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ABSTRACT 

The Agricultural sector in the Gaza Strip on an average consumes around 75-80 MCM 

of water annually. All amounts of water used for this purpose come from groundwater 

wells. Wastewater reuse is envisaged primarily as a means to support the agricultural 

sector in Gaza Strip as addressed by Palestinian Water Authority (PWA). The artificial 

recharge (AR) of treated wastewater to groundwater can be achieved by means of 

spreading basins the commonly used methods for infiltration purposes to unconfined 

aquifers. The problem of the AR is the reduction of infiltration capacity in the 

infiltration basins resulting from using partially treated wastewater due to accumulation 

of suspended solids (SS) and the organic load, and the poor maintenance. The goal of 

this research is enhancement of the efficiency of Infiltration Basins for effluent 

recharge. Field experiments was performed in order to achieve the required objectives 

such as the quality of the soil under the infiltration basin, and quality of the effluent 

water to the basin. Also modeling for the unsaturated zone using the Green-Ampt model 

(1911) was performed in order to predict the existing and enhanced infiltration rate. The 

field and lab tests results showed that the soil strata in the infiltration basin IB1 consists 

of Sand which is non-plastic and has good permeability characteristics, Clayey Sand: 

which is the wide spreading layer at the top of the basin, and of low to medium 

plasticity, and of low permeability, and Sandy Silty Clay which is of medium plasticity, 

and of low permeability. The results showed that the infiltration rate is affected by the 

soil properties; sandy soils have the highest infiltration rates and clayey soils have the 

lowest infiltration rates. Also the results showed that the infiltration rate is affected by 

the quality of the effluent water, operation cycles and maintenance for the top surface. 

According to the results which have been supported by model; removing the upper 2.0 

meters of soil layer at IB1 and replacing it with new sand martial with high permeability 

introduced an efficient solution for enhancement the infiltration rate. Also penetrating 

the lower soil layers with 60 piles and filling the piles with gravel fine media with high 

permeability, will increase the infiltration rate for the whole basin according to the 

study. Performing 35 cycles of wetting and drying during the year with 2 days of 

wetting in summer and winter and 7 days of drying in summer and 12 days of drying in 

winter, will help to reach the optimal infiltration rate. Soil plowing after each drying 

cycle for the basin is required to maintain good infiltration rate and prevent 

accumulation of the organic matter (OM) in the top soil layer. 
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 الخلاصخ

 عوي  ّ الوي بٍ س ٌْيب هلي ْى هز ش هب  ت ه ي 08-57 ح ْال  الوزْس  ف   خ ف   قط بع ة ضح قطبع الضساع يسزِلك 

يشع  إعبدح اسزخذام الويبٍ ال بدهخ ف  الوقبم الأّل  .الغْفيخ الآثبس رأر  هي لِزا الغشض كويبد الويبٍ الوسزخذهخ

الصٌبعيخ للخضاى الغْف  . الزغزيخ سلطخ الويبٍ الفلسطيٌيخ كوب ُْ هقشس هي قجل يلخ لذعن القطبع الضساع  ف  ةضحكْط

ثبسزخذام هيبٍ الصشف الصح  الو بلغخ يوبي رحقيقِب عي طشيق اسزخذام احْاض الزششيح ُّ   الط شا اثكض ش اس زخذاهب 

لأةشاض الزششيح للويبٍ الغْفيخ الغيش الوحصْسح. هشبلخ الزغزيخ الصٌبعيخ رأر  هي اًخفبض كفبءح الزششيح ف   اح ْاض 

و ْاد ال و ْيخ ثباف بفخ ال   هيبٍ الصشف الصح  الو بلغخ عضئيب ثس جت ر شاكن الو ْاد الص لجخ ّالالزششيح ًزيغخ اسزخذام 

اح ْاض الزشش يح الو  ذح ثس زخذام هي بٍ الص شف الص ح   كف بءحرحسيي  هي ُزا الجحش ُْ الِذف  سْء الصيبًخ.

 الزشث خ رح ذ ّع ْدح ًْعي خ فح   هض ل الزغ بسة الويذاًي خ الوطلْثخ رن إعشاء رحقيق الأُذاف هي أعل .الو بلغخ 

ع شيي  ثبس زخذام ةي ش الوش ج خ للوٌطقخ ًوزعخعول رن  كوب الحْض. إل  الويبٍ الوزذفقخ ًّْعيخالزششيح،  حْض

الزشث خ  خأظِشد الٌزبئظ أى طجق زحسيي.ال ث ذ ّالْف  الزششيح للْف  القبئن ثو ذل الزٌجؤ هي أعل( 1111)اهجذ 

طيٌ   ُّ    ال الشه  لّه ي عي  ذح ،  خص  بئ  ًفبري خ َّل ل  ذى غي ش الشه  ل الب  ْى ه ي رز 1الزشش  يح سق ن ف   ح ْض 

ًفبري خ هٌخفو خ،  ه  هٌخفو خ إل   هزْس طخ اللذًّ خ ، طجق خ  ر زج شالطجقخ ال لْي خ اثكض ش اًزش بسا ف   الح ْض ّ

 الزس شةى ه  ذل أ بئظهٌخفو خ . أظِ شد الٌز  لذًّ خ هزْس طخ ، ّ ًفبري خ طجقخ ه ي الشه ل ّالط يي ّالطو   رادّ

ّالزشث خ الطيٌي خ ل ذيِب أدً   ه  ذثد ه  ذثد رشش يح الزشث خ الشهلي خ ل ذيِب أعل    حي ش اى خصبئ  الزشثخ؛ث زأصشي

 الص يبًخ للطجق خزش غيل ّالٌْعيخ الوي بٍ الوزذفق خ ، ّدّساد ثزأصش ي الزششيح. كوب أظِشد الٌزبئظ أى ه ذل  رششيح

 1إصالخ الغضء ال لْي هي الزشثخ ف  حْض الزشش يح سق ن  رجيي اىلٌوْرط ثب للٌزبئظ ّالز  رن رذعيوِب . ّفقب خل لْيا

أيوب اخزشاا طجق بد الزشث خ  .هزش ّاسزجذالِب ثطجقخ سهل عذيذح  راد ًفبريخ عبليخ حسٌذ ه ذل الزششيح 2ّثسوك 

 لب ل ، س ْف يضي ذ ه ي ه  ذل الزشش يح ُ زٍ اثث بس ثحص وَ ًبعو خ راد ًفبري خ عبلي خ هل  ثئش ه   08 السفل  ث ذد

ي ْم ه ي الزشطي ت  2دّسح ه ي الزشطي ت ّالزغفي لا خ لال الس ٌَ ثو  ذل  37اع شاء ع ذد   .س ت الذساس خح لحْضا

ي ْم رغفي لا ف   الش زبء س ْف يس بعذ ف   الْص ْل ال    12ايبم رغفيلا ف   الص يلا ّ 5خلال الصيلا ّالشزبء ّ 

ي ذ ّيح ذ ه ي ر شاكن دّسح رغفيلا للحْض يحفبظ عل  ه  ذل رشش يح ع كل حشس الزشثخ ث ذالو ذل اثهضل للزششيح. 

 .خالوبدح ال وْيخ عل  طجقخ الزشثخ السطحي
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QURAN 

 

 
 

َْْ ييي  ع  { عَ وَعَايَييع ونَْيِييلَحع وأَأَْ أعََْ ييي َ َ ييي ِْ    َ  ََ عَايَيي َْ تِكَْ ليَييَ  نعْليِييَ أتَْكَْ ييي عِ ييي ُْ رَبِّ أوَْزعِْنيِييَ أأَْ أَ

حََْْ لَِ  فَِ عِبيَ دِكَ نْصع ِِْ ين  . (91) نْن   }وأَدَْخِاْنَِ بِ
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CAHPTER 1 :  Introduction 
 

1.1 Background 

Water is essential to sustain life, and it is considered a scarce resource in Palestine. 

Sustainable water management calls not only for careful use of freshwater but also for 

reuse of treated wastewater (Aish, 2004). Indications of the need for changing the 

current (and historical) management are seen in the lowering of the water table and the 

increasing chloride and nitrate concentrations in the groundwater (SWECO, 2003).  

 

The abstraction rates have increased remarkably over the last three decades, due to a 

combination of inadequate available water imports to Gaza; the expanding population; 

and the drilling and use of unlicensed wells (especially to provide irrigation for 

agricultural activities). The over-abstraction has caused saline intrusion (i.e. the entry of 

sea water to the aquifer from the Mediterranean Sea to the west, and also from deep 

groundwater in Israel to the south-east of Gaza) (PWA, 2011). 

 

The Gaza Strip suffers from high pressure imposed on its water resources. There is a 

deficit of about 50 MCM (million cubic meters) every year, which has led to a 

declination of groundwater level and deterioration of groundwater quality. New water 

resources are sought to fulfill the water deficit; among them is the artificial recharge of 

treated wastewater to groundwater (Hamdan, et al., 2011).  

The Gaza Strip has high population density accompanied with growing water demands 

that are met by groundwater as the one and only local resource. The Agricultural sector 

in the Gaza Strip on an average consumes around 75-80 MCM of water annually. All 

amounts of water used for this purpose come from groundwater wells (PWA, 2012). 

 

Upon the fact that the entire existing agricultural water demand is taken from the 

groundwater aquifer, of which a large proportion is brackish, Palestinian Water 

Authority (PWA) addressed that the long-term target is that only minimal fresh water 

will be provided for soil flushing and specific high value crops. Other low quality water 

and conservation practices, including brackish water, storm water harvest, blending of 

water and conjunctive use of saline and non-saline water, will be utilized to optimal 
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economic and practical effect in accordance with the following targets. Ultimately, by 

2020 the utilization of wastewater is planned to provide 50 % of the total required by 

agriculture (PWA, 2012).  

Wastewater reuse is envisaged primarily as a means to support the agricultural sector in 

Gaza (PWA, 2011). The agricultural demand is almost constant since the agricultural 

areas are limited or even decreasing. However, the domestic demand increases due to 

the rapid growth of the population. This increases the amount of wastewater produced 

and the treated effluent becomes a significant resource of water that could improve the 

water balance in the region (Hamdan, et al., 2011). 

Artificial recharge is one such idea that has emerged over the past 20 years as a major 

water management tool for meeting water supply challenges. The concept of artificial 

recharge is simple: return water to aquifers and increase groundwater supplies (Arroyo, 

2007). Where sewage effluent is used for ground water recharge, the quality 

improvement of the sewage water as it moves through the vadose zone and aquifer 

becomes very significant (Bouwer, 2002). 

Reclaiming waste water involves management of groundwater recharge by introducing 

treated waste water into the aquifer and taking advantage of either the raised 

groundwater levels or the actual water volume or a combination of the two. Artificial 

recharge is a process by which  surface water is directed into the ground to replenish the 

aquifer either by spreading on the surface in basins, by using recharge wells, or by 

altering natural conditions to increase infiltration.  The objectives of infiltration includes 

the quantity aspect which aimed at breaking the trend of decreasing groundwater table 

(and the increasing chloride concentrations connected to that) and allowing for a water 

abstraction from the aquifer for water supply (SWECO, 2003). 

1.2 Problem Statement 

Water scarcity is likely to become more problematic in the near future due to rapid 

population growth, increasing per capita water consumption, and the draught conditions 

of the world. These have forced various countries and communities to look towards 

alternative water resources to meet the growing needs and to be as long term water 

supplies. The artificially recharge of the groundwater is one option with extremely good 

future, since the underground storage is becoming a major alternative for overcoming 
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short-term and long-term seasonal differences between water supply and demand 

(Abushbak, 2004). 

Artificial recharge facilities or projects are constructed to control the movement and rate 

of infiltration, with the purpose of adding water to the aquifer. Constructed recharge 

projects require maintenance to maintain infiltration rates and ensure smooth operations 

(Arroyo, 2007). 

The problem of the artificial recharge is the reduction of infiltration capacity in the 

infiltration basins resulting from using partially treated wastewater due to accumulation 

of suspended solids and biological oxygen demand loading (BOD) in addition to poor 

maintenance. The current infiltration system at Northern Gaza Storm Water and 

Sewerage Project consists of nine basins distributed from (1-9). The infiltration rate for 

all the basins began to deteriorate significantly since December, 2011, and infiltration 

basin (1) mainly has the lowest infiltration rate since the operation of the infiltration 

system. Figure (1-1) shows the average infiltration rate for the all basins with time since 

July, 2009 up to March, 2013. 

 

Figure (1-1): Average Infiltration Rate for All Basins with Time 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

N
o

v
/2

0
0

9
D

ec
/2

0
0
9

Ja
n

/2
0

1
0

F
eb

/2
0
1

0
M

ar
/2

0
1
0

A
p

r/
2

0
1

0
M

ay
/2

0
1

0
Ju

n
/2

0
1

0
Ju

l/
2

0
1

0
A

u
g
/2

0
1

0
S

ep
/2

0
1

0
O

ct
/2

0
1

0
N

o
v
/2

0
1

0
D

ec
/2

0
1
0

Ja
n

/2
0

1
1

F
eb

/2
0
1

1
M

ar
/2

0
1
1

A
p

r/
2

0
1

1
M

ay
/2

0
1

1
Ju

n
/2

0
1

1
Ju

l/
2

0
1

1
A

u
g
/2

0
1

1
S

ep
/2

0
1

1
O

ct
/2

0
1

1
N

o
v
/2

0
1

1
D

ec
/2

0
1
1

Ja
n

/2
0

1
2

F
eb

/2
0
1

2
M

ar
/2

0
1
2

A
p

r/
2

0
1

2
M

ay
/2

0
1

2
Ju

n
/2

0
1

2
Ju

l/
2

0
1

2
A

u
g
/2

0
1

2
S

ep
/2

0
1

2
O

ct
/2

0
1

2
N

o
v
/2

0
1

2
D

ec
/2

0
1
2

Ja
n

/2
0

1
3

F
eb

/2
0
1

3
M

ar
/2

0
1
3

A
v

er
a

g
e 

In
fi

lt
ra

ti
o

n
 R

a
te

, 
m

/d
 

Time, month 

Average for Basins



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                      Page | 4 

1.3 Goals 

The goal of this research is  Enhancement of the Efficiency of Infiltration Basins for 

Effluent Recharge.  

1.4 Objectives 

The main objectives of this research are: 

 Study the soil profile underneath the infiltration basin (IB1). 

 Study the performance of the infiltration basin (IB1) under different conditions.   

 Modeling the flow in the unsaturated zone. 

 Propose enhancement methods and assess the impact of each method. 

1.5 Methodology 

It is intended to achieve the objectives of the study by the following steps: 

a. Literature review 

Revision of accessible references as books, studies and researches relative to the topic of 

the research which may include: Artificial Recharge, Quality of soil, Quality of Effluent, 

..etc. 

b. Data collection  

Collecting of relevant data mainly from the Palestinian Water Authority (PWA), and from 

any relevant authorities were detailed information is needed.  

c. Field Experiment 

Field experiments was performed at infiltration basin (IB1) in order to achieve the 

required objectives such as:  

 Quality of the soil under the infiltration basins was tested and the following tests 

was performed: 

o Soil tests for the layers under the basin bed in different locations was tested 

to a depth of 12m (five boreholes was performed and the soil samples was 

taken each 30 cm until depth of 2.10 m, after that from 2.10m to 3.0m and 

each one meter from the depth 3.0m until reaching the end of borehole). 

After collecting all the samples, grain size analysis (sieve analysis), water 
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content(θi), and hydraulic conductivity (K) for the different layers of the 

soil was performed. 

o Soil quality tests beneath the basin bed to a depth of 2.10m, and samples 

were taken each 30cm (from the same five boreholes) to test the effect of 

Organic Matter (OM), and Sodium Adsorption Ration (SAR) . 

 Quality of the influent to the basin was tested.  

d. Modeling for ground water in the unsaturated zone 

For the infiltration basin (IB1) a lump-parameter model was developed based on the        

Green-Ampt Model (1911) in order to predict the model which describing the real 

infiltration rate, and to introduce the proposed model for infiltration after enhancement. 

e. Data analysis, assessment and discussion  

Determining the factors that influence the efficiency of the infiltration basins capacity, and 

how to enhance the capacity of the infiltration after enhancement in order to reach a 

reasonable infiltration rate. 
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Figure (1-2): Methodology Flow Chart 

1.6 Thesis Outline 

This study consists of the following seven chapters: 

 

1. Chapter One (Introduction):  A general background illustrating the water 

situation in  Gaza Strip (GS) followed by the problem statement, goals and study   

objectives, methodology used in order to achieve the objectives and finally the 

thesis outline. 

 

Literature Review 

Data Collection  

Field Experiments 

Quality of the Soil: 

 Soil tests (Sieve Analysis, K, and 

θi) 

 Soil Quality (OM, SAR) 

Results Analysis,  Assessment,    

& Modeling 

Conclusions & Recommendations 

Quality of the Influent2 

BOD, COD, Temp., TSS, pH, FC, TC, 

& Hardness. 



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                      Page | 7 

2. Chapter Two (Literature Review): It covers a general literature review 

concerning the artificial recharge, infiltration, methods of enhancement the 

infiltration rate, and finally the literature review presents modeling of 

unsaturated zone. 

3. Chapter Three (Study Area): Chapter three describes the location of the Gaza 

Strip, climate, rainfall status, geology, study area with respect to its location and 

topography, the existing situation of the infiltration basins and the related 

information about the operation. 

4. Chapter Four (Methodology): Chapter four discusses the methodology of 

study including data collection, filed experiments, data analysis and preparation. 

5. Chapter Five (Results and Discussion):  

Chapter five will presents the field experiments results for the soil profile, the soil 

quality parameters and the effluent quality parameters of the recharged water, also 

factors that influence the efficiency of the infiltration basins capacity, behavior of 

infiltration capacity under different loading conditions, and finally how to enhance 

the capacity of the infiltration. Also this chapter will presents modeling for the 

unsaturated zone and its applicability in the field of infiltration basins.   

6. Chapter Six (Conclusions and Recommendations): The conclusions and 

recommendations of the study are stated in this chapter. 
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CAHPTER 2 :  Literature Review 
 

2.1 Introduction 

Fresh water shortage is becoming an increasingly acute problem facing many nations in 

the world. Groundwater recharge with treated wastewater is becoming more valuable 

with time in developing countries because of the scarcity of water resources (Deepa, 

and Krishnaveni, 2012). 

Water demand in Palestine, in general and in the Gaza strip, in particular is rapidly    

increasing (PWA, 1998). The Gaza Strip suffers from a disastrous situation due to poor 

water quality with the Coastal Aquifer as the sole water source shared with Israel. The 

aquifer is being over pumped with annual quantities that double that of the safe 

pumping rate (50-60 MCM/ year); this has led to seawater and surrounding saline 

aquifers intruding into this fresh water source causing salination. The Agricultural 

sector in the Gaza Strip on an average consumes around 75-80 million cubic meters of 

water annually. All amounts of water used for this purpose come from groundwater 

wells (PWA, 2012). It is stated in the National Water Plan (NWP) that wastewater 

investment costs represents about 37% of overall Palestinian investment plan for Gaza 

Strip overall the period time to achieve strategies and targets outlined in the NWP. 

Wastewater reuse schemes are indispensable for Palestinian in general and Gaza strip in 

particular (Nassar, et al., 2009). Wastewater (WW) reuse will provide an alternative to 

groundwater (GW) for irrigation when well treated wastewater (TWW) can be used for 

irrigation as it is planned in the NWP by year 2000. Reuse of TWW in irrigation is 

considered a priority in the GS due to a number of factors including the depletion of 

GW resources and fact that reuse would increase the availability of fresh water 

resources for domestic and industrial use (Nassar, et al., 2009). 

 

The reuse of the effluent could be accomplished in two ways: either by direct irrigation 

to farms and/or through artificial recharge to groundwater, which is then pumped to 

irrigate farms with reclaimed wastewater (Hamdan et al., 2011). 
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2.2 Artificial Recharge (AR) 

Groundwater recharge with reclaimed municipal wastewater presents a wide spectrum 

of technical and health challenges that must be carefully evaluated. Natural 

replenishment of the vast supply of underground water occurs very slowly; therefore, 

excessive continued exploitation of groundwater at a rate greater than this 

replenishment causes declining groundwater levels in the long term and if not corrected, 

leads to eventual mining of groundwater. To increase the natural supply of groundwater, 

artificial recharge of groundwater basins is becoming increasingly important in 

groundwater management and particularly in situations where the conjunctive use of 

surface water and groundwater resources is being considered. (Asano and Cotruvo, 

2004).  

Artificial recharge is one means of conserving water by allowing storage and future use 

of reclaimed water (Toze, et al., 2004). AR and water reuse are important aspects of 

integrated water management where water resources management problems are solved 

by considering all aspects (Bouwer, 2002). Thus moving towards attaining sustainable 

water management in addition, artificial recharge can significantly contribute to water 

quality improvement by natural attenuation of contaminants via passage of the water 

through the aquifer. The ability to obtain an improvement in water quality would be a 

major benefit of artificial recharge in less arid parts of the world where water scarcity 

and quality issues are prevalent (Toze, et al., 2004). Mohammedjemal, 2006 R5 stated 

that artificial recharge can be used for a number of reasons: Integrated water 

management, seasonal storage and recovery of water, long-term storage or water 

banking, emergency storage or strategic water reserve, short term storage, enhance well 

field production, restore groundwater level, replace over draft, raise water levels, reduce 

pumping cost, stop or reduce rate of land surface subsidence, improve groundwater 

quality to agriculture or municipal standards. 

 

Artificial recharge of groundwater is achieved by putting surface water in basins (Figure 

2-1), furrows, ditches, or other facilities where it infiltrates into the soil and moves 

downward to recharge aquifers. Artificial recharge is increasingly used for short-or 

long-term underground storage, where it has several advantages over surface storage, 

and in water reuse (Bouwer, 2002). 
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Figure (2-1): Typical groundwater recharge system, (Bouwer, 2002) 

 

2.2.1 Advantages and Disadvantages of Artificial Recharge 

Artificial recharge has several potential advantages, namely (Bhattacharya, 2010):  

 The use of aquifers for storage and distribution of water and removal of 

contaminants by natural cleansing processes.  

 Groundwater recharge stores water during the wet season for use in the dry 

season, when demand is the highest.  

 Recharge can significantly increase the sustainable yield of an aquifer.  

 Recharge methods are environmentally attractive, particularly in arid regions.  

 Most aquifer recharge systems are easy to operate.  

 Recharge with less-saline surface waters or a treated effluent improves the 

quality of saline aquifers, facilitating the use of the water for agriculture.  

 

Artificial Recharge has some disadvantages, namely (Bhattacharya, 2010): 

 Recharge can degrade the aquifer unless quality control of the injected water is 

adequate.  

 Unless significant volumes of water are injected in an aquifer, groundwater 

recharge may not be economically feasible.  

 The hydrogeology of an aquifer should be investigated and understood before 

any future full-scale recharge project is implemented.   
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 There is a potential for contamination of the groundwater from injected surface-

water. In most cases, the surface-water is not pre-treated before injection.  

2.2.2 Methods of Artificial Recharge  

There are two methods of artificial recharge in general: Direct and Indirect 

(Mohammedjemal, 2006).  

A. Direct method 

Direct methods can be divided into surface recharge techniques and subsurface recharge 

techniques. In surface recharge, water moves from the land surface to the aquifer by 

means of infiltration through the soil. The surface is usually excavated and water is 

added to spreading basins, ditches, pits, and shafts and allowed to infiltrate.  

B. Indirect methods 

Indirect method include installing groundwater pumping facilities near connected 

surface water bodies to lower groundwater levels and induce infiltration elsewhere in 

the drainage basin. Indirect methods include modifying aquifers to enhance 

groundwater reserves. 

Mohammedjemal, 2006 stated that there is a third method for artificial recharge, which 

is the Combination system. The mixed recharge is the combination of infiltration and 

recharge wells. The advantage of this system is that the water has been pre filtered 

through the soil and the perched groundwater zone, so that its clogging potential is 

significantly reduced. In this way the risk of aquifer obstruction is reduced.  

Table (2-1) summaries the major characteristics for various technologies used for 

artificial recharge (El Arabi, 2012) 

2.2.3 Influence of Recharge Factors 

Not all aquifers can be artificially recharged. The hydraulic characteristics of the 

aquifer, the nature of the existing groundwater, and the characteristics of the recharge 

water can have a major influence on the outcome of a recharge operation (Spandre R., 

1999). 
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Table 2-1: Characteristics for Various Technologies Used for Artificial Recharge (El Arabi, 

2012).  

           

   

2.2.3.1 Geological and  Hydrogeological Factors 

The receiving aquifer must be homogeneous and isotropic as possible. One of the main 

factors affecting recharge is aquifer porosity. Porosity must be as high as possible, and 

this factor depends on a uniformity coefficient: where the coefficient is small, porosity 

is high. Another factor is the hydraulic conductivity of an aquifer: when the hydraulic 

conductivity is high, recharge is very quick. Hydraulic conductivity values tend to be 

high when the aquifer grain size is large. The artificial recharge depends on 

transmissivity and porosity values, and the uniformity of these parameters is very 

important.   

2.2.3.2 Physical and Chemical Factors 

The chemical and physical characteristics of groundwater and recharge water have a 

great effect on the results of artificial recharge. (Spandre R., 1999).  

2.3 Infiltration Basins (IB) 

One artificial recharge method commonly used is infiltration to unconfined aquifers via 

pond infiltration or surface spreading (Toze, et al., 2004). Recharging basins are still 

the most common method of recharge and provide excellent versatility for water 
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resources planning (El Arabi, 2012). Infiltration basins require a substantial amount of 

land area with a suitable geology, allowing the water to infiltrate into the aquifer and 

percolate to the groundwater table. Infiltration basins (Figure 2-2) allows for natural, 

quality improving processes to take place in the surface of the infiltration ponds and 

subsoil (SWECO, 2003). The spreading basins should excavated in areas of high 

permeable soils, where the infiltration is most effective (Guttman, 2012) 

Construction is normally comparatively simple and low cost. 

 

 

Figure (2-2): Principle for basin infiltration, (SWECO, 2003). 

 

2.3.1 Infiltration Rate (IR) 

Infiltration rates are expressed as volume of water moving into the soil or aquifer per 

unit infiltration area and per unit time. The dimension of infiltration rate thus is 

length/time, for example, cm/h or in/h, or m/day or ft/day. For IB, this rate can be 

visualized as the rate of fall of the water surface in the basin if there is no inflow to or 

outflow from the basin. IR for surface infiltration recharge systems typically range from 

0.3 to 3 m/day (1–10 ft/day) (Bouwer, 2002). 

 

For surface infiltration systems in uniform soils without surface clogging, infiltration 

rates will be about equal to the vertical hydraulic conductivity of the soil which has the 

following approximate orders of magnitude: 
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Clay soils    <0.1 m/day 

Loams     0.2 m/day 

Sandy loams    0.3 m/day 

Loamy sands    0.5 m/day 

Fine sands    1 m /day 

Medium sands   5 m /day 

Coarse sands    >10 m/day 

These values can be used for preliminary site evaluation and system selection (Bouwer, 

2002 ).  

2.3.2 Factors Affecting Infiltration Rate 

The infiltration rate of a natural porous body depends on its porosity and saturated 

hydraulic conductivity, which in turn is a function of the intrinsic permeability of the 

medium and the fluidity of the penetrating liquid (Lin, et al., 2003). Initially, soil 

sorptivity is the primary factor affecting infiltration rate; but as infiltration time 

increases, the hydraulic conductivity becomes the controlling factor (Lin et al., 2003). 

The following factors is also affecting the IR: 

2.3.3 Temperature 

The infiltration rate into a soil will decrease as temperature of the system decreases, 

most likely due to the increased viscosity of the percolating water. Water viscosity 

changes by approximately 2% per degree Celsius in the relevant environmental 

temperature range of 15-35°C. This leads to an estimated 40% change of infiltration rate 

between the summer and winter months in arid regions The increase in hydraulic 

conductivity with increase in temperature is commonly attributed to the decrease in 

viscosity of the water (M. Braga, 2005).  

 

Because infiltration rates vary inversely with water viscosity, temperature also affects 

infiltration rates. In areas with large differences between winter and summer 

temperatures, viscosity effects alone cause winter infiltration rates to be as low as about 

half of those in summer (Bouwer, 2002). 
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2.3.4 Basin Water Depth 

Achieving a maximum infiltration rate for recharge basins is essential, especially in 

urban settings where land is limited. The depth of water in recharge basins must be 

selected to achieve maximum infiltration rates (M. Braga, 2005).  

2.3.5 Clogged Basin Layer 

Clogging is one of the most critical factors affecting infiltration performance. Clogging 

may be defined as the reduction of the available pore volume of a porous media due to a 

range of physical, biological and chemical processes (Nadee et al., 2010).  

Physical processes are accumulation of inorganic and organic suspended solids in the 

recharge water, such as clay and silt particles, algae cells, microorganism cells and 

fragments, and sludge flocks in sewage effluent. Another physical process is downward 

movement of fine particles in the soil that were in the applied water or in the soil itself, 

and accumulation of these fine particles at some depth where the soil is denser or finer, 

and where they form a thin subsurface clogging layer. The depth of this layer ranges 

from a few mm to a few cm or more (Bouwer, 2002).  

Biological clogging processes include: accumulation of algae and bacterial flocks in the 

water on the infiltrating surface; and growth of micro-organisms on and in the soil to 

form biofilms and biomass (including polysaccharides and other metabolic end 

products) that block pores and/or reduce pore sizes (Bouwer, 2002). 

Chemical processes include: precipitation of calcium carbonate, gypsum, phosphate, 

and other chemicals on and in the soil. Sometimes, these precipitations are induced by 

pH increases caused by algae as they remove dissolved CO2 from the water for 

photosynthesis. Bacteria also produce gases (nitrogen, methane) that block pores and 

accumulate below clogging layers to create vapor barriers to infiltration (Bouwer, 

2002). 

Consequently, the immediate effect of clogging is to reduce the intrinsic permeability of 

a system, leading to a drop in infiltration rates in the case of surface ponding. The 

poorer the source water quality, the faster and more extensive the reduction in 

infiltration rate, as illustrated in Figure (2-3) (Nadee et al., 2010).  
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Figure (2-3): Illustration of Infiltration and clogging, (Nadee et al., 2010) 

Over time, the bottom of the infiltration basin can become clogged by a layer of 

inorganic and/or organic deposits creating a barrier between the basin and the wetted 

perimeter as cleared on figure (2-4). As fine particles settle out and biological activity 

on the bottom continues, the thickness of the clogging layer can increase until 

infiltration rates eventually become so small that the function of the infiltration basin 

ends. (M. Braga, 2005). 

 

Figure (2-4): Illustration of clogging layer, (Bouwer, 1999) 

2.3.6 Sodium Adsorption Rate (SAR) 

Sodic soil, or soil with excessive levels of sodium ions (Na
+
) relative to divalent ions 

calcium (Ca
2+

) and magnesium (Mg
2+

), can alter soil structure and reduce soil 

permeability. The sodium absorption rate (SAR) is an indicator of sodicity. To calculate 

the SAR of a waste or soil, determine the (Na
+
), (Ca

2+
), and (Mg

2+
) concentrations in 
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milliequivalents per liters for use in the Gapon equation which is commonly used to 

determine the ratio of sodium to calcium and magnesium:  

 

       2.1 

 

 

The term milliequivalents per liter (meq/l) expresses the concentration of a dissolved 

substance in terms of its combining weight. Milliequivalents are calculated for 

elemental ions such as Na
+
, Ca

2+
, and Mg

2+
 by multiplying the concentration in mg/l by 

the valence number (1 for Na
+
, 2 for Ca

2+
 and Mg

2+
) and dividing by the atomic weight 

(22.99 for Na
+
, 40.08 for Ca

2+
,  and 24.31 for Mg

2+
).(EPA, 2013) 

 

Too much sodium causes problems related to soil structure. As sodium percentage 

increases, so does the risk of dispersion of soil aggregates, Figure (2-5). 

 

 

Figure (2-5): The difference between flocculated (aggregated) and dispersed soil   

structure (Horneck, et al., 2007). 

Flocculation soil is important because water moves through large pores. Dispersed soil 

plug soil pores and impede water movement and soil drainage in all but the sandiest soil 

(Horneck, et al., 2007). 

 

2

Mg+Ca

Na
 = SAR

++++

+



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                      Page | 18 

Figure (2-6) shows sodium adsorption ratio (SAR). SAR is a ratio of bad (Na
+
) to good 

(Ca
2+

 and Mg
2+

) flocculators. When (Na
+
) dominates (high SAR), soil pores clog (soil 

disperses), limiting water infiltration (Horneck, et al., 2007) 

 

 

Figure (2-6): Representation of Sodium adsorption ratio (SAR) (Horneck, et al., 2007) 

 

 According to (Waskom, et al., 2012) the following terms mean: 

 Saline related to high salt content,  

 Sodic  related to high sodium content, and  

 Saline/sodic  related to high salt and high sodium content.  

The following Table 2-2 shows the general classification of salt-affected soils. 

 

Table 2-2: General classification of salt-affected soils (Waskom, et al., 2012) 

Classification 

Electrical 

Conductivity (EC) 

(ds/m) 

Soil pH 

Sodium 

adsorption 

ratio (SAR) 

Soil 

 physical 

condition 

Slightly Sline 2-4 <8.5 <13 Normal 

Saline >4.0 <8.5 <13 Normal 

Sodic <4.0 >8.5 >13 Poor 

Saline-Sodic >4.0 <8.5 >13 Varies 

High pH <4.0 >7.5 <13 Varies 
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2.4 Maintenance and Monitoring Artificial Recharge System 

Managed for optimum performance for artificial recharge system depend entirely on 

local conditions of soil, hydrogeology, topography, water availability (quality, 

continuous, or interrupted supply), and climate. Key factors in the design and 

management of successful artificial recharge systems are site and system selection, 

maintenance of adequate infiltration rates, hydraulic continuity between the recharge 

system and the aquifer (no clay layers in the vadose zone), and groundwater control for 

effective water recovery and prevention of undue groundwater rises in the recharge area 

(Bouwer, 2002). As stated by (Guttman, 2012) recharge is most effective when there 

are no clay layers between the land surface and the aquifer. Another important factor in 

the selection of the type of recharge system is the pretreatment of the water required 

before recharge to minimize physical, chemical, or biological clogging of the infiltrating 

surface (bottom in basins and walls in trenches, shafts, and wells) (Bouwer, 2002).   

 

Periodic maintenance of artificial recharge structures is essential because infiltration 

capacity is rapidly reduced because of silting, chemical precipitation, and accumulation 

of organic matter (Bhattacharya, 2010).  

 

Infiltration rates of water through the soil can decrease as a result organic matter (OM) 

accumulation and the consequential water repellency. OM accumulation in the topsoil 

layer was found to be the main factor adversely affecting soil permeability, the OM 

originating from the TWW has water-repellent characteristics that alter soil hydraulic 

properties. The chemical nature and composition of the OM may have stronger effects 

on soil water repellency than its quantity (Nadav et al., 2011). 

Organic matter (OM) in the top soil layer is the main factor determining treated waste 

water (TWW) infiltration into the soil. Soil plowing reduced OM content in the top soil 

layer and consequently, reduced the effect of OM on the soil hydraulic properties and 

restricted the reduction in TWW infiltration that occurs mainly during the winter. Soil 

plowing was found to be an efficient procedure that can be employed to reduce OM 

content in the top layer and maintain high infiltration rates of TWW into the soil            

(Nadav et al., 2012). 
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(Guttman, 2012) emphasized that the proper monitoring and maintenance is the key 

factor in long term operating of the artificial recharge plant.  

In order to maintain sufficient infiltration rate to satisfactory values, the clogging layer 

should control periodically by drying the basins or other infiltration facility, and letting 

the layer decompose, shrink, crack, and curl up (Bouwer, 2004). Rates of infiltration are 

maintained mainly by ploughing (plowing) or disking of the ground between or at the 

end the recharge events (Guttman, 2012).  

If clogging materials continue to accumulate, they must be periodically removed at the 

end of a drying period. This can be done mechanically with scrapers, front-end loaders, 

graders, or manually with rakes (Bouwer, 2004).   

 

2.5 Modeling of the Unsaturated Zone 

2.5.1 The Green - Ampt Model (GA), 1911 

Water infiltration is an important component of hydrological cycles. It serves an 

important role on many phenomena such as irrigation, runoff generation, soil erosion, 

and nutrient and contaminant transport (Ma, et al., 2011). There always has been a great 

interest in the modeling of the infiltration process (Brevnova, 2001). A large number of 

infiltration models, including the Green-Ampt model the Richards equation, the 

Kostiakov model, the Horton model, and the Philip model have been developed in the 

last century. The formulation of the Green-Ampt model is very simple and the model 

parameters can be directly obtained from the physical and hydraulic properties of soil 

(Ma, et al., 2011). 

Green-Ampt GA (1911) developed the first physically based model. (Brevnova, 2001). 

The Green-Ampt equation is one of the most widely used equations for modeling one-

dimensional vertical flow of water into soil. It was developed from an integration of 

Darcy’s Law by assuming infiltration from a ponded surface into a deep homogeneous 

soil of uniform antecedent water content. What makes this model ideal is its reliance on 

physical parameters, most of which can be evaluated from properties of the soils 

identified through field-testing (Braga, 2005). 
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2.5.2 Assumptions of the GA model: 

The following assumptions are made according to the Green-Ampt Model (Brikowski, 

2007). 

 The wetting front advances at the same rate with depth, which produces a well-

defined wetting front. 

 The volumetric water contents remain constant above and below the wetting 

front as it advances. 

 The soil-water suction immediately below the wetting front remains constant 

with both time and location as the wetting front advances. 

This model employs a simple equation for describing and calculating infiltration. Green 

- Ampt arrived at their simplified theory of infiltration by considering the wetting front 

as a precipitous border between wetted and non-wetted soils. Figure (2-7) shows 

graphical representation of the Green-Ampt infiltration model: the wetting front 

penetrates to a depth L at time t, separating the saturated soil with hydraulic 

conductivity K, and porosity η for the soil which has moisture content θi below the 

wetting front. There is ponded water with a depth of h0 above the surface (Brevnova, 

2001). 

 

Figure (2-7): Graphical Representation of the GA Infiltration Model (Brevnova, 2001) 
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By applying Darcy's law to an imaginary vertical column of homogeneous soil with a 

unit cross-sectional area at the top, and a control volume between soil surface and 

wetting front boundary, infiltration can be expressed as the total gradient which includes 

a capillary suction () effect due to dryness at lower levels (Brevnova, 2001). 

L

Lψho
Kf s


      2.2 

For the ponded depth, h0, considerably smaller than capillary suction and wetting front 

depth, equation 2.1 can be simplified as: 

L

Lψ
Kf s


      2.3 

The assumption h0 = 0 is usually appropriate for surface water hydrology problems 

because it is assumed that ponded water becomes surface runoff.  

The Green-Ampt equations for cumulative infiltration F(t) and infiltration rate f with 

time are (Todd and Mays, 2005): 

 














)(
1ln)(

tF
KttF    2.4 








 


F
Kf


1      2.5 

The Green-Ampt infiltration equation involves parameters (see table 2-3): 

1. The infiltration rate,  f (cm/hr), 

2. Hydraulic conductivity, K (cm/hr), 

3. Wetting front capillary pressure head, (cm), and 

4. Change in moisture content Δθ, which is a difference between porosity η, and initial 

soil water content, θi.  

5. Time, t (hr). 

6. The cumulative infiltration, F(t) (cm) 

Application of the Green-Ampt model requires estimates of the hydraulic conductivity 

K, the wetting front soil suction head  (see table 2-3), and Δθ.  
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The residual moisture content of the soil, denoted by θr, is the moisture content after it 

has been thoroughly drained. The effective saturation (Se) is the ratio of the available      

moisture (θ - θr) to the maximum possible available moisture content (η- θr), given as: 





r

r
se 


 ,      2.6 

where η - θr is called the effective porosity θe.  

The effective saturation has the range 0 ≤ Se ≤ 1.0, provided θr ≤ θ ≤ η. ((Todd and 

Mays, 2005).   

2.5.3 Estimating of Hydraulic conductivity (K)  

A variety of methods are available for estimating saturated hydraulic conductivity 

values from grain size information. One of the most simple and most commonly used 

approaches is the Hazen equation (Massman, 2003): 

Ks = Cd
2

10      2.7   

Where; 

Ks : is the saturated hydraulic conductivity,  

C : is a conversion coefficient, and  

d10 : is the grain size for which 10% of the sample is more fine (10% of the soil particles 

have grain diameters smaller than d10).  

For Ks in units of cm/s and for d10 in units of mm, the coefficient, C, is approximately 

(1).   

Table 2-4 contains some representative hydraulic conductivity for different soil types. 

Table 2-3: Green-Ampt infiltration parameters for various soil classes, (Todd and 

Mays, 2005) 

Soil class Porosity Effective  Wetting front Hydraulic 

  

Porosity soil suction Conductivity 

   

head 

 

 

η θi  K 

      (cm) (cm/hr) 

Sand 0.437 0.417 4.95 11.78 

 

(0.374-0.500) (0.354-0.480) (0.97-25.36) 

 Loamy sand 0.437 0.401 6.13 2.99 

 

(0.363-0.506) (0.329-0.473) (1.35-27.94) 
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Sandy loam 0.453 0.412 11.01 1.09 

 

(0.351-0.555) (0.283-0.541) (2.67-45.47) 

 Loam 0.463 0.434 8.89 0.34 

 

(0.375-0.551) (0.334-0.534) (1.33-59.38) 

 Silt loam 0.501 0.486 16.68 0.65 

 

(0.420-0.582) (0.394-0.578) (2.292-95.39) 

 Sandy clay 0.398 0.33 21.85 0.15 

Loam (0.332-0.464) (0.235-0.425) (4.42-108.0) 

 Clay loam 0.464 0.309 20.88 0.10 

 

(0.409-0.519) (0.279-0.501) (4.79-91.10) 

 Silty clay 0.471 0.432 27.3 0.10 

Loam (0.418-0.524) (0.347-0.517) (5.67-131.50) 

 Sandy clay 0.430 0.321 23.9 0.06 

 

(0.370-0.490) (0.207-0.435) (4.08-140.2) 

 Silty clay 0.479 0.423 29.22 0.05 

 

(0.425-0.533) (0.334-0.512) (6.13-139.4) 

 Clay 0.475 0.385 31.63 0.03 

  (0.427-0.523) (0.269-0.501) (6.39-156.5)   

 

Table 2-4: Some Representative Hydraulic Conductivity for Different Soil Types 

(Todd and Mays, 2005) 

Material 
Hydraulic conductivity 

(m/day) 

Gravel, coarse 150 

Gravel, medium 270 

Gravel, fine 450 

Sand, coarse 45 

Sand, medium 12 

Sand, fine 2.5 

Silt 0.08 

Clay 0.0002 
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2.6 Enhancement of the Lower Layers Infiltration Rate  

Injection piles are used in order to enhance the infiltration rate for the deep low 

permeability layers. From the radial flow concept, it is apparent that as ground water 

converges a well, its velocity increases. If the velocity exceeds a critical limit, finer 

particles will be transported from the aquifer into the gravel filter, and the filter 

subsequently plugs, this velocity is the approach velocity (Williams, 1981). 

The relationship between the velocity and hydraulic conductivity of the aquifer is 

expressed by Sichardt equation (Williams, 1981).: 

   
√ 

  
  2.8 

where Va is the approach velocity, m/s ,and K is the hydraulic conductivity of the 

aquifer, m/s with safety factor for design computations of    
√ 

  
 (Safety factor of 2 

for design considerations). 

2.7 Enhancement of the Wetting Drying Cycles for Infiltration basins:  

Soil Aquifer Treatment (SAT ) basin hydraulics are often controlled by the development 

of a low-conductivity clogging layer at and near the ground surface. This clogging layer 

has been found to be subject to compression under seepage forces exerted by infiltrating 

water with a corresponding reduction in the hydraulic conductivity of the layer, 

particularly when algae and/or a high concentration of particulate matter is present in 

the effluent. Limiting the depth of water in the pond can help to prevent excessive 

compression and a further reduction of hydraulic conductivity of the clogging layer. 

Additionally, the use of fairly short wetting cycles, designed to cut down on the growth 

of algae, can be helpful in minimizing the reduction of hydraulic conductivity of the 

clogging-surface layer (Sandra et, al., 1999). 

As  suspended solids, algae growing in the infiltration basin, and microbes growing in 

the soil or the basin surface components accumulate on the bottom of the basin floor to 

form the clogging layer, they begin to restrict infiltration. Therefore, management of 

surface and near surface basin soils through control of wetting and drying cycle times is 

generally required to ensure adequate infiltration rates. Longer drying time tends to be 

more effective in reestablishing infiltration rate compared to shorter drying time.  Short 
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drying times did not provide complete nitrification, thus allowing NH4 to build up in 

soil. Long enough drying times will promote complete nitrification (NH4 to NO3) and 

will prevent accumulation of NH4 in the soil (Abushbak, 2004). 

 

(AWWA, 1998) emphasized that longer drying time tends to be more effective in 

reestablishing infiltration rates compared with shorter drying time. It is reasonable to 

expect that a more thorough surface drying with corresponding cracking and breaking 

up of the surface clogging layer would increase infiltration rtae.  

 

2.8 Research Contribution   

The main enemy of the infiltration basins is the clogging on the infiltration surface    

which cause severe reduction in the infiltration rate for the system. The findings of the 

research will help to identify the constraints affecting the efficiency of the infiltration 

process, and it will help the responsible local authorities to operate the infiltration basins 

in a proper way by introducing methods of controlling and enhancement of infiltration 

rate. 
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CAHPTER 3 :  Study Area Description 

3.1 Location of the Gaza Strip 

The Gaza Strip is located on the eastern coast of the Mediterranean Sea that borders 

Egypt on the southwest (11 km) and Israel on the east and north (51 km). It is 41 

kilometers long, and from 6 to 12 kilometers wide, with a total area of 365 km
2
 as 

shown in Figure 3-1 (PCBS, 2013). 

 

Figure (3-1): Map of the Gaza Strip (Wikipedia, 2013) 

The Gaza Strip is located between longitudes 34° 20” east, and latitudes 31° 25” north 

(Wikipedia, 2013). 

http://en.wikipedia.org/wiki/Mediterranean_Sea
http://en.wikipedia.org/wiki/Egypt
http://en.wikipedia.org/wiki/Israel
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3.2 Demographical Data 

Demographic pressures in the Gaza Strip in terms of population density, growth 

rate, poverty and unemployment are extraordinarily high compared to 

neighboring countries 

and regions. Based on estimates prepared by Palestinian Central Bureau of 

Statistics (PCBS) according to the results of the Population, Housing and 

Establishment Census of 2007, the estimated population of Gaza Strip totaled 

1.64 million inhabitants (PCBS, 2012). 

3.3 Climate 

The Gaza Strip is located at the south-eastern edge of the Mediterranean and 

has arid to semiarid climate. The Gaza Strip is characterized by short winter season, 

the first real rain starts from October till March, rains in September and April are 

occasionally and happened two times in the last decade. Therefore, the average   yearly 

rainfall is only distributed to five months a year. Around 30% of the rains occurs in 

January (Al Najar, 2011). The annual rainfall fluctuating from 236 mm in the south 

to 433 mm in the north (Hamdan, 2012). 

The maximum temperature ranges between 18.1 and 29.4°C, while the minimum 

temperature ranges between 10.7 and 24.6 in winter and summer, respectively. The 

average humidity is 68.3% indicating high humidity in summer than in winter, as the 

Gaza Strip located on a coastal zone.( Al Najar, 2011). 

3.4 Geology 

The ground surface in the Gaza Strip is formed of elongated ridges and 

depressions parallel to the Mediterranean coast, and it is composed of 

sedimentary rocks belong to Quaternary Era and divided into two main 

formations, Holocene at the top is composed of continental alluvial and aeolian 

deposits called continental kurkar composed of calcareous sandstone covered 

by recent calcareous sand dunes accumulation lying in 1-4 km belt along the 

coast which is suitable for natural water recharge. The lower formation, 

Pleistocene is composed of near shore deposits and called marine kurkar. The 

kurkar deposits are porous, and this makes it important as a groundwater 

aquifer showing high hydraulic conductivity. The thickness of both formations 
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constituting the Quaternary formation is estimated at 160 meters, where the 

kurkar formation is subdivided into sub-aquifers by local aquicludes at the first 

four kilometers parallel to the coast which are composed of clay and marl beds 

making confined aquifers, Figure 3-2. Black shale of 100m of Pliocene age 

deposits are found beneath the Quaternary sediments and known locally as 

Saqiya formation which forms the base of the water bearing layer i.e. the 

coastal aquifer of the Gaza Strip (Hamdan, 2012). 

 
  

Figure (3-2): Generalized Geological Cross-section of the Coastal Plain (Greitzer, and 

Dan, 1967) 

 

3.5 Infiltration Basins Location and Topography 

The site is located east of Gaza City, next to the border with Israel. The site is located 

on a slope with the eastern part elevated at 70 meters above sea level (masl) and the 

western part at 50 masl, Figure 3-3. The land has previously been used for agriculture. 

The areas north and south of the site are used for orchards and along the western side    

a cemetery is located (SWECO, 2003). 
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Figure (3-3): The location of the Infiltration Basins 

 

3.6 Situation, and Operation of the Infiltration Basins  

3.6.1 Background 

The Swedish Government has supported the Palestinian National Authority (PNA) with 

assistance in funding of the Northern Gaza Storm Water and Sewerage Project 

(NGSWSP) through the Palestinian Water Authority (PWA).The purpose of the project 

was to provide a long-term and sustainable solution of the wastewater situation for 

Northern Gaza (SEWCO, 2003).  

The NGSWSP main components as stated by SWECO International:  

 Pressure Mains and Gravity Sewers, which already done. 

 Pumping Stations consisting of a New Terminal Pumping Station at the existing 

WWTP and upgrading of the existing Beit Lahia Pumping Station, and the 

project was implemented. 

N 

IB1 

IB9 

IB2 

IB4 

IB3 

IB7 

IB5 

IB8 

IB6 
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 New Wastewater Treatment Plant, including inlet works with screening, grit and 

grease removal, primary and biological treatment, final clarification and sludge 

treatment facilities. This component is still under construction. 

 Effluent Infiltration Basins for aquifer recharge, which is the subject of the 

study. 

The infiltration area divided into nine ponds with a total area of approximately 

80.000 m
2
. The area of each pond as per design and after construction is presented 

in Table 3-1 below. 

Table 3-1: Infiltration Basins Area  

Infiltration Pond 

Area (m
2
)  

according to the 

design (SWECO, 

2003) 

Area (m
2
)  

after construction 

(PWA, 2009) 

1 10700 12328 

2 12700 11142 

3 6900 6892 

4 8900 7845 

5 9300 9174 

6 7700 6120 

7 8400 8386 

8 7600 6302 

9 7200 7091 

 

The infiltration basins are distributed in three groups. Basin 1,2,3, basin 4,5,7 and basin 

6,8,9, Figure 3-4. The water is distributed to one to three basins in each group at a time. 

After flooding for a certain time, 0.5-2 days, the water is redirected to the next group in 

order. In between flooding cycles, the basins are allowed to dry for period of 1-4 days or 

longer. The relatively short flooding period and the drying periods will minimize algae 
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growth and this will prevent a quick clogging of the ponds. Normally one basin is out of 

operation for extended drying and cleaning (SWECO, 2003). 

 

 

Figure (3-4): Infiltration Site Layout (PWA, 2009) 

3.6.2 Effluent Water Flow, and Effluent water Quality 

The infiltration basins are designed to accommodate an average design flow of 35,600 

m
3
/d which will be coming out from the wastewater treatment plant (new northern 

wastewater treatment plant), Table 3-2. 
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Table 3-2: The Design Flow for the Infiltration Basins (SWECO, 2003) 

  

Design Flow Values Unit Values 

Flow, population m
3
/d 33,960 

Flow, industrial m
3
/d 1,640 

Total flow, average m
3
/d 35,600 

Design flow m
3
/h 1,975 

Peak flow m
3
/h 3,600 

 

The Effluent water quality according to the design criteria to be infiltrated and used for 

unrestricted irrigation is (SWECO, 2003):  

 BOD5    10-20 mg/l  

 SS    15-20 mg/l 

 N-tot    10 mg/l 

 Helminthes   <1 No/l 

 Fecal coliform  <200 No/100 ml 

 

The effluent water quality according to the periodic (Year 2011, 2012, and 2013) water 

quality monitoring by the PWA is: 

 BOD5    60-95 mg/l  

 SS    60-130 mg/l 

 N-tot    55-75 mg/l 

 Fecal coliform  >1100 No/100 ml 

According to the progress report (Quarter # 33 for the Period from January to March, 

2013) prepared by the Projects Management Unit (PMU) at PWA, the total accumulated 

quantity of the effluent transferred to the new infiltration basins from April, 2009 until 

March, 2013 is about 19 MCM, with average daily flow discharged to the IB of      

8,400 m
3
.  
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Due to the partially treated effluent, and to reduce the pollution of the aquifer, both 

PWA and the Coastal Municipalities Water Utility (CMWU) agreed a maximum 

pumping rate of 15,000 m
3
/d from the Terminal pump station to the new IB. 

The quantity of effluent is still below the agreed quantity between PWA and CMWU 

which is 15,000 m
3
/d. The excess quantities of effluent pumped to two emergency 

ponds northern to Bait Lahia Waste Water Treatment Plant (BLWWTP).  

To improve the performance of the infiltration basins, PWA starting the cleaning 

activities for ponds one and two at BLWWTP during March, 2013.  According to PWA 

progress report the cleaning will help in decreasing the Suspended Solids (SS) 

concentration, and thus may improve the quality of effluent reaching the basins and 

improve the infiltration rate. 

3.6.3 Infiltration Basins Efficiency 

According to historical records by the PWA, the efficiency of the basins have 

deteriorated with compared the average infiltration rates for all basins for the years 

2010, 2011, 2012 and 2013, Figure 3-5, and the worst one is infiltration basin IB1, 

Figure 3-6, and Figure 3-7. 
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Figure (3-5): Average infiltration record for all basins (1-9) from August 2010 to 

March 2013 (PWA, 2013) 

Figure (3-6): Average infiltration Record from November 2009 to March 2013 for IB1 

Comparing with Basins (2-9), (PWA, 2013) 
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Figure (3-7): Average monthly infiltration rate for IB1 for the Years 2009, 2010, 2011, 

2012,and 2013 (PWA, 2013) 

The efficiency of infiltration basin IB1 is in deteriorating since the operation of the 

infiltration system as shown in Figure 3-6, and 3-7 with comparing the rate of 

infiltration for the basin for the years 2009, 2010, 2011, 2012, and up to March, 2013. 

The basin takes long time to dry (Figure 3-8) and this is clear from the plowing periods 

recorded by CMWU, the authority who perform the plowing works. It is concluded that 

the problem of IB1 is not related to operation, but it may related to geological factors.   

Appendix (2) shows the schedule of plowing for the IB1, since 14.09.2011 until 

13.05.2013 (the last plowing) before stopping pumping to the basin. 
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Figure (3-8): General view for infiltration basin IB1(July, 2013) 

 

  



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                      Page | 38 

CAHPTER 4 :  Methodology 
 

4.1 Introduction 

The methodology followed in this study was based on the objectives of the study as 

stated in chapter 1, section 1.4. To achieve the objectives; the study was divided into 

two parts: field investigations and experiment tasks (experimental methods were 

employed to determine soil classification tests and soil quality) and modeling tasks for 

the unsaturated zone. 

4.2 Soil Classification Tests 

The location of Bore holes (5 bore holes) was selected as shown in Figure 4-1, after 

continuous monitoring for the basin (IB1), at the places which has low infiltration rate. 

The drilling of bore holes was performed by the method of Rotary Auger, Figure 4-2.   

 

During the drillings, disturbed samples were collected each 30cm until the depth 2.10m 

and each 1.0 m until the depth of 12.0m (end of bore hole), with a total of 17 samples 

for each bore hole. Samples were selected in a way representative to the soil strata 

within the borehole along the depth of 12m for  the infiltration basin (IB1). The samples 

were checked ocular at the site with regards of the soil texture and color, and the soil 

samples were placed in a clean plastic bags before transported to the laboratory. An 

identity number, sample location, and depth within the borehole was identified for each 

sample.  

The soil classification tests executed laboratory tests which included: Sieve Analysis;           

Atterberge Limits; Moisture Content, and Hydraulic Conductivity. Samples were       

selected in a way representative to the soil strata within the borehole along the depth of 

12m for  the infiltration basin (IB1). 

The tests results are shown in appendix (1). The laboratory analysis of soil samples 

were carried out in the Consulting Center For Quality and Calibration.  
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Figure (4-1): Location of Bore Holes at Infiltration Basin (IB1) 

 

Figure (4-2): Drilling method using Rotary Auger 
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Tests were performed according to the international standards (American Society for 

Testing and Materials (ASTM) and British Standards (BS)). The soil layers were 

classified according to the Unified Soil Classification System (USCS). The following 

tests with their relevant standards were performed at the laboratory, Table 4-1.  

Table 4-1: Testing methods and relevant standards 

Testing Method Relevant Standard  

Description and Identification of Soils 

(Visual-Manual Procedure). 

ASTM D 2488-93 

 

Particle Size Analysis of Soils. ASTM D 422-63-Reapproved 1998 

 

Classification of Soils for Engineering 

Purposes (Unified Soil Classification 

System). 

ASTM D 2487-98 

 

Laboratory Determination of Water 

(Moisture) Content of Soil. 

ASTM D 2216-98 

 

Liquid Limit, Plastic Limit, and Plasticity 

Index of Soils. 

ASTM D 4318-98, BS 1377-1990 
 

 

4.3 Soil Quality Tests 

Soil quality tests was conducted in order to check if soil contains high load of organic 

matter (OM) and high rate of sodium adsorption ratio (SAR). 

The samples from the same bore holes was taken in parallel with the soil classification 

samples each 30cm until the depth of 2.10m (7 samples from each bore hole). The soil 

quality samples was placed in a clean plastic bags before delivered to the laboratory. An 

identity number, sample location, and depth within the borehole was identified for each 

sample.  

Samples were selected in a way representative to the soil depth within the borehole . 

The organic matter test was conducted according to the ASTM  standards, ASTM D 

2974-00 at Consulting Center For Quality and Calibration. 
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SAR was carried out in Bir Zeit University Testing Laboratory according to Methods of 

Soli Analysis, Chemical and Microbiological Properties, Ammonium Acetate Method. 

Figure 4-3, Figure 4-4, and Figure 4-5 showing some procedures during testing of SAR. 

SAR was calculated according to Gapon equation as stated in Chapter 2, section 2.3.6. 

Note: the soil sample for borehole (1) which related to the depth 1.80m was lost during 

transportation of the samples to the laboratory. 

 

 

Figure (4-3): Preparation of soil samples  
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Figure (4-4): Soil samples after digestion 

  
Figure (4-5): Final test of SAR 
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4.4 Water Quality Tests 

Quality of the effluent (partially treated wastewater) was tested in order to determine the  

parameters: Biochemical Oxygen Demand BOD, Chemical Oxygen Demand COD, 

Temperature T, Total Suspended Solids TSS, Hydrogen Ion Concentration pH, Total 

Coliform TC, Fecal Coliform FC, and Hardness H. Tests were carried out at 

Environmental and Rural Research Center (ERRC) at the Islamic University of Gaza by 

the Project Management Unit at PWA. Table 4-2 shows adopted methods and used 

instruments performed by ERRC. 

Table 4-2: Adopted Methods and Instruments 

No. Parameter Procedure Name of Instrument 

1 BOD OxiTop method OxiTop 

2 COD Close reflux method 
Spectrophotometer & 

COD reactor 

3 TSS Dry 105 C
o
 Oven 

4 TC Filtration technique Incubator 

5 FC Filtration technique Incubator 

 

4.5 Modeling for the Unsaturated Zone 

Chapter six will explain and discuss the modeling for the unsaturated zone by using the 

Green-Ampt model (1911) for infiltration. Modeling for the exiting infiltration regime, 

and modeling for the enhancement will be performed by using different soil parameters. 

Also this chapter will introduce method of enhancement the wetting and drying cycles 

in order to maintain reasonable infiltration rate.  
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CAHPTER 5 :  Results and Discussion  
 

This chapter demonstrates and discusses the results of the collected data and their 

analysis for IB1, also the modeling for the unsaturated zone. 

5.1 Field Experiments Results 

USCS classification system introducing the following symbols for the soil: 

SP: poorly graded sand, gravely sand, little or no fines. 

SM: Silty sands, sand-silt mixture. 

SC: clayey sand, sand- clay mixture. 

CL: Inorganic clays of low to medium plasticity, gravel clays, sand clays, silt clays, lean 

clays. 

5.1.1 Results of Soil Classification Tests 

5.1.1.1 Grain Size Analysis for Bore Hole BH1  

According to the bore hole log for BH1, the top soil form depth 0.0-0.30m is sand: 

yellowish fine sand with little gravel (Kurkar) and a little fines (14.0%), and it is non-

plastic. The percentage of water content WC is 11.0%. The depth from 0.30-0.90m is 

classified as clayey sand: slightly brown clayey sand with little gravel (Kurkar) and 

some fines (21.6%-29.6%). The layer is of low to medium plasticity, with WC 

decreasing from 12.7% to 12.0%. The depth from 0.90m until depth of 12.0m the end of 

the bore hole is sand: yellowish fine sand with little gravel (Kurkar) and a little fines 

(2.0%-11.9%). The layer is non-plastic, with WC from 3.80% to 8.70%. Figures 5-1, 5-

2, and 5-3 showing the geological cross section for the soil according to bore holes (1-3-

4), and (2-3-5). Also summary of the soil classification for BH1 is shown in Table 5-1. 
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Figure (5-1): Section Plan at the Bore Holes for IB1  
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Figure (5-2): Geological Cross Section A-A (BH1-BH3-BH4) 
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Figure (5-3): Geological Cross Section B-B (BH2-BH3-BH5) 

 

  



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                      Page | 48 

Table 5-1: Soil Classification for BH1 

Depth (m) Soil Description  
Soil  

Classification 

Fines  

Content (%) 
WC (%) 

0-0.3 

Sand: yellowish fine sand 

with little gravel 

(Kurkar) and a little 

fines. 

SM 14.0 11.0 

0.3-0.9 

Clayey Sand: slightly 

brown clayey sand with 

little gravel (Kurkar) and 

some fines. 

SC 21.6-29.6 12.0-12.7 

0.9-12.0 

Sand: yellowish fine sand 

with little gravel 

(Kurkar) and a little 

fines. 

SP-SM 2.0-11.9 3.8-8.7 

5.1.1.2 Grain Size Analysis for Bore Hole BH2 

The bore hole log for BH2 shows that the top soil layer form depth 0.0-0.60m is sand: 

yellowish fine sand with little gravel (Kurkar) and a little fines (6.3%), the soil layer is 

non-plastic. The percentage of water content WC is 11.4%. The depth from 0.6-1.5m is 

classified as clayey sand: slightly brown clayey sand with little gravel (Kurkar) and 

some fines (18.2%-27.7%). The layer is of  low to medium plasticity, with WC 

decreasing from 15.6% to 14.2%. The depth from 1.5m until the depth of 8.7m is sand: 

yellowish fine sand with little gravel (Kurkar) and a little fines (4.6%-9.6%). The layer 

is non-plastic, with WC ranged from 5.60% to 10.5%. The depth from 8.70m up to 9.0m 

is classified clayey sand: slightly light brown clayey sand with little gravel (Kurkar), 

with some fines (26.5%). The WC is 10.5%. The layer is of medium plasticity. Depth 

from 8.70m up to end of BH is sand: yellowish fine sand with little gravel (Kurkar) and 

a little fines (3.3%), the soil layer is non-plastic, WC ranged from 4.2%-6%. Summary 

of the soil classification for BH2 is shown in Table 5-2. 
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Table 5-2: Soil Classification for BH2 

Depth 

(m) 
Soil Description 

Soil  

Classifica

tion 

Fines  

Content 

(%) 

WC (%) 

0-0.6 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 6.3 11.4 

0.6-1.5 

Clayey Sand: slightly brown clayey 

sand with little gravel (Kurkar) and 

some fines. 

SC 18.2-27.7 14.2-15.6 

1.5-8.7 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 4.6-9.6 5.6-10.5 

8.7-9.0 

Clayey Sand: slightly brown clayey 

sand with little gravel (Kurkar) and 

some fines. 

SC 26.5 10.5 

9.0-12.0 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP 3.3 4.2-6 

5.1.1.3 Grain Size Analysis for Bore Hole BH3 

The bore hole log for BH3 shows that the top soil layer form depth 0.0-0.30m is sand: 

yellowish fine sand with little gravel (Kurkar) and a little fines (13.8%), the soil layer is 

non-plastic. The percentage of water content WC is 12.8%. The depth from 0.30-1.20m 

is classified as clayey sand: light brown clayey sand with little gravel (Kurkar) and 

some fines (22.9%-39.9%). The layer is of  low to medium plasticity, with WC ranged 

from 12.1%-15.6%. The depth from 1.2m until the depth of 6.5m is sand: yellowish fine 

sand with little gravel (Kurkar) and a little fines (9.1%-11.6%). The layer is non-plastic, 

with WC ranged from 6.8% to 9.0%. The depth from 6.50m up to 7.4m is classified 

sandy silty clay: dark brown sandy clay with little gravel (Kurkar). The layer is of 

medium plasticity. Fines content 55.6%, WC is 17.9%.  The depth from 7.4m to the end 

of BH is sand: yellowish fine sand with little gravel (Kurkar) and a little fines (2.3%-

6.8%), the soil layer is non-plastic, WC ranged from 3.5%-4.2%. Summary of the soil 

classification for BH3 is shown in Table 5-3. 
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Table 5-3: Soil Classification for BH3 

Depth 

(m) 
Soil Description 

Soil  

Classification 

Fines 

Content 

(%) 

WC 

(%) 

0-0.3 

Sand: yellowish fine sand with 

little gravel (Kurkar) and a little 

fines. 

SM 13.8 12.8 

0.3-1.2 

Clayey Sand: light brown 

clayey sand with little gravel 

(Kurkar) and some fines. 

SM-SC 22.9-39.9 
12.1-

15.6 

1.2-6.5 

Sand: yellowish fine sand with 

little gravel (Kurkar) and a little 

fines. 

SP-SM 9.1-11.6 6.8-9.0 

6.5-7.4 

Sandy Silty Clay: dark brown 

sandy clay sand with little 

gravel (Kurkar) and some fines. 

CL 55.6 17.9 

7.4-12.0 

Sand: yellowish fine sand with 

little gravel (Kurkar) and a little 

fines. 

SP-SM 2.3-6.8 3.5-4.2 

5.1.1.4 Grain Size Analysis for Bore Hole BH4 

The bore hole log for BH4 shows that the top soil layer form depth 0.0-0.60m is sand: 

yellowish fine sand with little gravel (Kurkar) and a little fines (5.4%-8.7%), the soil 

layer is non-plastic. The percentage of water content WC is ranged from (7.2-9.2%). 

The depth from 0.60-0.9m is classified as clayey sand: light brown clayey sand with 

little gravel (Kurkar) and some fines (21.3%). The layer is of  low to medium plasticity, 

with WC of 7.7%. The depth from 0.9-1.5m is sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines (6.8%-10.8%). The layer is non-plastic, with WC 

ranged from (6.2% to 7.8%). The depth from 1.50m up to 1.8m is classified clayey 

sand: slightly light brown clayey sand with little gravel (Kurkar), fines content 20.70%. 

The layer is of low plasticity, and WC is 5.1%. The depth from 1.8m to the end of BH is 

sand: yellowish fine sand with little gravel (Kurkar) and a little fines (2.1%-11.4%), the 

soil layer is non-plastic, WC ranged from (4.7%-7.6%). Summary of the soil 

classification for BH4 is shown in Table 5-4. 



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                      Page | 51 

Table 5-4: Soil Classification for BH4 

Depth 

(m) 
Soil Description 

Soil  

Classificatio

n 

Fines 

Content 

(%) 

WC 

(%) 

0-0.6 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 5.4-8.7 7.2-9.2 

0.6-0.9 

Clayey Sand:  light brown clayey 

sand with little gravel (Kurkar) and 

some fines. 

SC 21.3 7.7 

0.9-1.5 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 6.8-10.8 6.2-7.8 

1.5-1.8 

Clayey Sand: slightly light brown 

clayey sand with little gravel 

(Kurkar) 

SC 20.7 5.1 

1.8-12.0 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 2.1-11.4 4.7-7.6 

5.1.1.5 Grain Size Analysis for Bore Hole BH5 

The bore hole log for BH5 shows that the top soil layer form depth 0.0-0.30m is clayey 

sand: slightly dark brown clayey sand with little gravel (Kurkar), fines content 31.5%. 

The layer is of medium plasticity, and WC is 12.3%. Depth from 0.3-0.6m is classified 

as sand: yellowish fine sand with little gravel (Kurkar) and a little fines (6.1%), the soil 

layer is non-plastic. The percentage of water content WC is 5.8%. The depth from 0.60-

0.9m is classified as clayey sand: light brown clayey sand with little gravel (Kurkar) and 

some fines (26.5%). The layer is of medium plasticity, with WC of 11.0%. The depth 

from 0.9-1.5m is sand: yellowish fine sand with little gravel (Kurkar) and a little fines 

(5.3%-6.1%). The layer is non-plastic, with WC ranged from (5.5% to 5.9%). The depth 

from 1.50m up to 1.8m is classified clayey sand: slightly light brown clayey sand with 

little gravel (Kurkar), fines content 23.40%. The layer is of medium plasticity, and WC 

is 9.6%. The depth from 1.8m up to 8.0m is sand: yellowish fine sand with little gravel 

(Kurkar) and a little fines (2.3%-5.0%), the soil layer is non-plastic, WC ranged from 

(3.3%-7.5%). The depth from 8.0- 9.0m is clayey sand: slightly light brown clayey sand 

with little gravel (Kurkar), fines content 20.3%. The layer is of low plasticity, and WC 
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is 3.4%. Finally, depth from 9.0m up to the end of BH is sand: yellowish fine sand with 

little gravel (Kurkar) and a little fines (2.1%-3.2%), the soil layer is non-plastic, WC 

ranged from (3.5%-4.0%). 

BH Summary of the soil classification for BH5 is shown in Table 5-5. 

Table 5-5: Soil Classification for BH5 

Depth 

(m) 
Soil Description 

Soil 

Classification 

Fines 

Content 

(%) 

WC 

(%) 

0-0.3 

Clayey Sand: slightly dark brown 

clayey sand with little gravel 

(Kurkar). 

SC 31.5 12.3 

0.3-0.6 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 6.1 5.8 

0.6-0.9 

clayey sand: light brown clayey sand 

with little gravel (Kurkar) and some 

fines. 

SC 26.5 11.0 

0.9-1.50 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP-SM 5.3-6.1 5.5-5.9 

1.5-1.8 

clayey sand: slightly light brown 

clayey sand with little gravel 

(Kurkar), fines content. 

SC 23.4 9.6 

1.80-8.0 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP 2.3-5.0 3.3-7.5 

8.0-9.0 

clayey sand: slightly light brown 

clayey sand with little gravel 

(Kurkar), fines content 

SC 20.3 3.4 

9.0-12.0 
Sand: yellowish fine sand with little 

gravel (Kurkar) and a little fines. 
SP 2.1-3.2 3.5-4.0 

5.1.2 Discussion of Grain Size Analysis Test Results for Bore Holes (1-5) 

According to the USCS classification system, the bore holes indicated that the soil strata 

in the infiltration basin IB1 consists the following layers (soil types): 
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 Sand: is a poorly graded Sand, dim yellowish with little gravel (Kurkar) exist at 

depths as indicated in the soil logs in the appendix (2). It contains (85%-100%) 

Sand, (1%-19%) % gravel, and a little fines contents (0%-15%). The layer is non-

plastic and has good permeability characteristics. 

 Clayey Sand: is a poorly graded Clayey Sand, Slightly light brown with little gravel 

(Kurkar) exist at depths as indicated in the soil logs in the appendix (2). The layer is 

of low to medium plasticity, contains (3%-10%) gravel, (60%-85%) sand, and 

(15%-40%) fines. This layer is of low permeability. 

 Sandy Silty Clay: is well graded sandy silty clay, dark brown sandy clay with little 

gravel (kurkar). The layer is of medium plasticity, and contains (3%) gravel, (1-

33%) sand, (12%-28%) silt, and (16%) clay. This layer is of low permeability as 

shown in Figure 4, and Figure 5.  

According to Taylor & Ashcroft, 1972, sandy soils have the highest infiltration rates 

and clayey soils have the lowest infiltration rates, Figure 5-4 and Figure 5-5 illustrate 

soil type effects on infiltration rate. 

 

 

 

 

 

 

 

 

F 

Figure (5-4): Soil type effects on accumulated infiltration (Taylor & Ashcroft, 1972) 
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Figure (5-5): Soil type effects on infiltration rate (Taylor & Ashcroft, 1972) 

5.1.3 Permeability Test Results for the Bore Holes from (1-5) 

The hydraulic conductivity K was estimated according to Hazen equation, as stated 

previously in Chapter 2, section 2.5.3. Table 5-6 illustrates the estimated hydraulic 

conductivity K for the different soil types for soil samples which taken from bore holes 

(1-5).  

  Table 5-6: Estimated hydraulic conductivity K for the testing soil samples 

Estimated hydraulic conductivity (K)  

Depth BH1 BH2 BH3 BH4 BH5 

(m) (m/d) (m/d) (m/d) (m/d) (m/d) 

0.3 2.68 6.14 2.73 5.18 0.04 

0.6 0.26 4.85 0.20 6.86 6.18 

0.9 0.09 1.93 0.19 0.29 0.09 

1.2 3.46 0.08 0.02 4.03 6.13 

1.5 5.59 0.09 4.12 5.81 5.94 

1.8 6.92 4.83 4.78 0.34 0.17 

2.1 5.44 5.49 4.76 6.57 2.18 

3 5.05 5.38 4.96 4.10 7.27 
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Estimated hydraulic conductivity (K)  

Depth BH1 BH2 BH3 BH4 BH5 

(m) (m/d) (m/d) (m/d) (m/d) (m/d) 

4 5.24 6.26 2.98 5.35 7.47 

5 5.26 5.58 2.35 5.55 7.14 

6 6.16 5.76 3.61 6.20 8.15 

7 6.59 5.94 0.01 3.71 6.07 

8 6.43 6.26 7.10 5.57 6.34 

9 6.88 0.92 6.09 6.42 0.38 

10 5.61 7.13 6.32 6.09 7.33 

11 5.76 6.81 7.19 7.57 7.03 

12 7.02 8.99 7.17 7.15 7.12 

 

According to Table 5-6, the values of hydraulic conductivity ranged between 0.01m/d, 

and 8.99m/d. According to Table 2-4 in Chapter 2, the range of estimated hydraulic 

conductivity is laid between the classification sand medium and clay.  

(Todd and Mays, 2005), stated that the hydraulic conductivity of a soil depends on a 

variety physical factors, including porosity, particle size and distribution, shape of 

particles, arrangement of particles, and other factors. In general, for unconsolidated 

pours media, hydraulic conductivity varies with particle size; clayey material exhibit 

low values, where sands and gravel display high values. Figure 5-6 showing the 

variation of hydraulic conductivity with depth. 
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Figure (5-6): Variation of HC (K) according to Soil Depth for Bore Holes (1-5) 
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5.1.4 Results of Soil Quality Tests 

5.1.4.1 Organic Matter Test Results 

Organic Matter is the carbonaceous material contained in plants or animals and wastes. 

Organic matter is oxygen-demanding substances, and BOD is a measure of oxygen 

consumed in biological processes that break down organic matter (EPA, 2004). 

According to the test results, OM was found at variable depths with variable rates, Table 

5-7 shows OM test results for bore holes from (1-5). The explanation of the existence of 

OM in the soil is that the BOD load resulting from the partially treated wastewater still 

high. The organic loads which are expressed by BOD and COD in the waste water are 

considered the main problems and pollutants in the recharged water. The organic load 

causes the following (El Arabi, 2012):  

 Increasing the organic matter content in the soil.  

 Decreasing the infiltration rate of the soil by time. 

  

Table 5-7: Organic Matter Test Results 

Organic Matter (%) 

Depth (m) BH1 BH2 BH3 BH4 BH5 

0.3 0.5 0.5 0.7 0.9 0.9 

0.6 0.4 0.3 0.8 0.7 0.7 

0.9 0.2 0.7 0.7 0.8 0.8 

1.2 0.1 0.6 0.8 0.2 0.5 

1.5 0.0 0.4 0.3 0.2 0.4 

1.8 0.0 0.4 0.1 0.2 0.5 

2.1 0.0 0.4 0.2 0.2 0.6 

 

 In general the OM still with low values and will affect soil hydraulic conductivity or 

the infiltration rate. Figure 5-7 showing the variation of OM with depth.   
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Figure (5-7): Organic Matter Test Results for Bore Holes (1-5) 

 

5.1.4.2 SAR Test Results 

  SAR Tests results for each bore hole are shown in Tables (5-8 to 5-12).  
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Table 5-9: SAR, test results for bore hole (2)   

Depth  Ca Mg Na Ca Mg Na SAR 

M mg/kg mg/kg mg/kg meq/kg meq/kg meq/kg 

0.30 3607 1941 200 180.35 161.75 8.70 0.67 

0.60 3848 1722 160 192.4 143.50 6.96 0.54 

0.90 3968 1965 300 198.4 163.75 13.04 0.97 

1.20 3607 2402 300 180.35 200.17 13.04 0.95 

1.50 4008 2329 300 200.4 194.08 13.04 0.93 

1.80 3848 1989 180 192.4 165.75 7.83 0.59 

2.10 3848 2023 150 192.4 168.58 6.52 0.49 

 

Table 5-10: SAR, test results for bore hole (3) 

  Depth  Ca Mg Na Ca Mg Na SAR 

M mg/kg mg/kg mg/kg meq/kg meq/kg meq/kg 

0.30 4409 2086 320 220.45 173.83 13.91 0.99 

0.60 4569 2183 250 228.45 181.92 10.87 0.76 

0.90 4569 2135 280 228.45 177.92 12.17 0.86 

1.20 4890 2135 400 244.5 177.92 17.39 1.20 

1.50 4168 2086 220 208.4 173.83 9.57 0.69 

1.80 4008 2086 160 200.4 173.83 6.96 0.51 

2.10 4008 2038 190 200.4 169.83 8.26 0.61 
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Table 5-11: SAR, tests results for bore hole (4) 

Depth  Ca Mg Na Ca Mg Na SAR 

M mg/kg mg/kg mg/kg meq/kg meq/kg meq/kg 

0.30 4008 1989 170 200.4 165.75 7.39 0.55 

0.60 4008 1795 160 200.4 149.58 6.96 0.53 

0.90 3848 2038 160 192.4 169.83 6.96 0.52 

1.20 3367 1941 140 168.35 161.75 6.09 0.48 

1.50 3607 1990 100 180.35 165.83 4.35 0.33 

1.80 4008 1941 110 200.4 161.75 4.78 0.36 

2.10 3928 1989 100 196.4 165.75 4.35 0.32 

 

 

Table 5-12: SAR, tests results for bore hole (5) 

Depth  Ca Mg Na Ca Mg Na SAR 

M mg/kg mg/kg mg/kg meq/kg meq/kg meq/kg 

0.30 4088 2184 400 204.4 182.00 17.39 1.26 

0.60 3848 1941 140 192.4 161.75 6.09 0.46 

0.90 4409 1892 260 220.45 157.67 11.30 0.82 

1.20 4008 1989 300 200.4 165.75 13.04 0.97 

1.50 4409 1892 120 220.45 157.67 5.22 0.38 

1.80 4409 2329 250 220.45 194.08 10.87 0.76 

2.10 4248 2111 250 212.4 175.92 10.87 0.78 

 

SAR test results shows that the rate of SAR is less than 2. According to section 2.3.6, 

Sodium Absorption Rate (SAR), Chapter 2, Table 2-2, SAR < 13, which means that the 

soil  physical condition is normal. Accordingly SAR will not affect the infiltration rate. 

Figure 5-8 showing the variation of SAR with depth. 
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Figure (5-8): Organic Matter Test Results for Bore Holes (1-5) 
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Figure 5-9 illustrate the variation of BOD, and COD concentration in the influent to the 

basins.   

Table 5-13: Water Quality Tests Results (PWA, 1
st
 Round Report, 2013) 

Location BOD(mg/l) COD(mg/l) TSS(mg/l) TC(n/100ml) 

IB1 100 320 78 120 

IB2 480 2000 295 1500 

IB3 480 2200 145 5 

IB4 - - - - 

IB5 120 270 255 1900 

IB6 310 720 180 5x10
4
 

IB7 270 540 22 10x10
4
 

IB8 370 770 170 10x10
4
 

IB9 200 400 250 45 

 

 

Figure (5-9): Concentration of BOD and COD in the influent to the Basins 
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As per design criteria the suspended solids ranged 15-20 mg/l (SWECO,2003). The TSS 

concentration for the basins ranged from 22 at IB7 to 295 mg/l at IB2.  The high 

concentration of TSS may refer to wrong sampling, and to the poor performance of 

BLWWTP. The TSS concentration still out of the design criteria. Accordingly, the TSS 

concentration is not suitable for the infiltration process. Figure 5-10 shows the 

concentration of TSS in the influent to the infiltration basins. Historical utilization of 

infiltration basins for partially treated effluent with high TSS might have been the 

reason for diminishing the infiltration capacity of the top soil layer of the basin. 

 

Figure (5-10): Concentration of TSS in the influent to the Basins 
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genral the vlaues of FC and TC are not good for the infiltration purposes according to 

the design criteria and to the Palestinian standard (100-1000 No/100 ml). Figure 5-11 

and 5-12  showing the values of FC, and TC at the basins.     

 

Figure (5-11): Concentration of FC in the Influent to the Basins 

Figure (5-12): Concentration of TC in the Influent to the Basins 
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Table 5-14 shows comparsion between the influent quality to the IB1, the design 

criteria, and the Palestinina Sandrd (PS) for treated wastewater. Figure 5-13 to Figure 5-

15 illustrating the influent qualtiy with refernece to the design criteria and PS. 

 

Table 5-14: Influent Quality with referenc to Desing criteria and PS 

Description BOD(mg/l) COD(mg/l) TSS(mg/l) 
FC 

(No/100ml) 

IB1 100 320 78 0 

Design Criteria 10-20 - 15-20 < 200 

PS  40 150 50 1000 

 

 

Figure (5-13): BOD & COD concentration with reference to Design Criteria & PS 
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Figure (5-14): TSS concentration with reference to Design Criteria & PS 

 

Figure (5-15): FC concentration with reference to Design Criteria & PS 
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5.2 Modeling of the Unsaturated Zone  

5.2.1 Introduction 

This chapter represents the modeling of the unsaturated zone for the exiting infiltration 

regime, and modeling for enhancement of the infiltration rate for IB1 by using the 

Green-Ampt infiltration model (1911). The Green-Ampt model is a more physical 

approach to computing infiltration losses. It is derived from physical parameters such as 

hydraulic conductivity, soil moisture, and capillary suction. Because of its simplicity 

and versatility, the Green-Ampt model is becoming more frequently used in models for 

determining infiltration (Smemoe, et al., 2003). The Green-Ampt infiltration model 

developed from an approximate theory to an exact solution (Maidment, 2010).  

As explained previously in Chapter 2, section 2.5 the Green- Ampt infiltration equations 

for cumulative infiltration (equation 2.4), and for infiltration rate (equation 2.5) are:   
















)(
1ln)(

tF
KttF , cm.        








 


F
Kf


1 , cm/hr.        

  

The modeling domain for the unsaturated zone for the existing infiltration regime, and 

the modeling domain for enhancement of the infiltration rate for IB1 will be performed 

for the upper two meters for the soil layer. The soil parameters used in computing the 

cumulative infiltration and the infiltration rate were taken from the laboratory soil tests 

results as discussed previously in this Chapter, and from Table (2-3): Green-Ampt 

infiltration parameters for various soil classes.     

Since cumulative infiltration is non-linear equation, which requiring iterative solution to 

solve it; Excel Solver was used to solve the equation. More details are clear in appendix 

(3). 
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5.2.2 Modeling the existing Infiltration Regime for IB1 

Many trials was performed using different hydraulic conductivities and different soil   

parameters to calculate the cumulative infiltration and the infiltration rate for the       

existing infiltration regime in order to predict the model which describes the real 

infiltration rate recorded by PWA. Table 5-15 and Table 5-16 showing the behavior of 

cumulative infiltration and infiltration rate with time for the first and second trials. 

Figure 5-16, Figure 5-17 and Figure 5-18 are the representation for the infiltration with 

time for the same trials. 

5.2.2.1 First Model with Minimum K (0.042cm/hr) in IB1 

Table 5-15: F (t) & f at K= 0.042cm/hr 

t (hr) F (cm) f (cm/hr) f (m/d) 

0.0 0 ∞ ∞ 

0.1 0.203 1.073 0.258 

0.2 0.289 0.767 0.184 

0.3 0.371 0.608 0.146 

0.4 0.425 0.535 0.128 

0.5 0.474 0.484 0.116 

1 0.679 0.351 0.084 

1.1 0.712 0.337 0.081 

1.2 0.743 0.324 0.078 

1.3 0.774 0.313 0.075 

1.4 0.803 0.303 0.073 

1.5 0.839 0.292 0.070 

2 0.970 0.258 0.062 

2.5 1.094 0.233 0.056 

3 1.207 0.216 0.052 

3.5 1.312 0.202 0.048 

4 1.411 0.190 0.046 

4.5 1.504 0.181 0.043 

5 1.589 0.174 0.042 

6 1.758 0.161 0.039 
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t (hr) F (cm) f (cm/hr) f (m/d) 

8 2.060 0.144 0.034 

10 2.336 0.131 0.032 

12 2.589 0.123 0.029 

16 3.054 0.110 0.026 

20 3.476 0.102 0.024 

24 3.872 0.096 0.023 

 

 

Figure (5-16): Cumulative infiltration with time, 1
st
 Model 
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Figure (5-17): Infiltration Rate with Time, 1
st
 Model 

 

Figure (5-18): Cumulative Infiltration, and Rate with Time,1
st
 Model 
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5.2.2.2 Second Model with Maximum K (37.458cm/hr) in IB1  

Table 5-16: F (t) & f at K= 37.458cm/hr 

t (hr) F (cm) f (cm/hr) f (m/d) 

0.0 0 ∞ ∞ 

0.1 6.428 47.531 11.408 

0.2 10.934 43.380 10.411 

0.3 15.180 41.724 10.014 

0.4 19.302 40.813 9.795 

0.5 22.869 40.290 9.670 

1 43.085 38.961 9.351 

1.1 46.975 38.837 9.321 

1.2 50.853 38.732 9.296 

1.3 54.722 38.642 9.274 

1.4 58.582 38.564 9.255 

1.5 62.435 38.495 9.239 

2 81.616 38.252 9.180 

2.5 100.702 38.101 9.144 

3 119.725 37.999 9.120 

3.5 138.705 37.925 9.102 

4 157.653 37.869 9.089 

4.5 176.577 37.825 9.078 

5 195.480 37.790 9.069 

6 233.241 37.736 9.057 

8 308.639 37.668 9.040 

10 383.930 37.627 9.030 

12 459.155 37.599 9.024 

16 609.476 37.565 9.015 

20 759.690 37.544 9.010 

24 909.834 37.529 9.007 

 

Figure 5-19, Figure 5-20, and Figure 5-21 are the representation for the infiltration with 

time for the same trials. 
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Figure (5-19): Cumulative infiltration with Time, 2
nd

 Model 

 

Figure (5-20): Infiltration Rate with Time, 2
nd

 Model 
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Figure (5-21): Cumulative Infiltration, and Rate with Time,2
nd

  Model 

None of the first or the second model matched the real behavior of infiltration regime 
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2
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Table 5-17: F (t) & f at K= 0.833cm/hr 

t (hr) F (cm) f (cm/hr) f (m/d) 

0.0 0 ∞ ∞ 

0.1 0.995 5.280 1.2672 

0.2 1.445 3.895 0.9347 

0.3 1.800 3.291 0.7899 

0.4 2.109 2.931 0.7035 

0.5 2.391 2.684 0.6441 

1 3.553 2.078 0.4988 

1.1 3.759 2.010 0.4824 

1.2 3.957 1.951 0.4684 

1.3 4.148 1.900 0.4559 

1.4 4.337 1.853 0.4448 

1.5 4.520 1.812 0.4349 

2 5.384 1.655 0.3972 

2.5 6.183 1.549 0.3717 

3 6.937 1.471 0.3530 

3.5 7.658 1.411 0.3386 

4 8.350 1.363 0.3272 

4.5 9.022 1.324 0.3177 

5 9.676 1.291 0.3097 

6 10.938 1.238 0.2971 

8 13.336 1.165 0.2796 

10 15.614 1.117 0.2680 

12 17.811 1.082 0.2596 

16 22.035 1.034 0.2482 

20 26.105 1.003 0.2407 

24 30.069 0.980 0.2353 
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Figure (5-22): Cumulative Infiltration, and Rate with Time, the Real Model 

 

Figure (5-23): Infiltration Rate with Time, the Real Model 
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Figure (5-24): Cumulative Infiltration, and Rate with Time, the Real Model 
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Figure (5-26): Infiltration Rate with Time, for different Soil Parameters. 
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was performed. The output of the model is shown in Table 5-18, and Figures 5-27, 5-28, 

and 5-29. 

Table 5-18: F (t) & f at K= 11.78cm/hr for the Proposed Sand Layer 

t (hr) F (cm) f (cm/hr) f (m/d) 

0.0 0 ∞ ∞ 

0.1 3.085 19.909 4.778 

0.2 4.898 16.899 4.056 

0.3 6.517 15.627 3.751 

0.4 8.041 14.898 3.576 

0.5 9.505 14.418 3.460 

1 16.384 13.310 3.194 

1.1 17.709 13.196 3.167 

1.2 19.024 13.098 3.144 

1.3 20.329 13.013 3.123 

1.4 21.627 12.939 3.105 

1.5 22.917 12.874 3.090 

2 29.290 12.636 3.033 

2.5 35.568 12.485 2.996 

3 41.782 12.380 2.971 

3.5 47.952 12.303 2.953 

4 54.088 12.244 2.938 

4.5 60.198 12.197 2.927 

5 66.286 12.158 2.918 

6 78.414 12.100 2.904 

8 102.531 12.025 2.886 

10 126.531 11.978 2.875 

12 150.454 11.947 2.867 

16 198.153 11.907 2.858 

20 245.726 11.882 2.852 

24 293.219 11.866 2.848 
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Figure (5-27): Cumulative Infiltration with Time for the Proposed Sand Layer 

 

Figure (5-28): Infiltration Rate with Time for the Proposed Sand Layer 
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Figure (5-29): Cumulative Infiltration, & Rate with Time for the Proposed Sand Layer 
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media with high permeability. The piles can be implemented after the removal of the 

first two meters immediately. The numbers of piles and the diameter for each pile, will 

be designed in the following section.  

5.2.3.2.1 Design of the Piles  

As illustrated in Chapter 3, Table 3-2, Infiltration area after construction, the area of IB1 

is 12,328 m
2
. According to the design criteria, the infiltration basins designed to receive 

35,600m
3
/day of treated wastewater. The amount of treated wastewater will be 

distributed to three ponds according to the area of each basin. IB1 will take 14,455 m
3
/d. 

the rate for IB1 will equal to (14,455 m
3
/d)/(12,328 m

2
) = 1.20 m/d. 

According to Table 2-4, Some Representative Hydraulic Conductivity for Different Soil 

Types, the Gravel fine can give hydraulic conductivity of 450 m/d (Todd and Mays, 

2005). The total area of the piles will be: (14,455 m
3
/d)/(450 m/d) = 32 m

2
. A pile 

diameter of 60cm will be used with surface area of 0.28m
2
, thus lead to number of piles 

= 32 m
2
/0.28 m

2
 = 114 pile. 

Sichardt equation will be used as stated previously in Chapter 2, section 2.6 in order to 

calculate the velocity of the aquifer. 

 K for the aquifer will be equal to 7.20 m/d (0.0001 m/s), which is the average K for 

layers at depth 11.0 m, and 12.0 m, (Table 5-6, Estimated hydraulic conductivity K for 

the testing soil samples).  

   
√      

  
  , Va< 0.0003 m/s, take Va = 0.00025 m/s. 

The flow inside the pile     RLV m
3
/s, where: 

R: is the radius of the pile, m 

L: is the length of pile below the clay sad layer (6.0 m), and 

V: is the approach velocity, m/s. 

Q = 2*                       = 0.003 m
3
/s (244 m

3
/d). 
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As the pile will drainage 244 m
3
/d, the number of piles (114 pile) can be reduced as 

following: 

(14,455 m
3
/d)/(244 m

3
/d) = 60 pile, these piles will distributed at the middle area of the 

basin, because the worst permeably (0.01m/d) was found at BH3 at depth 7.0m. 

The piles will distributed at area of 90x50 m
2
 from the middle of the basin, with 

10x10m grid between piles center to center as shown in Figure 5-30. In order to 

maintain good drainage for the infiltrated water, it is preferred to use closed UPVC 22" 

in diameter with total length of 9.0 m in order to prevent clogging of the gravel media 

due to entrance of the fine particles from the surrounding soil (clayey sand at depth 8-9 

m,  and sandy silty clay at depth 6.5-7.40 m), also perforated UPVC pipe 22” diameter 

with total length of 5.0 m below the 9.0 m pipe in order to maintain good infiltrated 

water to the lower strata as shown in Figure 5-31. The gravel media is designed on the 

basis of seive analysis of aquifer sample.If aquifer samples from different depths show 

considerable variation in gradation, the gravel should be based stable against the finer 

grade samples. Uniformity coeffecient (Uc) of the aquifer is the controle in this case 

(Boonstra, 1999). 

Uc = d60/d10, where the effective particle size is the 10 percent finer than value (d10), 

and d60 is the 60 percent finer than value. A uniform material has a low uniformity 

coefficient, while a well graded material has a high uniformity coefficient (Todd and 

Mays, 2005). 
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Figure (5-30): Distribution of Piles at IB1 

 

Figure (5-31): Section A-A in the Piles 
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5.2.3.3 Design of Wetting Drying Cycles 

A regular drying period is essential for the successful performance of infiltration 

system. For primary effluent the ratios of loading to drying periods within a single cycle 

are generally less than 0.2 to allow for adequate drying, Table 5-19 presents suggested 

hydraulic loading/drying periods. In all cases, to avoid excessive soil clogging, the 

hydraulic loading period for primary effluent does not exceed 1-2 days regardless of 

season or treatment goals (EPA, 1981). 

Table 5-19: Suggested Loading Cycles (EPA, 1981) 

Loading cycle 

objective 

Applied 

Wastewater 
Season 

Application 

Period 

Drying   

Period 

D D 

Maximize 

infiltration rates 

Primary 
Summer 1-2 5-7 

Winter 1-2 7-12 

Secondary 
Summer 1-3 4-5 

Winter 1-3 5-10 

Maximize 

nitrogen removal 

Primary 
Summer 1-2 10-14 

Winter 1-2 12-16 

Secondary 
Summer 7-9 10-15 

Winter 9-12 12-16 

Maximize 

nitrification 

Primary 
Summer 1-2 5-7 

Winter 1-2 7-12 

Secondary 
Summer 1-3 4-5 

Winter 1-3 5-10 

 

For treatment goals with primary effluent are to maximize infiltration rates: 

Summer period (from April to October, 241d): Wet (2d), Dry (7d), and Total (2+7) = 9d  

So, summer period each cycle equal to 9d. 

Cycles per season (summer) = 214d/9d = 24 cycles. 
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Winter period (from November to March, 151 d): Wet (2d), Dry (12d), and Total (2+12) 

=14d.  

 The winter period each cycle equal to 14d. 

Cycle per season (winter) = 151/14 = 11 cycles. 

Total cycles per year = 24+11 = 35 cycles. 

Accordingly; 35 cycles of wetting and drying should be performed during the year in 

order to reach the optimal infiltration rate.  
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CAHPTER 6 :  Conclusions and Recommendations 

 

6.1 Conclusions 

1. The results showed that the soil strata in the infiltration basin IB1 consists of Sand 

which is non-plastic and has good permeability characteristics, Clayey Sand: which 

is the wide spreading layer at the top of the basin, and of low to medium plasticity, 

and of low permeability, and Sandy Silty Clay which is of medium plasticity, and of 

low permeability. The results showed that that the infiltration rate is affected by the 

soil properties; sandy soils have the highest infiltration rates and clayey soils have 

the lowest infiltration rates. 

 

2. The  hydraulic conductivity of the soil layers ranged between 0.01m/d, and 8.99m/d 

with the range laid between the classification of sand medium and clayey material. 

Clayey material exhibit low hydraulic conductivity values, where sandy soil display 

high values. The effect of hydraulic conductivity was obvious on infiltration rate. 

 

3. OM in the soil still with low values, and will not affect the infiltration rate and soil 

plowing is efficient procedure that can be employed to reduce OM content in the top 

layer and maintain high infiltration rates of TWW into the soil. 

 

4. SAR test results shows that the rate of SAR is less than <13, which means that the 

soil  physical condition is normal (not sodic soil) and SAR will not affect the 

infiltration rate. 

 

5. BOD and COD values are still out of range with comparing with design values, and 

this refer to the accumulation of pollutants and to the poor performance of 

BLWWTP. The BOD and COD concentration are not suitable for the infiltration 

purposes.  

6. The TSS concentration still out of the design criteria, which is not suitable for the 

infiltration process, and it has a direct influence in reducing the IR in IB (2-9).  
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7. The concentration of FC, and TC is facultative; sometimes less and sometimes high. 

The variation of FC, and TC concentration is refere to differnet influent batches 

from BLWWTP, and to the poor treatemnt effeicncy. In genral the vlaue of FC and 

TC is not suitable for infiltration purposes based on the design criteria and the 

Palestinian standard for ground water recharge. 

 

8. Different models with different soil properties were developed by using the Green-

Ampt infiltration model in order to describe the existing infiltration regime for the 

IB1, the existing infiltration was reached, and it was compatible with the data 

recorded by PWA. 

 

9. Penetrating the lower soil layers (after removing the upper 2.0 meters soil layer), 

with 60 piles and filling the piles with gravel fine media with high permeability, will 

increase the infiltration rate for hole of the basin.             
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6.2  Recommendations 

6.2.1 Recommendations for Good Operation 

1. In order to enhance the infiltration rate; the upper soil layer with thickness of 2.0m 

should be completely removed and it should be replaced by a new sand layer with 

high permeability.  

2. The quality of the influent water to IB1 depends on the efficiency of BLWWTP, so 

increasing the performance of BLWWTP (until finishing the Northern Wastewater 

Treatment Plant) will reducing the concentration of TSS, and the organic load. 

3. Field measurements such as temperature, pH, and turbidity for the influent water to 

the basins should be recoded daily to ensure good water quality for infiltration 

process. 

4. In order to reach the optimal infiltration rate; it is recommended to perform 35 

cycles of wetting and drying with 2 days of flooding in winter and summer and 7 

days of drying in summer and 12 days of drying in winter. 

5. Soil plowing should be performed immediately after each drying cycle for the basins 

in order to maintain good infiltration rate and to prevent accumulation of the OM in 

the top soil layer.  

6.2.2 Recommendations for the Research 

1. It is recommended to perform further bore holes at the middle of IB1 in order to 

ensure that the sandy silty clay layer is spreading at variable depths before the 

implementation of the injection piles (60 piles). 

2. As the clogging layer is subject to compression under seepage forces exerted by 

infiltrating water, it is recommended to try variable water depths (for example 0.6-

1.0m) in the basin in order to determine the optimal depth which may help to 

prevent excessive compression and further reduction of hydraulic conductivity.  

3. OM accumulation in the topsoil layer is the one of the main factors adversely 

affecting soil permeability. Up on that; it is recomnded to perfrom additional studies  

in order to detrmine the chemical nature and composition of the OM and it is effect 

on  the soil. 

4. The pumping to the infiltration basins should be stopped until reaching BOD load 

suitable for infiltration purposes.  



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                     Page | 89 

R EEFERENCES 

 

 Abushbak Th. (2004). An Experimental and Modeling Investigation of Soil 

Aquifer Treatment System: Gaza City Case. Doctorate Theses. The Royal 

Veterinary and Agricultural University Copenhagen, Denmark. 

 Aish. A., (2004). Hydrogeological Study and Artificial Recharge Modeling of 

the Gaza Coastal Aquifer Using GIS and MODFLOW, Doctorate theses, Vrije 

Universiteit Brussel. 

 Al-Najar H. (2011). The Integration of FAO-CropWat Model and GIS 

Techniques for Estimating Irrigation Water Requirement and Its Application in 

the Gaza Strip. Natural Resources, 2011, 2, 146-154. 

 American Water Works Association (AWWA, 1998). Soil treatability pilot 

studies to design and model soil aquifer treatemnt system. 

 ARROYO (2007). Artificial Recharge: A Multi-Purpose Water Management 

Tool, Water Resources Research Center • College of Agriculture and Life 

Sciences • The University of Arizona. 

 Asano T., Cotruvo J. (2004). Groundwater Recharge With Reclaimed Municipal 

Wastewater: Health and Regulatory Considerations, Water Research, Elsevier 

Ltd. doi:10.1016/j.watres.2004.01.023. 

 Bhattacharya A. (2010). Artificial Ground Water Recharge With A Special 

Reference To India, IJRRAS 4 (2). 

 Boonstra J. (1999). Well design and construction, the Hand Book of Ground 

Water Engineering, edited by Jacques W. Delleur , CRC Press LLC   

 Bouwer H. (2002). Artificial recharge of groundwater: hydrogeology and 

engineering, Hydrogeology Journal (2002) 10:121–142. 

 Bouwer H. (2004). Artificial Recharge of Groundwater: Systems, Design, and 

Management. Hydraulic Design Handbook, The McGraw-Hill Companies. 

 Braga A. (2005). An Infiltration Analysis of The Villanova Porous Concrete 

Infiltration Basin Bmp. (M.Sc) Thesis, Villanova University. 

 Brevnova E. V. (2001). Green-Ampt Infiltration Model Parameter 

Determination Using SCS Curve Number (CN) and Soil Texture Class, and 



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                     Page | 90 

Application to the SCS Runoff Model. (M.Sc) Thesis, Morgantown, West 

Virginia. 

 Deepa K., Krishnaveni M. (2012). Water Quality Performance Of Soil Aquifer 

Treatment (Sat) Using Municipal Treated Wastewater of Chennai City, India, 

Journal of Environmental Hydrology Volume 20 Paper 2. 

 El Arabi N. (2012). Environmental Management of Groundwater in Egypt via 

Artificial Recharge Extending the Practice to Soil Aquifer Treatment (SAT). 

International Journal of Environment and Sustainability ISSN 1927‐9566 | Vol. 

1 No. 3, pp. 66‐82. 

 Enivronmnatl Protection Agemcy EPA (1981). Process Design Manual for Land 

Traetment of Municipal Wastewaer.  

 Environmental Protection Agency EPA (2013). Guide for Industrial Waste 

Management, Protecting Land, Ground Water, Surface Water, Air Part IV, 

Protecting Ground Water, Chapter 7: Section C, Designing A Land Application 

Program. 

 Greitzer Y., Dan J. (1967). The effect of soil landscape and quaternary geology 

on the distribution of saline and fresh water aquifers in the Coastal Plain of 

Israel. Tahal Ltd., Water Planning for Israel, June, 1967 

 Guttman J. (2012). Geo-hydrological Analyses in Selecting Artificial Recharge 

Sites. Sites Training for Operation of Effluent Infiltration Basins Seminar for 

Palestinians and Jordanians Shefayim and Shafdan. 

 Hamdan S. (2012). Artificial Recharge of Groundwater with Storm water as a 

New Water Resource - Case Study of the Gaza Strip, Palestine. Doctorate 

theses, Berlin.  

 Hamdan S., Nassar A. and Troeger U. (2011). Impact on Gaza Aquifer from 

Recharge with Partially Treated Wastewater, Journal of Water Reuse and 

Desalination, doi: 10.2166/wrd.2011.001. 

 Horneck D.A., Ellsworth J.W., Hopkins B.G., Sullivan D.M., and Stevens R.G. 

(2007). Managing Salt-affected Soils for Crop Production, University of Idaho • 

Washington State University, PNW 601-E. 

 http://en.wikipedia.org/wiki/Gaza_Strip accessed on 15.08.2013. 



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                     Page | 91 

 http://www.ce.utexas.edu/prof/maidment/gradhydro2010/.../infiltration, accessed 

on 27.09.2013. 

 http://www.pcbs.gov.ps/site/881/default.aspx#Geography&ClimateConditions 

accessed on 15.08.2013 

 http://www.utdallas.edu/~brikowi/Teaching/Applied_Modeling/SurfaceWater/L

ectureNotes/Hydrographs/Green_Ampt_Method.html, GEOS 5313 Lecture 

Notes, Spring 2007 Dr. T. Brikowski. (Accessed on 20.06.2013).   

 Lin C., Greenwald, D.; Banin, A. (2003). “Temperature Dependence of 

Infiltration Rate During Large Scale Water Recharge into Soil.” Soil Science 

Society American Journal, 67, 487-493. 

 Ma Y.; Feng Sh.; Zhan H.; Liu X., Dongyuan M.S.; Su, M.S.; Kang Sh.; and 

Song X. (2011). Water Infiltration in Layered Soils with Air Entrapment: 

Modified Green-Ampt Model and Experimental Validation, Journal of 

Hydrologic Engineering, DOI: 10.1061/(ASCE)HE.1943-5584.0000360. 

 Massman J. W. (2003). A Design Manual For Sizing Infiltration Ponds, Final 

Research, Report Research Project Agreement No. Y8265, Implementation of 

Infiltration Ponds Research. 

 Mohammedjemal A. (2006). Assessment of artificial groundwater recharge 

using greenhouses runoff (North east Naivasha, Kenya), (M.Sc) Thesis. 

International Institute For Geo-Information Science And Earth Observation 

Enschede, The Netherlands. 

 Nadav I., Arye G., Tarchitzky J., Chen Y. (2011). Enhanced Infiltration Regime 

for Treated Wastewater Purification in Soil Aquifer Treatment (SAT), Elsevier 

B.V. , Journal of Hydrology 420–421 (2012) 275–283. 

 Nadav I., Tarchitzky J., Chen Y. (2012). Soil cultivation for Enhanced 

Wastewater Infiltration in Soil Aquifer Treatment (SAT), Elsevier B.V. Journal 

of Hydrology 470–471 (2012) 75–81. 

 Nadee S., Trelo-ges V., Pavelic P., Srisuk K. (2010). A Case Study from Ban 

Nong Na, Phitsanulok, Thailand. Environment and Natural Resources J. Vol 10, 

No.1, June 2012: 68-77. 

http://www.ce.utexas.edu/prof/maidment/gradhydro2010/.../infiltration
http://www.pcbs.gov.ps/site/881/default.aspx#Geography&ClimateConditions
http://www.utdallas.edu/~brikowi/Teaching/Applied_Modeling/SurfaceWater/LectureNotes/Hydrographs/Green_Ampt_Method.html
http://www.utdallas.edu/~brikowi/Teaching/Applied_Modeling/SurfaceWater/LectureNotes/Hydrographs/Green_Ampt_Method.html


www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                     Page | 92 

 Nassar A., Al-Najar H., and Al-Dadah J. (2009). Socio-Economic Aspects of 

Wastewater Reuse in the Gaza Strip, Journal of Environmental Sciences and 

Technology 2 (4): 170-178,2009, ISSN 1994-7887. 

 Palestinian Central Bureau of Statistics (PCBs) (2012). Statistical review on the 

status of the Palestinian Population on the Eve of the International Population 

Day. 

 Palestinian Standards for Treated Wastewater "Draft", Ministry of 

Environmental Affairs, December, 2000. 

 Palestinian Water Authority (PWA) (2009). Northren Gaza New Wasteeater 

Treatemnt Plant, Construction of Sewage Effluent Infiltration Basins, As Built 

Drawings.  

 Palestinian Water Authority (PWA) (2011). The Gaza Emergency Technical 

Assistance Programme on Water Supply to the Gaza Strip (GETAP),  

Component 1. The Comparative Study of Options for an Additional Supply of 

Water for the Gaza Strip (CSO-G) The Updated Final Report (Report 7 of the 

CSO-G), 31 July 2011. 

 Palestinian Water Authority (PWA) (2012). Water Supply Report 2010.  

 Palestinian Water Authority (PWA) (2103). Water Quality Monitoring Survey 

NGEST-SH 49/013, 1
ST

  Round Draft Report. 

 Palestinian Water Authority (PWA), (1998). "Desalination plant, Process 

description and contract agreement. Degremont (French Company). Gaza. 

 Palestinian Water Authority (PWA), (2013). Projects Management Unit/PMU, 

Progress Report, Quarter # 33 for the Period 1
st
Jan–31

st 
March 2013. 

 Sandra L., Peter D., and Hong R. (1999). Infiltration Considerations for Ground-

Water Recharge With Waste Effluent. Journal of Irrigation and Drainage 

Engineering, Vol. 125, No. 5, September/ October, 1999.  

 Smemoe Ch.,  Nelson E., and  Zhao B. (2003). Spatial averaging of land use and 

soil properties to develop the physically-based green and ampt parameters for 

HEC-1. Elsevier Ltd. Environmental Modeling & Software 19 (2004) 525–535 

(FROM FLASH , No.7) 

 Spandre R. (1999). Artificial Groundwater Recharge, Groundwater – Vol. III –, 

Encyclopedia of Life Support Systems (EOLSS). 



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                     Page | 93 

 SWECO International AB Stockholm (2003). "Northern Gaza Wwtp Infiltration 

System", Final Report, Report No 4, Final Version. 

 Taylor, S.A. & Ashcroft, G.L. (1972). Physical Edaphology. The Physics of 

Irrigated and Non-Irrigated Soils. Freeman, San Francisco, California, USA, 

434. 

 Todd D, and Mays L. W. (2005). Ground Water Hydrology, Third Edition, John 

Wiley & Sons, Inc.  

 Toze S., Hanna J., Smith T. (2004). Determination of Water Quality 

Improvements Due To The Artificial Recharge of Treated Effluent, Wastewater 

Reuse and Ground Water Quality, IAHS Publ. 285. 

 Waskom R.M., Bauder T., Davis J.G. and Andales A.A. (2012). Diagnosing 

Saline and Sodic Soil, Colorado State University   Fact Sheet No. 0.521. 

 Williams E.B. (1981). Fundamental Concepts of Well Design, Vol.19, No5-

Ground Water. 

 

 

 

 

 

 

 

 

 

 

 

 



www.manaraa.com

 

MS.c Thesis, B. Sirdah                                                                                     Page | 94 

 

 

 

 

APPENDICES  



www.manaraa.com

 

MS.c Thesis, B.Sirdah                                                                              Page | 95 

APPENDIX (1) 

Schedule of Plowing for IB1 (CMWU, 2013) 

 

Plowing Date Tool of Plowing  

14.09.2011 PLOW 

03.11.2011 PLOW 

05.01.2012 PLOW 

21.03.2012 PLOW 

22.05.2012 PLOW 

28.07.2012 PLOW 

29.08.2012 PLOW 

06.10.2012 PLOW 

01.01.2013 PLOW 

30.03.2013 PLOW 

13.05.2013  PLOW 
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APPENDIX (2) 

Borehole Log (BH1) 
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Borehole Log (BH2) 
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Borehole Log (BH3) 
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Borehole Log (BH4) 
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Borehole Log (BH5) 
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Modeling Calculations 
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Model (1), K =37.458cm/hr 

K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Equation Ln 

37.458 4.950 0.0 0.430 0.042 0.388 0.349 0     0 0 0.000 0.000 

37.458 4.950 0.1 0.430 0.042 0.388 0.349 6.428 47.531 11.408 3.746 6.428 3.746 1.552 

37.458 4.950 0.2 0.430 0.042 0.388 0.349 10.934 43.380 10.411 7.492 10.934 7.492 1.991 

37.458 4.950 0.3 0.430 0.042 0.388 0.349 15.180 41.724 10.014 11.238 15.180 11.238 2.281 

37.458 4.950 0.4 0.430 0.042 0.388 0.349 19.302 40.813 9.795 14.983 19.302 14.983 2.499 

37.458 4.950 0.5 0.430 0.042 0.388 0.349 22.869 40.290 9.670 18.729 22.869 18.279 2.655 

37.458 4.950 1 0.430 0.042 0.388 0.349 43.085 38.961 9.351 37.458 43.085 37.458 3.255 

37.458 4.950 1.1 0.430 0.042 0.388 0.349 46.975 38.837 9.321 41.204 46.975 41.204 3.338 

37.458 4.950 1.2 0.430 0.042 0.388 0.349 50.853 38.732 9.296 44.950 50.853 44.950 3.415 

37.458 4.950 1.3 0.430 0.042 0.388 0.349 54.722 38.642 9.274 48.696 54.722 48.696 3.486 

37.458 4.950 1.4 0.430 0.042 0.388 0.349 58.582 38.564 9.255 52.442 58.582 52.442 3.552 

37.458 4.950 1.5 0.430 0.042 0.388 0.349 62.435 38.495 9.239 56.188 62.435 56.188 3.614 

37.458 4.950 2 0.430 0.042 0.388 0.349 81.616 38.252 9.180 74.917 81.616 74.917 3.876 

37.458 4.950 2.5 0.430 0.042 0.388 0.349 100.702 38.101 9.144 93.646 100.702 93.646 4.082 

37.458 4.950 3 0.430 0.042 0.388 0.349 119.725 37.999 9.120 112.375 119.725 112.375 4.252 

37.458 4.950 3.5 0.430 0.042 0.388 0.349 138.705 37.925 9.102 131.104 138.705 131.104 4.397 

37.458 4.950 4 0.430 0.042 0.388 0.349 157.653 37.869 9.089 149.833 157.653 149.833 4.524 
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K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Equation Ln 

37.458 4.950 4.5 0.430 0.042 0.388 0.349 176.577 37.825 9.078 168.563 176.577 168.563 4.636 

37.458 4.950 5 0.430 0.042 0.388 0.349 195.480 37.790 9.069 187.292 195.480 187.292 4.737 

37.458 4.950 6 0.430 0.042 0.388 0.349 233.241 37.736 9.057 224.750 233.241 224.750 4.912 

37.458 4.950 8 0.430 0.042 0.388 0.349 308.639 37.668 9.040 299.667 308.639 299.667 5.190 

37.458 4.950 10 0.430 0.042 0.388 0.349 383.930 37.627 9.030 374.583 383.930 374.583 5.408 

37.458 4.950 12 0.430 0.042 0.388 0.349 459.155 37.599 9.024 449.500 459.155 449.500 5.586 

37.458 4.950 16 0.430 0.042 0.388 0.349 609.476 37.565 9.015 599.333 609.476 599.333 5.868 

37.458 4.950 20 0.430 0.042 0.388 0.349 759.690 37.544 9.010 749.167 759.690 749.167 6.088 

37.458 4.950 24 0.430 0.042 0.388 0.349 909.834 37.529 9.007 899.000 909.834 899.000 6.268 
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Model (2), K =11.780cm/hr 

K 

(cm/hr) 
ψ(cm) t (hr) η θi Δθ F (cm) 

f 

(cm/hr) 
f (m/d) Kt F (t) Eq. Ln 

11.780 4.95 0.0 0.430 0.000 0.430 0     0 0 0.000 0.000 

11.780 4.950 0.1 0.430 0.000 0.430 3.085 19.909 4.778 1.178 3.085 1.178 0.896 

11.780 4.950 0.2 0.430 0.000 0.430 4.898 16.899 4.056 2.356 4.898 2.356 1.194 

11.780 4.950 0.3 0.430 0.000 0.430 6.517 15.627 3.751 3.534 6.517 3.534 1.402 

11.780 4.950 0.4 0.430 0.000 0.430 8.041 14.898 3.576 4.712 8.041 4.712 1.564 

11.780 4.950 0.5 0.430 0.000 0.430 9.505 14.418 3.460 5.890 9.505 5.890 1.698 

11.780 4.950 1 0.430 0.000 0.430 16.384 13.310 3.194 11.780 16.384 11.780 2.163 

11.780 4.950 1.1 0.430 0.000 0.430 17.709 13.196 3.167 12.958 17.709 12.958 2.232 

11.780 4.950 1.2 0.430 0.000 0.430 19.024 13.098 3.144 14.136 19.024 14.136 2.296 

11.780 4.950 1.3 0.430 0.000 0.430 20.329 13.013 3.123 15.314 20.329 15.314 2.356 

11.780 4.950 1.4 0.430 0.000 0.430 21.627 12.939 3.105 16.492 21.627 16.492 2.412 

11.780 4.950 1.5 0.430 0.000 0.430 22.917 12.874 3.090 17.670 22.917 17.670 2.465 

11.780 4.950 2 0.430 0.000 0.430 29.290 12.636 3.033 23.560 29.290 23.560 2.692 

11.780 4.950 2.5 0.430 0.000 0.430 35.568 12.485 2.996 29.450 35.568 29.450 2.874 

11.780 4.950 3 0.430 0.000 0.430 41.782 12.380 2.971 35.340 41.782 35.340 3.027 

11.780 4.950 3.5 0.430 0.000 0.430 47.952 12.303 2.953 41.230 47.952 41.230 3.158 

11.780 4.950 4 0.430 0.000 0.430 54.088 12.244 2.938 47.120 54.088 47.120 3.274 
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K 

(cm/hr) 
ψ(cm) t (hr) η θi Δθ F (cm) 

f 

(cm/hr) 
f (m/d) Kt F (t) Eq. Ln 

11.780 4.950 4.5 0.430 0.000 0.430 60.198 12.197 2.927 53.010 60.198 53.010 3.377 

11.780 4.950 5 0.430 0.000 0.430 66.286 12.158 2.918 58.900 66.286 58.900 3.470 

11.780 4.950 6 0.430 0.000 0.430 78.414 12.100 2.904 70.680 78.414 70.680 3.633 

11.780 4.950 8 0.430 0.000 0.430 102.531 12.025 2.886 94.240 102.531 94.240 3.895 

11.780 4.950 10 0.430 0.000 0.430 126.531 11.978 2.875 117.800 126.5306 117.800 4.102 

11.780 4.950 12 0.430 0.000 0.430 150.454 11.947 2.867 141.360 150.4536 141.360 4.272 

11.780 4.950 16 0.430 0.000 0.430 198.153 11.907 2.858 188.480 198.1526 188.480 4.544 

11.780 4.950 20 0.430 0.000 0.430 245.726 11.882 2.852 235.600 245.7262 235.600 4.757 

11.780 4.950 24 0.430 0.000 0.430 293.219 11.866 2.848 282.720 293.2193 282.720 4.933 
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Model (3), K = 8.042cm/hr 

K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

8.042 20.880 0.0 0.460 0.156 0.304 0.195 0     0 0 0.000 0.000 

8.042 20.880 0.1 0.460 0.156 0.304 0.195 3.118 18.520 4.445 0.804 3.118 0.804 0.570 

8.042 20.880 0.2 0.460 0.156 0.304 0.195 4.757 14.909 3.578 1.608 4.757 1.608 0.775 

8.042 20.880 0.3 0.460 0.156 0.304 0.195 6.163 13.342 3.202 2.413 6.163 2.413 0.923 

8.042 20.880 0.4 0.460 0.156 0.304 0.195 7.448 12.428 2.983 3.217 7.448 3.217 1.041 

8.042 20.880 0.5 0.460 0.156 0.304 0.195 8.658 11.815 2.836 4.021 8.658 4.021 1.141 

8.042 20.880 1 0.460 0.156 0.304 0.195 14.133 10.353 2.485 8.042 14.133 8.042 1.499 

8.042 20.880 1.1 0.460 0.156 0.304 0.195 15.160 10.197 2.447 8.846 15.160 8.846 1.554 

8.042 20.880 1.2 0.460 0.156 0.304 0.195 16.173 10.062 2.415 9.650 16.173 9.650 1.606 

8.042 20.880 1.3 0.460 0.156 0.304 0.195 17.173 9.944 2.387 10.454 17.173 10.454 1.654 

8.042 20.880 1.4 0.460 0.156 0.304 0.195 18.162 9.840 2.362 11.258 18.162 11.258 1.699 

8.042 20.880 1.5 0.460 0.156 0.304 0.195 19.142 9.748 2.340 12.063 19.142 12.063 1.743 

8.042 20.880 2 0.460 0.156 0.304 0.195 23.923 9.407 2.258 16.083 23.923 16.083 1.930 

8.042 20.880 2.5 0.460 0.156 0.304 0.195 28.568 9.185 2.204 20.104 28.568 20.104 2.083 

8.042 20.880 3 0.460 0.156 0.304 0.195 33.119 9.028 2.167 24.125 33.119 24.125 2.214 

8.042 20.880 3.5 0.460 0.156 0.304 0.195 37.603 8.910 2.139 28.146 37.603 28.146 2.328 

8.042 20.880 4 0.460 0.156 0.304 0.195 42.034 8.819 2.117 32.167 42.034 32.167 2.429 
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K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

8.042 20.880 4.5 0.460 0.156 0.304 0.195 46.425 8.745 2.099 36.188 46.425 36.188 2.520 

8.042 20.880 5 0.460 0.156 0.304 0.195 50.781 8.685 2.084 40.208 50.781 40.208 2.603 

8.042 20.880 6 0.460 0.156 0.304 0.195 59.417 8.591 2.062 48.250 59.417 48.250 2.749 

8.042 20.880 8 0.460 0.156 0.304 0.195 76.467 8.469 2.033 64.333 76.467 64.333 2.987 

8.042 20.880 10 0.460 0.156 0.304 0.195 93.323 8.392 2.014 80.417 93.323 80.417 3.177 

8.042 20.880 12 0.460 0.156 0.304 0.195 110.050 8.339 2.001 96.500 110.050 96.500 3.335 

8.042 20.880 16 0.460 0.156 0.304 0.195 143.254 8.270 1.985 128.667 143.254 128.667 3.591 

8.042 20.880 20 0.460 0.156 0.304 0.195 176.241 8.227 1.974 160.833 176.241 160.833 3.793 

8.042 20.880 24 0.460 0.156 0.304 0.195 209.088 8.198 1.967 193.000 209.088 193.000 3.960 
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Model (4), K = 1.083cm/hr 

K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

1.083 20.880 0.0 0.460 0.127 0.333 0.250 0     0 0 0.000 0.000 

1.083 20.880 0.1 0.460 0.127 0.333 0.250 1.135 6.063 1.455 0.108 1.135 0.108 0.197 

1.083 20.880 0.2 0.460 0.127 0.333 0.250 1.652 4.502 1.081 0.217 1.652 0.217 0.275 

1.083 20.880 0.3 0.460 0.127 0.333 0.250 2.064 3.821 0.917 0.325 2.064 0.325 0.333 

1.083 20.880 0.4 0.460 0.127 0.333 0.250 2.423 3.415 0.820 0.433 2.423 0.433 0.382 

1.083 20.880 0.5 0.460 0.127 0.333 0.250 2.752 3.136 0.753 0.542 2.752 0.542 0.424 

1.083 20.880 1 0.460 0.127 0.333 0.250 4.118 2.455 0.589 1.083 4.118 1.083 0.582 

1.083 20.880 1.1 0.460 0.127 0.333 0.250 4.362 2.379 0.571 1.192 4.362 1.192 0.608 

1.083 20.880 1.2 0.460 0.127 0.333 0.250 4.595 2.313 0.555 1.300 4.595 1.300 0.632 

1.083 20.880 1.3 0.460 0.127 0.333 0.250 4.823 2.255 0.541 1.408 4.823 1.408 0.655 

1.083 20.880 1.4 0.460 0.127 0.333 0.250 5.047 2.203 0.529 1.517 5.047 1.517 0.677 

1.083 20.880 1.5 0.460 0.127 0.333 0.250 5.264 2.156 0.518 1.625 5.264 1.625 0.698 

1.083 20.880 2 0.460 0.127 0.333 0.250 6.296 1.981 0.475 2.167 6.296 2.167 0.792 

1.083 20.880 2.5 0.460 0.127 0.333 0.250 7.254 1.862 0.447 2.708 7.254 2.708 0.872 

1.083 20.880 3 0.460 0.127 0.333 0.250 8.163 1.775 0.426 3.250 8.163 3.250 0.942 

1.083 20.880 3.5 0.460 0.127 0.333 0.250 9.034 1.709 0.410 3.792 9.034 3.792 1.005 

1.083 20.880 4 0.460 0.127 0.333 0.250 9.873 1.656 0.397 4.333 9.873 4.333 1.062 
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K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

1.083 20.880 4.5 0.460 0.127 0.333 0.250 10.690 1.612 0.387 4.875 10.690 4.875 1.115 

1.083 20.880 5 0.460 0.127 0.333 0.250 11.487 1.575 0.378 5.417 11.487 5.417 1.164 

1.083 20.880 6 0.460 0.127 0.333 0.250 13.031 1.517 0.364 6.500 13.031 6.500 1.252 

1.083 20.880 8 0.460 0.127 0.333 0.250 15.979 1.437 0.345 8.667 15.979 8.667 1.402 

1.083 20.880 10 0.460 0.127 0.333 0.250 18.796 1.384 0.332 10.833 18.796 10.833 1.527 

1.083 20.880 12 0.460 0.127 0.333 0.250 21.524 1.346 0.323 13.000 21.524 13.000 1.635 

1.083 20.880 16 0.460 0.127 0.333 0.250 26.796 1.294 0.311 17.333 26.796 17.333 1.815 

1.083 20.880 20 0.460 0.127 0.333 0.250 31.901 1.260 0.303 21.667 31.901 21.667 1.963 

1.083 20.880 24 0.460 0.127 0.333 0.250 36.892 1.236 0.297 26.000 36.892 26.000 2.089 
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Model (5), K = 0.833cm/hr 

K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

0.833 20.880 0.0 0.460 0.121 0.339 0.254 0 

  

0 0 0.000 0.000 

0.833 20.880 0.1 0.460 0.121 0.339 0.254 0.995 5.280 1.2672 0.083 0.995 0.083 0.172 

0.833 20.880 0.2 0.460 0.121 0.339 0.254 1.445 3.895 0.9347 0.167 1.445 0.167 0.241 

0.833 20.880 0.3 0.460 0.121 0.339 0.254 1.800 3.291 0.7899 0.250 1.800 0.250 0.292 

0.833 20.880 0.4 0.460 0.121 0.339 0.254 2.109 2.931 0.7035 0.333 2.109 0.333 0.334 

0.833 20.880 0.5 0.460 0.121 0.339 0.254 2.391 2.684 0.6441 0.417 2.391 0.417 0.372 

0.833 20.880 1 0.460 0.121 0.339 0.254 3.553 2.078 0.4988 0.833 3.553 0.833 0.512 

0.833 20.880 1.1 0.460 0.121 0.339 0.254 3.759 2.010 0.4824 0.917 3.759 0.917 0.535 

0.833 20.880 1.2 0.460 0.121 0.339 0.254 3.957 1.951 0.4684 1.000 3.957 1.000 0.557 

0.833 20.880 1.3 0.460 0.121 0.339 0.254 4.148 1.900 0.4559 1.083 4.148 1.083 0.577 

0.833 20.880 1.4 0.460 0.121 0.339 0.254 4.337 1.853 0.4448 1.167 4.337 1.167 0.597 

0.833 20.880 1.5 0.460 0.121 0.339 0.254 4.520 1.812 0.4349 1.250 4.520 1.250 0.616 

0.833 20.880 2 0.460 0.121 0.339 0.254 5.384 1.655 0.3972 1.667 5.384 1.667 0.700 

0.833 20.880 2.5 0.460 0.121 0.339 0.254 6.183 1.549 0.3717 2.083 6.183 2.083 0.772 

0.833 20.880 3 0.460 0.121 0.339 0.254 6.937 1.471 0.3530 2.500 6.937 2.500 0.836 

0.833 20.880 3.5 0.460 0.121 0.339 0.254 7.658 1.411 0.3386 2.917 7.658 2.917 0.893 

0.833 20.880 4 0.460 0.121 0.339 0.254 8.350 1.363 0.3272 3.333 8.350 3.333 0.945 
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K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

0.833 20.880 4.5 0.460 0.121 0.339 0.254 9.022 1.324 0.3177 3.750 9.022 3.750 0.993 

0.833 20.880 5 0.460 0.121 0.339 0.254 9.676 1.291 0.3097 4.167 9.676 4.167 1.038 

0.833 20.880 6 0.460 0.121 0.339 0.254 10.938 1.238 0.2971 5.000 10.938 5.000 1.119 

0.833 20.880 8 0.460 0.121 0.339 0.254 13.336 1.165 0.2796 6.667 13.336 6.667 1.256 

0.833 20.880 10 0.460 0.121 0.339 0.254 15.614 1.117 0.2680 8.333 15.614 8.333 1.371 

0.833 20.880 12 0.460 0.121 0.339 0.254 17.811 1.082 0.2596 10.000 17.811 10.000 1.471 

0.833 20.880 16 0.460 0.121 0.339 0.254 22.035 1.034 0.2482 13.333 22.035 13.333 1.639 

0.833 20.880 20 0.460 0.121 0.339 0.254 26.105 1.003 0.2407 16.667 26.105 16.667 1.778 

0.833 20.880 24 0.460 0.121 0.339 0.254 30.069 0.980 0.2353 20.000 30.069 20.000 1.897 
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Model (6), K = 0.042cm/hr 

K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

0.042 23.900 0.0 0.480 0.179 0.301 0.211 0     0 0 0.000 0.000 

0.042 23.900 0.1 0.480 0.179 0.301 0.211 0.203 1.073 0.258 0.004 0.203 0.004 0.040 

0.042 23.900 0.2 0.480 0.179 0.301 0.211 0.289 0.767 0.184 0.008 0.289 0.008 0.056 

0.042 23.900 0.3 0.480 0.179 0.301 0.211 0.371 0.608 0.146 0.013 0.371 0.013 0.071 

0.042 23.900 0.4 0.480 0.179 0.301 0.211 0.425 0.535 0.128 0.017 0.425 0.017 0.081 

0.042 23.900 0.5 0.480 0.179 0.301 0.211 0.474 0.484 0.116 0.021 0.474 0.021 0.090 

0.042 23.900 1 0.480 0.179 0.301 0.211 0.679 0.351 0.084 0.042 0.679 0.042 0.126 

0.042 23.900 1.1 0.480 0.179 0.301 0.211 0.712 0.337 0.081 0.046 0.712 0.046 0.132 

0.042 23.900 1.2 0.480 0.179 0.301 0.211 0.743 0.324 0.078 0.050 0.743 0.050 0.138 

0.042 23.900 1.3 0.480 0.179 0.301 0.211 0.774 0.313 0.075 0.054 0.774 0.054 0.143 

0.042 23.900 1.4 0.480 0.179 0.301 0.211 0.803 0.303 0.073 0.058 0.803 0.058 0.148 

0.042 23.900 1.5 0.480 0.179 0.301 0.211 0.839 0.292 0.070 0.063 0.839 0.063 0.154 

0.042 23.900 2 0.480 0.179 0.301 0.211 0.970 0.258 0.062 0.083 0.970 0.083 0.176 

0.042 23.900 2.5 0.480 0.179 0.301 0.211 1.094 0.233 0.056 0.104 1.094 0.104 0.197 

0.042 23.900 3 0.480 0.179 0.301 0.211 1.207 0.216 0.052 0.125 1.207 0.125 0.215 

0.042 23.900 3.5 0.480 0.179 0.301 0.211 1.312 0.202 0.048 0.146 1.312 0.146 0.232 

0.042 23.900 4 0.480 0.179 0.301 0.211 1.411 0.190 0.046 0.167 1.411 0.167 0.247 
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K (cm/hr) ψ(cm) t (hr) η θr θe Δθ F (cm) f (cm/hr) f (m/d) Kt F (t) Eq. Ln 

0.042 23.900 4.5 0.480 0.179 0.301 0.211 1.504 0.181 0.043 0.188 1.504 0.188 0.261 

0.042 23.900 5 0.480 0.179 0.301 0.211 1.589 0.174 0.042 0.208 1.589 0.208 0.274 

0.042 23.900 6 0.480 0.179 0.301 0.211 1.758 0.161 0.039 0.250 1.758 0.250 0.299 

0.042 23.900 8 0.480 0.179 0.301 0.211 2.060 0.144 0.034 0.333 2.060 0.333 0.343 

0.042 23.900 10 0.480 0.179 0.301 0.211 2.336 0.131 0.032 0.417 2.336 0.417 0.381 

0.042 23.900 12 0.480 0.179 0.301 0.211 2.589 0.123 0.029 0.500 2.589 0.500 0.415 

0.042 23.900 16 0.480 0.179 0.301 0.211 3.054 0.110 0.026 0.667 3.054 0.667 0.474 

0.042 23.900 20 0.480 0.179 0.301 0.211 3.476 0.102 0.024 0.833 3.476 0.833 0.525 

0.042 23.900 24 0.480 0.179 0.301 0.211 3.872 0.096 0.023 1.000 3.872 1.000 0.570 
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APPENDIX (4) 

Palestinian Standards for Treated Wastewater 

 

Descrption Discharge to see  Recahrg to Ground  

mg/l (500)m  Water by Infiltration 

BOD5 60 40 

COD 200 150 

DO > 1 > 1 

TDS - 1500 

TSS 60 50 

pH 6-9 6-9 

Color (PCU) - - 

Fat Oil & Grease 10 0 

Phenol 1 0.002 

DETERGENTS 25 5 

No3 (N) 25 15 

NH4 (N) 5 10 

Organic N 10 10 

PO4 (P) 5 15 

CL - 600 

SO4 1000 1000 

Na - 230 

Mg - 150 

Ca - 400 

Al 5 1 

Ar 0.05 0.05 

Cu 0.2 0.2 

Fe 2 2 

Mn 0.2 0.2 

Ni 0.2 0.2 

Pb 0.1 0.1 
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Descrption Discharge to see  Recahrg to Ground  

mg/l (500)m  Water by Infiltration 

Se 0.02 0.02 

Cd 0.01 0.01 

Zn 5 5 

CN 0.1 0.1 

Cr 0.5 0.05 

Hg 0.001 0.001 

Co 1 0.05 

B 2 1 

FC /100ml 50000 1000 

Pathoens - - 

Amoebo & Gardia - - 

Nematodes 

(Eggs/L) 
< 1 < 1 

 

 

 


