


Evaluation and Performance Assessment of Various Infiltration Models for Sandy Loam Soil Using Automated Double Ring Infiltrometer 

ABSTRACT
 
Accurate estimation of infiltration rate and hydraulic conductivity is crucial for efficient agricultural water resource management . In this study, the infiltration characteristics of sandy loam soil under field conditions was determined using the automated infiltrometer and the infiltration data obtained were analyzed using four commonly used infiltration models i.e. Kostiakov’s models, Philip’s model, Green-Ampt model and Horton’s model. Model validation was performed by comparing the predicted infiltration rates with those measured by the automated infiltrometer. Results revealed that the Philip’s model provided the closest agreement with observed data. Statistical analyses confirmed that infiltration rates could be effectively estimated using the Philip, Green-Ampt, Horton, and Kostiakov models, in that order of predictive accuracy.
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Introduction 
[bookmark: _GoBack]Infiltration is the process by which water enters the soil surface and moves downward into the soil profile [1, 2]. It is a critical parameter in both hydrological and soil studies because it determines how much rainfall or irrigation water is absorbed by the soil to support vegetation growth. The infiltration rate influences surface runoff generation, which in turn affects soil erosion, flooding, and streamflow behavior [3]. Generally, infiltration rates tend to decrease over time as the difference in matric potential between the water source and the advancing wetting front diminishes. This reduction occurs due to the gradual saturation of the soil profile and the decrease in suction potential within the soil matrix [4, 5, 3].
Hydraulic conductivity, on the other hand, represents the ability of soil to transmit water under a given hydraulic gradient. It is defined as the rate of water movement through either saturated or unsaturated soil and is often described using Darcy’s Law [6]. Unlike infiltration rate, hydraulic conductivity remains relatively stable with time, making it a more consistent indicator of soil permeability and a key parameter for evaluating soil porosity and water movement. 
Cumulative infiltration data play a vital role in the design and management of hydraulic and irrigation structures such as terraces, check dams, and drainage systems. The steady-state infiltration rate is particularly important for determining maximum irrigation application rates and for designing structures that regulate runoff. Additionally, it serves as a design parameter for wastewater disposal systems in accordance with Technical Standard No. 05/2017 [7]. However, infiltration can vary significantly across short distances within a field, necessitating multiple measurements to obtain representative data. This spatial variability presents challenges for researchers and field technicians across various disciplines [8, 9, 10].
The introduction of automated double-ring infiltrometers represents a major advancement in the study of soil-water interaction. The traditional double-ring infiltrometer has long been used to measure infiltration, but it requires continuous manual observation and adjustment, which can be both laborious and time-consuming. The automated version addresses these limitations by integrating modern electronic components and sensors to regulate and record water levels automatically. This innovation not only improves measurement accuracy and data reliability but also minimizes the need for constant supervision, enabling long-duration infiltration studies to be conducted efficiently. Thus, the development and application of an automated double-ring infiltrometer contribute significantly to enhancing research capabilities in soil physics, hydrology, and irrigation engineering. 
This advancement enhances both the accuracy and efficiency of infiltration measurements by minimizing manual intervention and enabling continuous, long-term data acquisition. As a result, the automated double-ring infiltrometer significantly improves the reliability of infiltration testing and contributes to better analysis and modeling of soil-water interactions. This study focuses on evaluating and assessing the performance of various infiltration models—namely, the Horton, Green-Ampt, Philip, and Kostiakov models—using data collected from an automated double-ring infiltrometer on sandy loam soil. 
Although numerous studies have focused on measuring infiltration using traditional double-ring infiltrometers, most existing methods rely heavily on manual operation, which is time-consuming and prone to observational errors. Manual approaches also make it challenging to maintain a constant water head, particularly during long-duration tests, leading to inconsistencies in infiltration rate estimation. Moreover, while several infiltration models such as the Horton, Green-Ampt, Philip, and Kostiakov models have been widely applied, their predictive performance varies significantly depending on soil type, structure, and moisture conditions. Limited research has been conducted on comparing these models using data collected from automated infiltrometer systems, especially under sandy loam soil conditions, which are characterized by moderate water-holding capacity and high infiltration variability.  To address these limitations, the present study was undertaken with the following specific objectives:
1. To determine the infiltration characteristics of sandy loam soil under field conditions using the automated infiltrometer.
2. To fit and compare four widely used infiltration models—Horton, Green-Ampt, Philip, and Kostiakov—with the experimentally measured infiltration data. 
Materials and Methods 
The automated double-ring infiltrometer was developed by [10] using locally available and cost-effective components integrated with an Arduino-based control system. The main components and their functions are summarized below.
Two concentric rings, with diameters of 30 cm (inner ring) and 60 cm (outer ring), were fabricated from lightweight, durable materials to conduct infiltration tests under constant ponding conditions [10]. The use of locally sourced materials ensured affordability, portability, and ease of field operation, making the device suitable for different soil conditions [10]. The Arduino Uno, built around the ATmega328P microcontroller, served as the central processing unit. It features multiple digital and analog input/output pins, operating at 16 MHz, and can be powered via USB, adapter, or battery. [10] The Arduino was programmed through the Arduino IDE to monitor sensor readings and control water flow during infiltration tests. An ultrasonic distance sensor was used to measure the water level in the inner ring without physical contact. It functions by emitting ultrasonic pulses and calculating the distance from the sensor to the water surface based on the echo return time. [10]. A solenoid valve regulated the water inflow into the inner ring. When the water level dropped below a set threshold, the Arduino activated the valve to refill the ring until the desired level was reached, maintaining a constant head condition. [10]. The relay board acted as an interface between the low-voltage Arduino and high-voltage components, ensuring safe and reliable switching of the solenoid valve based on microcontroller signals. [10] An SD card data logger was integrated to automatically store water level readings, valve activation status, and time stamps. This allowed continuous and unattended data recording throughout the infiltration test [10]. The RTC module maintained accurate time and date records for each measurement. Its built-in battery backup ensured timekeeping continuity even in the absence of the main power supply. [10] 
Evaluation of Soil Water Infiltration Models and Their Parameterization 
In this investigation, the data on infiltration were applied to the empirical models of Kostiakov’s infiltration model, Philip’s infiltration model, Horton’s infiltration model and Green‑Ampt’s infiltration model to determine their fitting parameters.
Kostiakov’s Infiltration Model [11] 
The Kostiakov model is an empirical expression that defines cumulative infiltration (denoted ) as a power‐function of time:
FP = atb

Here, is the cumulative infiltration measured in cm, is the elapsed infiltration time in minutes, and and are empirical constants reflecting the soil’s initial condition (with and ). The parameters and are determined by plotting versus . A best‐fit straight line is drawn through the data points; the intercept gives and the slope gives the exponent . 
“Philip’s Two-Term Infiltration Model [12] 
In the physically-based John R. Philip model, the instantaneous infiltration rate (in cm/h) at time (minutes) from the start of infiltration is given by: 
fP = ½ S t-1/2 + K
where: = soil sorptivity, which reflects how the initial moisture conditions and capillarity allow the soil to absorb water; = Darcy (or gravitational) hydraulic conductivity of the soil. To obtain the parameters and , the measured infiltration rates are plotted against . The best‐fit straight‐line regression then gives as the y-intercept and as the slope.
Horton’s Infiltration Model [13] 
Horton observed that the infiltration capacity of a soil declines over time during a rainfall event until it approaches a steady‐state minimum. His empirical formulation expresses the infiltration rate (depth per time) at time as: 
fP = fc + (f0 – fC) e-kht for 0 ≥ t ≤ tc  
where:
is the initial infiltration capacity just after infiltration begins,
is the limiting infiltration capacity toward which the rate decays as increases, 
is a decay constant reflecting how quickly the infiltration rate falls with time. 
For the parameters of the Robert E. Horton infiltration equation, one plots the natural logarithm of against time . The intercept of the best‐fit straight line provides , while the slope corresponds to the decay coefficient .  
Green & Ampt Soil Infiltration Model [14] 
In their model, Lewis F. Green and Gardner Ampt used the principles of Darcy’s law to formulate an equation for infiltration capacity into soil under ponded conditions.
Fp = m + n/FP
In the graphical method, values of the infiltration capacity are plotted against on a standard Cartesian plot. The straight-line regression through these points yields the intercept which corresponds to the parameter , while the slope of the line gives the parameter . 
Results and Discussion 
In this study, infiltration experiments with help of Automatic double ring infiltrometer were carried out on the sandy-loam soil of Instruction Farm-1, school of Agriculture, GIET University in order to derive an infiltration‐rate versus time curve that characterises the soil’s water intake behaviour under field conditions. The data of depth of infiltrated water and time was collected from datalogger. The infiltration rate curve was developed for Sandy loam soil.  
[image: ]
Fig.1: Development of Infiltration Rate and Cumulative Infiltration depth Curve for Sandy loam Soil of Instruction farm-1, School of Agriculture, GIET University 
Figure 1 revealed that initially the infiltration rate was relatively high, reflecting the rapid entry of water into dry, unexhausted soil pore‐spaces. As infiltration progressed, the rate gradually declined, indicating decreasing hydraulic gradient and increasing soil wetness, until a quasi‐constant “basic” infiltration rate was achieved. By plotting infiltration rate (mm h⁻¹) on the vertical axis and elapsed time (h) on the horizontal axis, a characteristic infiltration curve was obtained steep at the start, then declining and flattening out as it approached equilibrium. 
From this curve, several useful parameters were extracted: the initial infiltration rate, the time required to reach the basic infiltration rate, and the value of the basic infiltration rate itself. These parameters provide insights into the soil’s infiltration capacity and how quickly it responds to water input. For example, the basic infiltration rate for sandy loam soils is typically in the range of 20–30 mm h⁻¹, under favourable conditions. 
Parameter Estimation and Validation of the Horton’s Model for Field-Scale Infiltration 
Using the Horton-model formulation: 
f(t) = fC+ (fP – fC) e-kt  

[image: ]
Fig.2: Observed vs. Fitted Infiltration Curve Using the Horton’s Model
From Fig.2, Initial infiltration capacity fp=953.9926 Final (steady) infiltration capacity fc=8.1373 and Decay constant k=1.4996. The very high initial infiltration capacity (953.99 mm/h) suggests that in field‐scale test the soil was extremely receptive at the outset perhaps due to very dry surface conditions, high permeability (coarse texture, macropores), or ponded water on a clean, uncompacted surface. It may reflect idealised infiltration conditions (no restriction) at the start. The steady infiltration rate of 8.1373 mm/h indicates that after the transient decline phase the soil's infiltration capacity becomes quite modest. This low value implies that after the initial flush, the soil has reached a quasi‐equilibrium rate which may reflect subsurface flow constraints, saturation of preferential flow, or plugging of surface pores. The decay constant k=1.4996 indicates a relatively fast decline i.e. the characteristic time (≈ 1/ k ≈ 0.667 h, i.e., ~40 minutes) is the time scale over which the infiltration capacity falls significantly. This means the transition from high infiltration to near-steady infiltration occurs in less than an hour. These results align conceptually with the Horton model’s representation of infiltration: high early capacity decreasing toward a lower asymptotic rate. 
Parameter Estimation and Validation of the Kostiakov Model for Field-Scale Infiltration 

In applying the Kostiakov infiltration model to the field-scale infiltration data, the empirical constant A and exponent B (in the model form f(t)=At−B depending on formulation) were estimated. 
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Fig3: Observed vs. Fitted Infiltration Curve Using the Kostiakov Model  
Fig.3 reveals that with the calibrated model parameter values of a=436.128 and b=0.2741, the fitted cumulative infiltration equation takes the form:
I (t) = a tb = 436.128 t0.2741. 
where I(t) is cumulative infiltration depth and t is elapsed infiltration time).
The plotted figure shows this fitted curve alongside the observed infiltration data points from the field. The closeness of the observed data to the fitted curve demonstrates that the model captures the general trend of increasing cumulative infiltration with time and a gradually decelerating rate of infiltration (since exponent b <1). The value of b=0.2741 lies within the typical range reported for the Kostiakov model’s exponent (often ~ 0.1 to ~ 0.7 for various soils) as shown in recent studies by [14] Meanwhile, the large value of a=436.128 indicates a relatively high initial infiltration potential (or scale) in this site’s soil condition. 
Parameter Estimation and Validation of the Philips Model for Field-Scale Infiltration 
Using the Philip two‑term infiltration model of the form, 
f(t) = ½ St-0.5 + K 
where f(t) is infiltration rate at time t, S is sorptivity [LT⁻½], and K is a conductivity‐type constant [LT⁻¹]
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Fig.4: Observed vs. Fitted Infiltration Curve Using the Philips Model
From Fig. 4: the parameter values estimated are:
· S=1,212.12 (units: equivalent to LT‐½) 
· K= −410.57 (units: LT‐1) 
When this equation was plotted against time and compared to observed field infiltration data, the fitted curve closely followed the early‐time infiltration behaviour (high initial rates) and then increasingly diverged at longer times. 
In particular, At very early times (small t), the term 1/2St−0.5 dominates, leading to high predicted infiltration rates (because with small t, t−0.5 is large) consistent with observed rapid entry of water into the soil surface.
As time increases, the decay of the sorptivity term occurs, and the constant K term should dominate in the long‑time limit. However, with K being negative (‑ 410.57), the model predicts a drop in infiltration rate below zero over long times, which physically is impossible.
When comparing the fitted curve to measured infiltration‑rate vs time points, the fit is reasonable for the first portion (say first few time‐units) but beyond a certain time the model under‑predicts actual infiltration (observed rates remain positive and higher than predicted negative or near zero values). Residuals (observed minus fitted) show a systematic trend: small residuals early, growing residuals at intermediate times, and large positive residuals at late times (observed > predicted). This suggests the model structure or parameter values may not be appropriate over the full-time span.
Parameter Estimation and Validation of the Green-Ampt’s Model for Field-Scale Infiltration 
The Green-Ampt’s type empirical fit of cumulative infiltration (or infiltration capacity) at field scale yielded parameter estimates m=13.608 and n=0.5663. 
[image: ]
Fig.5: Observed vs. Fitted Infiltration Curve Using the Green-Ampt’s Model
Under the formulation  fp = 13.608 + 0.5663/FP (or equivalent empirical form) as used in some Green Ampt’s model fits. [15]. The prefactor m=13.608 implies a relatively high baseline infiltration capacity (or initial infiltration magnitude) in the context of the Fig.5. The exponent n=0.5663 is <1, indicating that cumulative infiltration increases with time, but at a decelerating rate. In other words, infiltration rate declines over time. The fit shows reasonably good agreement between observed and fitted infiltration curves. When plotting observed vs fitted infiltration (cumulative) curves, the fitted model tracks the early‐time rapid infiltration and also captures the slower later‐time infiltration, though there may be slight divergence at the extremes. 
The exponent n=0.5663 being substantially less than 1 signals that infiltration slows down meaningfully as time progresses. This is consistent with the physics of infiltration: as the wetting front advances and the soil ahead becomes progressively wetter, the driving capillary suction and moisture deficit reduce, thereby reducing the infiltration rate. The classical GA model is based on a piston‐type wetting front advancing into initially drier soil.
The magnitude of m=13.608 reflects the scale of infiltration in field conditions. If t is in minutes and F in millimetres, for example, then the model suggests ~13.6 mm infiltration at t = 1, which indicates high infiltration capacity this might be characteristic of a relatively permeable soil, low antecedent moisture, favourable conditions (e.g., minimal crusting, few macropores blocked). The combination of these parameters suggests that field site offers relatively strong infiltration potential initially, but the decline in rate is quite pronounced (due to exponent < 0.6). Thus, during prolonged infiltration events, the infiltration rate will become modest compared to its initial value. 
In many studies using the GA model (or empirical fits thereof) the exponent (in a power‐law fit) often lies in the range ~0.4 – 0.8 for field infiltration, depending on soil conditions, antecedent moisture, structure, macropore presence, etc. The observed value of n=0.566sits well within this plausible range.  
The classical Green Ampt model parameters (saturated hydraulic conductivity, suction head, moisture deficit) are measurable physically. In many field calibrations one uses an empirical fit to match observed cumulative infiltration because full parameter determination is difficult.  
Conclusion 
Based on this study, the following conclusions were drawn:
This study focused on the evaluation of an automated double-ring infiltrometer powered by an Arduino UNO microcontroller for accurately determining soil infiltration rates. The measured infiltration data were analyzed using four widely recognized infiltration models i.e. Philip, Green-Ampt, Horton, and Kostiakov. Comparative analysis revealed that the Philip model exhibited the best agreement with observed field data, demonstrating the highest predictive accuracy among the tested models. 
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