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Abstract: The optimal design of various 
irrigation systems requires knowledge and a 
deep understanding of various soil properties. 
Water infiltration in the soil is among the most 
prominent of these characteristics. Ten 
laboratory experiments were conducted to 
study the effect of the bulk density of stratified 
soils (two-layered soils), Where sandy loam 
soil, and clay soil were used. Three bulk 
density values were adopted for each soil, and 
experiments were conducted in different 
sequences. New empirical relationships were 
derived to calculate the cumulative infiltration 
depth and the depth of the wetting front in 
terms of time and the basic infiltration rate of 
the soil. The results revealed a high agreement 
between the values measured in the laboratory 
and those estimated from the proposed 
empirical equations for infiltration and 
wetting front depths with a coefficient of 
determination of 0.96 and 0.98, respectively. 
The results showed that the infiltration and 
wetting front depths increased with the 
cumulative infiltration time and the soil bulk 
density reduction, regardless of the soil 
location in the upper or lower layer within the 
stratified soil. It was also found that the 
infiltration rate was affected by the density of 
the upper stratum more than its influence by 
the change in the density of the lower stratum. 
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    تأثیر الكثافة الظاھریة للتربة على ارتشاح الماء في تربة طباقیة
 1حقي إسماعیل یاسین، 1خلف محمد عبدالغني ،  2محمد طارق محمود، 1احمد علي محمد العكَیدي

 . العراق -  الموصل  /  الموصلجامعة ھندسة / الكلیة  /ھندسة السدود والموارد المائیة  قسم  1
 . العراق  -جامعة الموصل / الموصل    / مركز بحوث السدود والموارد المائیة 2

 الخلاصة
ان التصمیم الأمثل لمختلف أنظمة الري یتطلب معرفة وفھم عمیق لمختلف خصائص التربة وتعتبر عملیة ارتشاح الماء في التربة من  

تجارب مختبریة لدراسة تأثیر تغیر الكثافة الظاھریة للترب الطباقیة (ترب مكونة من طبقتین)   10بین أبرز ھذه الخصائص. تم اجراء  
 مزیجیة رملیة وتربة طینیة وتم اعتماد ثلاث قیم للكثافة الظاھریة لكل تربة وتم اجراء التجارب بتعاقبات مختلفة.  حیث تم استخدام تربة

تم اشتقاق علاقة تجریبیة لعمق الارتشاح التراكمي ولعمق جبھة الابتلال بدلالة كل من الزمن ومعدل الارتشاح الأساس للتربة. بینت  
ین القیم المقاسة مختبریا وتلك المخمنة من المعادلات التجریبیة المقترحة لكل من عمق الارتشاح وعمق  النتائج ان ھنالك توافق عال ب 

أظھرت النتائج ان كل من عمق الارتشاح وعمق جبھة الابتلال    على التوالي.  0.98و  0.96جبھة الابتلال وبمعامل تحدید مقداره  
یزداد مع زیادة زمن الارتشاح التراكمي وكذلك كلما قلت الكثافة الظاھریة للتربة بغض النظر عن موقع التربة في الطبقة العلیا ام  

 أكثر من تأثره بتغیر كثافة الطبقة السفلى.  السفلى ضمن التربة الطباقیة. كما تبین ان معدل الارتشاح یتأثر بكثافة الطبقة العلیا

 . ، معادلات تجریبیة، معدل الارتشاح، رطوبة التربة، معادلة كوستیاكوفالكثافة الظاھریة الكلمات الدالة:
1.INTRODUCTION
The study of water’s downward vertical 
movement through the soil surface, which is 
called the process of infiltration, has an 
essential role from a practical point of view to 
reach the optimal design of the various 
irrigation systems. The infiltration occurs due 
to the clear and combined effect of the gravity 
and tension forces and the simple effect of the 
head of water above the soil surface. The 
infiltration process is affected by numerous 
factors, most notably the soil properties 
(texture, structure, and bulk density), its initial 
moisture, the condition of its surface, the rate of 
water application, physical and chemical 
properties of water, the temperature of the soil 
and water, and the condition of the soil profile 
(homogeneous or stratified) [1, 2]. Soil water 
dynamics play a significant role in the 
hydrological cycle [3, 4]. Ref. [5] showed that 
water infiltration into soils is not only 
important for agriculture but is also considered 
one of the two main functions of the ecosystem, 
i.e., garbage decomposition and infiltration. It 
was found that the different types of vegetation 
cover affect the infiltration process, as the 
infiltration rate is inversely related to the bulk 
density of the soil. The mulching also acts as a 
surface layer that impedes the process of water 
infiltration through the soil. Soil formations 
and extents in nature show heterogeneity more 
than homogeneity within porous media, such as 
vertical layers of various compositions [6]. 
These stratified soil profiles are widely spread 
in fields adjacent to rivers [7]. The field soils, in 
general, are heterogeneous and may be 
stratified soils, as the plowed soils may have the 
characteristics of two layers, i.e., the disturbed 
surface layer and the undisturbed subsurface 
layer [8]. A surface crust may also form on the 
barren plowed soil due to the direct impact of 
raindrops on the soil surface, which also 
produces the layering effect [9]. Studies showed 
that water movement in heterogeneous soils 

significantly differed from its movement in 
homogeneous soils [10]. Over the past decades, 
many studies have shown that precise 
quantification of soil hydraulic processes is vital 
for regulating restricted water resources in 
agriculture and delivering upcoming benefits 
[11-13]. Since soil water flow is affected by the 
soil’s texture, porosity, and hydraulic 
properties, characterizing soil heterogeneity’s 
effect on soil water movement is vital for the 
optimal use of water resources [14, 15]. Soil 
strata with contrasting properties form 
overlapping barriers that may reduce the 
porous contact and thus reduce the hydraulic 
conductivity of the soil [16]. This barrier has a 
positive impact as it increases the soil’s water-
holding capacity [17]. Previous studies also 
indicated that the sequence and succession of 
soil layers clearly affect water infiltration and 
sedimentation [18]. It was noted by [19] that the 
vertical arrangement of the soil strata from the 
finest at the surface down to the coarsest might 
lead to preferential or finger flow due to the 
forces of gravity and water repulsion in most 
cases. In contrast, it was noted by [20] that the 
vertical arrangement of the soil layers, from the 
coarsest down to the finest, plays a crucial role 
in storing water throughout the soil profile. Ref. 
[21] proposed an empirical equation to estimate 
the cumulative infiltration depth in the form of 
the Kostiakov equation as a function of some 
physical properties of the soil, such as initial 
moisture, bulk density, and the percentages of 
sand, silt, and clay of the soil. This equation was 
derived based on laboratory data gathered from 
published papers. The results showed a high 
agreement between the values estimated from 
the proposed empirical equation and those 
measured in the laboratory. The results also 
showed that the depth and rate of infiltration 
decreased as the soil’s bulk density or initial 
moisture increased. In addition, the depth and 
rate of infiltration increased as the soil’s 
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percentage of sand increased. Ref. [22] 
indicated that the soil layer with high resistance 
to penetration was the one that controlled the 
movement of water entering the soil and 
reduced the infiltration rate, where the surface 
soil is compressed and compacted soil due to 
agricultural activities reducing soil porosity, 
which is the most important pathway in the 
process of water infiltration in the soil. Ref. [23] 
conducted a field experiment to measure soil 
infiltration at 25 points within a network of 
points 10 m apart. The results showed 
differences in the soil properties and changes in 
the basic infiltration rate values from 3 mm/h 
to 68 mm/h. The results showed that the 
percentage of sand, the particle density, and the 
organic carbon content of the soil directly 
related to the rate of infiltration, while it was 
found that there was an inverse relationship 
between each of the percentages of silt, clay, 
bulk density, moisture content, and the 
infiltration rate. The researchers also derived 
an empirical equation to estimate the 
infiltration rate in terms of the percentages of 
sand, silt, clay, soil moisture content, bulk and 
particle soil density, and organic carbon 
content, with a high coefficient of 
determination. The importance of studying 
water flow in stratified soils is evident. 
Accordingly, the present research aims to study 
the effect of changing the bulk density of 
stratified soils on the infiltration and 
progression of water through it. 
2.METHODS AND MATERIALS 
2.1.General Description of Laboratory 
Experiments 
The laboratory experiments for the research 
were conducted in the Physics and 
Management of Soil Water Laboratory of the 
Department of Dams and Water Resources 
Engineering/ College of Engineering 
/University of Mosul /Mosul /Iraq. Five types 
of soils were prepared by air drying, crushing, 
and sieving them with a 2-mm sieve. Then, the 
soil passing through this sieve was collected, 
spread, and well mixed to obtain a 
homogeneous soil. After that, the initial 
moisture content of the soil samples was 
evaluated by selecting several random samples. 
After achieving minimum differences in the soil 
moisture values among the selected soil 
samples, the soil was packed in sealed plastic 
bags to keep its initial moisture constant and to 
ensure a homogeneous distribution of this 
moisture. A hydrometer was also used to 
determine the percentages of sand, silt and clay 
of the soils, and these percentages were used to 
find the soil texture using the USDA soil 
triangle. Table 1 shows these percentages in 
addition to the initial moisture content of the 
soils used in the research. To conduct 
laboratory experiments and monitor the 
infiltration depth and the wetting front 

advance, two symmetrical transparent 
cylinders were prepared with an inner diameter 
of 11 cm and a height of 63 cm. The cylinders 
were perforated from the bottom and sides with 
small holes with a distribution that ensures that 
the soil air exits smoothly and does not impede 
the water movement through the soil (Fig. 1). 
Table 1 Some Physical Properties of the 
Considered Soils. 
Soil Texture Sand % Silt % Clay % Gravimetric Initial 

Moisture % 
Loam 42 34 24 2.40 
Clay loam 44 24 32 2.65 
Sandy loam A 61 27 12 3.60 
Sandy loam B 68 16 16 1.23 
Clay 22 34 44 8.00 

 
Fig. 1 The Transparent Cylinders Considered 

in the Laboratory Experiments. 
2.2.Infiltration Tests for Different Soil 
Profiles 
The experiments of layered soils included the 
use of two soils: one of them was sandy loam 
soil (A), and the other was clayey soil. These two 
soils were adopted to study the effect of layering 
on water infiltration. The stratified soil profile 
was prepared with a total height of 50 cm, of 
which 20 cm was for the upper stratum and 30 
cm for the lower stratum. Soils were compacted 
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in cylinders in the form of strata with a 
thickness of 5 cm for each layer based on 
specific soil weights according to the bulk 
density and initial moisture for each soil. Ten 
laboratory tests were carried out with different 
sequences of layers and bulk densities, as 
shown in Table 2. For all laboratory tests, tap 
water was used at a constant temperature of 21 
°C. Water was added to the soil after covering it 
with a thin plastic piece (nylon) to prevent 
surface erosion and control the start time of the 
infiltration process. The head of the water 
above the soil surface was 10 cm, and when the 
water head reached 5 cm, water was quickly 
added to return the head to 10 cm again, and so 
on until the end of the experiment. The 
experiment time began after removing the thin 
plastic piece, and the depth of the infiltrated 
water was monitored through the soil surface 
and the advance of the wetting front for specific 
times that were close at the beginning of the 
experiment and diverged with the progress of 
the experiment time. 
Table 2 Details of the Laboratory Experiments 
of the Layered Profiles. 
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1 Clay 1.27 Sandy 
loam A 

1.52 

2 Clay 1.36 Sandy 
loam A 

1.52 

3 Clay 1.46 Sandy 
loam A 

1.52 

4 Clay 1.27 Sandy 
loam A 

1.63 

5 Clay 1.46 Sandy 
loam A 

1.63 

6 Sandy 
loam A 

1.42 Clay 1.36 

7 Sandy 
loam A 

1.52 Clay 1.36 

8 Sandy 
loam A 

1.63 Clay 1.36 

9 Sandy 
loam A 

1.42 Clay 1.46 

10 Sandy 
loam A 

1.63 Clay 1.46 

It is vital to refer that one of the simplest and 
most common equations used to represent the 
depth of cumulative infiltration with time 
adopted by many researchers such as [24] is the 
ordinary Kostiakov equation [25], which is 
represented by the following formula: 

𝑫𝑫 = 𝒄𝒄𝒕𝒕𝒎𝒎                                   (1) 
where D is the cumulative infiltration depth 
(mm), t is the cumulative infiltration time 
(min), and c and m are empirical constants. By 
deriving this equation with respect to time, the 
infiltration rate equation is obtained as follows: 

𝑰𝑰 = 𝒌𝒌𝒕𝒕𝒏𝒏                                     (2) 
where I is the infiltration rate (mm/min), and k 
and n are empirical constants, where k = cm 
and n = m-1. The US Department of Agriculture 
(USDA) defines the basic infiltration rate as the 
value on the infiltration rate curve at which the 

change in the infiltration rate in one hour is not 
more than 10%. By adopting this definition, the 
following equation was developed to estimate 
the basic infiltration time, Tb: 

𝑻𝑻𝑻𝑻 = |𝟔𝟔𝟔𝟔𝟔𝟔𝒏𝒏| (3) 

The absolute value was used in Eq. (3) because 
the value of n is negative, and time cannot be 
negative. From knowing the basic infiltration 
time and substituting its value into the 
infiltration rate, Eq. (2), the value of the basic 
infiltration rate Ib can be obtained as follows: 

𝑰𝑰𝑻𝑻 = 𝒌𝒌𝑻𝑻𝑻𝑻𝒏𝒏 (4) 

The infiltration test was carried out for five 
homogeneous soils shown in Table 1 and for 
three bulk densities for each soil. After 
completing these tests, the infiltration function 
constants and the basic infiltration rate for each 
soil were calculated, as shown in Table 3. 
Table 3 Infiltration Characteristics for the 
Considered Soil. 
Soil Texture ρb, g/cm3 Ib, mm/h    c    m 

Loam 
1.34 
1.44 
1.54 

8.18 
6.70 
5.03 

8.127 
7.059 
4.976 

0.439 
0.433 
0.439 

Clay loam 
1.44 
1.54 
1.64 

13.90 
9.89 
5.20 

9.095 
6.765 
7.644 

0.486 
0.481 
0.397 

Sandy loam (A) 
1.42 
1.52 
1.63 

32.13 
19.83 
13.57 

6.812 
6.751 
4.722 

0.620 
0.562 
0.559 

Sandy loam (B) 
1.56 
1.66 
1.77 

25.27 
15.15 
7.63 

10.934 
7.714 
9.635 

0.534 
0.515 
0.413 

Clay 
1.27 
1.36 
1.46 

19.76 
8.86 
6.14 

5.778 
5.821 
3.019 

0.580 
0.485 
0.519 

* ρb: bulk density, Ib: basic infiltration rate, and c and m are 
coefficients of the infiltration equation. 

3.RESULTS AND DISCUSSION 
3.1.Basic Infiltration Rate 
The values of bulk density, basic infiltration 
rate, sand, silt, and clay percentages were 
adopted for the five soils, shown in Tables 1 and 
3, to find an empirical relationship to estimate 
the basic infiltration rate for homogeneous 
soils. The following equation was suggested: 

𝑰𝑰𝑻𝑻 = 𝟑𝟑𝟑𝟑.𝟓𝟓𝝆𝝆𝑻𝑻−𝟕𝟕.𝟑𝟑𝟔𝟔�−𝟖𝟖.𝟒𝟒𝟖𝟖𝑺𝑺𝑺𝑺𝟏𝟏.𝟕𝟕𝟕𝟕

+ 𝟔𝟔.𝟐𝟐𝟖𝟖𝑺𝑺𝑺𝑺−𝟐𝟐.𝟐𝟐𝟓𝟓

+ 𝟔𝟔.𝟔𝟔𝟔𝟔𝟑𝟑𝟎𝟎−𝟑𝟑.𝟖𝟖𝟒𝟒� 
(5) 

where ρb is the soil bulk density (g/cm3), and Sa, 
Si, and C are the sand, silt, and clay 
percentages, respectively (decimal fraction). 
The statistical computer program SPSS was 
adopted to estimate the coefficients of Eq. (5) 
using the non-linear regression method with 15 
values for each of the variables included in the 
equation. These coefficients were derived with 
a high coefficient of determination of 0.974. Eq. 
(5) can be used to know the influence of the bulk 
density of homogeneous soil on the basic 
infiltration rate, as an increase in the soil’s bulk 
density decreases the soil’s basic infiltration 
rate, as illustrated in Fig. 2. The initial soil 
moisture was neglected as it has no effect on the 
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final infiltration rate, and its effect is very little 
on the basic infiltration rate [21]. It is 
imperative here to refer that Eq. (5) can be 
applied for a specific range of values for bulk 
density (1.27 – 1.77 g/cm3), sand (22 – 68%), 
silt (16 – 34%), clay (12 – 44%), and gravimetric 
initial moisture (1.23 – 8%). 

 
Fig. 2 Relation between Basic Infiltration Rate 

and Soil Bulk Density for Various Soil 
Textures. 

3.2.Accumulated Infiltration Depth and 
Depth of Wetting Front 
The depth of the cumulative infiltration and the 
depth of the wetting front is affected by 
numerous factors, including time, soil bulk 
density, the basic infiltration rate of the soil, the 
initial moisture of the soil, and other factors, 
such as the layering that has been studied in the 
current research. Accordingly, two empirical 
relationships were derived to estimate the 
cumulative infiltration depth and the wetting 
front depth for layered soils in terms of time 
and the basic soil infiltration rate, which is one 
of the soil characteristics that reflects its texture 
and structure [1]. The equations are as follows: 
𝑫𝑫 = 𝟏𝟏𝟔𝟔𝟔𝟔(𝟏𝟏𝟖𝟖.𝟑𝟑 + 𝟏𝟏.𝟑𝟑𝟓𝟓𝑰𝑰𝑻𝑻𝟑𝟑 − 𝟏𝟏𝟔𝟔.𝟓𝟓𝟕𝟕𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟕𝟕𝟓𝟓

+ 𝟑𝟑𝟔𝟔.𝟖𝟖𝟑𝟑𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟓𝟓

− 𝟑𝟑𝟑𝟑.𝟔𝟔𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟐𝟐𝟓𝟓)𝒕𝒕𝟔𝟔.𝟓𝟓𝟕𝟕𝟔𝟔 
(6) 

𝒁𝒁 = 𝟏𝟏𝟔𝟔𝟔𝟔(𝟕𝟕𝟑𝟑.𝟑𝟑 + 𝟓𝟓.𝟑𝟑𝟒𝟒𝑰𝑰𝑻𝑻𝟑𝟑
− 𝟒𝟒𝟏𝟏.𝟔𝟔𝟔𝟔𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟕𝟕𝟓𝟓

+ 𝟏𝟏𝟐𝟐𝟔𝟔.𝟖𝟖𝟑𝟑𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟓𝟓

− 𝟏𝟏𝟓𝟓𝟒𝟒.𝟒𝟒𝟏𝟏𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟐𝟐𝟓𝟓)𝒕𝒕𝟔𝟔.𝟓𝟓𝟑𝟑𝟔𝟔 

(7) 

Where Z is the wetting front depth (mm). The 
statistical computer program SPSS was adopted 
to estimate the coefficients Eqs. (6) and (7) 
using the non-linear regression method with 
206 values for each variable included in the two 
equations. These coefficients were derived with 
a high determination coefficient of 0.96 and 
0.98 for Eqs. (6) and (7), respectively. The 
values of another statistical criterion, i.e., the 
root mean square error RMSE, were 
considered, and they were 7.375 and 16.525 for 
Eqs. (6) and (7), respectively. Fig. 3 compares 
the laboratory-measured and predicted 
infiltration depth from Eq. (6) (Fig. 3A) and the 
laboratory-measured and estimated wetting 
front depth (Fig. 3B) from Eq. (7). The basic 
infiltration rate values were used for the layered 

soils so that its value is equal to the value of the 
basic infiltration rate for the soil of the upper 
layer until the wetting front reaches the 
boundary between the two layers, i.e., at a depth 
of 20 cm from the soil surface. After that, the 
equivalent basic infiltration rate value was 
used, which was calculated as computing the 
equivalent vertical hydraulic conductivity 
coefficient for layered soils because the basic 
infiltration rate is as close as possible to the 
saturated hydraulic conductivity coefficient of 
the soil. Therefore, the equivalent basic 
infiltration rate for the two layers was 
calculated as follows: 

𝑰𝑰𝑻𝑻𝟑𝟑 = 𝒉𝒉𝟏𝟏+𝒉𝒉𝟐𝟐
𝒉𝒉𝟏𝟏 𝑰𝑰𝑻𝑻𝟏𝟏⁄ +𝒉𝒉𝟐𝟐 𝑰𝑰𝑻𝑻𝟐𝟐⁄

                             (8) 

Where Ibe is the equivalent basic infiltration 
rate (mm/h), Ib1 and Ib2 are the basic infiltration 
rates of the upper- and lower-layer soils, 
respectively (mm/h), and h1 and h2 are the 
thickness of the upper layer and the wetted 
depth of the lower layer (mm), respectively. 

 
Fig. 3 Comparison between Measured and 
Estimated Values of Infiltration Depths (A) 

and Wetting Pattern Depths (B). 
3.3.Accumulated Infiltration Rate 
By deriving the empirical equation, i.e., Eq. (6), 
for estimating the cumulative infiltration depth 
with respect to time, the cumulative infiltration 
rate is obtained in the following formula: 
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𝑰𝑰 = 𝟑𝟑𝟒𝟒𝟓𝟓𝟔𝟔(𝟏𝟏𝟖𝟖.𝟑𝟑 + 𝟏𝟏.𝟑𝟑𝟓𝟓𝑰𝑰𝑻𝑻𝟑𝟑 − 𝟏𝟏𝟔𝟔.𝟓𝟓𝟕𝟕𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟕𝟕𝟓𝟓

+ 𝟑𝟑𝟔𝟔.𝟖𝟖𝟑𝟑𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟓𝟓

− 𝟑𝟑𝟑𝟑.𝟔𝟔𝑰𝑰𝑻𝑻𝟑𝟑𝟔𝟔.𝟐𝟐𝟓𝟓)𝒕𝒕−𝟔𝟔.𝟒𝟒𝟐𝟐𝟒𝟒 
(9) 

Eqs. (5) – (9) were considered for studying the 
effect of bulk density in layered soil on the 
cumulative infiltration depth, the wetting front 
depth, and the infiltration rate, as they were 
used in drawing all shapes in this section. 
3.4.Effect of Bulk Density on the 
Cumulative Infiltration Depth 
Fig. 4 shows the change of the cumulative 
infiltration depth with time under the influence 
of changing the bulk density of the upper layer 
while the bulk density of the lower layer was 
constant for various layering conditions. It is 
clear from Fig. 4 that there is an increase in the 
infiltration depth as a result of the decrease in 
bulk density. This increase seems to be uniform 
in case of layered soil profile of sandy loam soil 
over clay soil (Fig. 4A), while it looks non-
uniform in case of layered soil profile of clay soil 
over sandy loam soil (Fig. 4A). In addition, the 
change in the slope of the infiltration depth 
curve with time at the interface between the two 
layers varied between increase, congruence, 
and decrease depending on the bulk density of 
the lower layer. From Fig. 4A, it is obvious that 
the depth of infiltration in the soil of the lower 
layer clearly reduced due to the increase in bulk 
density. From Fig. 4B, the effect of the bulk 
density change on the infiltration depth in the 
upper layer of clay soil appears more apparent 
at low values of bulk density. It is also obvious 
that the amount of change in the infiltration 
depth due to the change in bulk density in the 
lower layer of the sandy loam soil was apparent 
in the case of the low bulk density in the upper 
layer of clay soil. Furthermore, the amount of 
change in the infiltration depth due to the 
change in bulk density in the lower layer soil of 
the sandy loam was almost non-existent in the 
case of higher bulk density in the upper layer 
with clay soil. Fig. 5 depicts how the cumulative 
infiltration depth changes over time as a result 
of changing the bottom layer's bulk density, 
while the top layer's bulk density remains 
constant under varied stratification 
circumstances. It is clear from Fig. 5 that the 
infiltration in the upper layer in each of the 
three cases of bulk density is similar to the 
infiltration of water in homogeneous soil up to 
the interface between the two layers. 
Comparing the three cases, it is clear that the 
infiltration depth increased due to bulk density 
reduction, and the increase was more evident at 
low bulk density. In the lower layer, the 
increase of the infiltration depth due to the 
decrease in the bulk density was uniform in the 
case of sandy loam soil over clay soil (Fig. 5A), 
while it looked non-uniform in the case of sandy 
loam soil over clay soil (Fig. 5B). In general, the 
slope of the infiltration depth curve decreases, 

increases, or remains as it with time after the 
interface between the two layers depending on 
the bulk density of the soil in the lower layer. It 
is evident from all the graphs in Figs. 4 and 5, 
in general, that the depth of infiltration 
increased with the cumulative infiltration time 
and as the bulk density of the soil decreased, 
regardless of the soil location in the upper or 
lower layer within the stratified soil. It is also 
clear that there were cases in which there was a 
compatibility between the upper and lower 
strata soils, like the infiltration process was in a 
homogeneous and not stratified soil. This 
compatibility comes when sandy loam soil with 
a relatively high bulk density is used in one 
layer and clay soil with a relatively low bulk 
density in the other layer. 
3.5.Effect of Bulk Density on Wetting 
Front Depth 
Fig. 6 shows the wetting front depth change 
with time under the influence of changing the 
bulk density of the upper layer, while the bulk 
density of the lower layer was constant for 
various conditions of layering. It is clear from 
Fig. 6 that the change in the slope of the depth 
of the wetting front curve with time at the 
interface between the two layers varies between 
increase, congruence and decrease depending 
on the bulk density of the lower layer. The 
change in the increase of the wetting front 
depth due to the decrease in bulk density was 
approximately uniform for sandy loam soil over 
clay soil (Fig. 6A), while it was non-uniform for 
clay soil over sandy loam soil (Fig. 6B). From 
Fig. 6A, it is evident that the wetting front depth 
in the soil of the lower layer clearly reduced 
with the increase of bulk density. From Fig. 6B, 
the effect of the bulk density change on the 
wetting front depth in the upper layer of clay 
soil appears more apparent at low values of bulk 
density. It is also evident that the change in the 
wetting front depth with the change of bulk 
density in the lower layer of the sandy loam soil 
was apparent in the case of the low bulk density 
in the upper layer with clay soil. Furthermore, 
the amount of change in the wetting front depth 
due to the bulk density change in the lower layer 
soil of the sandy loam was almost non-existent 
in the case of higher bulk density in the upper 
layer with clay soil. Fig. 7 depicts how the 
wetting front depth changes over time due to 
changing the bottom layer's bulk density, while 
the top layer's bulk density remains constant 
under varied stratification circumstances. It is 
clear from Fig. 7 that the wetting front in the 
upper layer in each of the three cases of bulk 
density is similar to the wetting front of water 
in homogeneous soil up to the interface 
between the two layers. Comparing the three 
cases, it is clear that the wetting front depth 
increased due to bulk density reduction, and the 
increase was more evident at low bulk density. 
Moreover, the change in the slope of the wetting 
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front depth curve at the interface between the 
two layers varied between congruence and 
decrease depending on the soil’s bulk density in 
the lower layer. Awing to bulk density reduction 
in the lower layer, there was approximately a 
uniform change in the wetting front depth 
increase in the case of sandy loam over clay 
(Fig. 7A), while this change was non-uniform in 
the case of clay over sandy loam (Fig. 7B). From 
Fig. 7A, it is evident that the depth of the 
wetting front in the lower layer of soil decreases 
clearly and uniformly due to the increase in 
bulk density. From Fig. 7B, the amount of 
change in the wetting front depth as a result of 
the bulk density change in the lower layer soil 
of the sandy loam is almost non-existent in the 

case of higher bulk density in the upper layer 
with clay soil. It is evident from all the graphs in 
Figs. 6 and 7, in general, that the depth of the 
wetting front increased with the decrease of the 
soil’s bulk density, regardless of the soil 
location in the upper or lower layer within the 
stratified soil. It is also clear that there were 
cases in which there was a compatibility 
between the upper and lower strata soils like 
the wetting front process is in a homogeneous 
and not stratified soil. This compatibility comes 
when sandy loam soil with one relatively high 
bulk density is used in one layer and clay soil 
with a relatively low bulk density in the other 
layer.

  

  

  
A. sandy loam soil as an upper layer in different bulk 
densities and clay soil as a lower layer with constant bulk 
density. 

B. clay soil as an upper layer in different bulk densities 
and sandy loam soil as a lower layer with constant bulk 
density. 

D and t are infiltration depth and time. C1.3/SL1.5 is a layered soil profile of clay soil of 1.3 g/cm3 bulk density as the upper layer over 
sandy loam soil of 1.5 g/cm3 bulk density as the lower layer, and so on. 

Fig. 4 Change of Cumulative Infiltration Depth with Time for Layered Soil of Different Bulk Densities 
for the Upper Layer and Constant Bulk Density of the Lower Layer. 
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A. sandy loam soil as the upper layer with constant 
bulk density and clay soil as the lower in different bulk 
densities. 

B. clay soil as the upper layer with constant bulk density 
and sandy loam soil as the lower in different bulk 
densities. 

D and t are infiltration depth and time. C1.3/SL1.5 is a layered soil profile of clay soil of 1.3 g/cm3 bulk density as the upper layer over 
sandy loam soil of 1.5 g/cm3 bulk density as the lower layer, and so on. 

Fig. 5 Change of Cumulative Infiltration Depth with Time for Layered Soil of Different Bulk Densities 
for the Lower Layer and Constant Bulk Density of the Upper Layer. 
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A. sandy loam soil as the upper layer in different bulk 
densities and clay soil as the lower layer with constant 
bulk density. 

B. clay soil as the upper layer in different bulk densities 
and sandy loam soil as the lower layer with constant bulk 
density. 

Z and t are wetting front depth and time. C1.3/SL1.5 is a layered soil profile of clay soil of 1.3 g/cm3 bulk density as the 
upper layer over sandy loam soil of 1.5 g/cm3 bulk density as the lower layer, and so on. 

Fig. 6 Change of Wetting Front Depth with Time for Layered Soil of Different Bulk Densities for the 
Upper Layer and Constant Bulk Density of the Lower Layer. 
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A. sandy loam soil as the upper layer with constant bulk 
density and clay soil as the lower in different bulk 
densities. 

B. clay soil as the upper layer with constant bulk density 
and sandy loam soil as the lower in different bulk 
densities. 

Z and t are wetting front depth and time. C1.3/SL1.5 is a layered soil profile of clay soil of 1.3 g/cm3 bulk density as the upper layer over 
sandy loam soil of 1.5 g/cm3 bulk density as the lower layer, and so on. 

Fig. 7 Change of Wetting Front Depth with Time for Layered Soil of Different Bulk Densities for the 
Lower Layer and Constant Bulk Density of the Upper Layer. 
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3.6.Effect of Bulk Density on Infiltration 
Rate 

The impact of bulk density variation of the top 
stratum with constant bulk density of the 
bottom layer is shown in Fig. 8 for various 
layering conditions. Fig. 8 shows that an 
increase in the soil’s bulk density of the upper 
layer decreased the infiltration rate at any time 
of infiltration, whether before or after the 
wetting front passed the interface between the 
two layers and for all stratification cases. From 
Fig. 8, it is also noted that the infiltration rate 
curve moves from the clay soil in the upper 
layer to the sandy loam soil in the lower layer, 
as in Fig. 8A, where there is no apparent change 
in the infiltration rate when the density of the 
sandy loam soil in the lower layer increases, i.e., 
the infiltration rate was affected by the density 
of the upper layer more than the change in the 
density of the lower layer. The same applies to 
Fig. 8B, where the infiltration rate curve goes 
from the sandy loam soil in the upper layer to 
the clayey soil in the lower layer. As the water 
reached the cylinder end, it required passing 
through the upper layer, which remained the 
one controlling the infiltration rate. Fig. 9 
illustrates the influence of bulk density of top 
stratum change with constant bulk density of 
the bottom layer under various situations of 
stratification. It is clear from Fig. 9A that the 
increase in the soil’s bulk density of the lower 
layer insignificantly decreased the infiltration 
rate at any time of infiltration when the upper 
layer density was constant, whether before or 
after the wetting front passed the interface 
between the two layers and for all stratification 
cases. From Fig. 9A, it is also noted that the 
infiltration rate curve moves from the clay soil 
in the upper layer to the sandy loam soil in the 
lower layer, as in Fig. 9A, where there was no 
noteworthy change in the infiltration rate when 
the sandy loam soil density in the lower layer 
increased, i.e., the infiltration rate was affected 
by the density of the upper layer more than the 
change in the density of the lower layer. The 
same applies to Fig. 9B, where the infiltration 
rate curve goes from the sandy loam soil in the 
upper layer to the clay soil in the lower layer. As 
the water reached the cylinder’s end, it required 
passing through the upper layer, which 
remained the one controlling the infiltration 
rate.  

 
3.7. Effect of Changing the Upper- and 
Lower-Layers Thickness on the 
Cumulative Infiltration Depth, the 
Wetting Front Depth, and the 
Infiltration Rate 

The effect of changing the upper- and lower-
layers thickness of a stratified soil profile of 45 
cm height (clay over sandy loam) on the 
infiltration and wetting front depths is 
presented in Figs. 10A and 10B. It is clear from 
Figs. 10A and 10B that there is an increase in 
the cumulative infiltration and the wetting 
front depths until the wetting front passes the 
interface between the two layers. Then, 
refraction occurs in the curve when passing the 
boundary between the two layers, and an 
increase in its slope and this increase in slope 
depends on the bulk density of both soils. The 
slope increases when the lower layer has a 
coarser texture than the upper layer due to the 
change in the physical properties of the soil. 
Figs. 10C and 10D show the impact of varying 
the top and bottom layer thicknesses on the 
infiltration and wetting front depths of a 
stratified soil profile of 45 cm height (sandy 
loam over clay). It is obvious from Figs. 10C and 
10D, there is a decrease in the cumulative 
infiltration depth and the wetting front depth 
even after the wetting front passes the interface 
between the two layers, and this reduction in 
slope depends on the bulk density for both soils. 
The slope of the curve decreases when the lower 
layer has a finer texture than the upper layer 
due to the change in the physical properties of 
the soil. Fig. 10E shows the change of 
infiltration rate with time for a stratified soil 
with an upper layer of clay soil with a bulk 
density of 1.35 g/cm3 and a thickness of 15 cm, 
25 cm, and 35 cm, corresponding to a lower 
layer with sandy loam soil with a bulk density of 
1.55 g/cm3 and a thickness of 30 cm, 20 cm, and 
10 cm. The curve is unaffected by the upper clay 
layer thickness, which remained the one 
controlling the infiltration rate for all 
stratification cases. Fig. 10F shows the 
infiltration rate change with time for stratified 
soil with an upper layer of sandy loam soil with 
a bulk density of 1.55 g/cm3 and 5 cm, 15 cm, 
and 25 cm thick, and it corresponds to a lower 
layer of clay soil with a bulk density of 1.35 
g/cm3 and 40 cm, 30 cm, and 20 cm thick. It is 
clear from this figure that there is a change in 
the curve depending on the thickness of the 
upper layer, where the rate of infiltration is 
greater in the layering case SL-25/C-20 and the 
rate of infiltration is less in the layering case SL-
5/C-40. The thickness of the upper layer has a 
clear role in this case. 
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A. clay soil as the upper layer in different bulk densities 
and sandy loam soil as the lower layer with constant bulk 
density. 

B. sandy loam soil as the upper layer in different bulk 
densities and clay soil as the lower layer with constant 
bulk density. 

I and t are infiltration rate and time. C1.3/SL1.5 is a layered soil profile of clay soil of 1.3 g/cm3 bulk density as the upper layer over 
sandy loam soil of 1.5 g/cm3 bulk density as the lower layer, and so on. 

Fig. 8 Change of Infiltration Rate with Time for Layered Soil of Different Bulk Densities for the Upper 
Layer and Constant Bulk Density of the Lower Layer. 
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A. clay soil as the upper layer with constant bulk density 
and sandy loam soil as the lower in different bulk 
densities. 

B. sandy loam soil as the upper layer with constant bulk 
density and clay soil as the lower in different bulk 
densities. 

I and t are infiltration rate and time. C1.3/SL1.5 is a layered soil profile of clay soil of 1.3 g/cm3 bulk density as the upper layer over sandy 
loam soil of 1.5 g/cm3 bulk density as the lower layer, and so on. 

Fig. 9 Change of Infiltration Rate with Time for Layered Soil of Different Bulk Densities for the Lower 
Layer and Constant Bulk Density of the Upper Layer. 
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A. change of infiltration depth with time for layered soil of 
different thicknesses for each layer. Clay soil as the upper 
layer and sandy loam soil as the lower layer of bulk densities 
1.35 and 1.55 g/cm3, respectively. 

B. change of wetting front depth with time for layered soil 
of different thicknesses for each layer. Clay soil as the upper 
layer and sandy loam soil as the lower layer of bulk densities 
1.35 and 1.55 g/cm3, respectively. 

  
C. change of infiltration depth with time for layered soil of 
different thicknesses for each layer. A sandy loam soil as the 
upper layer and clay soil as the lower layer of bulk densities 
1.55 and 1.35 g/cm3, respectively. 

D. change of wetting front depth with time for layered soil 
of different thicknesses for each layer. A sandy loam soil as 
the upper layer and clay soil as the lower layer of bulk 
densities 1.55 and 1.35 g/cm3, respectively. 

  
E. change of infiltration rate with time for layered soil of 
different thicknesses for each layer. Clay soil as the upper 
layer and sandy loam soil as the lower layer of bulk densities 
1.35 and 1.55 g/cm3, respectively. 

F. change of infiltration rate with time for layered soil of 
different thicknesses for each layer. A sandy loam soil as the 
upper layer and clay soil as the lower layer of bulk densities 
1.55 and 1.35 g/cm3, respectively. 

I, D, Z, and t are infiltration rate, infiltration depth, wetting front depth, and time. C-15/SL-30 is a layered soil profile of clay soil of 15 cm 
thickness as an upper layer over sandy loam soil of 30 cm thickness as a lower layer, and so on. 

Fig. 10 Change of Infiltration Depth, Wetting Front Depth, and Infiltration Rate with Time for 
Layered Soil of Different Thicknesses for Each Layer. 
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4.CONCLUSION 
Water infiltration in the soil is among the most 
important properties that must be well-known 
and understood, as it is considered a 
prerequisite for the optimal design of various 
irrigation systems. Ten laboratory experiments 
were conducted to study the effect of changing 
the bulk density of stratified soils (soils 
consisting of two layers), where clay soil was 
used as fine and heavy soil and sandy loam soil 
as light, coarse soil. Three bulk density values 
were considered for each soil, and the 
experiments were conducted in different 
layering sequences. A group of experiments was 
conducted for stratified soil consisting of coarse 
soil over fine soil and vice versa to study the 
effect of the soil texture, its location in the 
stratified soil, and the variation of bulk density 
of each layer on water infiltration. Empirical 
equations were derived for the cumulative 
infiltration depth and the wetting front depth in 
terms of time and the basic infiltration rate of 
the soil. The results of the present research 
confirmed that the infiltration depth increased 
with the cumulative infiltration time, and the 
cumulative infiltration and the wetting front 
depths increased as the soil bulk density 
decreased, regardless of the soil location in the 
upper or lower layer within the stratified soil. It 
was also found that there were cases in which 
there was a compatibility between the soil in the 
upper layer and the soil in the lower layer, 
seeming that the infiltration process looked like 
in a homogeneous and not stratified soil, which 
is evident in the curve of the infiltration depth 
with time or in the curve of the wetting front 
depth with time. The change in the depth of 
infiltration curve slope with time or the curve of 
the wetting front depth with time at the 
interface between the two layers varied between 
increase, congruence, and decrease depending 
on the soil bulk density in the lower layer. It was 
also shown that an increase in the bulk density 
of the upper layer soil decreased the infiltration 
rate at any time of infiltration, whether before 
or after the wetting front passed the interface 
between the two layers and for all stratification 
cases. The increase in the soil bulk density of 
the lower layer insignificantly decreased the 
infiltration rate at any time of infiltration when 
the upper layer density was constant, whether 
before or after the wetting front passed the 
boundary between the two layers and for all 
layering cases. 
NOMENCLATURE: 
Symbol Description Unit 
D  cumulative infiltration depth mm 
c, m  empirical constants -- 
t  cumulative infiltration time min 
I  infiltration rate mm/min 
 k, n empirical constants -- 
Tb basic infiltration time min 
Ib basic infiltration rate mm/min 

ρb  bulk density g/cm3 
Z  depth of wetting front mm 
Ibe   equivalent basic infiltration rate mm/h 
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