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Abstract. Rapid development of urban areas has caused many problems especially related to water issues. The increase 
in urban development also means the increase in impervious surfaces due to expansion of buildings, roads, parking lots to 
name a few. Impervious surfaces have low water permeability compared to pervious surfaces. Also, infiltration capacity 
is dependent on the permeability of the area and subsequently permeability is dependent on the surface conditions. In this 
paper, we study the infiltration capacity with the assumption that permeability parameter can be described in the term of 
the population density of the area. The modified model is based on the original form of Green-Ampt equation. The new 
model with population density is able to describe permeability, hence the infiltration capacity of an area. 
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INTRODUCTION 

Rapid development of urban areas has caused many problems. There are a lot of things that can cause 
unpleasantness to residents of a city. Most of the problems are basically related to expenses and welfare of the 
residents in the area, for example, compactness of the residents, air and water pollution, poverty, traffic congestion 
and much more. These days, population is constantly increasing and more people are tending to move to cities. As a 
result, new townships need to be developed in order to solve arising issues resulting from overcrowded cities. One 
common issues happening in urban area is water issue. This issue is mostly caused by disturbance of natural 
processes and environment.  

Urban development usually involves high soil compaction process in order to convert large pervious land into 
developed land. Proper urban planning can maintain the natural environment and minimize the disturbance to the 
surrounding. Environmental issues related to water commonly effecting water reservoir such as oceans, lakes and 
dams to name a few. These issues are generally associated with water infiltration process of the area. 

The importance of water infiltration in environmental issues has led us to study the effect of urban development 
to infiltration capacity. A balance infiltration processes determine the quantity and quality of urban groundwater and 
modeling the process has become a challenge to researchers nowadays. This encourages us to highlight some 
significant literatures to describe the importance of water infiltration process to urban area.  

The main objective of this paper is to highlight modification made in the classical infiltration equation. The 
modification is specified on the soil permeability parameter where we assume that soil permeability can be affected 
by population density in the area. The parameter is illustrated in the form of functional dependent on the population 
density. This realistic modification is based on the condition that area with high population density has more 
impervious land. Subsequently, the permeability in the area is decreasing, as water is hardly absorbed into the soil.  

This paper is organized as follows. Firstly, we discuss the factors influencing water infiltration process. We focus 
on population density and permeability of soil.  The following section is the problem formulation. In this section, we 
discuss the Green-Ampt model and the modification in the soil permeability parameter. Finally, we summarize the 
paper and some conclusion is made. 
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FACTORS INFLUENCING WATER INFILTRATION PROCESS  

Infiltration is a process where water is absorbed into the soil [1]. Infiltration of water into the soil is very 
important to maintain groundwater reservoir, as soil is an excellent temporary storage of water. Well planned 
development can maximize the infiltration capacity and hold as much water as allowed. When water infiltrations are 
disturbed, water did not penetrate into the soil and caused surface overflow. Also, maintaining the natural water 
infiltration rate can avoid overflow and sink holes from happening. Naturally, developing any infrastructure in high 
water infiltration rate area will involve high expenses to preserve the environment [2]. 

When water is supplied to the soil, it will completely infiltrate into the soil until the rate exceeds the infiltration 
capacity. If the rate of water supplied is greater than the infiltration capacity, there will be surface runoff or ponding. 
Infiltration of water is essential as it controls the amount of water entering the reservoirs and avoids overland flow.  

Soil Permeability and Population Density 

Infiltration of water process is highly dependent on the permeability of soil in the area. Soil permeability is an 
ability of water to enter the soil’s pores and voids. Therefore it is an important feature in infiltration of water . Soil 
permeability is dependent on the soil structure or characteristics as soil structure, type and surface cover play 
important roles in controlling water infiltration rate and capacity. This is why forest area have highest infiltration 
rate of any area types [3].  

Undeveloped or undisturbed land has a minimal runoff as most of the rainfalls are absorbed into the soil to the 
groundwater storage [4]. However, high demand of urban area consistent with the increasing of population has 
transformed the pervious land into impervious land. Most of the area is covered with impervious surfaces such as 
roads, parking lots and roofs. Besides that, unavoidable soil compaction during the development also affects the soil 
permeability.  

Sometimes the topsoil is removed during urban land developments and has been used in the construction, which 
leaves the subsoil exposed to compaction [5]. As consequences, the effect of compaction may last for decades [6]. 
Compaction leads to loss of larger pore sizes and the number of pores causes a decrease in the permeability of air 
and water, thus lowering water-holding capacity [7,8]. 

Dukes et al. [8] study the effect of urban soil compaction on water infiltration rate. Different kinds of equipment 
with different weight used for construction activities are one of the reasons causing the compaction. Their study 
shows that there are significant differences between the compacted and non-compacted soil. Underestimation of the 
water infiltration rate will cause the area to be prone to runoffs, greater flooding and reduction of groundwater 
recharge in the long-term [8]. 

Hence, areas with high water infiltration rate need to be avoided, as it can disturb the natural groundwater 
resource. Behind all these conditions, we observed that all the factors influencing permeability are the result of 
fulfilling the needs of population itself.   

Thus, we can summarize the condition as follows. The area with high population density has low soil 
permeability and also low water infiltration rate. This is because, higher population density increases urban 
development such as roads, buildings, lots and much more, which include land cover and compaction. These 
activities reduced permeability and water infiltration rate. 

PROBLEM FORMULATION 

Classical Infiltration Model 

There are several classical infiltration model currently used in the area. Water infiltration can be described using 
Darcy’s Law [9]. Darcy law is basically a law that describes a flow of a fluid in porous media and one of the 
established models applied from the Darcy’s law is Green-Ampt Model. The model was proposed in early 1911 by 
Green and Ampt then later on has been used widely by many researchers in the field [9]. This model is proposed to 
describe the infiltration rate through soil under the ponding of water.  

Green-Ampt model are derived starting from the idea of Darcy’s law which is not strictly empirical. Basically, 
the model is derived from an approximate theory to an exact solution [10].  
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From Darcy’s law, given all the variables, we have 
 

 
dh

q K
dz

 �   

 
where q is average velocity, K  is hydraulic conductivity or in other words, the soil permeability, h is pressure head 
and z is depth between soil and the wetting front. We know that q f �  and  f  is the infiltration capacity. Therefore,  
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The equation above can be represented as  
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Suppose that H  is total depth of ponded water above the surface, 1h H �  and 2h  is total of suction head and 

depth of wetting front, 2h Z\ �  where \  is the suction head at wetting front and  Z  is total depth of wetting 

front. If 2z  is total depth of wetting front, let 2z Z  and 1 0z  . Substitute into equation above, the infiltration 
capacity at time t can be calculated as 
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Therefore, the total infiltration can be shown as 
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 (1) 

 
This equation is also known as Green-Ampt model where f is the infiltration capacity, K  is the soil permeability, 

Z  is the depth of wetting front, H  is the depth of ponded water and \  is the suction head at the wetting front. 

Soil Permeability as a Function Dependent on Population Density 

We can see from the original classical Green-Ampt model, K  is the soil permeability or hydraulic conductivity. 
From the previous section, we know that the soil permeability is dependent on the soil and surface structure. 
Impervious surface due to urban development has increased as the population in the area increases. Thus, with the 
condition, we can conclude that the soil permeability is dependent on the population density of the area.  

Therefore, instead of dealing with K as a parameter directly, we assume that K  is a function dependent on the 
population density of the area. First, consider the probability measure, P  as the resident and let K  in Equation (1) 
be the soil permeability at the residential area. Thus,  

 
 � �K K P   

 
with the assumption that K can be defined as � �� �K u xN  where N  represents the soil permeability which 
depends on population density u at x. With the assumption that high-populated area will have low water 
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permeability, define P  in probability measure space, where Ln  is Lebesgue spaces. � �K P   can be represented as 
follows,  

 

 � � � �� �K u x dP N P ³  where nu LP  � , 
1u L�  (2) 

 
and � �� �u xN  is the permeability of soil at x. We can say that � �� �u xN  is inversely proportional at rate a to � �u x  
where a is a constant. Thus, N  can be presented as  

 

 � �� �
� �

.
a

u x
u x

N   (3) 

 
We multiply by population density � �u x , N  in Equation (2) can be written as  

 
 � �� �> @ � �� �u x u xN   

 
where N  increases as u decreases. N  can be defined as soil permeability of the area for a single resident placement. 
Therefore,  

 
 � �� �u x dxN³   

 
is the total soil permeability for the residential area. From Equation (1), let 

 

 .
Z H

M
Z

\� �
   

 
We have � �f MK P . Equation (1) can be simplified as 

 
 � �� � .f M u x dN P ³  (4) 

 
Equation (4) illustrates the infiltration of water in the population density sense, where now the infiltration of 

water for the area can be closely related to the population in the area.  
Next, we provide just one brief result for the equation for further analysis. This result can be extended for further 

proof and analysis in the next paper. We provide a sketch of proof for Equation (4). The main part of the lemma is to 
show that to maintain equilibrium of water absorption, u in the area with higher infiltration capacity is should be 
lower than the other part of the urban area.  

For simplicity, let us call :  to be bounded domain. Let 1u  and 2u  be the population density in the area. Let 2u  

be in higher water infiltration area whereas 1u  in lower water infiltration area. We know that, N  represents the 

permeability of the soil, thus we assume N  to have nonnegative values. Suppose > @,B a b , consider the positivity 
of an integral [11], as theorem below,  

Theorem 1: If � �*R BN �  where � �*R B  is generalized Riemann integral and � � 0xN t  for all x B� , then  
 

0.
B
N t³  
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It is a fact that every function that is  L-integrable on > @,a b  is R*-integrable [11]. Hence, from Theorem 1, we have 
the following lemma,  

Lemma 1: Suppose that � �1
1 2,u u L� :  and 1P  and 2P  are probability measures  in 1u  and 2u  respectively.  If 

Equation (4) exists, then 1 2u u!  everywhere in Ω.  
Proof. Consider ,A B � :  where B is an urban area. Let A z � , B z �  and .A B� z �  Suppose that 0f !  

and infiltration capacity A B
f f! , therefore, A B B

f f
�

! . Thus,  
 
 A B B A

f f
� �

!  . (5) 
 

Let 1u B A� �  and 2u A B� � .  From Equation (4), Equation (5) can be written as  
 

� � � �1 2B A A B
f MK MK fP P

� �
 �   

� � � �1 2M u dx M u dxN N�³ ³  

� � � �1 2 0M u dx u dxN N� �ª º¬ ¼³ ³  

� � � �1 2 0.M u u dxN N� �ª º¬ ¼³  
 
M is a constant, thus we consider only the integration part,  
 

� � � �> @1 2 0.u u dxN N� �³  
 

Differentiate the inequality with respect to x,  
 

� � � �> @1 2 0.u uN N� �  
 
Thus, the equation can be written as 
 

 � � � �1 2 .u uN N�   (6) 
 
From Equation (3), we know that N  is inversely proportional to u. Inequality (6) can be represented as  
 

1 2

a a

u u
� . 

 
Therefore we can see that  

 

2 1au au� . 
 

Since a  is constant, 1u  is greater than 2u  and Lemma 1 is satisfied.   

1u  and 2u  are population density for the urban area. This lemma describes that if 2u  is in higher water 

infiltration capacity area, 2u  has to be smaller than 1u . 
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CONCLUSION 

An urban area is an essential place for people to live. The needs of bigger and new area for development to 
support people from other places have made the demand higher. As a result more places will be explored. However, 
poor development caused many environmental problems. Water problem is one of the problems related to urban 
area.  

Most of the problem arises because of the effect of the development process itself. Common water problem in 
urban area are flash flood or runoff, sink holes, water shortage and much more. All the problems occur because 
development has disturbed the natural process of water absorption into soil and subsequently, disturbed the 
groundwater recharge. Infiltration of water process plays crucial role in this problem. Infiltration of water is the 
process of water absorption into the soil to groundwater storage. Soil permeability is one of the elements to the 
water infiltration process. 

Soil permeability is dependent on the soil structure including the surface structure. Soil permeability allows fluid 
to flow through the soil pores and voids. Unnecessary and side effects of development including soil compaction can 
disturb the soil permeability.  

The development for a new urban area is needed to accommodate people demand from other places. More people 
come to urban area for settlement, thus more area will be developed and more places will be explored. As a result, 
the natural water infiltration will be disturbed and the soil permeability is reduced. From this condition, we assume 
the permeability parameter is dependent on the population density.  

One of the established infiltration models is Green-Ampt Model. The model is used to measure the water 
infiltration rate in some area after the water ponding. In this model, we assigned the permeability parameter as a 
function dependent to the population density. The permeability is inversely proportional with the population density.  

This modification is used as a preliminary study in the area. The modification is a basis to a more realistic model 
that can describe the relation between the urban area and water infiltration. This paper highlighted one model that 
considers the human population relation with water problem in urban area. Also, we manage to develop lemma with 
proof to support the model. The lemma describe the population density u in area with higher water infiltration 
capacity should be lower than other areas of residence.   
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