on initial 
soil moisture content and soil-water diffusivity; and A is a 
parameter represents an approximate estimate of in-situ 
saturated hydraulic conductivity.

 ( ) proposed an approximate model             
that directly applies to Darcy's law. The original equation            
was derived for infiltration from a ponded surface into a            
deep homogeneous soil with uniform initial water               
content. The infiltration rate predicted by the model is 
expressed as,

Where K is the hydraulic conductivity of the wetted zone, is 
the porosity of the soil
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Measurement of other relevant data
Soil cores were sampled adjacent to forage tussock using core 
sampler to measure the bulk density and porosity of the soil of 
experimental forage plots. It is difficult to measure in-situ root 
volume by excavating forage roots from the soil. In doing so, 
most of the root gets damaged while the forage was tried to 
pull up with force using a chain-pulley system or excavated 
using a spade. Rooted slips of each forage were planted in six 
plastic buckets (top diameter 0.3 m, bottom diameter 0.25 m, 
and height 0.3 m) in August 2017. Three of the buckets out of 
those six buckets were allocated for measuring the volume of 
roots and rest three buckets were allocated for measuring the 
average lateral length of primary roots of the forages ( ). 
At the mature stage of the forages in buckets, the shoot of each 
forage was removed carefully followed by separation of the 
closed end of the bucket from the bucket-forage assembly 
with a sharp knife without damaging roots. A sieve was 
placed at the cut end of the bucket-forage assembly to collect 
the broken roots of forages while removing adhered soil from 
the roots in the bucket-forage assembly through a gentle 
sprinkling of water. Washed roots, as well as roots, collected 
from the sieve, were air-dried. 

Then, the air-dried roots of each forage were carefully 
bundled and dipped into a graduated transparent bucket 
partially filled with water. The rise in the water level in the 
bucket represents the volume of the root of forage. To measure 
the average lateral length of primary roots of the forages, 
similar steps followed during removing soil adhered to roots 
while measuring the volume of the root of forages. Then 
primary roots and other comparatively thinner roots were 
separated from the tussock of the forages and the average 
length of the primary roots was measured with a scale. These 
roots were then air-dried for measuring the tensile strength of 
the roots of the forages. The tensile strength of the roots of 
various diameter ranges of each forage was measured using 
the instrumentation described in . The tensile 
strength (Mpa) of roots was measured using the following 
equation,

Where F is the maximum force (N) needed to break the root max

and D is the mean diameter (mm) of the root near the point of 
rupture. 

Fig. 1c

Pal et al. 2019

Performance evaluation of the infiltration models
The infiltrat

Statistical analysis
The infiltration data r

RESULTS AND DISCUSSION
Infiltration test

ion rate was predicted using the empirical and 
physical models at the same time intervals followed while 
recording actual infiltration rates in forages. Accuracy of 
infiltration models was assessed using Correlation Coefficient 
(r) and Root Mean Square Error (RMSE) by comparing the 
infiltration rate predicted by the models with respect to 
observed infiltration rate. The correlation coefficient (r) and 
RMSE are expressed as:

Where P  and are the predicted and observed infiltration si

rates and N is the number of data.

ecorded for the forages and bare land, as 
well as various attributes such as bulk density and porosity of 
the soil, tensile strength of root, etc. related to forages and bare 
land, were subjected to analysis of variance (ANOVA) to test 
for any significant difference in those attributes. Duncan's 
multiple range test (DMRT) was applied to measure specific 
differences between the pairs of means related to each 
attribute at p < 0.05.

s in forages were carried out in the apparently 
dry condition of the soil. The infiltration rate measured in 
each forage is shown in  It shows a frequent variation in 
infiltration rate with time, which makes it difficult in 
interpretation. To represent  more vividly, five points 
moving average method was applied on measured infiltration 
data and the result is shown in . It showed that initially 
infiltration rate was very high due to initial dryness in soil and 
gradually infiltration rate decreased with time and after a 
considerable time it reached to steady-state infiltration rate. 

Infiltration rate averaged over the whole duration as well as 
steady-state infiltration rate measured in forages and bare 
land is shown in . ANOVA test showed significant 
differences (p<0.05) in the infiltration rate and steady-state 
infiltration rate measured for forages and bare land. The 

Poi 

Fig. 2a.

Fig. 2a

Fig. 2b

Table 1

Fig. 1: (a) Measurement of infiltration in grasses using double ring infiltrometer (b) field view of the forage plot and bare land (c) forage 

grasses planted in buckets
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average infiltration rate and steady-state infiltration rate 
measured in forages were found significantly different in 
comparison to bare land as per the DMRT test ( ). The 
highest average infiltration rate and steady-state infiltration 

-1 rate were observed for P maximum i.e. 29.36 cm hr and 9.00 cm 
-1 -1 hr , respectively followed by TSH i.e. 26.71 cm hr and 7.40 cm 
-1hr . On the contrary, the lowest average infiltration rate and 

steady-state infiltration rate were observed for bare land 
-1 -1(control) i.e. 5.04 cm hr  and 1.90 cm hr , respectively. The 

average infiltration rate and steady-state infiltration rate was 
observed in the order of P maximum > TSH >D annulatum>H 
contortus>C fulvus>C ciliaris> bare land. 

Table 1

Table 1: Measured infiltration rate in forages and bare land as well as other soil and forage attributes

 

Forage/bare 

land
 

Steady-state 

infiltration 

rate (cmh-1)  

Average infiltration 

rate (cmh-1)
 

Bulk density 

(gcm-3)
 

Porosity
 

Tensile 

strength 

(Mpa) 

Lateral 

root length 

(cm) 

Root 

volume 

(cm3) 

Average 

primary root 

dia. (mm) 

C ciliaris  2.65f  12.30f  1.84bc  0.25c 135.50b 14.00d 22.46d 0.76b 

D annulatum  4.40d  23.56c  1.84bc  0.27b 99.86e 10.80e 24.21c 0.42f 

H contortus  4.00e  20.63d  1.85b  0.25c 140.56a 16.00c 21.39de 0.49e 

TSH  7.40b  26.71b  1.82bc  0.28ab 51.23f 23.00a 37.76a 0.82a 

P maximum  9.00a  29.36a  1.82c  0.29a 106.64c 21.50b 30.30b 0.58d 

C fulvus
 

6.00c
 

14.18e
 

1.85b
 

0.27b
 62.60e

 

11.00e

 

20.65e

 

0.71c

 

Bare land
 

1.90g
 

5.04g
 

2.09a
 

0.14d
     

Different letters in column are significantly different at p < 0.05 according to Duncan Multiple Range Test (DMRT).

The infiltration rate predicted by the infiltration models is 
shown here only for C ciliarisand D annulatumin and 
, respectively. Poor prediction of infiltration rate by the 

Horton model has been observed particularly during the 
initial period of the experiment ( ). Similarly, it has 
been observed that the infiltration rate predicted by the 
Green-Ampt model deviates significantly from the observed 
infiltration rate near to the steady-state infiltration rate region 
( ). The infiltration rate predicted by Phillip and 
Kostiakov model fits well with the observed infiltration rate 
( ). Accuracy in predicting the observed 
infiltration rate by infiltration models for forages and bare 
land in terms of correlation coefficient (r) and RMSE is shown 
in . More the value of r and less RMSE valuerepresents 
the superiority of an infiltration model in predicting the 
observed infiltration rate. The highest r and lowest RMSE 
were observed almost for all forages and bare land when 
infiltration was predicted with Phillip and Kostiakov model 
( ). 

Fig. 3 Fig. 
4

Figs. 3a & 4a

Fig. 3c & 4c

Fig. 3b, 3d, 4b, and 4d

Table 2

Table 2

Forage/ 

Bare land 

r,  RMSE 

Horton Phillip  Kostiakov  

C ciliaris 0.67, 10.38  0.89, 5.63 0.89, 5.75 

D annulatum 0.75, 9.37 0.81, 7.96 0.84, 7.69 

H contortus 0.63, 22.84 0.83, 14.57 0.82, 15.02 

TSH  0.43, 75.87 0.79, 19.68 0.79, 21.21 

P maximum  0.83, 15.28 0.89, 18.00 0.92, 6.67 

C fulvus 0.89, 15.10 0.67, 18.94 0.69, 22.07 

Bare land 0.88, 13.98 0.86, 11.01 0.78, 22.40 

 

0.79, 7.53 

0.67, 10.07 

0.67, 19.28 

0.54, 26.82 

0.71, 11.97 

0.41, 29.01 

0.54, 18.48 

Green–Ampt

Table 2 : Values of r and RMSE for the infiltration models 
with respect to forage and bare land

Fig. 2:  (a) Observed infiltration rate measured in forages and bare 
land (b) observed infiltration rate after employing of 5-
point moving average method
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Fig. 3: Predicted infiltration rate C ciliaris (a) Horton, (b) Phillip, (c) Green–Ampt, and (d) Kostiakov model

Fig. 4 : Predicted infiltration rate D annulatum (a) Horton, (b) Phillip, (c) Green–Ampt, and (d) Kostiakov model 
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Forage / 

bare land 

Horton Phillip Kostiakov

f0 fc β  S/2  A  K  α

C ciliaris 42 2.60 1.22 4.66 0.13 8.76 0.5 

D annulatum 48 4.35 0.90 4.62 11.04  18.27 0.64

    

H contortus 72 3.95 1.01 9.19 -0.95 15.61 0.44 

TSH  72 7.35 0.15 10.51 1.66 21.72 0.62 

P maximum  60 8.95 1.36 11.73 6.44 23.15 0.65 

C fulvus 60 5.9 1.32 7.13 19.16  27.73 0.54 

Bare land 72 1.85 1.55 7.98 3.74 18.74 0.29

Table 3: Value of infiltration model parameters for forages
and bare land
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