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Abstract 
 

 

An anaerobic black–well model has been designed and built to satisfy the local 

requirements for protection of health and environment from the risks of random 

disposal of residential and public wastewaters in the self–built septic structures 

that are currently practiced in many suburbs around Tripoli city. The minimum 

preventive measures were the model volume (9.7 m3) for a depth of 1.77 m and 

a plastic geo–membrane performing as an internal liner. The study started with 

classification work on the soil at the test site according to AASHTO and USCS 

as the most commonly used systems in the world. This included comprehensive 

investigation of the physical and mechanical properties of soil. Physically, the 

corrected coefficient of permeability was in the range 10–7  k [m/s]  10–4 with 

a value of 1.22 × 10–6 m/s. In terms of mechanical properties, the experimental 

value of California Bearing Ratio (CBRBottom) was 34.72%, which found to be 

at the good level in the classification range for silty fine sand–SM. The accuracy 

of measured CBR was validated theoretically by a relationship proposed by this 

study on the basis of normalization of measured parameters, which included the 

gradation coefficient of curvature (Cc), maximum dry density (d), and optimum 

moisture content (Wopt). The calculated CBR that can be taken as a comparable 

value was 32.34%. Such characterization was extended to the direct shear test as 

it carries a special importance for understanding the soil’s mechanical behavior. 

This test was used to determine the shear strength parameters namely cohesion 

(C) and angle of internal friction () for evaluation of the soil’s bearing capacity 

in terms of the net allowable bearing capacity (qnet–all.). For the geo–chemical 

contamination by black–waters, the groundwater monitoring well that was built 

next to the model confirmed the infiltration of wastewaters in the studied area 

and, thus, an insulating liner of different chemistry must be in place. This goal 

was achieved with a 1.8 mm thick polymeric geo–membrane (LDPE), which 

proved to be effective in stopping the infiltration process during a test period of 

about eight months (7.47 months). The results of tensile stress tests carried out 

on virgin and exposed liner samples indicated that the hardness of liners exposed 

to black–water has been enhanced as a result of chemical interactions between 

the various constituents in both wastewater and polymer. The study concluded 

with a mathematical model formulated for prediction of the geo–membrane’s 

design lifetime, which was found to be 3.8 years (DL ≅ 4 years). 
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BOD Biological Oxygen Demand  mg/L 

COD Chemical Oxygen Demand  mg/L 

TOC  Total Organic Carbon  mg/L 

TDS Total Dissolved Solids  mg/L 

TSS Total Suspended Solids mg/L 

ppm parts per million mg/L= 1  

pH   Log of Hydrogen Ions  – – – –           

MSW Municipal Solid Waste – – – –  

MDD Maximum Dry Density3g/cm  

OMC Optimum Moisture Content [%] 

CBR  California Bearing Ratio [%] 

C Cohesion [kPa]  

  Angle of Internal Friction  [degrees] 

qult Ultimate Bearing Capacity [kPa]  

qs Safe Bearing Capacity[kPa]  

qnet–all Net Allowable Bearing 

Capacity  

[kPa]  

k Soil Permeability Coefficient  [mm/sec]  

Fs Factor of Safety  – – – – 

Gs Specific Gravity – – – – 

LDPE Low Density Polyethylene – – – – 

HDPE High Density Polyethylene – – – – 

In Infiltration Number  – – – – 

t True Tensile Stress [MPa] 

t True Elongation[%] 
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212 

12705

2003

1995

 الاجمالي عدد الوافدين عدد السكان المنطقة م
الناتج اليومي للنفايات 

 بالطن
 271 046 271 046 54 209 837 216 طرابلس المركز 1

 335 517 335 517 43 763 291 754 حي الاندلس 2

 277 912 277 912 36 249 241 663 أبوسليم 3

 367 344 367 344 33 395 333 949 سوق الجمعة 4

  2511 819 1 251 819 167 616 1 084 203 الاجمالي

:1-21
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19952.84%1

 1/99 التاريخ

% 

3/99 

% 

10/99 

% 

11/2000 

% 

1/2001 

% 

10/2001 

% 

1/2002 

% 

المتوسط    

 النوع    %

 

ك
ستي

لا
الب

   

LDPE

12.3111.307.4912.897.9011.918.6210.30

  

HDPE

1.642.591.701.503.661.572.192.13

 

PETE 

1.941.760.952.102.800.931.861.76

ق
ور

ال

2.793.694.634.503.953.223.863.80

7.3210.2216.2810.498.2611.158.2910.29 ن

 2.602.642.116.8912.562.722.814.62

ن
المعاد

9.018.694.974.204.028.229.246.91

1.522.161.430.900.861.431.521.40

0.780.660.200.540.360.790.450.54

0.680.560.140.300.220.290.760.42

2.792.572.722.102.802,642.052.53

1.491.042.380.362.011.001.381.38

1.641.470.820.841.360.861.841.21

1.490.770.540.661.011.070.880.92

2.671.531.981.380.861.432.381.75

 49.3348.3451.6350.3647.3851.0952.2450.05

222

   %

150.05635.6

214.09178.9

314.18180.0

49.27177.7

54.6258.67

62.5332.13

71.3817.52

81.2115.36

91.7522.22

100% 1270
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 المكونات الوحدات ضعيفة التركيز وسطية التركيز شديدة التركيز
1200 720 350 mg/L  

850 

525 

325 

500 

300 

200 

250 

145 

105 

mg/L 

mg/L 

mg/L 
 

350 

75 

275 

220 

55 

165 

100 

20 

80 

mg/L 

mg/L 

mg/L 
 

20 10 5 mg/L  

400 220 110 mg/L  

290 160 80 mg/L  

1000 500 250 mg/L  

85 40 20 mg/L  

50 25 12 mg/L  

35 15 8 mg/L  

0 0 0 mg/L  

0 0 0 mg/L  

15 

5 

10 

8 

3 

5 

4 

1 

3 

mg/L 

mg/L 

mg/L 

P

 

100 50 30 mg/L  

50 30 20 mg/L  

200 100 50 mg/L 
3oCaC 

150 100 50 mg/L  
910-710 810-710 710-610 No/100ml  

>400 400-100 <100 mg/L  

9العامة الرئيسة الموجودة في مياه المجاري المعاشية الخامالمكونات : 25
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LDPE

LLDPEHDPE

PPPolyolefins

PVC

PU1933 

Branched PE

193915

Linear PE
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195315213
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Packaging Films

HDPE0.965 – 0.935

LDPE

19

LLDPE0.925 – 0.91 
LDPE

PP0.91 – 0.90

Controlled Rheology Polypropylene

Chain Scission

19PP–R

2715

242

15

3CaCO51

1Thermoplastic

2Thermosetting Polymers

213Network Polymers

Crosslinking15
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CrystallineElastically

Amorphous

Semi–Crystalline

%70 – %6015

mT'G –Storage Modulus 

c

Differential Scanning Calorimetry – DSC

2815

C][ omT

 

C][ pmT[J/g] (DSC) fH 

= 100% c

[J/g] (Standard) fH [%] c 

122.3131.6180.129062.1

2815

243(LDPE)Low Density Polyethylene
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Structural Design of Black–Well Model
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Non-Plastic34

Back Filling
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34
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1Physical Properties

2Mechanical Properties

3Chemical Properties

pH Value

361

Disturbed Soil Samples

Visual Characterization

19

1Gradation or Particle Size Distribution – PSD

2Specific Gravity 



   56 

3Sulfate and Chloride Contents

362Soil Laboratory Tests

363

Solid Particles

Air Voids

N. GersevanovThree–Phase Soil

Two–Phase Soil

Gravelly and Sandy Particles

Standard Sieves35

Mechanical Shaker

12

Percentage RetainedPercentage 

Passing
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36

Particles Size Distribution Curve

Particles Gradation Curve

1uC –Uniformity Coefficient 

%10D10D

Average Pore Size

1.3 Cu = 
D60

D10

 = 
0.12

0.05
 = 2.4          2 < Cu < 5 
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Date : 15/08/12 D10 = 0.05 Classification % Gravel  

BH.No. 0 D30 = 0.09 1.98%

Sample #: 1 D60 = 0.12 % Sand  

Depth: 0.0-1.77 CC = 1.43 A-2-4 81.92%

Supject CU = 2.52 Specifications % Silt & Clay  

Company Liquid Limit= 0.00  No Specs  16.10%

Location: طرابلس /السوانى Plastic Limit= 0.00 Fineness Modulus Sample Meets Specs

Source: Plasticity Index= 0.00 0.25 Yes
Actual Actual

Cumulative Cumulative
Sieve Size Percent Percent Specs Specs Sieve Size Percent Percent Specs Specs

US Metric Passing Passing Max Min US Metric Passing Passing Max Min

0 0.00 100.0% #4 4.750 98.0% 98.0%

0 0.00 100.0% #8 2.360 98.0% 98.0%

3.00" 75.00 100.0% #10 2.000 96.9% 96.9%

2.50" 63.00 100.0% #16 1.180 96.9% 96.9%

2.00" 50.00 100.0% #20 0.850 96.2% 96.2%

1.75" 45.00 100.0% #30 0.600 96.2% 96.2%

1.50" 37.50 100.0% #40 0.425 93.9% 93.9%

1.25" 31.50 100.0% #50 0.300 93.9% 93.9%

1.00" 25.00 100.0% #60 0.250 93.9%

7/8" 22.40 100.0% #80 0.180 93.9%

3/4" 19.00 100.0% 100.0% #100 0.150 93.9% 93.9%

5/8" 16.00 99.2% #140 0.106 48.2%

1/2" 12.50 98.2% 98.2% #170 0.090 31.7%

3/8" 9.50 98.2% 98.2% #200 0.075 16.1% 16.1%

1/4" 6.30 98.1% #270 0.053

#4 4.75 98.0% 98.0%

Coarse
Section

Fines
Section

SM, Silty Sand

Interpolated
Cumulative

Interpolated
Cumulative

Silty or Clayey Gravel and SAND

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.0010.010.1110100

%
 P

as
si

ng
 b

y 
W

ei
gh

t

Grain Size in Millimeters

U.S. Standard Sieve Opening in Inches U.S. Standard Sieve Numbers Hydrometer Results

Cobbles
Gravels Sands

Silts
Coarse Fine Coarse Medium Fine

Clays

0%
#41½ 10 16620 ¾ ⅜ 30 50 100 20034 4020½

20%

50%

60%

70%

10%

80%

30%

40%

90%

100%

%
 R

et
ai

ne
d 

by
 W

ei
gh

t
2cC –Coefficient of Curvature 36

 Cc = 
D30

2

D10D60
 = 

(0.09)2

(0.05)(0.12)
 = 1.35          1 < Cc < 3 2.3

Well–Graded Soils

33
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33

Classification System Abbreviation 

1 American Association of State Highway and 

Transportation Officials 
AASHTO 

2 Unified Soil Classification System USCS 

AASHTO

A–1

A–7

A–2–435%

#20075 μm

34A–2

USCS

34AASHTOUSCSA–2

AASHTO USCS  AASHTO USCS 

A–2–4 GM & SM A–2–6 GC and SC 

A–2–5 GM & SM A–2–7 SM, SC, GM, and GC 

G = Gravel, S = Sand, M = Silt, and C = Clay 

35

35

AASHTOA–2–4

USCSSM
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sG

Voids RatioPorosity

Saturation Degree

#102 mm

2

3

sG
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36

Pycnometer

smgrams

pwmgrams

pwsmgrams

𝐺𝑠 =
𝑠𝑜𝑖𝑙

𝑤𝑎𝑡𝑒𝑟

=
𝑚𝑠

𝑚𝑠+(𝑚𝑝𝑤−𝑚𝑝𝑤𝑠)
3.3

sG

2.682.722.67

Soil Permeability

Hydraulic Conductivity

Constant Head Test

k –Coefficient of Permeability m/s 6–10 > k

Falling Head Test

m/s 6–10 < k

1Well–Graded Soil

2

35
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Measured Parameters

Continuity Equation

Q]sec/3cm[

1h – 2h = h]cm[

L[cm]
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1A]2cm[

2A]2cm[

2V]cm/sec[

T = 30ºC

2= 79.64 cm 1A

L = 12.7 cm

= 90 cm 1h

= 70 cm 2h

2m= 0.57 c 2A

t = 150 seconds

2V

Q = A1V1 = A2V2    or    Q = 6.743 [cm3/sec] 

V1 = 12.7/150 = 0.08467 [cm/sec] 

V2 = A1V1/A2 = (79.64)(0.08467)/0.57 = 11.83 [cm/sec] 

𝑘 = (
𝑉1

𝑉2
) (

𝐿

𝑡
) 𝑙𝑛 (

ℎ1

ℎ2
)4.3
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30ºC

T = 20ºC @ = 1 TR

= 0.8 TR

T [ºC]

TR

4–10 m/s] k [  7–10
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20

Range of Permeability Coefficient – k [m/s]

1  k  1–101–10  k  4–104–10  k  7–107–10  k  10–10

Clean gravel

Clean sands 

and sand–

gravel mixtures
Very fine sands, silts, 

and clay–silt 

laminates

Unfissured 

clays and silts

Fissured clays

k10D –Effective Particle Size 

%10%9010D

  𝒌 = 𝒄𝒆𝑫𝟏𝟎
𝟐.35  
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ecSize Effectiveness Factor

< 0.15 ec<  0.01

= 0.05 ec

m/sec 6–k = 1.25x10

%2.54

k = ce (D10)2 

0.01 < ce < 0.15 

ce D10 [mm] k [cm/sec] k [m/sec] 

0.015 0.05 3.75E-05 3.75E-07 

0.02 0.05 5.00E-05 5.00E-07 

0.025 0.05 6.25E-05 6.25E-07 

0.03 0.05 7.50E-05 7.50E-07 

0.035 0.05 8.75E-05 8.75E-07 

0.04 0.05 1.00E-04 1.00E-06 

0.045 0.05 1.13E-04 1.13E-06 

0.05 0.05 1.25E-04 1.25E-06 

0.055 0.05 1.38E-04 1.38E-06 

0.06 0.05 1.50E-04 1.50E-06 

0.065 0.05 1.63E-04 1.63E-06 

0.07 0.05 1.75E-04 1.75E-06 

0.075 0.05 1.88E-04 1.88E-06 

0.08 0.05 2.00E-04 2.00E-06 

0.085 0.05 2.13E-04 2.13E-06 

0.09 0.05 2.25E-04 2.25E-06 

0.095 0.05 2.38E-04 2.38E-06 

0.1 0.05 2.50E-04 2.50E-06 

364

Mechanical Properties of Soils

Non–Linear Behavior
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Irreversible State

Tensile Stresses

Capillary Medium

Soil Compaction Test

HammersRollers

Standard Proctor 

TestdoptW

dMDD –Maximum Dry Density 

optWMCO –Optimum Moisture Content 
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BS 1377: Part 4: 1990 – British StandardW


𝑾

=
𝒎

𝑽
5.3 

mV

d


𝒅

=
𝟏𝟎𝟎𝑾

𝟏𝟎𝟎+𝒐𝒑𝒕

6.3 



   69 

Maximum Dry Density – MDD
3= 1.706 g/cm d

Optimum Moisture Content – 

OMC

= 10.4% optW

Soil Description MDD 

d [kg/m3] 

OMC 

Wopt [%] 

Well–Graded Gravel /Sand Mixtures 1850 – 2150 5 – 15 

Silty or Clayey Gravel and Sand 1750 – 2150 9 – 18 

Poorly–Graded Sands 1600 – 1900 5 – 12 

Silty Sands and Gravels of Low Plasticity 1500 – 2000 10 – 20 

Elastic Silts, Diatomaceous or Micaceous 1350 – 1600 20 – 35 

Plastic Clay, Sandy Clay 1500 – 1900 10 – 30 

Highly Plastic or Elastic Clay 1300 – 1850 15 – 35 

California Bearing Ratio – CBR

Index TestBaseSub–Base
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2 3 4 5 6 7 8 9 10 11 12

12

16

20

24

28

32

36

CBR Plunger Diameter = 49.5 mm

y
1
 = 2.5 mm & F

p1
 = 13.24 kN

Applied Stress = 6880 kPa

y
2
 = 5 mm & F

p2
 = 19.96 kN

Applied Stress = 10372 kPa

y
2

y
1

California Bearing Ratio (CBR) Standard Curve

F
o

rc
e
 L

o
a
d

, 
F

p
 [

k
N

]

Depth of Penetration, y
n
 [mm]

Stiffness Modulus

nyny

7.3

CBR

= 2.5 mm 1y= 5 mm 2y

CBR

[mm] ny[kN] penetrationF

CBR
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CBR

CBR

optW

d –Maximum Dry Density 

CBR

Soil Compaction TestAASHTO

= 6 inch mouldDinch 7=  mouldH

Load–Penetration Curve
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CBR

CBR

[mm] ny

[kN] PenetrationF[%] Bottom(CBR)

2.513.242.3417.674

519.966.9334.72

CBR

= 34.72% BottomCBR

AASHTOUSCS
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AASHTOUSCSCBR

CBR

[%]
USCS

AASHTO

3 – 0

Subgrade

OH, CH, MH, 

OL

A5, A6, A7

7 – 3OH, CH, MH, 

OL

A4, A5, A6, A7

20 – 7

Sub–Base

OH, CL, ML, 

SC, SM, SP

A2, A4, A6, A7

50 – 20

Base Course

GM, GC, SW, 

SM, SP, GP

A–1–b, A–2–5, 

A3, A–2–6

50 <GW, GMA–1–a, A–2–4, 

A4

A5: Loam Soil Difficult to Compact , A6: Clay 

A7: Clay (A–7–5 & A–7–6) , A4: Loam Soil 

A2: Granular Material , A1: Well Graded (Non–Plastic) 

A–1–b: More Sandy , A–2–5: Consists of Fine Particles 

A3: Uniformly Graded Sand (Non–Plastic) 

A–1–a: More Gravelly (Stoney) 

A–2–4: Relatively Coarse Graded Mixtures

AASHTO

O: Organic , H: High Plasticity (Compressible) , C: Clay 

M: Silt , L: Low Plasticity (Incompressible) , S: Sand 

P: Poorly Graded , G: Gravel , W: Well Graded

USCS

cC

doptW

CBR

   CBR [%] = (OMC) (MDD) Cc
2 = Wopt  

γ
d

γ
w

 [
D30

2

D10D60

]
2

  8.3
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OMCoptW –Optimum Moisture Content 

MDDMaximum Dry Density

cCCoefficient of Curvature

d3g N/md=  d

w3g N/mw=  w

   CBR = (10.4) (1.706) [1.35]2 = 32.34%  

CBR = 32.34%

CBR = 34.72%

2.38%

Direct Shear TestS

N

Cohesion – C

Angle of Internal Friction – 

Shear Test Box

Consolidated–Drained Test

SA
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C

tan  N+  C = S9.3

3N,  2N,  1N

3S,  2S,  1SSF

10:1110 Nkg m 1

= 10 kg11:1BS 1377: Part 7: 1990
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NS

DS [cm] AS [cm2] FN × 10 [N] N [kPa] FS × 10 [N] S [kPa] 

6 28.2744 490.5 173.48 236.43 83.62 

6 28.2744 981 347 442.34 156.45 

6 28.2744 1471.5 520.44 658.43 232.87 

.,maxSN

Failure Envelope

 = 23.28C = 8.4 kPa
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Bearing Capacity of Soil

Terzaghi's Bearing Capacity Equation

.ultq – Ultimate Bearing Capacity

  q
ult.

 = 1.3 C Nc + γ
d
 Dw Nq + 0.4 γ

d
 Bw Nγ  …. Terzaghi's BC Equation  

cN

qNN

180 240 300 360 420 480 540

80

100

120

140

160

180

200

220

240

Angle of Internal Friction,  = 23.28
o
  

Cohesion, C = 8.4 kPa

Linear Model: 
S
 = C + 

N
 tan 


S
 [kPa] = 8.4 [kPa] + 0.4302 

N

Structural Design of Black-Well Model

Direct Shear Stress Test

S
h
e
a
r 

S
tr

e
s
s
, 
 S

 [
k
P

a
]

Normal Stress, 
N
 [kPa]
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Angle of Internal 

Friction 

 [degrees] 

Bearing Capacity 

Cohesion Factor 

Nc [---] 

Bearing Capacity 

Surcharge Factor 

Nq [---] 

Bearing Capacity 

Shear Factor 

N [---] 

20 14.8 6.4 3.0 

21 15.8 7.1 3.5 

22 16.9 7.8 4.1 

23 18.1 8.7 4.9 

24 19.3 9.6 5.7 

25 20.7 10.7 6.8 

Parameters in Terzaghi's Bearing Capacity Equation 

Cohesion 

C [kPa] 

Specific Dry Weight 

d = dg [kN/m3] 

Depth of Black 

Well, Dw [m] 

Breadth of Black 

Well, Bw [m] 

8.4 16.74 1.77 2.6 

.ultq

Overburden PressurewD d=  o

qult. = 540.7 [kPa] = 5.515 [kgf/cm2] 

wD

o

o – ult.= q ult.–netq

sq – Safe Bearing Capacity

.all–netq – Net Allowable Bearing Capacity

10.3  q
s
 = q

net–all.
 = 

q
ult.

 – σo

Fs

 + σo = 
q

ult.
 – γ

d
Dw

Fs

 + γ
d
Dw = 200 [kPa]  

= 3 sFFactor of Safety≤ 4 sF≤  2

Eurocode–7
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.all–netq

Water Head–Black= 65 cm bwh

Hydrostatic Pressure of Black–Water, Pbw = bw hbw = 6.3765 [kPa] 

bwP >>> .all–netq

y = – 1.0 m

y = – 1.5 my = – 2.0 m

y = – 0.5 m

Loose or Very Loose SandPeat Soil

365

CBR
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Physical Properties of Soil

Sieve 

Analysis 

Particles Size Distribution – PSD Grading Coefficients 

Sand [%] Fine [%] Gravel [%] Cu [---] Cc [---] 

81.92 16.1 1.98 2.4 1.35 

Classification 

Systems 
AASHTO USCS Evaluation of Composition 

A–2–4 SM Very Good 

Specific Gravity, Gs [---] Permeability, kcorrected to 20ºC [m/sec] 

2.633 1.2183 × 10–6 

Mechanical Properties of Soil

Maximum Dry Density (MDD) 

d [g/cm3] 

Optimum Moisture Content (OMC) 

Wopt. [%] 

1.706 10.4 

California Bearing 

Ratio (CBR) 

CBR @ 2.5 mm [%] CBR @ 5 mm [%] 

17.674 34.72 

Shear Stress Internal Friction Angle,  Cohesion, C [kPa] 

23.28º 8.4 

Bearing Capacity Ultimate, qult. [kPa] Net Allowable, qnet–all. [kPa] 

540.7 200 

37

m 1.77=  wD3= 9.6642 m wV

m 1.5=  m 1.88=  mD
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34

N: 13.109 & E: 32.774
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Backfill Soil

Silty Fine Sand & Non–Plastic

Low Density Polyethylene – LDPE = 1.8 mm

320=  bwV

3m 549.3
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38
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LDPE

1.5 ≤  ≤ 2 mm

28

3

4

Infiltration Process

Geo–Tool

Global Positioning System – GPS

Google Earth

Camera

Shovel
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2247.47

322

May 2012

September 2012

3

October 2012

Anaerobic System
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November 2012

December 2012

January 2013

2

3

4

Sludge

3
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LDPE

2

3

4
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On–Site Monitoring of Water Pollution

41

1

2
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42Water Analysis 

421

41

41

 

 3NH

mg/L 

 

 2NO

mg/L

 3NO

mg/L

4PO

mg/L 

 

COD

mg/L

5ODB 

[mg/L]

 
0.480.0190.2418110.015.0

 
0.92 0.019 0.26 0.9 103.0 10.0 

0.1-0.2 0.05-0.1 10-30 0.03-0.01 10.0 6.0 

41

41

42
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41

42

BOD5 COD PO4 NO3 NO2 NH3 

10
-2

10
-1

10
0

10
1

10
2

C
o

n
c

e
n

tr
a

ti
o

n
, 
[m

g
/L

]

 Analysis on 2 September 2012

 Analysis on 2 January 2013
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42

GPS

X, Y, ZX Y

ElevationZ

43

42

30

42

mg/Lmg/L 

4.53.1

3835

8241.0

5336.0

284163.0 

4025.0 

42
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4NH3NO

Nitrification 

2N

MethemoglobinemiaBlue 

Baby Syndrome

12 mg/L

3–
4PO

4143

43

BOD5 COD PO4 NO3 NO2 NH3 

10
-1

10
0

10
1

10
2

C
o

n
c

e
n

tr
a

ti
o

n
, 
[m

g
/L

]

 Analysis on 2 September 2012

 Analysis on 2 January 2013
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44

1.5 m

43

41

5BOD

44

43

3NH

[mg/L] 
2NO

[mg/L]
3NO

[mg/L]
4PO

[mg/L] 

COD

[mg/L]

5BOD

[mg/L]

 

0.630.120.377.516.025.0

 

0.72 0.16 0.11 1.2 12.0 Nil 
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44

BOD5 COD PO4 NO3 NO2 NH3 

10
-2

10
-1

10
0

10
1

10
2

C
o

n
c

e
n

tr
a

ti
o

n
, 
[m

g
/L

]

 Analysis on 2 September 2012

 Analysis on 2 January 2013

 



   96 

Performance of Plastic Geomembranes

51Reasons for Choice 

NORM

LDPE

28
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Shield21

LDPEPP

5121
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0 20 40 60 80 100 120 140 160 180
102

103

104

Rheometrics RFS-8400 Dr. Abdulhamid M. Dajan (1995)

The University of Queensland

Brisbane, Australia

T = 212 ± 1 [0C] , w = 1.0 [rad/sec] ,  = 5 [%]

 LDPE (ICI-2570/2) Cross-linked Polymer

 PP (ICI-2570/4) Chain-scission PolymerS
to

ra
g
e
 M

o
d
u
lu

s
, 
G

' [
P

a
]

Time, t [min]

51IR – Infrared Spectras

21

 = 1.8 mm

52

52

212C1

2

G

52
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LDPE

8Cross–Linking

16

LDPE8

G–t

PPChain–Scission

15

53

Structural Materials

Mechanical Properties

1

2Rate of Stressing3

Stress Amplitude

2N/m2in/fbl53
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5328

e –ensile Stress Engineering T

Cross Sectional Area – A

𝑒 =
𝐹

𝐴
1.5

eL

e

𝑒 =
∆𝐿

𝐿
× 100 =

𝐿𝑓−𝐿𝑖

𝐿𝑖
× 1002.5

iLfL

LDPE

Virgin Samples

Exposed Samples

54
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54

55
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55

Virgin SamplesExposed Samples

1020

750Initial Load  7.36 N

123

45Tensile Yield Strengths

5657
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56
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57
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51

58

51

Virgin Liner  Used or Exposed Liner 

Sample No. e [%] e [MPa] Sample No. e [%] e [MPa] 

1 0 2.04 1 2 2.92 

2 2 2.73 2 3.0 3.65 

3 2 3.41 3 4.0 4.38 

4 3 4.09 4 4 5.11 

5 4 4.77 5 5 5.84 

6 6.25 5.45 6 10 6.57 

7 8 6.13 7 12 7.30 

8 9 6.81 8 30 8.03 

9 13 7.49 9 59 8.76 

10 16 8.18 10 416 8.43 

11 34.62 9.32 

12 89.00 9.54 

13 300.00 10.22 

58

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420

2

3

4

5

6

7

8

9

10

11

Performance of Plastic Geomembranes

 Virgin LDPE Liner.

 Exposed LDPE Liner in Black-

          Water Well.

E
n
g

in
e
e
ri
n
g
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e
n
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ile

 S
tr

e
n
g

th
, 


e
 [

M
P

a
]

Engineering Elongation, 
e
 [%]
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0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

2.4

3.0

3.6

4.2

4.8

5.4

6.0

6.6

7.2

7.8

8.4
Linear Regions in Engineering Strengths

 Virgin LDPE Liner

          
e
 [MPa] = 43.685 

e
 + 2.47

 Exposed LDPE Liner in Black-

          Water Well

          
e
 [MPa] = 40.061 

e
 + 2.71

E
n

g
in

e
e

ri
n

g
 T

e
n

s
ile

 S
tr

e
n

g
th

, 


e
 [

M
P

a
]

Engineering Elongation, 
e
 [- -]

51

= 416% e= 8.43 MPa e

= 300% e= 10.22 MPa e

Linear Region

526

595 MPa

59

659

= 10% e
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t – True Elongationt –ensile Stress True T

27

𝑡 = (1 + 𝑒)𝑒&          𝑡 = 𝑙𝑛(1 + 𝑒)3.5  

52tt

510

52

Virgin Liner  Used or Exposed Liner 

Sample No. t [%] t [MPa] Sample No. t [%] t [MPa] 

1 0 2.04 1 1.980 2.98 

2 1.980 2.78 2 2.956 3.76 

3 1.980 3.47 3 3.922 4.55 

4 2.956 4.21 4 3.922 5.31 

5 3.922 4.96 5 4.879 6.13 

6 6.062 5.79 6 9.531 7.23 

7 7.696 6.62 7 11.333 8.18 

8 8.618 7.43 8 26.236 10.44 

9 12.222 8.47 9 46.373 13.93 

10 14.842 9.48 10 164.094 43.52 

11 29.725 12.55 

12 63.658 18.03 

13 138.629 40.88 
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510

510

164%  t

MPa44   t139%  t

MPa41   tLinear 

Region5113%  t

MPa7.3   t= 6% t
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Performance of Plastic Geomembranes

 Virgin LDPE Liner.

 Exposed LDPE Liner in Black-
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0.000 0.008 0.016 0.024 0.032 0.040 0.048 0.056 0.064
0

1

2

3

4

5

6

7

8
Linear Regions in True Strengths

 Virgin LDPE Liner

          
t
 [MPa] = 66.501 

t
 + 1.972

 Exposed LDPE Liner in Black-

          Water Well

          
t
 [MPa] = 109.41 

t
 + 0.682

T
ru

e
 T

e
n

s
ile

 S
tr

e
n

g
th

, 


t [
M

P
a

]

True Elongation, 
t
 [- -]

511

53

LDPE30،31،32

Tensile Yield Strengths

HDPE

28
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53

ASTM D 638 and ASTM D 882

PropertyVirgin SampleExposed SampleLDPE

[MPa]

Engineering Stress

 

10.22

 

8.43

 

16 – 4.1

[MPa]

True Stress

 

40.88

 

43.52

 

– – –

[%]

Yield Elongation

 

300

 

416

 

800 – 90

[MPa]

Yield Strength

 

9.46

 

9.12

 

14.5 – 9
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 Design Lifetime of Geomembrane (DL)

61

1

2
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LDPE

61

 3m 3.549

1

2

61
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61
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62

tnfih

10232

412128

2247.4762

62
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1.6

infh

DLhLife Design

t

kτ

n

6161

[cm] DLh 

[days] kτ 

n [- - -]

27 1830.47

63

61

Normalization of Parameters
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(
𝑡

𝜏𝑘
)

𝑛

ℎ𝑖𝑛𝑓

ℎ𝐷𝐿
63

Liner’s Age Prediction

 

 

63

63DLhkτn

1

(
𝑡

𝜏𝑘
)

𝑛
= 0.0 − 0.35

2019.61 Days

20

Anaerobic Digestion
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2

 (
𝑡

𝜏𝑘
)

𝑛
= 0.35 − 1.0

kτn

tkτn

3

(
𝑡

𝜏𝑘
)

𝑛
= 1.0 − 2.6

(
𝑡

183
)

0.47
= 2.6t  1398 days  3.8 years
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71

1 

2AASHTO USCS

3

2.633

4m/sec 4–10–7–10

m/sec 6–= 1.22x10C 20corrected to k

5

3g/cm 1.70610.4

6California Bearing Ratio – CBR

20–50%

7Cohesioness

allq –Bearing Capacity Allowable 
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8

SM – Silty Sand

9

10

11

12

13

14

15

LDPE = 1.8 mm

16

17Failure Point

18Linear Region

19

20

LDPE

21Tensile Yield Strengths
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22

23

24

25Normalization of Parameters

26

27

72

1

2

3

4

5
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6

7

8

9

Molecular Weight Distribution – MWD

10
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1

11

1

244835

2

MSW

4NH
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12
 

1925

24
 

 

 Voids ratio  

Porosity  Degree of 

saturation

.

ا

Uniform 

Well-graded  .Poorly-

graded 
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Atterberg 

Limits

LL

.

PL

Clay activity

2

Kg/m³

g/cm³

 

 (K) 

 

(Seepage) 

(Seepage pressure) 

  .(Sand boiling)

 (Direct shear test)



   126 

.

OMC

MDD

 

13
 

12

 

4CH2CO
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2

21

Length – L≈≈1=100

≈48

≈20

Area – A≈8=98002

=100=12252

12252

Volume – V≈20

≈1

Mass – M=100

26

  

1 m = 100 cm = 1000 mm = 3.2808 ft = 1.0936 yd 

1 ft = 12 in = 0.3048 m = 0.3333 yd 

1 in = 2.54 cm = 25.40 mm = 0.0833 ft 

Length – L 

1 m3 = 1000 L = 264.17 gal (US) = 219.97 gal (UK) Volume – V 
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1 L = 1000 cm3 

1 gal (US) = 3.7854 L 

1 kg = 1000 g = 2.2046 lbm 

1 lbm = 0.4536 kg 

Mass – M 

1 g/cm3 = 1000 kg/m3 = 62.428 lbm/ft3 

1 lbm/ft3 = 16.0185 kg/m3 

Density – ρ 

1 N = 1 kg.m/sec2 = 105 dyne = 0.102 kgf 

1 lbf = 4.448 N = 0.4536 kgf 

Force – F 

1 atm = 760 mm Hg = 101325 N/m2 = 101.325 kPa 

1 atm = 760 torr = 14.696 lbf/in
2 (psi) 

1 bar = 105 Pa = 0.98692 atm 

1 Pa = 10 dyne/cm2 

Pressure – P 

Stress – τ 

1 Pa.sec = 1 N.sec/m2 = kg/m.sec = 10 P (Poise) 

1 P = 1 dyne.sec/cm2 = 100 cP = 0.0672 lbm/ft.sec 

Dynamic Viscosity – η 

1 m2/sec = 10.7639 ft2/sec = 104 St (Stoke) = 106 cSt 

υ = η / ρ 

Kinematic Viscosity – υ 

T [Kelvin] = T [Celsius] + 273.15 

T [Fahrenheit] = 1.8 T [Celsius] + 32 

Temperature – T 

1 Hz = 1 cycle/sec = 1 rev/sec = 2 π rad/sec 

1 rev/min [RPM] = 0.1047 rad/sec 

Rotational Speed – N 

 

Prefix Meaning Factor  Prefix Meaning Factor 

d deci 10–1  p pico 10–12 

c centi 10–2  f femto 10–15 

m milli 10–3  k kilo 103 

µ micro 10–6  M mega 106 

n nano 10–9  G giga 109 
 

22

10

[mg/L]
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Total Solids – TS3507201200

TDS250500850

Non–Volatile Solids 145300525

Volatile Solids105200325

TSS100220350

Non–Volatile Solids205575

Volatile Solids80165275

Settling Solids51020

5BOD110220400

Total Organic Carbon80160290

COD2505001000

Total Nitrogen – TN204085

Organic Nitrogen – ON81535

3NH122550

2NO000

3NO000

Total Phosphorus – TP4815

3–
4PO135

2)4(PO3Ca3510

Cl3050100

4SO203050

3CaCO50100200

Oils and Greases – O&G50100150

VOC0.10.10.40.4

Total Coliform – TCMPN/100 mL

610710710810810910
 

MPN/100 mL

100Most Probable Number per 100 mL
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3

31

10

w [%]] x 100S)/MSM – Ww = [(M

WM

SM

]3[kg/m tρ/Vt= M tρ

tM

V

]3[kg/m dρ/(1+w) t= ρ dρ

SGwρS/VS= M SG

SM

SV

wρ

e [%])]S,max/VS,min(V –= [1  e – 1

,maxSV]3m[

S,minV]3m[

n [%] n= e / (1+e) 

e[%] 

TKU / (Δh/ΔL)=  TK

TK]m/sec[

U[m/sec]
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Δh[m]

ΔL[m]

Liquidity Index-LI 

[%] 

LI = (W-PL)/ (PI)

PL[%]

PI[%] 

[%]rS )/ eSG x (W=  rS

w 

e 

SG 

 

]3[KN/m 

Unit Weight 

 x t= ρ 

tρ ]3g/cm[ 

g ]2KN/S= 9.81[ 

[KPa]

Shear strength of soil

=C+ tan 

C [KPa] 

[KPa] 

 [deg.] 

32

ASTM & AASHTOBS

 (Soil classification tests) :

 BS 1377 Test No. 1 

ASTM D-2216

BS 1377 Test No. 2 

ASTM D-423 

AASHTO T-89

BS 1377 Test No. 3 
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ASTM D-424 

AASHTO T-90

BS 1377 Test No. 6 

ASTM D-854

BS 1377 Test No. 7 

ASTM D-422

ASTM D-2325, D-2434 

BS 1377 , ASTM D-421 

BS 1377, ASTM D-2217

Soil strength tests 

 ASTM D-3080 

BS 1377 Test No. 16 

ASTM D-1883 

AASHTO T-193

Compaction tests 

BS 1377 Test No. 12 

ASTM D-698 

AASHTO T-90 

BS 1377 Test No.13 

ASTM D-1557 

AASHTO T-180 
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1
3

.1
0
8
9

8
 

3
2

.7
7
4
0

3
 

0.0-1.77 16.10 77.78 4.15 1.98 SM

 

 
SG

 

k [m/s] AASHTO

– – – Non–Plastic 2.633 1.22 X 10-6 A–2–4 

[%] Bottom(CBR) 
Cohesion,   

C [kPa] 

Friction 

Angle,  

 [degrees] 
[m/s] % 

CBR at 2.5 

mm 

CBR at 5.0 

mm 

17.67434.728.4 23.28 1.706 10.4 
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 BS  ASTM 

 

1 (ASTM D 2216 ) (2) (ASTM D 422 ) 

(3) ( ASTM D 4318 ) (4)  (ASTM D 854 ) 

(5) (ASTM D 698 ) (6)  (ASTM D3080)

7(ASTM 1883) CBR

12

3Settlement
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Date : 02/01/13 D10 = 0.06 Classification % Gravel  

BH.No. 0 D30 = 0.09 0.64%

Sample #: 2 D60 = 0.12 % Sand  

Depth: 0.0-1.77 CC = 1.20 A-2-4 86.36%

Supject CU = 2.10 Specifications % Silt & Clay  

Company Liquid Limit= 0.00  No Specs  12.99%

Location: طرابلس /السوانى Plastic Limit= 0.00 Fineness Modulus Sample Meets Specs

Source: Plasticity Index= 0.00 0.20 Yes
Actual Actual

Cumulative Cumulative
Sieve Size Percent Percent Specs Specs Sieve Size Percent Percent Specs Specs
US Metric Passing Passing Max Min US Metric Passing Passing Max Min

0 0.00 100.0% #4 4.750 99.4% 99.4%

0 0.00 100.0% #8 2.360 99.4% 99.4%

3.00" 75.00 100.0% #10 2.000 98.4% 98.4%

2.50" 63.00 100.0% #16 1.180 98.4% 98.4%

2.00" 50.00 100.0% #20 0.850 97.7% 97.7%

1.75" 45.00 100.0% #30 0.600 97.7% 97.7%

1.50" 37.50 100.0% #40 0.425 95.7% 95.7%

1.25" 31.50 100.0% #50 0.300 95.7% 95.7%

1.00" 25.00 100.0% #60 0.250 93.6%

7/8" 22.40 100.0% #80 0.180 90.8%

3/4" 19.00 100.0% #100 0.150 89.5% 89.5%

5/8" 16.00 100.0% #140 0.106 44.6%

1/2" 12.50 100.0% #170 0.090 28.3%

3/8" 9.50 100.0% #200 0.075 13.0% 13.0%

1/4" 6.30 100.0% #270 0.053

#4 4.75 99.4% 99.4%

SM, Silty Sand

Interpolated
Cumulative

Interpolated
Cumulative

Silty or Clayey Gravel and SAND

Coarse
Section

Fines
Section

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.0010.010.11101001000

%
 P

a
s
s
in

g
 b

y
 W

e
ig

h
t 

Grain Size in Millimeters 

U.S. Standard Sieve Opening in Inches U.S. Standard Sieve Numbers Hydrometer Results 

Cobbles 
Gravels Sands 

Silts 
Coarse Fine Coarse Medium Fine 

Clays 

0% #4 1½ 10 16 6 20 ¾ ⅜ 30 50 100 200 3 4 40 20 ½ 

20% 

50% 

60% 

70% 

10% 

80% 

30% 

40% 

90% 

100% 

%
 R

e
ta

in
e
d

 b
y
 W

e
ig

h
t

 

Differential settlement4

Ground water

5

 (Loess or collapsing soil) .

1234
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Km / Location Description of Soil

Date of Testing

Blows 25 No of Layer 3

Volum of Mold : 931

Sample No

Ass. Water con

Water c. w %

Mass of soil+mold

Mass of mold

Mass of soil

Wet unit wgt

Dry unit wgt.

Optimum Moisture    (  w %  )    : Checked    Approved
Dry density gr./cm3 Osama El-Hisnawy

3.7

Name of Project : 

Source Name 

Client Name

146.0

22.8

152.3

1

22.3

12.9

DATA SHEET FOR DRY DENSITY - MOISTURE CONTENT RELATION 

( ASTM 698 ) Method A

السوانى

204.8

Moisture can no

Black-well

A-2-4 silty or Clayey Gravel and SAND

22.4

2

143.8

السوانى

182.5

8.5

166.8 175.5

27,01,2013

4 53

19.2

197

121.0

165.8

22.8

179.7

29.3

23.0

16.6

12

Mass of soil

3 9

144.5

11.6

142.9

Water c. w %

3284.3

8.9

123.6

3.0

4970

3.0 11.6

5056

7.0

152.7

1.704

8.9

3284.3 3284.3 3284.3 3284.3

Mass of water

1.585

1.8901.902

19.2

1759.2

5043.5

7.0

1771.2

5012

10.4

LABORATORY COMPACTION TESTS

149.7

1563.2 1727.2

4848

1685.7

Mass of can

M.wet soil+can

M. dry soil+can

Khaled Osama El-Hisnawy

Tested

1.679

1.631 1.692 1.704

1.811 1.855

1.706

1.550

1.600

1.650

1.700

1.750

1.800

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0

D
ry

 D
en

si
ty

 (
 g

r 
/ 

cm
 3

 )
 

Water Content  % 
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Client Name

Description of Soil

Date of Testing

Dial reading 

mm

Load 

Reading KN

Load , 

KN/m2

0 0.0 0

0.25 0.1 55

0.5 0.2 93

0.75 0.3 144

1 0.4 208

1.25 0.6 297

1.5 0.8 424

1.75 1.1 585

2 1.5 759

2.25 1.9 959

2.5 2.3 1209

2.75 2.8 1421

3 3.3 1697

3.25 3.8 1973

3.5 4.3 2227

3.75 4.8 2503

4 5.4 2779

4.25 5.8 3012

4.5 6.2 3212

4.75 6.7 3437

5 6.9 3572

5.25 7.2 3700

5.5 7.3 3776

5.75 7.3 3755

6 0 0

6.25 0 0

6.5 0 0

6.75 0 0

7 0 0

7.25 0 0

7.5 0 0

7.75 0 0 CBR at 2.5 mm

8 0 0 CBR at 5.0 mm

Avearge CBR 

Name of Project : 

 Location

Black-well

السوانى

excavation pit

A-2-4 silty or Clayey Gravel and SAND

Source Name 27/01/2013

26%

17.5%

34.7%

0

1

2

3

4

5

6

7

8

0 2.5 5

L
o

a
d

, 
K

N
 

Penetration, mm 

Load @ 2.5 mm 

Load @ 5 mm 
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35
 

1

 NH3

[mg/L] 

NO2

[mg/L]

NO3

[mg/L]

PO4

[mg/L] 

COD

[mg/L]

BOD5

[mg/L]

02/09/2012 0.48 0.019 0.24 1.8 110.0 15.0 

02/01/2013 0.92 0.019 0.26 0.9 103.0 10.0 

2

02/09/2012 0.63 0.12 0.37 7.5 16.0 25.0 

04/10/2012 0.17 0.13 0.53 4.6 22.0 27.5 

05/12/2012 0.34 0.17 0.24 5.2 22.0 5.0 

02/01/2013 0.72 0.16 0.11 1.2 12.0 Nil 

3

02/09/2012 38 4.5 82 53 284 40 

02/01/2013 35.0 3.1 41.0 36.0 163.0 25.0 
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42  X, Y, Z

XYZ  

13.10336 32.76986 84.02 

B
la

ck
 

W
at

er
 W

el
l 

D
at

e 
 13.10595 32.77369 45.00 

13.10706 32.77330 45.73 

13.10881 32.77424 75.00 

13.10836 32.77408 75.00 

13.11008 32.77324 77.74 

G
ro

u
n
d

w
at

e

r 
W

el
l 
D

at
e 

 

13.10420 32.77080 76.01 

13.11008 32.77324 69.82 

13.10850 32.77480 44.82 

13.11272 32.78066 67.99 
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4

41

Virgin Samples

Exposed Samples1020

 

t 

[MPa] 

t         

[- -] 

e 

[MPa] 

Force 

[N] 

e            

[%]  

∆L     

[cm] 

L0   

[cm] 

Sample 

No. 
 

2.98 1.980 2.92 9.8 2 0.10 5 1 

U
se

d
 o

r 

E
x
p
o
se

d
 L

in
er

 3.76 2.956 3.65 12.3 3.0 0.15 5 2 

4.55 3.922 4.38 14.7 4.0 0.2 5 3 

5.31 3.922 5.11 17.2 4 0.2 5 4 

6.13 4.879 5.84 19.6 5 0.25 5 5 

7.23 9.531 6.57 22.1 10 0.50 5 6 

8.18 11.333 7.30 24.5 12 0.60 5 7 

10.44 26.236 8.03 27.0 30 1.50 5 8 

13.93 46.373 8.76 29.4 59 2.95 5 9 

 

2.04 2.04 2.04 7.36 0 0 5 1 

V
ir

g
in

 L
in

er
 

2.73 2.73 2.73 9.81 2 0.1 5 2 

4.09 4.09 3.41 12.26 2 0.1 5 3 

4.77 4.77 4.09 14.72 3 0.15 5 4 

5.45 5.45 4.77 17.17 4 0.2 5 5 

6.13 6.13 5.45 19.62 6.25 0.3 4.8 6 

6.81 6.81 6.13 22.07 8 0.4 5 7 

7.49 7.49 6.81 24.53 9 0.45 5 8 

 

7.49 26.98 13 0.65 5 9 

8.18 29.43 16 0.8 5 10 

9.32 31.88 34.62 1.8 5.2 11 

9.54 34.34 89.00 4.45 5 12 

10.22 36.79 300.00 15 5 13 
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Refernces 

11995

220001995

3

2002

4

EGA2004

5

1996

62001

7

1986

8

2004

9

2009

10

EGAWHO

6862005

11

192292005

12

2011
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13

79122003

14

2010

15

2010

163313

1975

171978

18

1985

192003

20

1999

21

1614

112006

22

1997

32 . Marc  Meyers and Krishan K. Chawla, “Mechanical Behavior of 

Materials”, Second Edition, Cambridge University, The Edinburgh Building, 

Cambridge CB2 8RU, UK, 2006. 

24. Oakland County Drain Commissioner, “Municipal Well and Well House – 

Design Standards”, Operations and Maintenance Division, USA, March 2005. 

25. M. Carter and S. P. Bentley , “Correlations of Soil Properties”, First 

Edition, Bookcraft (Bath)Ltd, Great Britain, pp. 50-54, 1991. 

 

 

 



   153 

Bibliography 
 

26. A. M. Dajan, A. K. Al–Najjar,  A. Anaiba,  M. Maatooq,  K. Al–Azzabey, 

and W. A. Al–Fleet, “Physicochemical Filtration of Sewage Water with a 

Fixed–Bed of Solid Libyan Olive Wastes”, The Science Conference 2004, 

Yemeni Scientific Research Foundation, 11–13 October 2004, Sanaa, Yemen. 

27. Uta Krogmann and Lisa S. Boyles, “Land Application of Sewage Sludge 

(Biosolids) – #3: Different Types of Sewage Sludge”, Rutgers Cooperative 

Extension, New Jersey Agricultural Experiment Station, Rutgers, The State 

University of New Jersey, N.J., USA, 2003. 

28. “The Effect of Waste Leachate on the Mechanical and Rheological 

Properties of Landfill Plastic Liners” , Dr A. Dajan and Bethany Forde, 27 

October 2000 

29. P. Gostelow, S. A. Parsons, and R. M. Stuetz, “Odour Measurements for 

Sewage Treatment Works”, Water Research, 35(3), pp. 579–597, 2001. 

30. V. P. Aneja, B. Bunton, J. T. Walker, and B. P. Malik, “Measurement and 

Analysis of Atmospheric Ammonia Emissions from Anaerobic Lagoons”, 

Atmos. Environ., 35, 1949–1958, 2001. 

31. E. Davoli, M. L. Gangai, L. Morselli, and D. Tonelli, “Characterisation of 

Odorants Emissions from Landfills by SPME and GC/MS”, Chemosphere, 

51, pp. 357–368, 2003. 

32. A. Muezzinoglu, “A Study of Volatile Organic Sulfur Emissions Causing 

Urban Odors”, Chemosphere, 51, pp. 245–252, 2003. 

33. Giancarlo Riva and Anthony Sacco, “Sewage and Wastewater Odor 

Control”, Spartan Environmental Technologies, Mentor, OH, USA, 2007. 

34. Eui–Chan Jeon, Hyun–Keun Son, and Jae–Hwan Sa, “Emission 

Characteristics and Factors of Selected Odorous Compounds at a 

Wastewater Treatment Plant”, Sensors, 9, pp. 311–326, 2009. 

35. Krishna R. Reddy, “Engineering Properties of Soils Based on Laboratory 

Testing”, Department of Civil and Materials Engineering, University of Illinois 

at Chicago, USA, August 2002. 

36. James F. Steffe, “Rheological Methods in Food Process Engineering”, 2nd 

Edition, Freeman Press, East Lansing, Michigan, USA, 1996. 

37

2004

38

2008



   154 

39

1994

40

1990

4182

821992

4210

1997

4336

1997

442007:10

2007

45

7011993

46. World Health Organization, “WHO’s Drinking Water Standards – 1993”, 

Geneva, Switzerland, 1993. 

47. US Environmental Protection Agency, “EPA National Primary Drinking 

Water Standards”, Office of Water (4606M), EPA 816–F–03–016, June 2003. 

48. Karl Hӧll and Dietrich Lüdemann, “Water: Examination, Assessment, 

Conditioning, Chemistry, Bacteriology, and Biology”, Walter de Gruyter & 

Co, Berlin, Germany, 1972. 

49. Hach Company, “Water Analysis Handbook”, 4th Edition (Revision 3), 

Loveland, Colorado, U.S.A., 2005. 

50. World Health Organization, “Desalination for Safe Water Supply”, 

Guidance for the Health and Environmental Aspects Applicable to Desalination, 

Geneva, Switzerland, 2007. 

51. Bureau of Indian Standards, “Water Quality Standard – IS 10500:1991”, 

Indian Standard Specifications for Drinking Water, BIS, India, 1991. 

52. A. R. O’Donnell, J. A. Campbell, and A. M. Gunn, “Proposed 

Environmental Quality Standards for Inorganic Tin in Water and 

Associated Materials”, Water Research Centre, WRC Environment, 

Medmenham Laboratory, UK, October 1984. 

53. Health Canada, “Guidelines for Canadian Drinking Water Quality”, 

Federal Provincial Territorial Committee on Drinking Water, Health and the 

Environment, Canada, December 2010. 



   155 

54. New Jersey Department of Environmental Protection, “Federal and NJ 

State Primary and Secondary Drinking Water Standards”, Division of 

Water Supply, Bureau of Safe Drinking Water, NJ, USA, February 2005. 

55. Calumet Environmental Resource Center (CERC), “Leaking Underground 

Storage Tanks: A Threat to Public Health & Environment”, Chicago State 

University (CSU), USA, 2005. 

56. World Health Organization (WHO), “Guidelines for Drinking–Water 

Quality”, 3rd Edition Incorporating 1st and 2nd Addenda, Volume 1, 

Recommendations, Geneva, Switzerland, 2008. 

57. Agency for Toxic Substances and Disease Registry (ATSDR), 

“Polychlorinated Biphenyls (PCBs)”, CAS Number: 1336–36–3, Division of 

Toxicology, Atlanta, Georgia, USA, 27 September 2011. 

58. Abdulhamid Dajan, Gary Asmussen, Marion Dunstan, Bill Clarke, and 

Victor Rudolph, “Simulation of a Fast Food Chain Landfill in a Static Bed 

Bioreactor for the Natural Anaerobic Digestion of Solid Protein Waste 

(SPW)”, 6th World Congress of Chemical Engineering, Melbourne, Australia, 

23–27 September 2001. 

59. International Agency for Research on Cancer (IARC), “Some Drinking–

Water Disinfectants and Contaminants Including Arsenic”, Volume 84, 

World Health Organization, Lyon, France, 2004. 

60. Ministry of Health, “Drinking–Water Standards for New Zealand 

(DWSNZ): Micro–organisms and Chemical and Physical Determinands”, 

Volume 3, The Datasheets, New Zealand, 2005. 

61. Grodno City Municipal Executive Committee, “Environmental Impact 

Assessement and Environmental Management Plan”, Final Report, 

Integrated Solid Waste Management Project, Republic of Belarus, January, 

2010. 

62. Susan D. Richardson, “Environmental Mass Spectrometry: Emerging 

Contaminants and Current Issues”, Analytical Chemistry, Vol. 80, No. 12, 

pp. 4373–4402, 15 June 2008. 

63. Agency for Toxic Substances and Disease Registry (ATSDR), 

“Toxicological Profile for Acetone”, US Department of Health and Human 

Services, Public Health Service, USA, May 1994. 

64. Theodore B. Shelton, Susan E. Scibilia, Christopher C. Obropta, and Sandra 

M. Goodrow, “Interpreting Drinking Water Quality Analysis: What Do The 

Numbers Mean?”, 6th Edition, Rutgers Cooperative Research & Extension, 

New Brunswick, New Jersey, USA, January 2006. 

65. M. Carol McCartney and Thomas Stolzenburg, “Risk Associated with 

Failure of a Proposed Landfill”, Residual Management Technology (RMT) 

Inc., Madison, Wisconsin, USA, 1988. 

66. International Agency for Research on Cancer, “IARC Monographs on the 

Evaluation of Carcinogenic Risks to Humans: Some Industrial Chemicals”, 

Volume 77, World Health Organization, Lyon, France, 15–22 February 2000. 



   156 

67. International Agency for Research on Cancer, “IARC Monographs on the 

Evaluation of Carcinogenic Risks to Humans: Re–evaluation of Some 

Organic Chemicals, Hydrazine and Hydrogen Peroxide”, Volume 71, World 

Health Organization, Lyon, France, 17–24 February 1998. 

68. International Agency for Research on Cancer, “IARC Monographs on the 

Evaluation of Carcinogenic Risks to Humans: Formaldehyde, 2–

Butoxyethanol and 1–tert–Butoxypropan–2–ol”, Volume 88, World Health 

Organization, Lyon, France, 2006. 

69. Annette Shipp, Tracy McDonald, and Cynthia Vanlandingham, “Hazard 

Narrative for Tertiary–Butyl Alcohol (TBA)”, American Petroleum Institute, 

API Publication 4743, Washington, D.C., USA, October 2005. 

70. International Programme on Chemical Safety (IPCS), “Methyl Ethyl 

Ketone”, Environmental Health Criteria 143, United Nations Environment 

Programme and World Health Organization, 1993. 

71. A. M. Dajan, K. Kher, and M. M. Khalifa, “Detectable Isocyanates During 

the Weld–Heating of Polyurethane Based Plastic Products”, Symposium on 

Modern Welding Technologies and their Role in Improving the Industrial 

Products, 8–9 October 2003, Tripoli, Libya. 

72. New Jersey Department of Health and Senior Services, “Pesticides in 

Drinking Water”, Division of Environmental and Occupational Health, 

Trenton, NJ, USA, August 1998. 

73. Dennis P. McKenna, Susan C. Schock, Edward Mehnert, Susan C. Mravik, 

and Donald A. Keefer, “Agricultural Chemicals in Rural, Private Water 

Wells in Illinois: Recommendations for a Statewide Survey”, Cooperative 

Groundwater Report 11, Illinois State Geological Survey and Water Survey, 

Champaign, Illinois, USA, 1989. 

74. Denis Hamilton and Stephen Crossley (editors), “Pesticide Residues in 

Food and Drinking Water: Human Exposure and Risks”, John Wiley & 

Sons Ltd., West Sussex, England, 2004. 

75. Environment Canada, “DINOSEB”, Guidelines and Standards Division, 

Canadian Council of Ministers of the Environment, Hull, QC, Canada, 1999. 

76. A. Di Bernardo Dantas, C. F. R. Paschoalato, M. S. Martinez, R. R. Ballejo, 

and L. Di Bernardo, “Removal of Diuron and Hexazinone from Guarany 

Aquifer Groundwater”, Brazilian Journal of Chemical Engineering, Vol. 28, 

No. 3, São Paulo, Brazil, July/September 2011. 

77. Dennis M. Sievers and Charles D. Fulhage, “Survey of Rural Wells in 

Missouri for Pesticides and Nitrate”, Missouri Agricultural Experiment 

Station, Missouri Department of Natural Resources (MDNR), Ground Water in 

Missouri Regions (GWMR), MO, USA, Fall 1992. 

78. Patrick McInnis, “Pesticides in Ontario’s Treated Municipal Drinking 

Water: 1986–2006”, Environmental Monitoring and Reporting Branch, Ontario 

Ministry of the Environment, Ontario, Canada, 2010. 



   157 

79. Australian Groundwater School Notes, “Chapter 21: Groundwater 

Contamination”, National Centre for Groundwater Research and Training, New 

South Wales, Australia, December 2011. 

80. Craig D. Neil and John S. Williams, “Ethylene Thiourea in Maine Ground 

Water”, Maine Geological Survey, State House Station 22, Augusta, Maine, 

USA, 1988. 

81. Arshad Ali, Jai K. Nayar, and Rui–De Xue, “Comparative Toxicity of 

Selected Larvicides and Insect Growth Regulators to a Florida Laboratory 

Population of Aedes Albopictus”, Journal of the American Mosquito Control 

Association, Vol. 11, No.1, pp. 72–76, March 1995. 

82. J. F. Invest and J. R. Lucas, “Pyriproxyfen as a Mosquito Larvicide”, in 

the Proceedings of the Sixth International Conference on Urban Pests, William 

H. Robinson and Dániel Bajomi (editors), Hungary, 2008. 

83. Ministry of the Environment, “Ontario Drinking Water Standards”, PIBS 

# 4065e, Ontario, Canada, January 2001. 

84. Department of Water Affairs and Forestry, “Radioactivity Dose 

Calculation and Water Quality Evaluation Guideline for Domestic Water 

Use”, Institute for Water Quality Studies, South Africa, March 2002. 

85. S. C. Sheppard, M. I. Sheppard, and B. Sanipelli, “Review of 

Environmental Radioactivity in Canada”, Nuclear Waste Management 

Organization, NWMO TR–2011–17, Toronto, Ontario, Canada, May 2011. 

86. Serena Risica and Sveva Grande, “Council Directive 98/83/EC on the 

Quality of Water Intended for Human Consumption: Calculation of 

Derived Activity Concentrations”, Istituto Superiore di Sanità, ISSN 1123–

3117, Rapporti ISTISAN 00/16, Rome, Italy, 2000. 

87. Environmental Protection (England and Wales), “The Environmental 

Permitting: Amendment Regulations 2011”, 2011 No. 2043, The Stationery 

Office (TSO), Norwich, England, 11 August 2011. 

88. STUK – Radiation and Nuclear Safety Authority (Finland), “Radioactive 

Wastes and Discharges”, 2nd Revised Edition, Guide ST 6.2, Helsinki, Finland, 

1 July 1999. 

89. Agency for Toxic Substances and Disease Registry (ATSDR), 

“Toxicological Profile for Radon”, US Public Health Service, In collaboration 

with US Environmental Protection Agency (EPA), USA, December 1990. 

90. Health Canada, “Guidelines for Canadian Drinking Water Quality: 

Guideline Technical Document – Radiological Parameters”, ISBN: 978–1–

100–16767–1, Ottawa, Ontario, Canada, 2010. 

 

 

 

 



   158 

 


