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Abstract: Tires waste is an undesirable urban industry
surplus that has grown worldwide yearly. Because of its
seals, this material may be used in earth dams, one option
for disposing of this waste. Since this is the main objective
of this study, an experiment on a soil sample with various
ratios of rubber powder has been conducted to better com-
prehend the impact of tire rubber powder (TRP) on the
seepage rate in earthen dams. This study used physical
and numerical models to investigate seepage through earth
dams. Analysis indicates that the plotted seepage line in
SEEP/W software was comparable to the observed seepage
line in the physical model. TRP was tested at concentra-
tions of 15, 30, and 50%. The research demonstrates that
there has been a noticeable improvement in reducing the
seepage rate through the dam’s body; seepage was decreased
by 11.28% when a 15% ratio was adopted, a far smaller
impact than the other percentages. The proportion was con-
sequently raised to 30%. The seepage rate was found to be
reduced by 35.6%, and TRP with a 50% ratio showed excel-
lent behavior in lowering the water level (phreatic line) from
the core point to the downstream face D/S and reducing the
seepage rate by 41.5%, producing significantly better results.
The findings in SEEP/W software indicate that the relative
error in seepage rate varies, averaging 11.8% for the first
model, 12.18% for the second, 1.65% for the third, and
7.63% for the fourth. The first and second physical models’
seepage rate (relative inaccuracy) dramatically increased as
a result of the presence of piping.
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1 Introduction

1.1 Research background

The development of any country’s economic growth depends
significantly on water resource initiatives, particularly dam
construction. The most significant hydraulic structure that
has been created on a river is undoubtedly a dam. Dams
have been essential for controlling flooding [1]. In Iraq, the
majority of dams serve several purposes. Since significant
financial returns and extravagant sums are lavished upon
their foundations, dams are among the most critical signifi-
cant foundations in the nation. If these dams fail to fulfill
their intended functions or malfunction, serious conse-
quences could follow. Throughout their initial construction
and operation, numerous dams have collapsed worldwide.

The three main types of earth dams are homogeneous,
zonal, and diaphragm earth dams [2]. The most common
and affordable type of dam is an earthen dam. It frequently
has a wide foundation and a trapezoidal shape. In an earth
dam, a non-overflow with a different spillway is con-
structed. Seepage is one of the leading causes of earth
dam failure. Use an impervious zone or core in an earth
dam to control seepage and prevent the earth dam’s struc-
ture from deteriorating, which could lead to a sudden
failure from piping or sloughing [3-5]. Consequently, the
focus should be on enhancing the physical properties of
soil, reducing dam seepage, and optimizing dam construc-
tion with sustainable engineering.

Sustainable engineering focuses on the future impact
of what is currently being designed and operated and how
these designs can be made suitable in the long term and
more beneficial with the least harm to the environment
and limited resources. This contrasts with short-term design
and implementation that seek to achieve direct benefit
without considering future ramifications. The fundamental
objective of sustainable engineering is to increase growth
and prosperity in the present and future while considering
the effects of resource use on the environment, the people,
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and the stock of resources that will be accessible. Where
possible, the environment must be protected, and it must
be made a priority to produce things that will help, not
hinder, the development of future projects [6-9].

Understanding the significant hazards associated with
engineering that does not consider the long term gives rise
to the need for sustainable engineering. Damaged car tires
are an environmental burden on the nations that use them
because they take hundreds of years to decompose and
create a hazardous environment when burned to get rid
of them. This is because burning damaged car tires releases
toxic gases like lead, carbon, and sulfur oxides (Figure 1).
Globally, geotechnical engineers are looking for innovative
substitute materials that can be used for both cost-effective
ground improvement methods and the preservation of finite
natural resources. The two global phenomena of the twen-
tieth century have been industrialization and urbanization;
the main adverse effects of industrial wastes (incinerator
ash, plastic trash, rice husk ash, used tires, etc.); and the issues
with managing and safely disposing of them. Increasing
waste production in the modern world has resulted in a
number of environmental issues. As a result, many aca-
demics and researchers attempt to resolve this issue by
recycling these substances differently [10,11]. Therefore,
one of the industry’s most significant issues is the safe
and efficient disposal of these wastes [12].
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Rubber aggregate (rubber powder) is one of the many
valuable products for recycling which utilized in engi-
neering projects and public works, including backfilling
retaining walls, leveling slopes, repairing roads, and iso-
lating underground highways, besides that investigation
into recycled rubber’s potential as a light-weight backfill
material [13] and most important to minimize the amount
of seepage in the dam body, earth dams might utilize this
material because of its seals, and this is the main focus of
our experiments.

Waste products, including used tires, ash, and waste-
water sludge, present an environmentally, economically,
and fundamentally proficient alternative. Once the rubber
percentage in the mixture approaches 30%, the soil tire
powder’s strength drops because the mixture’s behavior
resembles that of a fuse chip mass with sand rather than
reinforced soil [14]. As a result, mixing waste tires, ash, and
wastewater sludge also showed good potential for soil sta-
bilization [15-17].

Numerous research studies have investigated the advan-
tages of using tires rubber powder to enhance various soil
properties, such as reducing the permeability and compres-
sibility of the soil mass. However, since applying tire rubber
powder (TRP) for this purpose, verification of its effective-
ness has not been performed. Thus, it is necessary to eval-
uate this material’s ability to be reused in earthen dams. This

Figure 1:

Burning rubber tires is one of the sources of pollution with toxic elements and compounds.
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study aims to determine whether using tires rubber
powder in different ratios may effectively reduce seepage
in earth dams.

1.2 Study of seepage through earth dams

The study of a more scientific methodology for planning
and constructing dams was motivated by the dam failures
identified in the 1700s and 1800s. Henri Darcy published
the first research that statistically depicted fluid flow
through a porous medium in 1856. Darcy based his formula,
commonly known as Darcy’s law, on the flow of water
across vertical filters in laboratory setups [18]. Through
various experiments, he was able to demonstrate a straight-
forward correlation between the hydraulic gradient and
discharge velocity, which he described as follows:

9 = ki = Q/A,
0 = kA,

M
@

where 9; is the discharge velocity (LT™), k is the hydraluic
conductivity (LT™), A is cross sectional area normal to the
direction of flow (L?), Q is the discharge rate (L>T"%), and is
the hydraluic gradient (L/L).

1.3 The uses of physical and numerical
models

Numerous studies have been carried out using physical
models, despite the fact that the analysis of hydrological and
geological conditions in locations is required for the study of
seepage through earthen dams (e.g., [19-21]) because physical
models can describe the phreatic line and the flow rate, as
well as the overall seepage behavior through earthen dams. In
addition, testing performed on physical models may be a cru-
cial tool for analyzing seepage behavior before the building of
earth dams and assisting in validating the basic design of
dams by identifying any deficiencies in a proposed design.
However, as to the numerous limitations and restric-
tions associated with physical modeling, numerical mod-
eling, which is based on mathematical solutions, is progres-
sively being employed in research (e.g., [22,23]) to solve the
most challenging engineering issues, which include see-
page. Numerical modeling is a quick and affordable tech-
nique, and the findings may be easily shared with the
parties involved. Numerical modeling is fundamentally dif-
ferent from laboratory-scale physical and full-scale field
modeling since it is a purely mathematical method [24].
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Physical modeling is typically advised when numerical
modeling is seen as inadequately verified, such as when
complicated hydraulic circumstances, unusual or atypical
site characteristics, or project performance is expected to
improve.

In this study, seepage through earth dams was inves-
tigated using physical and numerical methods, and the
findings were then compared with the use of the SEEP/W
program.

1.4 Numerical modeling using SEEP/W
software

A numerical model that uses the finite element approach is
the SEEP/W software. It can mathematically simulate the
physical behavior of water that flows through a particulate
material. The program discusses the fundamental flow
laws for transient and steady-state flow and demonstrates
how these laws are represented numerically. Darcy’s law,
the partial differential flow of water equations, the finite
element flow of water equations, temporal integration,
integrals, the permeability matrix, the mass matrix, flux
boundary vectors, and density-dependent flow are the
mathematical formulas utilized in SEEP/W. In this research,
the SEEP/W software was used to trace the phreatic line
across the four physical models of earth dams and deter-
mine the seepage amount through the models. In SEEP/W,
the following mathematical equations are included:
1. Darcy’s law: The experiment showed a direct relation-
ship between hydraulic gradient and discharge velocity:

V=ki=QlA, 3

where v is the Darcian velocity, k is the coefficient of
permeability, and i is the hydraulic gradient.

2. Partial differential water flow equations: The funda-
mental governing differential equation for two-dimen-
sional seepage may be expressed as follows:

o
ox

oH

+ i
X dx

ay

oH

3y @

ky +Q=0.

The conductivity in the x-direction is equal to the con-
ductivity in the y-direction once the condition is iso-
tropic and homogenous, and the equation transforms to

0*h  9°h

— +— =0. 5

oxt  9y? ®

3. Finite element water flow equations: The following
is the finite element method equation for a study-state
circumstance where there is no time-dependent
function:
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o[BI [C)B]dALH}, ®

which is equal to the flow [Q], where [B] is the gradient
matrix, [C] is the element of the hydraulic conductivity
matrix, {H} is the vector of nodal heads, and 7 is the
thickness of an element.

The simplified form of the finite element seepage
equation is as follows:

[KI{H} = {Q}, ™

where [K] is the characteristic matrix element and {Q} is
the applied flux vector element.

4. Numerical integration and mass matrix: Gaussian numer-
ical integration is used by SEEP/W to assess the mass
matrix and the element characteristic matrix. The ele-
ment properties are sampled at certain locations, and
the integrals are generated by averaging those samples
throughout the whole element.

K] = [ (B [CI[B]A. ®)

Hence the following is the description of the element mass
(or storage) matrix:

[M] =7|(A < N>T < N>)d4, 9)

where A is a storage duration and equal to (my),,) for a

transient seepage and m,, is the storage curve’s slope.

1. Hydraulic conductivity matrix: The basic formula of the
numerical model element’s hydraulic conductivity matrix
is as follows:

a1 G
= 10
1= |ar &) (1)
where
an = kecos?a + kysina, 1D
a = ksinacosa + kysin?a, (12)
P ~
5 0os B= -
3 o
T I :
— 285
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Figure 2: Hydraulic conductivity matrix parameters definition.

13
(14)

G2 = Q1

&y = ksin’a + kycos? a.

The parameters k,, k,, and a are defined as in Figure 2.

2 Materials and experimental
methodology

A laboratory channel model setup was constructed in the
Wasit University’s Faculty of Engineering labs. It consists of
several primary and auxiliary parts that collaborate to
carry out the device’s intended purpose while upholding
the principles of physical modeling. The significant parts of
the apparatus consist of a 6-m steel frame, a sealed tank, a
slate raft to control the level of water, and Plexiglas win-
dows (1.1 by 1 m) with dimensions of 1 m in depth and 0.8 m
in width.

A laboratory model was made with dimensions of 6 m
in length and 0.8 m in both height and width, see Figures 3
and 4 of the dam model at slopes of 2.5:1 at U/S and 2:1 at
D/S. The model has been built on ratios and equations
within the relationship between both the dimensions of

Figure 3: Homogenous dam type without rubber powder (TRP).
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Figure 4: Zoned dam type with rubber powder (TRP) core at slope 1:1.

the dam and the stress applied to it, thus it is a physical
model, not a miniature model of the dam or a simulation of
the existing dam in accordance with Terzaghi and Strange’s
recommendations, every requirement has been adjusted
[25,26]. The physical model’s construction requires compac-
tion. To fit the drainage’s thickness, the first layer has been
laid out at a thickness of 10 cm. To ensure that the compac-
tion is effective, the subsequent layers have been added at
intervals of 15 cm.

Besides ten sensors being used to investigate the water
level inside the body of the dam, the pressure sensor,
depicted in Figure 5, is a sensor made specifically for this
purpose by WNK Co., China, out of stainless steel with
ceramic material. It detects the water pressure to deter-
mine the hydraulic head on an earthen embankment. It
has properties that prevent corrosion.

The specifications of these sensors are as follows:
model number WNKB811, precision (0.5-1)%, thread size
G1/4, wire length 2m, power supply voltage 5V, and the
measurement range is 10 kPa. Each pressure sensor was
connected to the Lab Jack T7-PRO data logger, which
transfers electronic signals to the computer. The sensors’

locations are illustrated in the schematic diagram shown
in Figure 6.

The state-owned company for the rubber and tire
industries in Al-Diwaniyah, Iraq, provided tire powder
with a diameter of less than 1 mm. In a homogenous dam
model, TRP was mixed with the model’s sand soil, see
Figure 7. Three different proportions of TRP (15, 30, and
50%) has been used to observe how this powder affected
the seepage rate through earth dam. When the reservoir
was fully topped off, the experiments were run in a risky
scenario (0.6 m), see physical models in Figures 8 and 9.

2.1 Grain size distribution test

A sieve analysis test was used to identify the particle’s
grain size distribution. The test was carried out in accor-
dance with the Iraqi specification (no. 45/1984), it was car-
ried out using a vibrator-type sieve shaker (ASTM C136).
Figure 10 displays each sample’s distribution curve for soil
with and without TRP.

Pressure Sensor

A

B

LabJack TZ7-PRO

Data logger device

Figure 5: The pressure sensor and data logger device.
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Figure 6: A schematic diagram of the principal components.

T IR ‘7

Figure 8: Physical homogenous dam model without TRP core.

2.2 Hydraulic conductivity (K) laboratory to determine the samples’ K value in accordance

with ASTM D 2434. 341 x 107 3.29 x 107 211 x 10~ and 1.55 x
The coefficient of permeability for two types of soil before and 10~* for soil without TRP, 15, 30, and 50% TRP, respectively, and
after adding TRP was determined in this experiment using the  these values are used in SEEP/W software. Hydraulic conduc-
constant head method, and the findings were verified in a tivity may be calculated using Darcy’s equation:



DE GRUYTER

7 - A

Figure 9: Enhanced homgenous dam model with TRP core at slope 1:1.

84 4
70 1
56

42

Percent finer (%)

0.1 1 10
Grain size (mm)

(a)

0.01

Experimental and numerical evaluation of tire rubber powder == 7

84 —

70

Percent finer (%)

0 T T T

0.01 0.1 1 10
Grain size (mm)

(b)

Figure 10: Particle size distribution for dam soil: (a) without TRP and (b) with TRP.
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K
where Q denotes discharge (mL/s), A is the cross-section
area of the tube (cm?), K is the hydraulic conductivity (cm/s), L
is the length of the sample (cm), and h is the hydraulic
head (cm).

3 Results and discussion

The tests were run on the prepared models mentioned in
the preceding section. Physical model saturation lasts for
2-4 days. The phreatic line is drawn based on the water
level in the sensor indicator when the dam materials reach
saturation and have a steady seepage rate. Three different
powder percentages have been experimented with, and it
was found that the proportion of 15% had a nearly little
impact on the amount of seepage through the dam’s body
by about 11.28% from the physical model without TRP.
The proportion was consequently raised to 30%; it was

observed that the seepage rate was reduced to 35.6%, while
the water level indicator (phreatic line) within rearward
sensors just after the core was lowered in comparison to
the various proportions of TRP used, as shown in Figure 11.

The final ratio of 50% demonstrated excellent behavior
in decreasing the water level behind the core point and
significantly better results in reducing seepage through the
body of the dam by 41.5%; the effects of seepage flow rates
for the models with and without rubber powder are sum-
marized in Table 1.

The experimental results of the physical models reveal
that the phreatic line in the first model without TRP cuts
downstream, which affects the dam’s stability and leads to
failure of the downstream slope, as shown in Figure 12.
There was no failure, and the seepage line did not cut
the D/S of the dam at level 0.6, which is considered to be
the most significant level for the dam when TRP material
by 15% was added, so it can be seen that adding rubber
powder to the soil may give more stability and prevent
failure but did not significantly modify the seepage rate
compared to the previous model without TRP core.
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Figure 11: The water level indicator in comparison to the various proportions of TRP used.
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Table 1: Seepage flow rates between SEEP/W and physical models

Models Seepage (q) (m?/s/m)
Physical SEEP/W

Model no. 1 Homogenous without 3.91x107°  3.4449x107°

TRP core

Model no. 2 with 15% TRP core 3.46%107°  3.0384x107°

Model no. 3 with 30% TRP core 2.51x107°  2.4684x107°

Model no. 4 with 50% TRP core 2.28%10°  2.1060%107°

Figure 12: Failure in the D/S slope of the first model due to seepage line.

On the other hand, models with 30 and 50% exhibited a
massive reduction in seepage rate. Moreover, the model
with 50% TRP shows excellent behavior in reducing the
water level beneath the core point. Therefore, it can be
demonstrated that the presence of the TRP core significantly

Experimental and numerical evaluation of tire rubber powder =—— 9

reduces the seepage rate and maintains the phreatic line
within the dam body, as illustrated in Figure 13.

Results from the SEEP/W are illustrated in Figure 14.
The findings indicate that the first model’s phreatic line cut
the D/S at elevation 31.7702 cm, while the physical model
cuts the D/S at elevation 30.0394 cm, which can be attrib-
uted to laboratory conditions and other soil properties,
including compaction and water saturation of the soil,
which are not sufficiently covered in SEEP/W; this ends
up causing soil sloughing and earth to fall off banks and
slopes because of a loss in cohesion [27]. Very wet soil is
one of the leading causes of soil sloughing off, which occurs
for the same reasons as landslides generally do [28]. Sloughing
affects the uppermost soil layers; however, this may end in
massive slope failure.

It is noted that the phreatic line findings for the phy-
sical models and SEEP/W are relatively similar. Despite
this, the relative error in the seepage rate fluctuates, aver-
aging 21.89% for the first model, 12.2% for the second, 1.17%
for the third, and 7.5% for the fourth. Due to the existence
of piping, the first and two physical models’ seepage rate
(relative error) significantly increased. The relation between
pore water pressure and distance for each model is illu-
strated in Figure 15 using the SEEP/W graph. This occurs
because seepage flow intersects the D/S slope, causing water
to exit the dam body as surface water, and because piping
may begin to develop inside the body of the physical dam
model, and the second reason for this relative error is prob-
ably a result of the soil not being sufficiently compacted.

The sensor readings and piezometric readings of the
phreatic line between SEEP/W software and physical models
are depicted in Figure 16 using the SPSS program. This
comparison’s correlation value of over 95% shows that the
SEEP/W program produces reliable findings.

Water Level (cm)

Figure 13: Phreatic line of the physical model at steady state condition.

5

Sensor No.

T T T T T
6
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Figure 14: Seepage line, flux section at D/S, and the contours of the total head for the four models using the SEEP/W software. (a) Model no. 1,
(b) Model no. 2, (c) Model no. 3, and (d) Model no. 4.
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Figure 15: Relation between pore water pressure and distance for four models. (a) without TRP core, (b) with 15%, (c) with 30%, and (d) with 50%.

4 Conclusions

TRP was used in homogenous earthen dams to reduce the

seepage rate. Four models were adopted with three pro-

portions of TRP: 15, 30, and 50%. Based on the test findings
of this study, the following conclusions were drawn:

1. Due to the massive seepage flow rate and failure devel-
oping at the maximum level (0.6 m), more ever, excessive
seepage line, the model without tires rubber powder core
is not recommended.

2. According to the experiments, adding 15% rubber powder

to the soil has almost a little effect on reducing seepage
amount. However, if TRP’s core exists, the phreatic line
always remains within the dam body.

. The model with 30% of rubber powder is recommended

over that with 50% based on economic cost and quality
of seepage improvement, in addition to almost a slight
seepage rate reduction.

. The findings indicate that SEEP/W software can simu-

late seepage through both homogeneous and non-
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Figure 16: Sensors indicator reading and piezometric reading between physical models and SEEP/W.

homogeneous earth dams with a high level of accuracy
between experimental and numerical models. This com-
parison’s correlation value of over 95% shows that the
SEEP/W program produces reliable results.

Finally, it is observed that the TRP addition had a quite
significant impact on decreasing the seepage rate in addi-
tion to lowering the phreatic line in the physical models,
consequently minimizing the possibility of failure when
the seepage line cuts the D/S slope.

Acknowledgements: The authors would like to thank the
state-owned company for the rubber and tire industries in
Al-Diwaniyah, Iraq, for providing tires rubber powder
used in the experiments. We appreciate the authors and
publishers of the references’ permission to utilize their
published work, and we are grateful for their support.

Conflict of interest: The authors state that there is no
conflict of interest.

Data availability statement: Most datasets generated and
analyzed in this study are comprised in this submitted
manuscript. The other datasets are available on reasonable
request from the corresponding author with the attached
information.

References

[11  Musa TAA, Shlash MA, Mohammed HS. The effect of cutoff angle on
the head pressure underneath dams constructed on soils having
rectangular void. Open Eng. 2022;12(1):495-500.

[21 Zhang L, Xu'Y, Jia JS. Analysis of earth dam failures: a database
approach. Georisk. 2009;3:184-9.



DE GRUYTER Experimental and numerical evaluation of tire rubber powder =—— 13

[3] Khassaf SI, Madhloom AM. Effect of impervious core on seepage [16] Sarvade PG, Shet PR. Geotechnical properties of problem clay

through zoned earth dam (Case study: Khassa Chai dam). Int ] Sci &
Eng Res. 2017;8(2):1053-63.

stabilized with crumb rubber powder. Bonfring Int | Ind Eng Manag
Sci. 2012;2(4):27-32.

[4] Ismaeel KS, Noori BM. Evaluation of seepage and stability of Duhok  [17] Hambirao GS, Rakaraddi PG. Soil stabilization using waste
Dam. Al-Rafidain Eng ] (ARE)). 2011;19(1):42-58. shredded rubber tire chips. IOSR J Mech Civ Eng. 2014;11(1):20-7.

[5] Fattah MY, Omran HA, Hassan MA. Flow and stability of Al-Wand [18] Hofmann JR, Hofmann PA. Darcy’s law and structural explanation in
earth dam during the rapid drawdown of water in reservoir. Acta Hydrology. PSA: Proceedings of the Biennial Meeting of the
Montan Slov. 2017;22(1):43-57. Philosophy of Science Association. Vol. 1992. Issue 1. Cambridge

[6] Committee on Sustainability. Sustainable engineering practice: An University Press; 1992; p. 23-35.
introduction. American Society of Civil Engineers; 2004, June. [19]1 Al-Janabi AMS. Study of seepage through earth-fill dam using

[71  Alwi SRW, Manan ZA, Klemes JJ, Huisingh D. Sustainability engi- physical and numerical models, Doctoral dissertation, University
neering for the future. ] Clean Prod. 2014;71:1-10. Putra Malaysia; 2013.

[8] Rosen MA. Engineering sustainability: A technical approach to [20] Malekpour A, Farsadizadeh D, Dalir AH. Effect of horizontal drain
sustainability. Sustainability. 2012;4(9):2270-92. size on the stability of an embankment dam in steady and transient

[91 Qureshi AS, Nawab A. The role of engineers in sustainable devel- seepage conditions. Turk ] Eng Environ Sci. 2012;36(2):139-52.
opment. Proceedings of the Symposium on Role of Engineers in [21] Vaskinn KA, Lovoll ASLAK, Hoeg KAARE, Morris MARK, Hanson G,
Economic Development and Policy Formulation, Lahore, Pakistan; Hassan MAAM. Physical modeling of breach formation: Large scale
2013. p. 105-14. field tests. Proceedings of Dam Safety; 2004. p. 1-16.

[10] Abbas ZK, Abbood AA, Mahmood RS. Producing low-cost self-con-  [22] Chahar BR, Graillot D, Gaur S. Storm-water management through
solidation concrete using sustainable material. Open Eng. infiltration trenches. J Irrig Drain Eng. 2012;138(3):274-81.
2022;12(1):850-8. [23] Ullah A, Kassim A, Alam I, Junaid M, Ahmad IS. Efficiency analysis

[11] Khoshnava SM, Rostami R, Mohamad Zin R, Streimikiené D, of seepage of Baz Ali small dam, Kurram agency using clay blanket
Mardani A, Ismail M. The role of green building materials in and cut-off wall with sand filter. Bull Geol Soc Malays.
reducing environmental and human health impacts. Int J Environ 2019;67:113-8.

Res Public Health. 2020;17(7):2589. [24] Ozer AT, Bromwell LG. Stability assessment of an earth dam on silt/

[12] Parveen K, Rajesh G, Vishal Y. Stabilization of soil using crumb clay tailings foundation: A case study. Eng Geol. 2012;151:89-99.
rubber. Int | Adv Res Sci Eng (IJARSE). 2017;6:38-47. [25] USBR. Training Aids for Dam Safety Evaluation of Seepage

[13] Ravi Kumar G, Gayathri K. Performance evaluation of crumb rubber Conditions, U.S. Bureau.pdf; 2001.
powder as soil stabilizer. Int ] Creative Res Thoughts (IJCRT). [26] ICOLD. Small Dams Design, Surveillance and Rehabilitation,
2018;6:295-9. Bulletin N.pdf; 2011.

[14] Baykal G, Yesiller N, Koprulu K. Rubber-clay liners against petro- [27] McLemore VT, editor. Management Technologies for Metal Mining
leum based contaminants. In Mediterranean conference on Influenced Water, Vol. 1: Basics of Metal Mining Influenced Water.
Environmental Geotechnology; 1992. p. 477-81. Littleton, CO: Society for Mining, Metallurgy, and Exploration, Inc.

[15] Ashmawy A, McDonald R, Carreon D, Atalay F. Stabilization of 102. 2008; p. 88.
marginal soils using recycled materials. Geotechnical Engineering  [28] Yerima BP, Van Ranst E. Introduction to Soil Science: Soils of the

journal (No. BD-544-4); 2006.

Tropics. Trafford publishing; 2005.



	1 Introduction
	1.1 Research background
	1.2 Study of seepage through earth dams
	1.3 The uses of physical and numerical models
	1.4 Numerical modeling using SEEP/W software

	2 Materials and experimental methodology
	2.1 Grain size distribution test
	2.2 Hydraulic conductivity (K)

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


