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SUMMARY

I. Title

Application and Design Optimization of Geotextile Tubes with Dredged Soil

II. Objectives and Necessities of Research

The goals of the research are as follows:

First, outlining the optimal design techniques for embankment, revetment, coastal and marine infra-
structure construction where geosynthetic tubes are utilized and developing a design, construction and
maintenance management system taking into consideration the environmental aspects and conditions.

Second, a design/construction/maintenance manual will be developed in order to provide guidelines
and improve the onsite workability and determine factors that would affect the behavior of dredge-filled
geotextile tubes applied as alternatives to coastal and hydraulic structures such as embankments and
breakwaters.

Third, a computer program, using a graphical user interface (GUI) environment, will be develop spe-
cifically for the design and analysis of dredge-filled geotextile tube sections.

Finally, the outcome of the research and development will provide design and construction guidelines
for geotextile tube construction as a viable and cost-effective alternative to the coastal and hydraulic
protection structure, which are conventionally constructed using much expensive materials that are some-
times challenging to procure.

TENCATE, a foreign-owned company, is currently conducting studies which covers the domestic and
overseas market of geosynthetic products and develops an equal or greater quality assurances to geo-
textile tube structures. In addition, riprap supplies required in the construction of embankment slope for
coastal areas, such as the Saemangeum development project, have excessively used the conventional
materials which are increasingly becoming costly and environmentally risky, hence, a need for a more
viable solution, such as the geotextile tube technology is need in order to develop and improve the re-
lated construction technology and provide a global competitiveness in the Korean construction Industry.

This study intends to utilize geosynthetic tubes. Geosynthetic tube was first introduced on 2005 for
the Incheon Bridge Road bridge project and on 2006 for the Ilsan Bridge bridge construction utilizing
the foreign company TENCATE's technology. The researchers from the Council of the 2008 Prime
Minister's Office under the Saemangeum Planning, bearing in mind the examples above features coastal
road and city infrastructure structures to be built, including the construction of a very long dike (in the
case of the Saemangeum, 30km or more) carry soil transportation costs are greatly increased when, and
thus the difficulty of reclamation is expected bar, a civil utilize dredged fiber tube method has an-

nounced that the best alternative. We analyzed the domestic and foreign literature and ongoing studies



into, and then perform the basic research of geosynthetic tubes utilize dredged process through field
practitioners and discussions, the aim of this study was set over the lead of the expected problems.

The research projects were set up to develop research skills necessary to design and develop a soft-
ware for the analysis of slope settlement and stability of the geotextile tube based on the various is-
sues raised during the past three years of study.

The partnership of the University of Colorado at Boulder, a foreign research institute was undertaken.
This is based on the grounds that the members of the geotechnical engineering laboratory at the
University of Colorado, headed by Prof. Dobroslav Znidarcic, is known worldwide for its expertise in
the theory of consolidation particularly on soft clay foundations. Best award from the American Society
of Civil Engineers has been awarded to Professor Dobroslav on his publication about the degree of
consolidation that occurs in landfills in Florida, America, and how he developed the Drying Shrinkage
(desiccation) Theory and experiment methods, of which will be very helpful in the present study.
Currently, Professor Dobroslav is conducting a study about a sedimentation/consolidation of geotextile
tube technology as well as developing the related numerical analysis techniques.

This study is selected based on the technological trends in Korea, existing research will be reviewed
and will be taken into account in the research results, and will be published in the literature, and geo-
textile tubes manufactured locally will be utilized in the study.

Our method is adopted from the existing methods in the literature, the strengths, weaknesses and
shortcomings of existing practices will be determined. As a result, a much improved guidelines and
theories will be based presented in the proposal. Experimental and Numerical Analysis on the field and
laboratory data will be used in order to optimize the geotextile tube design.

Domestic and foreign research institutions will help ensure the safety of the design technology.
Obtain a patent for the design methods established for the reclaimed road embankment structure
through the joint research, and through a geotextile research and eco-friendly design technology to min-

imize maintenance and to significantly contribute worldwide competitiveness.

M. Contents and Scope of Research

The scope of this study is to establish a design methodology for geotextile tube filled with dredged
soil applied as alternatives to onshore and offshore structures through the development of design / con-
struction / maintenance guidelines (draft) and design software.

The study will be conducted in a total of three years (36months) covering the following scope of
study:

1st year
- Evaluation of geotextile tubes and dredged soil physical and mechanical properties, as well as its
combined properties.

- Simulation by large scale test to study the behavior and characteristics of geosynthetic tube structure.

_Xi_



Theoretical Analysis for the deposition, drainage and consolidation process or dredge-filled geotextile
tube structures.

Optimal performance scheme for lightweight mixed dredged soil.

Review on the overseas research, construction and installation techniques of global contractors.

Development of wireless network topology in Saemangeum field.

2nd Year

Development of geotextile tube structure.

Shape optimization of geotextile tube cross-section using mathematical, analytical and numerical
techniques.

Building and Planning of the test bead at Saemangeum.

Identify long-term behavior characteristics of dredge-filled geotextile tube structures in the field test
bed.

3rd year

Development of a design program for dredge-filled geotextile tube structures.
Field testing of dredge-filled geotextile tubes and verification through the developed structural design
program.

Establishing a construction and maintenance manual for the optimal design of geotextile tubes.

IV Results of the Research

The results derived from this study are as follows:

(1) Development and evaluation for the engineering characteristics of the materials used

The dredged material used a 26.2% passing percentage at No.200 sieve, having a specific gravity of
2.705, non-plastic material (N.P) and classified as SM by the Unified Soil Classification System
(USCS).

The efficiency of a 6-stitch seam to connect the woven polyester using a butterfly method is 80.02~
83.26%, 84.88~66.54% for the j-type method and 37.12~76.29% for the flat type method.

The butterfly and j-type appears to be the most efficient 6-stich seaming method, with the butterfly
method having the highest efficiency.

For the case of the flat and j-type method, the efficiency increases as the number of stiches are in-
creased and decreases as the number of stiches are decreased.

A butterfly seaming type using 2 column 6-stitch will have a larger efficiency.

The efficiency of a 6-stitch seam to connect the non-woven polyester using a butterfly method is
70.36 ~93.64%, 69.75~75.81% for the j-type method and 61.80~74.36% for the flat type method.
Still the butterfly and j-type appears to be the most efficient 6-stitch seaming method, with the but-
terfly method having the highest efficiency.
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Finally, using 2 column 6-stitch will increase the efficiency of the seaming method.

Two seal strength test were carried out for the woven geotextile using the butterfly suture. The seal-
ing efficiency was found to be at 48.07 to 90.72 percent, depending on the number of sealing lines
6, the increase in the efficiency is proportional to the number of sealing stitches.

Considering the effective opening sizes of the geotextile material, good permeability is needed to pre-
vent the loss of fines. The minimum value indicated in the PET and PP were assessed to have ex-
cellent performance in the filter and drainage.

A piezocone test on a dredged soil filled geotextile showed that the bearing capacity of tube struc-
ture (qc: cone resistance) is lower when geotextile tube is submerged in water table and after tube
filling. However, it is increased as a little dipper the depth of tube the bearing. The bearing capacity
of tube structure is increased further as time passes, when pore water is drained. Finally, the deposi-
tion structure of geotextile tube was effected by density increasing of attraction force within the par-

ticles through the drainage of excess pore water pressure.

(2) Construction technique developments based on laboratory model test

Large scale simulate model test results have shown that the coarse particles are deposited near the
tube inlet, the height of the tube rises as the injection pressure is increased, and during dewatering
the tube height decreases and the tube width increases.

The use of modified inlet system has a significant effect on the distribution of dredged fill in the
geotextile tubes, the developed reverse T-type system have shown a uniform sediment distribution
and the use of I-type inlet system have shown a crater formation near the tube inlet.

The reverse T-type injection system was tested in a model test and the results showed that the soil
sediments were fairly distributed along the tube body with minimal height differences.

The tangential strain of the geotextile tube varies around its circumference. The data readings are
minimal at the bottom of the geotextile tube. Presumably the stretching of geotextile at these loca-
tions are limited due to the confining effect between the soil fill and the foundation.

The geotextile stains at the sides of the geotextile tube are larger than the geotextile strains at the
top. This implies that the increase in the geotextile strains at the sides of the tube corresponds to
the increase in the lateral pressure induced by the fill material.

Due to the variation of the strain distribution on the geotextile skin, the circumferential tensile force
of the geotextile may as well be non-constant.

Test results indicates that the total horizontal pressures of the material in flexible containers are high-
er than the total vertical pressures. This phenomenon might be due to the confinement effect of the
geotextile sheet to the soil sediments inside the geotextile tube. Presumably, due to the increasing ge-
otextile tensile stress, the soil fills are most likely pushed horizontally (inward direction) rather than
vertically.

For rigid containers, significant decrease of the sediment height is apparent during the dewatering

process. On the other hand, because the geotextile is permeable, the water is gradually dissipated
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during the filling process of the flexible container. Hence, significant loss in the tube height is not
apparent during the duration of the test for flexible geotextile tube test.

- Pressure spikes are apparent on rigid containers during the filling process which can be attributed to
the confining effect due to hydrostatic pressure. For the flexible containers, the pressure readings
gradually increases with time during the filling process and normalize at the end on the filling stage.
Therefore, the recorded pressures for rigid container directly corresponds to the hydrostatic pressure
while flexible container directly reflects to the height of the material in the tube.

- Based on the results for rigid container, it is speculated that the sequence for the lateral earth pres-
sures (total) at initially began from active state (Ka condition) during filling, passive state (K, con-
dition) during dewatering and then finally reached steady state (Ko condition) after the fill materials
stabilized.

- Large direct shear test results of the shear characteristics for the geotextile interface are less for the
soil to woven geotextile, In addition, the cohesion and internal friction coefficient of efficiency in the
dredged soil to woven geotextile interface is 0.917 and 1.175, respectively.

- For dredged soil to non-woven geotextile, the interface efficiency factor of cohesion and internal fric-
tion angle are 0.583 and 1.170, respectively and so it was appeared to increase with internal friction
of soil.

- Permeable quantity of geotextile tube deduced from hanging bags tested showed significantly that it is
affected by the size and function of the effective opening of the filter material. In addition, the per-
meability of geosynthetic tubes through the seepage pressure in a woven fabric shown to be slightly
larger than the composite fabric. When the seepage pressure is increased, the void ratio of the geo-
synthetic tubes reduces because of differences in the permeability of the woven fabric and composite

materials.

(3) Development of geosynthetic tubes design software(S/W)

- A computer software for designing geosynthetic tubes has been developed. It can be easily used in
the field. It has been found that the software can be useful in the construction field where trial re-
sults are validated by comparing the results with geotextile tube design program development with
numerical theory and tests (GeoTDS, C-2015-003340).

- A parametric study was conducted using the commercial program evaluating the geometric character-
istics of geosynthetic tubes, permeability properties of the dredged filled tubes using composite mate-
rials, filling and dewatering simulation of the cross-section of geotextile tube structures, and also, nu-
merical methods were developed. The reliability of the developed numerical methods were verified

through laboratory model test and field test results.

(4) The results of the analysis via field test bed

- TB-1 has a diameter of 3m and 10m long custom-made geotextile tube using the 2 column - six re

inforcing strip line (I-type) scheme. A day after the filling, the tube height was measured at 1.42m,
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circumference at 10.99m and width of 4.36m.

TB-2 has a diameter of 5m and 25m long custom-made geotextile tube using the 2 column - six re-
inforcing strip line (TENCATE method) scheme. A day after the filling, the tube height was meas-
ured at 1.367m, circumference at 17.21m and width of 7.5m. Also, due to the crater formation, a
distortion in the tube shape is visible after.

TB-3 has a diameter of 3m and 10m long custom-made geotextile tube using the 2 column - six re-
inforcing strip line (domestic method) scheme. A day after the filling, the tube height was measured
at 1.6m. It was found that the filling method used for TB-3 is much better, as it has a larger filling
efficiency, compared to that of TB-1.

TB-4 has a diameter of 5m and 25m long custom-made geotextile tube using the 2 column - six re-
inforcing strip line (domestic method) scheme. A day after the filling, the tube height was at Sl
measured at 1.2Im and 1.645 at S2. It has an average width of 7.41m. Also, the one column six
stitch seams at the sides where raptured and the 2-column 6-stiches did not, proving the effectiveness
of the latter stitching method.

TB-5 has a diameter of 3m and 10m long custom-made geotextile tube using the 2 column - six re-
inforcing strip line (domestic method) scheme. A day after the filling, the tube height was measured
at 1.63m.

TB-6 has a diameter of 5Sm and 25m long custom-made geotextile tube using the 2 column - six re-
inforcing strip line (Reverse T-type) scheme. A day after the filling, the tube height was measured at
1.863m and width of 7.4m.

Earth pressure will converge uniformly during filling and gradually increasing the pore pressure. The
geotextile strain of the tube structure is shown larger in the upper right and is estimated to be large

due to the high soil pressure in this area.

(5) Geotextile tube design manual and program design/construction/maintenance guidelines (draft) pro-
posals

Based on the laboratory, field test and numerical analyses results, design and constructions guidelines
are proposed.

Singapore teckon geotube pilot test project proposal : The ultimate objective of this proposal is to
carry out pilot tests and study the infilling operations for geotextile tubes to better understand and
develop methodologies for the implementation of soft clay as the tube infill material. The research
contractor shall design and construct Pilot Trial Site based on the standard guidelines and require-
ments, including but not limited to engaging specialists or professional engineers, where required. In
general, the Pilot Trial includes the construction of the geotextile tube containment bund and its
foundation, carrying out infilling works, carrying out significant ground improvement methods, and

carrying out the final topping up and compaction to the finish level.
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1) Incheon bridge project
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3) Applications of geotextile tube to construct temporary dike for dredging at Busan new port south
container terminal
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HYDRAULIC ENGINEERING
GEOTUBE

FIELED UNBERTIN WATER .
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GEOTUEE PLACING & FILLING PONTOON

TECHNICAL SPECIFICATIONS:
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LEMGTH 200 . fendless prssible)
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~CLOSURE OF GULLIES

=CORES OF GROIMES, DAME A5,
«HUNOS AROUKAD POLLUTES 3LTY SOILS

GAN ALEU BE PLAGED IN SHALLOW WATER.

BEDTUBE BEING FILLED.
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- Use of dry dredging and geotubes in island construction, Illinois, USA
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Nicoflex 1000
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Geotextile Tube with Flat Ends
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(57) 22HAbstract)

A flexible water-permeable geotextile tube having flat ends when filled with fill material.
The tube has separate end panels that are attached to a tube body at the tube body's
opposing ends. In one embodiment of this invention, the separate end panels are
configured to have the same shape as that of a cross—section of the tube bady when the
tube body is filled and installed. The cross section of the tube body may be determined
before installation by determining the relationship between the height, circumfierence, the
fill material, and the surrounding environment into which the tube is planned to be
installed.
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(57) 22HAbstract)

Disclosed herein is a method of stabilizing a beach which includes the steps of producing
an engineering design for placement of one or more sand filled, low profile geotextile
tubes in proximity to the beach to produce a groin field: and implementing the
engineering design to place the one or more sand filled, low profile geotextile tubes in
proximity to the beach in accordance with the engineering design to produce the groin
field. The method includes an iterative process using multiple model executions to
produce an engineering design of a discrete, porous, geotextile groin field for engineering
site adaptation and implementation at a specific beach site. The solution may further
include post-installation monitoring to assess the effectiveness of the solution and to
madify the solution for future erosion mitigation efforts.
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Elongate flexible container
US 6186701 B1

ABSTRACT

An elongate flexible container, made of a textile fabric and having at least one
filling opening. The container is filled with solid material, such as sand or other
ground material, for the formation of a body adapted for use as a core or base of a
dam, a quay, a bank reinforcement, a jetty or a breakwater, or for filling holes or
trenches, or for use at the bed of a waterway. or for the packaging and storage of
contaminated material. The container is provided at its upper side with at least
one filling opening. The container includes stitching extending in the longitudinal
direction of the container and mutually connecting facing edges of the textile
fabric.
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[57] ABSTRACT

Method and apparatus for making tubes from flexible
textile sheets by which a sheet is helically wound
around two or more non-rotatable support bars. Feed
rollers contacting two or more helical convolutions
wind the sheet so that adjacent helical convolutions
overlap and also maintain the tube upstream of the feed
rollers in tension to progress the tube axially along the
support bars. As the sheet is wound into helical form,
successive helical convolutions are sewn together to
form a continuous tube.
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@ A method of forming a body, e.g. a dike body, a tubular body designed therefor, and a method of
manufacturing such a tubular body.

@& This invention relates to a method for the for-
ming of a body consisting substantially of loose or
lightly cohesive material, such as sand, for example

until the desired extent of filing is achieved,
whereafter the pumping is stopped and the supply
connection is if necessary closed.

the core of a dike, a quay, a bank reinforcement, a
jetty or a breakwater.
The invention has for its aim so to prepare such
a body that this preparation can take place at a fairly
low cost. Further, the invention aims to provide a
method in which the form of the prepared body is
stable.
A further aim of the invention is the provision of
a method with the help of which a body can be
formed very quickly.
Finally the invention aims to offer a method
N which makes possible a wide freedom of choice in
Lihe form of the body concerned, particularly in re-
w=Spect of its diameter, length and place of the filling
Winlet.
©  Thereto the invention provides in general a
I~ method which has the characteristic that a tube body
€O (1) of a fabric that is permeable to water and im-
permeable to the material is provided, said tube
@ body (1) possessing a supply inlet (43), a mixture of
the material and water is provided, that mixture is
L Pumped into the tube body through the supply inlet
(43), and these such that the tube body (1) gradually
fills up with the material and the water is discharged

Xerox Copy Centre
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AE2E 20£2°C
AEEE 65+5% (MIE )
QIEkE 20::5%/min
Al = 20em(E=ET AlEHO| 7HEARl= EEOA lem Ol EH7|1 HEh
AlE 2 MElY BILE Soff 275t 2| 9_%% AR0ls 32 &

(Bh, 2H¥ZojAel OjTe{Fo| 3L}, HAMO| 3 Z| HIfdt A= X))
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) #FE=AE

YUl o7 EEAMG EHO B3 64 Higow AEIT EEANG FH Y= ¢tdo] g
3, hES WA HYE ERARY QAR Aol FUktE AAERD ol EFAS =
Aol BRAEAES FHlEtATh (21 2210049 B3 g9 e ey 5%, 18 53,
HH BHOE F 37HA FHE TEFY o4 AEE APE TS

B A= 4 APEY o RS, A8, dd FeE FHH o2 #EAsAY. EEL S
FE B3 AHeEE B8t 54 wet BFEAEE & AolE UYEERE Y3 28t
N@at7] 918t E@AE 4000DE A& oM, BdAke] AldS o [ 2.2.8]9F 2k

7182AQ] B ES] AF-2 1SO 103189 A3} oot Ed(seam)S BH T2 AE, B
718 ol EEAR I AFY E Bv I oY BEE 24ES 9dY9 2EHAR AFT F
o, B3 AE(Tewms & T I o9 AEES] ddso JAHE HEF2e Ad 134
SkNm)©li, B BE(Eem) S LI WFolA SBE A5 A= g BFEE (%)l

£

[H. 22.8] 2SHAF ® <

ITEM UNIT 4000D
Linear Density dtex 4450.1
Coefficient of variation of fineness CV% 0.28
Breaking Strength N 369.7

Broken Tenacity cN/dt 8.31

Coefficient of variation of Tenacity CV% 1.1
Breaking Elongation % 11.7
Coefficient of variation of Elongation CV% 3.54

Number of Intermingle n/m 5

Number of Twisting n/m -

Grade - AA
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THIZE 7ok dn k= e %178' E= 0175‘3%_\3_% g da e FETe B FY
A2 ol &3t AR Tl Lozl -
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[H. 2.2.10] 2t SSTHTT| Al i

Ay By S|SBy
ARy
e
ASTM D 4751-91 ISO 12956 KS F 2126
ArgrE R = =
2 X O EEA‘lO
=|CH 2.0mm (Sieve No.10) 2.0mm o___t( e
o 3
0.075mm
XA ) 0.02mm dio<Oy/4
(Sieve No.200)
PIL—ES a™ele 50Hz 741X %4 (10+lem
A42/0]) 30£1%
=8 1CycleZ 510
U= TEUS 1~3mm 2000CycleO| &+ Al
EESAZE 102 I5E(Hget 22Ah 24| 2k
A= 50g 740.1kg/m’ 0.7+0.3g/cm’
Al237] 200m =4 130mm 24 0|4t 100mm =4 O|At
A2 57} 374 -
o IHIY| A5, Oss o dor, dos, d
R b 9
-rr ° (Apparent Opening Size) ” o T T
5% Sat HEE0 90% +X E3t dn: n% =X £}
J\E} st weElftEe HEE0 Hot= S0 HEot=
Jre EHpER] ERIEER]
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EES HFAFe 42184 7]%5- Drain, Waterproof membrane, Solid filter, Liquid filter®] 7]

o wala Aol st 540 ofs) JFe wor), S8 AW FHeee] 4Po] Fad)

. ole@ Fesha Aol @ AgsHe] 9P PA WPos 1 $e] JPo| Fas

th s ABel E Y] FFL AFH WHOE I WS BHNT i ojEle

Mol itk AT AP EBYFO B QLR A Aole] Fe F/MAIH o2 3

At LAY T4 ZE HH, oleld Be AeHE PHF ALY ERYAIME
)

ATNNE EBHF FH A A g BEAA AFE BEshy] 913 PET, PP, BYE
2zt o s ARS SR £ AGeIAE AETH o8 daHgon, £15
B2 E5LARS B9 2 ARe BASE sk
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(a) T84 (b) =24
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6. AlEZ} U 24

1) & EEAR] A9F
E Ao Aled ERdf= Zoolay AR FHxol BEgx gy Zzzdd Ao
= 379 Asolth EEAF AAUEE 170~185kN/mo| ™, 33 Al A& 13~14%

A
o

ofgl [ 2.2.11]1¢F [28 221512 AHEH EEHF T/ A= EXAolth

[H 22.11] AF8E ESHR 5F A A¥ZE
E24Q 38 S % g AFZERNM) | M B9
HZREFSHQ|AD 168.61 13.70
= A
o = 22| 0f £ Ff
(Polyester)
ZHISHZAAD 176.10 14.36
HREISHQ|AD 177.51 12.93
S Z2(0AH
(BRI ZZ+X| 3T (Polyester)
ZFHISHZAAD 185.48 13.78
HZREFSHQ|AD 162.48 12.90
Za|m 2oy
x| ;‘_r'; 2 Eal—EE —
(Polypropylene)
ZFHISHZAAD 184.55 13.01
w0
EY E' £ 0]
£ R £ o
§ 5 2 o
' A.::lal Stre‘l‘n at Te:slle S;:ngm (%) - Axial Stram at Tensile Strength (%) ) s . ,a:|a| Stn:n at ‘]'E:gdg 5|:ng1h l":'.‘ g g
(a) 2 1(Polyester)| R=3t (b) E&HE(Composite)2| F23¢ (c) &3 2(Polypropylene)2|
JRYE £ ABLE £ 23 AYYE 54

07 2215 AFRE EE2490| JFUE SN
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6M S L = (kN/m) 235 g
£24% E S|
23 + . (%)
S T 13 23| 33| oA
1 & 142.3 | 1337 | 146.7 | 140.9 80.02
LHH|S 2 4 1479 | 1576 | 91.3 | 1322 82.26
3 157.5 | 146.7 | 138.1 | 147.8 83.91
14 142.5 | 156.5 | 149.5 | 149.5 84.88
ESpr| Polyester AE=E 2 4 152.5 | 158.1 | 158.1 | 156.2 88.72
34 120.0 | 118.8 | 112.7 | 117.1 66.54
1 & 643 | 66.8 | 65.1 65.4 37.12
HHd 2 & 140.9 | 1323 | 173.3 | 148.8 84.52
34 1433 | 133.6 | 126.1 | 1343 76.29
1 & 148.1 | 127.0 | 131.4 | 1355 70.36
LiH|H 2 & 1147 | 1353 | 131.4 | 127.1 72.05
3¢ 1643 | 178.6 | 178.1 | 173.7 93.64
1 & 129.0 | 127.6 | 131.5 | 1294 69.75
=3iE
) Polyester A= 2 133.1 | 1448 | 1154 | 131.1 70.70
(Composite)
34 150.6 | 143.6 | 127.6 | 140.6 75.81
14 109.2 | 1124 | 1222 | 114.6 61.80
oA 2 4 179.6 | 178.5 | 166.8 | 174.9 94.32
34 141.8 | 1345 | 1374 | 1379 74.36
1 & 1083 | 91.0 | 669 | 88.7 48.07
X x2 Polypropylene LiH| 2 & 108.2 | 1284 | 174.7 | 137.1 74.30
3 173.9 | 160.5 | 1679 | 1674 90.72

# 07N, 3 D= o SES 205t
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2l 2.2.24 E X (Polypropylene) LIH|E 2%t Z T
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Aol Z o 2EQl AE(1)e BFEELS 64 FEe D)o wet vHE 80.02~83.26%, J
2 84.88~66.54%, HWHHF 2 37.12~76.29%= VEFGTE UHE ] SFFEI JHol ) HHE &
R &) F ACE Yeigorm, UH|YP e Feo= 6 7Y ol HlEste] BdEE0]
F7leke AR Uegth J37 Ay 7Y Afode 6 Fel 19994 2dE St o

THEEo] TUFeRL 3R TR fashs ASE UERTh 6 el 299 B BHY
TREEC] PR A YERT
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69.75~75.81%, BHE 61.80~74.36%% LEFTE Unld 3} 3o 64 %Jr«l ol vl g5t %
g o] IV, HAFL A= 649 B 4 28 wi7kA = S 38 A= A
3= Aoz Uehytth 64 B 471 2d°< HHE Heto|a Hitago] M IA4 vkt
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FETYHIT|
(KS K ISO 12956 : 2011) : wm
A2 PET PP COMPOSITE
=T (Z2|0|AE|2) (Za|zmzTa) (2etm)
177cm? 309 381 132
FETYHIT|
(ASTM D 4751 : 2012) : um
A2 PET PP COMPOSITE
= (B2lo282) (Ba|zz ) (=)
177cm? 315 472 145

- E=dw 3R : PET(E2[0AHE)
Sl ASTM D 4751 : 2012
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Al@gtE . ASTM D 4751 : 2012

_73_



SEE (%)

ETE(%)

EAE(%)

specimen 1

specimen 2

a0 | | T 30 ‘
i — -
| ‘L
20 i an b——— = 1T
| £
% 1 3
| 5
].I:I | \ I :] l{'j L Ll _..i.
B R A LN | |} 1
il A | |
0 . ' 0 L
0.010 Q. 100 1.000 0.010 0.100
LA {mm) 8| %327 imm})
25 specimen 3 - 50 specimen 4 .
| L) [ []]]
20 | —H 20 F——11+ —T 1117t
) el 2 | | |
! 1T = T
i i
10— ——1- - E il |
10 -
Al |
il T T
0 : 0 :
0,010 0,100 1.000
SIAFA | [mm) S ﬂﬂcl}gg:?mm}
30 spacnl'nanﬁ
1
20 - \ -
| |
10 {
&. I
|
i B 1 ¥ g
|
0 ' e
D.010 0.100 1.000
222 (mm}
02 2227 AEEHES 013 D21 Composite(23HIE)Q| QU 2z M

_74_

1.000



[H. 22.14] E2MG0| £

|72

A EL+AH£(KS K ISO 115058 : 2011, ™H=

: cm/s

5% 0|(mm)

PET(ZZ|0|2H 2)

PP(Z2|Z 2T

COMPOSITE(Z3}H

i)

50

8.1x10 3

1.1x10° !

5.4%10 2

SEELAR(ASTM D

4491

1999, M5

) : omlfs

=% 0|(mm)

PET(ZZ|0|~H 2)

PP(E2|Z 2 Ta)

COMPOSITE(£23} 2

)

50

8.5x10 3

1.1x10° !

5.8 X102

[®. 22.15] ESHRL +HEFA >
$HEAHA(KS K 1SO 12958 : 2011) : ni/s
Jtereta . =741 - 20kPa, Z742 - 100kPa, =743 - 200kPa
2 = PET(Z2|0 AH|2) PP(E2|ZT 2T COMPOSITE(23}1z)
Z=A41 - MD 4.6x107° 7.5x107° 6.3x10°°
=71 - CD 3.4x107° 6.0<10"° 5.0%x107°
=12 - MD 2.9%107° 3.3x107° 2.7x107°
=2 - CD 1.9x107° 2.8x10°° 2.0x107°
Z=13 - MD 2.2x107° 0.6x10"° 2.1x10°°
=3 - CD 1.6x107° 0.6<10"° 1.6x10°°
SHEAHL(ASTM D 4716 : 2008) : mifs
7totored . =71 - 20kPa, =742 - 100kPa, =743 - 200kPa
e PET(Z2|0f AE|2) PP(E2|Z=Ta) COMPOSITE(23}1z)
=71 - MD 4.5%107° 7.5x107° 6.2x10"°
=1 - cD 3.3x10°° 6.0<10"° 4.8x107°
=2 - MD 2.8x10°° 3.3x10°° 2.5x10°°
=2 - CD 1.8x107° 2.8x10°° 1.9%107°
Z43 - MD 2.1x107° 0.7x10°° 2.0x107°
=43 - CD 1.4x107° 0.5x10"° 1.5x107°
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(2 €4 ERAT FE 23X AZ

AY NIAERE FAE ASEHEY 24 9 <
T2 Ak (18 2.3.2]3 [1¥ 23318 TR AHo| Jhsdt=
ExS] AR} AAAKS YeEl I ok (29 23213 [1F 23310 YERA uie} 2o,
F AFEZRE a4 QESEAR FE A ANETE QTAHE MFER, @yl
AIFEEZ, OEY, @Ed3, QESEF FE, @THUAE AAZ 745, AR AL
[1% 2.3.4]3 2.

8 WA BE FAE 2P Yol s
=
-

THEE TAHAE WidEXNAM E0HA, Ado|FHEZE Tl Bl AR} BEATHEXRR
olFEo EEHR FH 7§ Aderxs Ad SAFHAY, BT EEXRE AAA A djtew
BT 7B Ae ANEexE A4 H¥ £40] JhssteE AFsian. =3, ERdT FE
s AdTrzdA dRHe FAE B 22 S9AE fiHs e AFsESE o

(13 235]2 AUE ANdEZ] A& HAgolH, [11 23.6] FAEE HH%LEZOHH TAHE Ol

$2 9% DYl LY} EAFFES NBIES EAS Zlolth. BZo] o3 048 FHE
EABREZ 4% MBe F EASIEZE FAE F A¥ 9B B0l A dese 25
AR FHE FUEAL 4RABE FOD SRNBe o 26 5

o 2 4y ERNF FHE ¥
Sk 2, (18 23704 Y FHE MFEZ A o) %

ZEHo] MR EE = olsdd &
AEHEX ESFE e gRlo= mhEal, sk vl MBE o] &3ste FEE A3 F4
E7t BAREH EXE o|FHol ERAF FHE FHd o AA SAHAY HZ Tistel o8
ERAST FEE AR F4Ho] 7S stk =3 BRelole dE3 ol e Sl Al
ta} AAE AR A s

710 71&7k uiel o], B AFollA A& Aud NIEXE ERARF FE SHHA &
g Aol 7Hssttt. &% olgd BExE 8 IS AFE 2 AN dFE T S48 W
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(3) F4 N4dEIFH A2}

FAEF FH UM 8 HHHE A4 2 548 vetaby] 98 (1" 23913 2] 7E

o ERAF AHEY A5 il FHO HIEAA(FA =0.8mm, PVC=Poly-Vinyl Chloride)E ©]-8-3}
E2YFEE AZSAT o] AL Tl vEAE 58 FE B 159 A F

HYRgHFHe =7+ [29. 23.10]19 HIEREFE wawo Yehd AXH Z+z 27H(D)
0.5m, 0.7m, Z2°](L) 4.0m= AZ3ATE HIDEFFH Wo] 2zt AHolA FHHFPGS B35t 9
3l Case-1 (D=0.5m) 0.5m FAo =2 7719 E5AE BHIEEPFFHE FH F2319 a1, Case-2
(D=0.7m)= HILYEYPFEI} AXEd Ex vlgo] 0.75m (FAS=E 57019 &4 - ajx At
w3l AR T FAHEY A B = AT wigE dd FATY viETE A4 2.0me}
15m HAo = wixslth 243 5 AR e 2 EIFH FAEE EolsH =E [11F

23.81% o] 47 b Fd9 AE Fde A8

N,
ftlo
£

= _ﬁ

>,
ruO
i
=

¢

ofj
)
>,
ol
oX,
i
Ir
IR A )

e 2 o oo

kor
N

T(Crater) ¥ 8184 & (Hydraulic jumping)ol] &3+ FHES] S4HE
AFANA ZA AR wHo T

Delivery Hose o\ +Delivery Hose
| | (D1=50mm)
i

(D1=50mm) JI

PvC

PVC .
Trans_parent Film,

Transparent Filmﬁ

=Z | 2=
~+—— Straight-Type =X | X =
SlUrgy  (©:=40mm) =7 | | ©O=t0mm)| | FE
AAAAAL] - 120mm =
(a) Case-1 (FAIHSIY FRUEE) (b) Case2 (=EHUF-TH FUZE)
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[E. 231] FHEQ| E2[8 &4

7 g i
RF IS 2H] (W, %) 2865
TES Gy 2.570
HMBLA|(LL, %) NP
AM|SPL, %) NP
00H =012 (%) 169
£ UE=(USCS) >

(h) HIITHEAI

(8 A=A
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(6) ANEEAH L 4

- ALGA ) B NEEFFE U AHE HHFY

EEFE W 4 AHE HAPLE dEs] #8274 0.5me} 0.7m 27}

E TAHE 4 HAAEE FdEAT AF T AEY AR R EYFE

S Case-1 (D=0.5m)2 T2 I-type TUEE, Case2 (D=0.7m)= TH
zapa 23

z]
-type FTUEES A4 A&t HAIY 23E vlasitt AE 2ye (29 23.13,

[E. 232] 2 B2l &3 HIZRIRE AF2H L(type)

XA 1 2(F) 3 4 5 6 7
Zb X|™O| =T 72|(cm) 50 100 150 200 250 300 350
1EHA| 38.1 35.2 33.6 324 31.1 31.7 31.3
2| 39.4 35.7 359 332 315 314 31.9
3EHA| 40.8 38.4 359 34.0 3245 314 31.8
ATHA| 473 40.9 42.8 37.0 32.7 322 33.4
HTFAA L(em) SEHA| 50.6 46.4 46.1 375 33.7 33.1 33.0
6EHA| 51.8 48.6 47.1 372 349 32.8 324
TERA| 55.5 52.0 50.7 47.7 474 47.8 49.5
8EHA| 56.8 54.3 59.8 573 54.8 529 54.8
9EHA 60.7 49.1 58.5 62.5 58.9 533 56.3
90
80
70
s
L 60
£
2 s0
(]
-
2 40
<
g 30
4
2{ 20 —O— 1st Phase —4A— 2nd Phase —&— 3rd Phase
---@--- 4th Phase ---&---5th Phase ---&-- 6th Phase
10 ---X---7th Phase -—A-- 8th Phase ---=&--9th Phase
0
0 50 100 150 200 250 300 350 400

Distance (cm)

1% 2303 24 FYUEAO| £ HURHES AFAHU(-ype)
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(& 233] 2 FYTHo] £8 HYEHES $X150[(% T-type)

xH 1 2 3(F¢) 4 5
Zt X|™9o| =" 2|(cm) 50 125 200 275 350
1EHA| 4.4 4.5 5.0 4.5 4.0
2EHA| 5.3 7.5 74 7.9 6.0
HEED(em)
3EHA| 6.4 83 8.0 8.5 6.5
4CHA| 19.5 19.5 20.0 19.6 18.0
40
35 —&— 1st Phase —#&— 2nd Phase
0 —&— 3rd Phase —x— 4th Phase
T 25 |n|e@
o
£ 2
‘©
T
o 15
jo]
>
|_
10
0
0 50 125 200 275 350 400
Distance (cm)
07 2314 2 FYEH|O] B HLRHEEE $E/£0/(% T-type)

(a) I-type
gl 2315 2

o Type 79 A HILwY
9 A% 27 G} wlS
A F uld 3
2 7 =5



Ry Age FaEA A MY JPoR FHEdo] FYUT B2 AHHT i gl HAs o]
24 Egn 37b) Ae sow uehgth dudow ¢ vz Al w4 34w
A AF Rolt WA FASA FAG 59 Ee YT S BaSUA 55 o) A
we HA3 A 4F olBH L At

Horirontal axis (cm)
(@) FYT 22 OEEEEE S-S,
a8 2316 = A Hi SHAOML| HIE BHRE AHSHEY

- EYPFE Y AFE HRIAGHAE X

Case2 (D=0.7m)9] Aol HITHA AN 2 vid F ZFFE 2 AH A ELEARS] HIQIA
HA71E FH AdoA FAggo s B9l 9 3|t EAHS sl WAAREECHE
Attt 2AARE (19 23.17)8 Z2o] 2HEV} BRI
= 0.83~424kNm’E UER L, APEY} Exses FB Z
1.14kN/m* 2] ®3Z7} Yehyict
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k JIN'

No2~Nod AHeo| ARE &
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i
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3.00 +

2.00 -

o 21 Th Y E (kN/m?)

1.00 +

0.00

0 1 2 3 4
LR EMo.)

A
(=41

13 2317 BEEE | XHY HoHHRE 2X
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2. X|M(Geo-Cell) &
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2 AHAE

= A5E AThE WFAA 2AFHTE Alzolt AH8E SAE A8 EF
2tk FAE ABE HF0] 269, 2004 380 25.0%0)H, AARFE=
AEZ nyo sdsE= SMOZ2 EFEATH

[E. 234] EHE°| EH £

Properties Quantity
Specific gravity, G 2.69
Percentage Passing #200 Sieve (%) 25.0
Plasticity Index N.P
Max. Dry unit weight, 7, (kN/m®) 16.7
Optimum moisture content, w,,, (%) 17.0
US.CS SM
100 ‘
D,, = 0.043mm
%0 D,,=0.080mm | |
80 D,,=0.119mm ||
\ 60

50
40

30 \
20 \
10 \

10t 100 101 102 103

Percent passing

Opening size

12l 23.18 EAEQ| QEETIN
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Sensor Line Vent

|
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o
@
8
3

*LC - Load Cell

(c)
gl 2321 XA A

A= Y Aol 34

TR 1 2.3.23
o= Azt gy wHlE
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B dFEge] AP HHaoth FYF WA o8 9F olad FH UFe] HAIE S
Hr 53 T8 Y WS BEAR $HEHSE 58S A S7MA7IA Ak [2F 2.3.24]0014
Ay olmd FH FY A 5% AH A FUEA AW o) HHAAH] YERLT] Al
A&AR0 FY o3l HAHAE FsE oF 80 AH Aol Hdl HHIE VERf L

"
o
o
w
[\)
D
rlo
14
i
o
>
o2
A
o
o
N
N
)
>
[
oflt
©
fu
i)
i
(T
=
z
-3
>
A
ol
i,
l
)
o
v
B
N

o

l'ﬂ -{O{l
—LrOr' h

S

o Mz

N
I
I

9 FFUY 18kPa BT} oF 2.18kPav}t ZVHE A HAH E
B e AXE LC-3+ 17.80kPaz 27] FUUHo

PR
flo
I
N
X
o
1%
Y
s
~J
(e}
S
X
1o
£
ox
oy
fuj
L
o
ot
o
IM
i)
4

l

2

BH Z7h0

N FAFFUIG FAT JEIE Uehia 9lv] dEolth @9 UF o}FY R Ju LC4E
FE R gastel 13.58kPa AEE AASE A FUT FA AP obAY K o
A9 EFo] FHHUA FETE T MESES] Z719 wjSwe] UNT ERHFE 5O
Wiseel o3l EEAE ) WS Utk AF FY Ax 27) FY AEd 99 ofaY Fu

_94_



T

T

A

of mx

T

=]

12) 27171 ol2oix@dA U8 ojad Fu

A

olmd EH R HHH me]

2}
O
ig
=
~
iy

4!

o— (LC-1)
——i(Lc-2)|
—— (LC-3)
7— (LC-4)

Final [}

Unit - mm

Final Filling

Nad
No.d

PSS

Dewalanng

No#
Nod
Initial Filling

NoTl L.
NoTi L

Time(min)

No§

No§
30
25

No5
No.b

(edi)oinsseid el

Nod
No4

(a) I-type E|
(b) & T-type E|

Dewalenng

| JNo3
(L No3d

No.2
No:2

No.1

Infilling

No.1

2 2324 Q) DEO| M2 K| Q4 (Geo-Cell) LS &

Dewatenng

100 150 200

Time(min)

50

30

° s
(wohyBieH |log

gl 2326 O3 E

H
IH

=

Kr

gl 2325 of3 2 BH E|

N
N
il
K

I
B

o}

Jol B 24 g

#EH 2%)2 UH o Ul

el 9]

_95_

o

2]

AYZ



AlgE Aot 249 FE 24 Wie oY #ste Ox7] 7 Ale stdolA Hi 20.18kPa

o]l Tl A 18.94kPa, Tl 17.89kPa, “dEoll A= 13.58kPac|tt. ¥F ofad FH 3%

ojgtol = FU ol o7 IFe A WA FAFoE HF ofmaE FH WiRe HHSO
7HE A el A ol

Zafi ot @797 MEE B 99 ofag Ry ¥
| s

o 1 4

ok
H
AT FY A 9F ofa¥ FH ShEe 10.80kPaz ZAdh

==
[1¥ 232812 AHS T3l LAY
=7

m >
&
o
N
(U8]
2
>
>
3
r>~
rlo
N
o
5
T
™
u
ox
ftlo
A
)
>
A\
oxl
o, o
ol
T,
=
(@)
e
B
2
)
flo
N
M
o

oz
ox,
=2
ry
o
o
i

olN
~
i
rid
>,
L
o
=
2
k]
Ir
ox
of»
i
N
rH
zd
iy
o
lo
ofy
>
o

S '?":]_30:] o}a
BEI AT AAATEH A TS A mEkA, w7 AdH
=

|z
ofy
ol
=

o Iy ot
=
=
N

2o] ztashA MEA ] HE &x

jus)
==

B

O Initial Filling
< Flnal Fllling
& Final Dewatering
Vv Self Welght Strass

25— 0O |Initial Filling
O Final Filling
4 Final Dewatering

20-| v Self Weight Stress

LC4

Pressure(kPa)

LC-3

LG~

e R

0 50 100 150 20,0 25,0 30,0
Soll Helght(cm) . .
LG

J2 2327 O}32 EE LY 2t 9k|w o J2l 2328 0j32 EB oraEQ

L=

A FUH X (Leaving) & AXHA 4y o}
38 FH Ure HHuE 27 FYA-AF F0-AF Bl o8 B0k SUkE
5

AR B AFETE 53

_96_



i,
2
olo
J8

T

& N

Lot 2 12 o

il
Y
% 0
T

119

3

N

o

i

o

N o

o 1o

il

4

([

2

1

il 1o

3
i

>

(28 23291904 (a)= Jol 54

S
A
>~

xo

0o N
hind

l

N

hins

A

v

o

o

ol

=
[
o
o 4
e
r
o
4
e
it
=
5
2

%
oy
N
of
O
ofy
o
o|N
N
-
i)
k]

U

S
e
rlr
A
o\
=
>
L
X
=2
>
=i
z
g
>

Ir
rO

il e

4
o
olo
%

H
N
~
v
il
z
ojf
o
oy
oy

of m N
[
-

I
i‘_l"
il
ol ol
oX,
ob
W
A 50

N
N
A
o2
ﬁ
B
ofN
N
A
L)
o
)
o

4n o
z

of

ol

e
2

R

o
lo
o|\
N}
2
R=)
AC)
(o
o2t
S
H

2
oo =
LU )

N
X

g 4y 5o
=2
;9‘
rjg
ol
K<)
[
e
=
(T
=
4
lo
tm
o
i
i

% fr
— ol\
N
i,
(g
>,
=z
-
2
o
m
-

of
ot
=

¢ §

T |
r./\'\\\.\’,é-"'f"% / ;___}-. ' _a—-'.i'“—.. e -~
SYE | g Vg ) a

[t =:.-f':-:'-.-l: 4 [ J

— ! ] ) |
(1] S—] | B — el 1 |
i:-"*a | a'l.' -:I i iy |
I|I..-""l-;--:"- ; | ' A ....""\-.III ‘:_. : | ..f. -: |
.II‘V;‘}- T | i cdi RI X ¢ r - L1 ’ I = 5 1
/ .,-" I.' | | II £ { ] | 3 I

iy N II'I I| | .I '.I. \ b i i § |

N AR5 e
(a] ib) ic] (d)
(@) ZIFYEA () HBFYEA OHBUHSEA (@ ARTE Al 25 H8

|
o
o
w
N
0

29 2y F2 RENS HSY Rz

_97_

ol
L
X

lo
of

o,

.ﬂ

4
8 [ o2 om

»
olo

r £ % o¥ go [z

> o oo
1 gy I

==



(2 ANE ESHF FH A%

Aol AMgE EEN = ZE =2 (PP) AW, T/ 2.0mm, 2182 5~28%2] =AHAF
A EEAfoIth AlEES Hdl AR ERARF FEE (I 233019 2ol ﬂ1 3 *‘%4”594 A
71(BXLxH=3.5mx5.0mx1.5m)E &3} 23 (D)S 1.0m, Zol(L)= 40m=Z ZE&3Ach FUF
A AN FAT WA AEEHE BlE&(FE E9oA FHT7HA 74ﬂ DY
45m : 7.5m = : 1.67) Hst FE EdoA FUT7HA A= 1.5m, YT Adl=
2.5m= Hﬁil‘é‘}‘}iq.

e R T~

7/ N

/ EE/\% O =-dgd \ =

. /| OTT R // HH E?‘

~ - >
No.1 No.2 No.3 No.4 No.5
~— 1.25m —F— 1.25m —F0.75m—0.75m—
- 4.0m -
T2 2330 ALY E2MQ EH HiXE

AUy BEEAHR 5RO ARAAHL (17 233113 2ol EEAHRFE A¥H =7](DxL=1.0mx

H ez FAshr] o) ddEwe sty il BeHE Ao de
ANA AgHE BT 5L 64 BEe T FE B Fol FE

=
Y nie R o Bl olf4e i, #& AAE ol§dfe] 2302 UER F ERHA

_98_



@@ 72 ME

(3 2E#UACIA F& 7 weAs AE
ESAR FE R FAEY 4t 58 A4F T FEHE B A=
ﬂ1°17ﬂ°17<l-<ﬂ T WA= %’4611 [131 2332]8 Ze ~E X

Noooff m

12

o

il

45
oz

E

éEEﬂC’Jﬁ] 1 AE FE w9l sty uAsidon, [

[\]

(9'9)

e

Gl
i
ot o
rlo =

oL

4> ¥

RrTR I S o L

Ko
r?£
401'

o) _IINI
N
iy
rg
-
g
i
>
_>.:
Ml
oM
(i
w2
T 5
H
%
w3l
jg
o 1
&
T
il
>
*
R
0]
=
H
=
&
M,
S
N
i
N
&

trElo]Zo|t). o] Hojz= iEEﬂ?lﬂ]olXH 1258 Q1 RS E 3tn, VM-TAPE:= 733 A 3=
SB-TAPES] |7 &7dol thulsty] 913 W 9 BSE|o|Z 2 A 2EFIAIOIA Y tidt 24 B

EfIACIA W e T3 2, 244

32(h)]9’]' 71—0] ?_];8'7_5]-%0“ ]j]SH oo]:i{g]_;ﬂ 13_%’5‘]—

>
)
b
=)
o
ko
[
NE
o
&
i )
u&E ol
1 ¥

BRG] 2Red QAAS A8 2sdAAolxe B et 2

b 2EAAACNAZL RHD R o]2d AA

@ 2EAUAANAZ} R £ Yt AP D/NE ERHF o AALPoE IU of 1)
E2459 AYFOR AP Pulo] AXH=E Bk

@ AP Fo FREZA JAAES 123 AAY 9o 12 =TI

_99_



d719F o] SREZ XA HAAE uNAR AMSS] EEAFO 2EJACINE BT A9
o= H2AZE dAola AFAo] Torug AASH AIqse AdHo] Frh =3I EFAH
LA Setes = o3 IS WAE F Qo] ] T2 EE, &4 ESAT FEY AF
s EHFoE ERHFL MPFES AT T+ Ut

(a) EENZ| H2(ZHEEA) (b) EHXZ| = (LY=E|O|Z SB-TAPE)

A R

o
IR 7ot e

(f) 2X} B HE3S(VM-TAPE)

(h) AEE]QIAO|X] HHSRL Bl

12 2332 AEHQHO|X| W MEAIE

- 100 -



() 2EQIAOIX| ER BZ2%} @) Sz

a8 2333 AEYQAOIX| RAIFY

(4) A

FAEES 283 Add EZHNGF FE R AYLS (19 2334]7 22 £A4AZ FE/[G H
A (23 2.3.35]4 BAE9 22 Ay AlPex Wl Azkd ERAS FEoF 4 54 AXE
A3 T =3 Ad AxE FAEES fgERNA gl A% FAE] 4] Hl 300
~1000% &0 AT T FAHE WFERE o|&3ste] wieidth wityEE FAHAEE 7kSH
HZE 0151—}04 g Adez Ui wixE ESAS FHRA Fdstaon, e FE
YHoA #53 EF EEE Al I T-typed] FYEES F-E&3tAuth

AL 7IsHEgel sl Fre] o)X A 50%/HA SR OH, FEO AFE FUs}]
8l AR 2 BATIZE B9 FHO| E o] WIE oo SASAT =3, tiETHe] &

A
wol Wi & ~EUQIACIAE o] gate] 2 AHolx W B
7 Aol WA EQAE ol gatel AeA Y D WA F
ARoIA Agate 339 B AokE BEE SASAT

ZA39 . FEB Y& nlge)
A3t GdANA FE R Zt

r& mlm

- 101 -



@@ T =T AHAK| (b) FE H{X|

(h) A=A

2 EHAIY EXt

- 102 -



e E

— 1 [l
¥
EAES
=fE
e W S
eSS 2.5m ey AE ‘
— Fony A
I ¥ 2) . db . o
1.2 P -
|m ey  CEEHEEE ] e f7] { E=xg Be Y s ]
o DP0ISHI ; ) T -
| 2.0m | I 5.0m I
| 3.0m |

1 2335 ATjE 249 52 EXAY FX 24

FiEs
Load Call
Woodan Box | }
—
- L )]
Theoretical Orientation Actual Orientation N
€
€ T Y=\ /
Sirain gavge (SG) CR Adhesive Lead Ling — s | P
. V.M. Tepe A N i - 2 I el
-1 Coating o ", £y L - Load Cal
e Y ;
/ xS S Hy . . Lead Ling
- N\, /"’ e e * Load Call
RA o SR X * 1 \ sG3 h. w3 A 1
A Geotextil T TR B
CR Aghesive wlliolld

T
» : Strain gauge

(a) 2E A OX] M&F EX = (b) 2EZQAAOIX| 2{X[= (© EA X

Data Logger

Switch box

Height & width measurernent locations

} W : Load Cell (LC) , 7, " O |—.
O :Strai p K T
O :Strain gauge (SG) :!_/:Y 4 T "
i = 3 5 |  EEEETE | m e o e e e e e I
1.5m SG-1 $G-2 — |
2 - ol e | Desktop PC
/ 1] Inl il ) I
Drain ',-'-\ Y " il /l/ !
Vo - - | 5 - = | = | - m |
LC-1 lc2 Lc3 B |
-0.5m-——— 1.25m ———— 1.26m ——0.75m — 0.75m —-0.5m~ Load Cells \
- 4.0m - \

T o T o 4

d) AS7] ?IX= (e) HIOJH AH|O|H

a8 2336 A7 2% 8 /K=

- 103 -

F



6) NEds 2 24

- Al F AR E2H 54

o
_iid 12
olNl
o
>
il
i
:Bé
e
ok
£
il
ox
>
o
o
4
02=(1
ol
£
O
X
ot [z
[\®]
(98]
w O
!
)

X m“

>
ol

(A2
Lo
oz
ok
e
ofj
2
X
a)
Lo

i
e
e
W
N
L
' o2
b
A

R

[o i

o
=&
o
ol
rl
N

lo _YE 2
L
X T

Q
o
=l

A FAE #00HA THL 25%0 Hit
S
=

f
M

(No.l)oﬂ/‘ﬂf A T-typed] FUEE o3l AlHe FHEI} SHFeR 3
J% T2 2ol vl #00MA] o] F713HS Fold 5 QUiTh
V\‘] ALE v dAEY 2 (type)oll &g FUF

+ 23 dH(Crater) ¥ AEHOE A Al 23
"L(Hydrauhc jumping)= WAel= WHE E&dk=H 8¢ A

1 A%L = T-type Tﬁér% EHE/} FH Rl #53H

o oE
Qe
)
o
)
lo
fu
rE
_o|g
£ rﬁL mﬁ
o?i

fo o
2
A\
o
o
=il
ol
ok
r&i

o]

= rr

L R S S A
>

g L Lo |1
o
E=
i)
X
re
2 2 2
o Hr

o
=2
X
ul
i
(z
1o

24N

w Moo

ftl mlm

dot iy EO

S e
4»

o 32
2
o .
3!
X
1A
—
=2
lo
e
N
m>~
P
ko
>
rﬂ\[_‘
o
.
Ao
et
4»
32

50 50

—&— llpper Layer
Q- Bottom Layer

40 A

Muoisture Content (%)

Percent Passing #200 Sieve (%)

10 A 10
—&— Upper Layer
-0---- Bottom Layer

1 2 3 4 5 1 2 3 4

Measure Points/Location Measure Points/Location

O

N
>

X

I
5
=
=}
=

fm
I}
o
AL
H

(b) Z X[HE =l 22

2 2337 A|E & SRR E2|8 EM

L AYE E2E4 FRo 24Y A% % W¥RE
H.
[

Ruol Ag @ X7 B FUe S HAAH UE 249 AT Bk sl 4w
A Ag D WSS SRS, o 203b] WA FY FHO| o] @ EL AZse] 24
o

RH EUE AWENo2, Nod) 234 AL Ssta (17 233804 Fo FEAY 9
¥ HAS EAGAG TUNA HE A4S B2 AT IR Tl NoddRe 2] Uy
AR YA AR HRE WAIAE dos AFHsE A WASe] No2AHRT F

%‘1

- 104 -



Eol7F Al vehtal ddk o]

| —
|

A A TPHAAEA S E (Back

water) §FO R HH EAL WHE EAH=Y HAHIE IvEAT RHED dFoE HAIE
RWNAE aHo] No2AH Rt HF FE Fol7k 2 Yehdar vk whebd, o Type FUE
B0 ke 8olstAl stal glo] AHcE FHAHOEREH ¥ No2AHe AT MDAt
HX] & QA3 T A oA FH o7l ZHASte AL AdFoE 23 BEA} §AEID FHOFE
T BAPE AEH R AL Qles & 7 Sl

[13 23390)]E No2(FYTlM #HZo2 125m)¢t Nod(FUToNA $Z22 0.75m)AH

A e A SAHY FEECS deHIE

9
al

g
derln gow, HF ALBANA FU 4%
Pz

£ No2A Aol aA vehdal ok [27 23.390b)]9 2ol WA F kg3l wAolA No.4dA| o]
RgEALe] Aol ZHnE AdEgnE A BT Aok webd, 27 X6 BE A
A8 Frsel Wl thesl Uehla goms SRENAY F7)e B5E FE TRAE =
B3] S o TR fEe & Urk
- 160
I 1400 -\
1 ]
= ' = E 1204 v -
% § 100
E L I et e 3:
F; “—: a0
é - _é &0
E.:: :’E 40 4
] — La<ation Z Lication 2
——- Location 4 207 ——— Location 4
’ 500 1000 1500 2000 2500 00 ' ol a0 1500 2000 2500 1000
Time [min) Time (min)
(2) EOI-AlZt (b) Z-AlZt
a2l 2338 EEME EHO| it Byt
[E. 236] ESdR 72 4 Bol0| Oigh X
XHETHA|
o x| £ N ok}
1st 2nd 37’(1 4th
£0|(mm) 212 233 321 368 360
No.2
EZ(mm) 1390 1340 1260 1265 1260
=0|(mm) 215 240 278 446 292
No.4
= (mm) 1210 1250 1240 1205 1245

- 105 -



4Lh
Sl‘d
zml ._ E‘
113
' S R
G '_'_;:-'__!_:_: ________ = —‘-‘__—-‘::“ -

1\ J.'
e e A e S Ay e s

Location 2 Location 4

(@) EAF M2 Al A&t B3t
h
th 4_:
After 2 Days € g
- ———- -
! - ill - B S,
s . s
/s Ay

M 4
P A A Y, A o L,

Location 2 Location 4

[(18 23.36(d)]S EEAfT FHA 2E#IAICIA X =E Yehd Zlojth SG-1-2 No.2A 5 ¢
ERAF FEO *Eﬂﬂ QA0 1117} A 1% AAol™, SG-2& NodA|Holth. [1¥ 2340]s KW
ZEFRIAIO|A] HYEL =7
& 43 dsste e QOJ??;} T Atk 3F9 Eﬂf‘é‘%—% EE.*J% TErH«l zﬁw ELIN: R oS
< AXEA ALA7E HAF B A 029} No4 A Mol HEPEo| BF wi3HA F7lsta 7
23t E=gh SHAA Y | A YeRga, oy s A2 Al Al
°ﬂ A‘%%‘EE} FH-gHo| Aths As & F Atk B, ESAR FE A A A&ske

lo| & =

>.

Location: SG-1 " |'Location: 8G-2
— Top fl — Top
—— Botom |‘| —— Botom
——— Side (Average) 0.8 A | | —— Side (Average)
|
£ £ 06 1 |
g ] i
& @ i J|
4 e AN
g £ 04 ] 1
g g .
< < | .\“-__.__II
|
0.2 4 m
200 0 50 100 150 200 250 300
Time (min) Time (min})
(a) SG-1 (b) SG-2

118 2340 AEHQIHO|X| AIZ-HSE B

- 106 -



>
=
ot
f
Ia
X,
Jo
n
[
Lo
=
e
2K
'
oo
)
e
o
lu
o

=

x, y Rz WA Aol F7Hsttrt dAARE o] Fof

Af FRO 27 S =
Aadhe S AT 7 Aok =8, LAV S -EHHEHHEA No.29t Nod A BF x, y &
o] H-gY ol z W A-eY FET A el ol FANFRYG g e R gt
HeE AL & 5 UG

10 10
—8— TST-1X (Measured Data) Location: 2(TST-1) —— TST-1X (Curve Fit) Location: 2(TST-1)
—o— TST-1Y (Measured Data) TST-1¥ {Curve Fit)
5 TST-1Z (Measured Data) 8 TST-1Z (Curve Fit)
g Ml g
£ 61 £ 6
@ 2] .
4l - 44
o ]
= i ol <
N i [T i 1] |
S : RERENEES SARRS SSRuSan
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
(a) No.2 EQ
2 20
— ST : Location; 4(TST-2
5 TST-2X (Measured Data) Location: 4(TST-2) TRy o W)
—0— TST-2Y (Measured Data_) TST-22 (Curve Fit)
TST-2Z (Measured Data)

it

Total Stress (kPa)
5]
.
Total Stress (kPa)

04 . ! ! ! ! | 0 50 100 150 200 250 300
0 50 100 150 200 250 300 Time (min)

(b) No.4 EQ

JE2l 2341 EEMG EHO| LE EQF Hl

G2 g Bol FEFHLHOZHA No29h Nod AN BAIshE EqbAlS W

- 107 -



K=— )

No2 AHelre] EqAFE Ag Ao F78HAt7 H% Aol E 586 R ol
7ol EQAS w3 dasth ol 27 Al Aot FEEG AHelw, wis Ao
FES Jelold, HF FATANAE BAEG FeYE etk

Nod AHe FUTe] 912 2ol WEe] HYAIree] JFoz cAste] Y Fele] =
o] No2 AMET Aths AS & & 9

10
O TST-1XZ (Measured Data) Location: 2 (TST-1)
—— TST-1XZ (Curve Fi)
TST-1 YIZ (Measured Data)
B 9| — T5T-1viZ (Curve Fit) o

Coefficient of lateral pressure, K

0 50 100 150 200 250 300

Time {min)
(a) No2 X|Fo| ELA

20

O TST-2 XZ (Measured Data) Location: 4 (TST-2)
TST-2 XZ (Curve Fif)
TST-2 YiZ (Measured Data)
—— TST-2 YIZ (Curve Fit)

Coefficient of |ateral pressure, K

0 50 100 150 200 250 300

Time {min)
(b) No.4 X|HO| EQHA %
8l 2342 EEME BB LE EQA

- 108 -



4, EBMQ T|X0| o3t EH JXN|o| MEEM

ARG DL HstaL sjHo] golster F-RHAAA FAMlM e Ad
s Ak o= ARgstal vk # ATelMe SREE AR EEAR FEO W9 BAEAA
o] Ad 545 vefstaa di@dAddNd s Pt
2 AHEAE
B AP AHE FAE AEE ARkE WFelA AT ARolth & ATl AR FAHE
ANz BEF EAL [E. 2373 2o FAE AFE 20084 F3E0] 29.5%01H, SIEFHAY
HEA mefo] = sMez EREUT
(£ 237] Z2E 22 989 §4
MFG HIE | #00818 | A4X|: | AHAXYE A| = St4H| u.scCs
MEFE L2 | 263 29.5(%) N.P 1.67(t/m’) 17.0(%) SM

. 2%z 54
o

AGA ol A3 ERAGE B3txolt) [F. 23.8]F Zo] ARRE AHEH AH9 FEYAL
145ume)H, AZZ=E AL AL oF 180kN/mo.2 UEepdth [138 234312 Ade AHSH

E3HE Alxlolt},

A=

[E. 238] E2MQ0| EM

SFAAII|(ASTM 4751) 145m
SIA 177.51kN/m

Fdbsgdd
AAt 185.48kN/m

() SEE AL

=

i
o
L

(a) EE(PET, £ HIZE) (b) £XZEPET, &
12 2343 AFREl £33

- 109 -




(3) A@HE

HERHAGA Y= (1Y 2344]7 BTh Fo FAL Aoaa, SAsE Ashgx|, At
Z AskdA] R Aot AR R Z7]= 30cmx<30cmx46em(7HE < Al Zx Fol)o] A,
AW 7cme] WHY7IA AGA D 4= 9ok

—==E IH &L & X

Veartical dial gauger |
~ EEA T
/

—al 5t & Thal LA X CH

FAE AR ERHG FHo AARIAY AUEHS By 9t AWEAS WA
v RYHHABN G Stk Ao o) FHE AmE AT Wy ZHEY YD

o) AvkulE S4L wers
A BT QHEle] RAmel uAsHe] AEREL 247t AAWL AASAT olw) s

- 110 -



E AlB7F AR,

J

S
=

A= &

SFIAT.

82 3]

= T

HE] 3.0mm/minS

[(18 2346]2 ZAHAE-EENS ZHAH A9

@ Nadax

!

)
H)

ehd Aol

=
=

2ste

ks3]
=

1A

pas
4

[S]

9o, [#. 239]1= O

S

3

<
T

)

el

)

B

[18 2347]004 B

&

AL
;OO

o

T
;A_l

W0 ZE( )
21.2
24.5
244

6.9+ 0.4540,

7;=11.8+0.3880,
7, =10.8+ 0.4560,

11.8

10.8

6.9
Ty

HAC(KPa)

23919 (219 2.3.47]19

3
LHFOFRZH (o, fr.)
1.175
1.170

ATrs [

e EELFY =7 ot 0.583~1.175¢1 Ao & eyt

=4(Cp)
0.917
0.583

EE
A FAE-EEAF AAMlAM e A

3|
=

FATE Al

°

B ATl A

A

[E. 2.3.9] C|SZ

H

P

N

A 2

°

7}

=

o

St

O]

F 09173} 1175082 \)A&

- 111 -



= S o =] o = > =
287 QLo 7 WEFRE vasEg Adxow BEEAG FH Tzae ARtk 1A
= = 24 S 3 < 2= 5EO 50 o) 2=
EASAH] FEW nhEY S WA & F Qo] ALIFL uuFLe & 5 ok
704l —=— S-S 70| —=— S-S
—a— SW —— S-W
SW-N S-W-N
60 + 60 -
— 504 — 504
© <
o o
= =
w 40 4 @ 40 4
E E e ./.;la"—- o
w w Z
5] el
= = ’.
A
@ @ 20+ /_;.,. -
-
10 - f/
T T 0= T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Horizontal displacement(mm) Horizontal displacement(mm)
AL o A o
(a) X123 32kPa (b) %33 66kPa
70 ][ —=—ss 70| —=—s-s .
e SW —e— SW P . ot
S-W-N SW-N ._-,o/' hJ P
60 1 - " - "
- Aoy g " m .
— -1 a |
= © -/
% %_’ 40 .al{./-
& 8 'Y
z 2 a0 /
8 8
U_C) U-C_) 20 - /
10 -/
0 T T T T T T T T T T T T 0 / T T T T T T T T T T T T
0 & 10 15 20 25 30 0 5 10 15 20 25 30

Shear strength(kPa)

Horizental displacement(mm)

Horizontal displacement(mm)

AKX O©
4782

) 130kPa

2346 #9-HCHSH

80
o SW(C=118,® =245
60
S-S(C=108 @ =212*% )
50 - -
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5. HESYUo|

=
(1) AgEH

olst

TAE Aol WmE ERHF FEH FRAY FATE SAHSe WA dATle2 ofF A
YE 2] k3 YTt 200619 Koerners v ol Ete} #9tu]x] FA A 7HHEA EAZ Jﬂ]:lﬂ}ﬂ
old AAUE THEol HERE ERAF FE TERAE THAOE 21 oA F=
FS SAS AFEE {FEHEE Ttk 18, dFNA Flske 1HHE ARHHORE
FrATE AASHAE X3P

2 AT AFE AUeld FE FRAE 28 g FAE A FHo] AEHES
stal A &A1 7S AEAIA FEAE R sl SUHEE A9l tigh A@e AAst B
ATE AFHoR st FH F2A|Y FrAlTE A 2 83te Bed Adddad 4
WS AAEIAS 2 AP 54 4£F Eo] 1.5m A7 102emE 2ol ol o vy
Aog FH FRAVE dZHS wHoHA FAlo| Eo] H]EE & Hanging bag Al@el 93] FE

TZ2A YT &o] viEEHe S AT 2 YRt o FE F2AE A 73
Z7F AREE A

2) AHA=

2 Ao AMSE FAHAES AlTkE YRoA AFHT ol SAE A8 542 [3. 23.10]
o Atk 20084 THELS 29.5%0]1, TEEFHE AEZL R = SMeE /A
[H. 23.10) &MEo| 22| EY

pyESRIEN H|IE #2005148 D, Dy, Dy USCsS

V- [=] 2.63 29.5(%) 0.028 0.075 0.160 SM

- EEAS

I Aol AR BERA e BEFES} AZolth [E 231113 o] ARE AMSH EFZ
o} Ao FETHL 42 145um} 472umo] 1L, %—HVJSA WAA=E 25 185kN/me|th. T4
S BEzol AL 58x10 Zem/so)T, AEL AL 1.1x10 'emisE YFERGTH
[E. 23.11] E2M90| EH

| S| =8+ (Composite) &l 3 (Woven)
olEIZHE (N HZRHISKQ|AD 177.51 162.48
FEEHEAD 185.48 184.55
HZRHISH QA 12.93 12.90
Mg (%)
FHISHZ AP 13.78 13.01
SBFHITI| (ASTM 4751 : um) 145 472
T3 (ASTM 4491 : cms) 5.8x10 2 1.1x10 "
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[1¥ 23.50, 235112 T84 PP AFGA oIt Aol AMSE ESAF FEY AL
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Exgoholth Al FE2 PYo] FH o) x3pt Hu A9 HSERE BI R &
S Z2A33stuA A& oA Y 28cmx 100ecm(A] Ex Ho))E HhAY 9o x|t

TAES} B TN 300%= FAdste] dYol FehrE sHE o] 83)] M-S HASH
Atk A HAH] WFFS wiAS] f18) Aol $4Ed FTHE T o3 YYROZRE F

=9 AFTEFS SHSAL AFTY vE SAEE A AFE 300 AR vAdUEE

5
=2 FFHUA HZEolHE o83t HIEFAES 1 ZAXA;
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e WaFs S-St ERAST FE F2AY FeAT
ESAR FRO e F4A

=
=
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02 23.54 AJZto] W2 stEHS

Ei

(28 2357] YW WFo Fie} F3Hod I=F7UAE AXste SAH & UEhd Ao
o PP Fobo] HAE {FFHs T AFTYS FE FERAC FHFeE A8 S
of ©AME AESY AE A HEsh BRZRo 1F5ge] 2 et dE e fETHA
Ak AN BE AYNTEYe] MrEEr} 7] Rtk BREE PRege] A A, &
Z71GA A= Y=l A8 Srtstal oy HFAA A 27l 345 St
H31 AuAo] £ T FAM sl AT Fog FYHL Qom, FRFYR 27
RARIIFEL] 2ol HAF ol ol 1 girk.

[E. 2312] HEQA0| T2 S4A% U B4
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=T
AL
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Hj<-2f
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% I/ ; : E s-‘;h:m'
g ] . 'r. | E 5.0¢10" < ':' i . s :
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6. ES4Q HEIH S0 REN AW 4

1) 2954 5 A
EEAT FH(Geotextile tube) 32 LA AF2AQl PP, PET 59 AE=2 FH FEHE Al
o g BEse] BEAE FUsty BAAE d4UT £4e) §Ed YA FRES 24T
7E= By E—_E,Ho %y_% FARAE B3 I FY A FEe AW ddYe
BB Y87} 239 my EENG BH TxA7) e

B Od?-cﬂlﬂ% t&%‘?ﬂ_ E—-‘%*&% BE Aol S A3 HEHoA EAF FY A ESAHH
HAwgke] JAAH S Sl EELRF FE T2A9 M-S HrIsTh Add AMEEH ER
e Zzzgdrep) Adoln, 488 5-28%|th wekat Fukake] A QA== zhzt
186.12kN/m, 166.53kN/mZ FHE I4HAER] EELRE &85 om, HigdHe] F1 gz &
st AYe FPsAY =3 EELR FRO Fr)d itk AAL o224 (D) 1.5mel U

2a= T
gk 60% TXES] FEH ©HOE 7 235913 o] AFstdtt [11 23.61]% T4l 300%2
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7. BN E2MS M TIH YE 24
%

W) AREH 2 3R

EEAF FH FHo B3 AFE UET=9 Delft 38 ATaoNA 27 MEF AT} o]
Fojz o]% 2 A o] it sl os) RYFH] HFYe o3 FHHS Fd AFE
A (Silvester, 1977), W7 EZHEAZ] W& EYPFE As XFHIFT 5, 2013) & ko] AT
5222 -9 dEk o3 ERLF FERY ATSE AZHAA L JAT, EELF FHE R
A EAL] ogk XA Fel| thk At wH|gE Aol oo mel B Ao )4 FHex
& o] &3t wlgxdd wE B d3go] FHER FH EELF FHO XY AFol n

e

A= Y st .

2) 7B FxA9 HAF E4F 8 N3

[ 23.13]2 FAEE 23 &4 HHAYE & FE Wz AE 7 EER ANREAE /RE H
IE AAEE SHI FFHE FAORE St Tl UERA grolth Wit derle] Aol

& X
oF 2-3% AEE A7t wlishy #2005 e FUTE FE "AG] =4 yEhaL Ut o]
© FUTE 7R Ao r REH 29 SFFIA BEALY] Fabe AR s WM dFo=
FrEAZE Bl HAEU7] waolth

ESAR FE UE AeEA] o3 T8 HAAG tig A F 55t 2454 gef
sharzl Y APem 7] dozde of&st U= SAFAE A FEHEE v
ofste] FH FxA S WH AAHES st (13 23.63]> APl 39 Z9 FR/HRE U
Rl Zloz Aez) 60°, ©EAF 15em’® TAE 714 S zFoln, et TEY A&
ZH ol HABES sto] HEY] &4 WASAH. 1714 Holl2Ee ERAF FE 4 A
He| 8-S HAFF F 2 2.0:0.5cme] AT L2 FYste] AFAY AdH(q)S SH3IA

[ 23.13] ZHE X B EXAIY 3 RS U 2 XEE J|2SHAY

T 2 No.1 No.2 No.3
RHSE=H|(Wa, %) 389 36.3 394
H|Z(Gs) 2.700 2.705 2.706
#200H| E1012(%) 39.1 274 20.6
AMX|S(PL, %) N.P N.P N.P
SAZZ(USCS) SM SM SM
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1. = circumference of tube
r = radius of curvature
P, = pumping pressure

r}f = density of slurry
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[y8}

r(z)= (1)

21(1)& 4,04,

= ol %
ofste] AT, AnAeZ AN Ushed AFe] BF AL AN 5 ow, v PH
& AHgsiel 2E Uel B TheI e A4 FE T A
o= LWV @
Y

AN, o = dyfde, " = dy/da® A@S px)E A& DUk

7y — [p, + )1+ (y )] =0 3)
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& Fe AAF, o2 Hae Fue

o), 45
3(7) B FH ®ol(h) Al #AE =T

2t

y=f@l T, p,h,v) @)
889 99 FH(y)= &AL x¢ Al Wi7] WE T, p,, hE TAE
Shrolth ARk o2 A wiZf W T, p,, y(X) A Fox AFHIO 2 )4

o] 7}sElth aElng BEkEl AL 9s = fofstofof jit} o237k 27}

A w7 W AA gEvE el FHe| gl

AR= L, B ‘:]r% 7hA o] wiZ) WMeE @)
2ot F, 2o =893 e @A 2 e dem & ¢ gle Wil W 27HAE AR
th A ¥R HEs A 0dA 75 AA 27oth Egldoen EEMGE E

, de TR ey
e dRo=RE Hop U2 S 93

1/y (0)=0 (5)
T WA Wes dolb)ddl tig AdA FAHe a3t
B w
) ©
A7IA, W FE AAZE €482 23 | 99 2ol 7 FA It
h
W=2vy [ y(x) e dx (6b)
2] 6aoll 2] 6bE WYstH o= 2t
2) h
EX 4L /I FEE A3), G), (D1l T, p,, hE tiYste vE Akt 18y ES
AR ANER B8Eo BHEoxl FEE bRte Edv o 2gsfioF gtk Ed(L)7F 23sd b
o] Ft2 T &2 oA dS F Utk

L:b+2/ds (8)
Ao+ (Pl S 2k A ABE] dolzl A®)9] dsE o
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2,}/ h

- p, Ak,

vz +2 [ 1+ s ©)

E 2(3), 5), 9= dH3A ALSHAE T, h, p, o y(x) Akele] BAE 2(4)
At AA FZHE(T, b, p,) T 7 BT RS Ao] golafzitt.
2 Aol A8 Ew AlPEReH oM, o8] F¥(Liu 1981, Kazimierowicz 1994,
groll 4= ok kAL, o]H g EolAe A8A AA ALPEES HAIEo
AA 7} edth. o]2gk wiA ol GeoCoPS7F W= AT,

T = circumferential geosynthetic tensile force (Equation 30
T,

awial

= amial geosynthetic tensile force (Equation 117

GeoCoPS ZTZ 1AL EENG EHZ &#gS =38 uj
H(T)S =43l ok slloF st} sk Q=] Hol= [19
FH 2o FAHlA Mt (P)o] 23

P7h Rnel 29golA HPFORE A, AFHMS Frel FUod FRESFOD g

Roel o] A3 B AFRTY, A Anl o5 AT & Uk dHoE
AFPFe] AP e 7, Bt Z 5 Utk wepA, ERYGe] SRo dFo] AgATA 2
Ao 47 ase £aEA et
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T, BES) ERAGE AAsh S4 BFel wel shFo] T olgelth mekd R
FaRe| YT AAYE 2] 99 T, &S P TelsloF HP GeoCoPSE T, T,
1+

axial

© A%5eH

L

Sivester(1986)= E4 AFE 7IAE HFHO A3 TxY 32 A4S ANSP, FE
FAY Ade 489S S5 U5 ElolE & [ muﬁ47%léﬂﬂ% H,
(L=12fcct) 0 8 Se] QFE() = p,+oh) @0l LFERIITE AR wejzle] B9l FUL
S 7|Fo 2 200]th TY3S UE dolHE HIR O E Silvester(1986)°] 9]5 A4HEZ GeoCoPS
g 3= Wlaske] [F. 24119 2ol Yehdlth oA & = ARl F #F2 A9 HIsw e

o

m{n&

b1 Lo o £ Lo

L1u(1981) 9 REEEE ARSStY A3 3 3 AR BHE S, 7 204 22
BES SR Aelze] A 4He QAT [ 2417004 FERIE] CeoCo
psel Az} vl fAIR AE L S 9

T3k, Kazimieowicz(1994) % 2314 HES AASIAT. [&. 2431904 Ueld=o] shue] &8
o ztzke] Pxtol W FE GeoCoPSe] A} gt wlmEA a4 w FA gkl YEbsiTh

[E. 2.4.1] Silvester(1986)2} GeoCoPS T2 1ZHO|A 2 Z4f H|

Input Calculated
No. L P h b w Area T
Source )
[m] [kPa] [m] [m] [m] [m’] [kN/m]
Silvester 1.00 0.48 1.27 1.05 17.5
1 3.6 44.6
GeoCoPS 1.00 0.46 1.27 1.04 17.4
Silvester 0.90 0.65 1.32 0.99 10.1
2 3.6 30.2
GeoCoPS 0.91 0.64 1.32 1.00 9.7
Silvester 0.80 0.82 1.38 0.95 5.8
3 3.6 22.2
GeoCoPS 0.82 0.83 1.38 0.94 5.8
Silvester 0.70 0.94 1.45 0.89 4.2
4 3.6 18.1
GeoCoPS 0.75 0.95 1.42 0.90 42
Silvester 0.60 1.05 1.50 0.81 2.8
5 3.6 13.7
GeoCoPS 0.63 1.15 1.52 0.81 2.4
Silvester 0.51 1.21 1.55 0.74 2.0
6 3.6 11.6
GeoCoPS 0.55 1.25 1.56 0.74 1.7
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[E. 2.4.2] Liu(1981)2} GeoCoPS TZ 0| ==& Znt H|m

Input Calculated
No.
L P h b w d¥
Vslurry Source
[m] [kPa] [KN/m?] [m] [m] [m] [m]
) Liu® 023 0.18 0.34 0.09
1 0.93 3.86 1.00
GeoCoPS 0.23 0.16 0.34 0.09
(3) Liu® 0.16 031 038 0.05
2 0.93 1.76 1.00
GeoCoPS 0.16 0.29 0.38 0.05
@ Liu® 0.24 0.25 0.41 0.09
3 1.04 3.44 2.00
GeoCoPS 025 0.24 0.41 0.09
(1) d==07} XY I FEO| =, W occurs. 2) =EE Zit g2 =0 o 2N HEeR o
Q) ®2 2R 20| gi= 8% 4) FEE 21t D2E2Z 715 JYE

[H. 2.4.3] Kazimierowicz(1994)2} GeoCoPS TZ12H0|A{ YL ZAD} H|T

Input Calculated
No. L p h b T
Source
[m] [kPa] [m] [m] [kN/m]
Kazimierowicz 1.00 0.46 11.8
1 3.6 17.5
GeoCoPS 1.00 0.46 12.2
Kazimierowicz 0.90 0.64 6.8
2 3.6 20.4
GeoCoPS 0.91 0.65 6.9
Kazimierowicz 0.80 0.84 4.0
3 3.6 4.6
GeoCoPS 0.82 0.82 42
Kazimierowicz 0.70 0.96 2.7
4 3.6 3.0
GeoCoPS 0.77 0.93 32

oles Bl BAL EAoR 43)L o &ste] FANAL & AolTh GeoCoPSell HAF +
As)a Aas Frol viad Fud Fele) AAEEE s 2x B9 WS YEkd & gler
A e % A
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4 A3 A4
Liu(1981)% 8.2fcet Aolo] PVC FHO| Eolu REEI2E FAAA AL 350t Z2E
271 239 FEE 3ol Alge] RN B3 Lue TR IS SAHRCH, [19
243]~[1¥ 2.4.5] Aol 9%k Fro E#o WE SAHAHY X9 CeoCoPSe| AFE H]
Wk Aolty. - 37kA Alo]2e [F. 24.2]00 UEhd Jlow, THAA Y Hlus AF Ayt
A 3H2 o]t}
2233 Akt Ao} A dolEe £ FARE g UERa floH, o=
AEAES 7HAA Aok b4, GeoCoPSE ESAF FH AAlCl o] &3

a4 Az o
3 4 9k

oz 2 T3 ol 2}

25
| e |
— 20 L] N
E V |
2 |
R = Experimental (L, 1981) M
5 / — Calculated {GeoCoP5) \
= 10
.% k No water outside tube J
> 5 5 | 7
|
. | rd

25 20 215 10 -5 0O 5 10 15 20 125
Horizontal axis [cm]
2l 2.43 GeoCoPSO| Q|8 7|s}etH o2 =&EE EE(Liu 1981) &2 =H(1)
(L=0.93m; DP=Dy TV = 3.86 kPa; v= 'yw)

.

25
= 20 e ]
% 15 .
< 10 * Experimental (Liu, 1981) \'\
-E ( — Calculated (GeoCoPS) )
> 5 No water outside tube
; L]

25 20 15 -0 -5 0 S5 10 15 20 15
Horizontal axis [cm]

112l 244 GeoCoPSO| QJ8l 7|slatd o2 ==& EH(Liu 1981) S8 Z=H(Q)
(L=0.93m; p=py+7, = 1.73 kPt Yoy = V)
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— 20 \

2 /

o

715 7 = Experimental (Liu, 1981) N
5 / — Calculated (GeoCoPS) \
G 10 : ;
.% K Tube is fully submerged in water )
- 5 =

-5 20 -15  -10 -5 1] =] 10 1= 20 25
Horizontal axis [cm]
7121 24.5 GeoCoPSO|| O3} 7|3t oz T&E EH(Liu 1981) S8 =XE3)
(L=1.04m; p=rp,+, =3.45 kPa; Vsturry = 2v,,)

- WA AT
BT FE AA A AAe wispEset SAE lers °l°ﬂ et ATE FHSA:

1__ E

X
ATE GeoCoPSE AFE3te] Faston, BE AolxoA FHO EHE 1=30f, <289

Fo ES J|FOR 12, EEARF FH QFdE Eo] ta /AN oY, EEAF A
= 10082 AAsgTh

w
- Circumference of tube, L=30 ft |
- No outside water I
- Tslurry /Twater =12

- No safety factors on geosynthetic strength

—

T, = 6,000 Ibfit
T,, = 60,000 Ibjft —— ( (%: 083; P, =76psi
/'
h_ Area= 70.1 ft2 h = 85 ft
(w =098 rea= 70 ; 5 )
p, = 86.0 psi
Area=71.7 ft?
T,p = 1,000 Ibjit
h =94 ﬁ) ( (n_
(-“7- 0.50
p, = 0.7 psi
Area= 59.9 ft?
h=601)
12l 246 520 A O/X|= Tyl Hek
EEZANG BH PR EEZAF AT UhHe] a7 (19 24.6)7 2ol EAEY
o EEAS B D=I/r=955ft2 o8 Eo|E 7] YAE ARHMS T3l A3



o
-

. BRI N Q1A= o] 10001/ ft BT BA X#of&ﬁ}‘?i EEAT FHO Eol(he 6.0ft7F 4
olH, o] o]& E°|(D)Y 63% A=tk AAH] 6000/t oI BTHH EEAF FHO
h)= 85ft7F A =L, o] & lEOH 89% Aot #olo] W3l mel FHo| ThHAS Yo
3Rtk AollAl ool wet 8+ s o] AZo] GepAH o= W] A% BAVE

o

0

rE = » i

MRl

AT

- Circumference of tube, L=30 it
= No outside water

< Yoy Yo = 1:2 ;'
- No safety factors on geosynthetic strength AP TRNTANT
h=60f — s h=380n
i . oh
(Tu=oommm v (T = 13,000 1oyt ~ 0_91.
" o0 \ Area= 707 fit; P, = 17.8 psi)
WO | ———
Area= 59.8 ft*
p, =07 psi)

.h =30
/ #t

R T = 176 Ibift
— =022
Arca= ag.2 fi?
P, = 0 psi )

1% 247 S20| Ha| 0XE HO| At

o

(13 2471 ES44 Fo PRANN A ol hel ERE RolFth oF Eol, 3089
Eol(Ht) ol& 79l 31%)9) FHE MAVTH aTHE BEge AY 0o JASH, AF %
Foz AgE Y NS A0, Te, 20AT OIE A5 ol Fog gﬁmmﬂ_ B8
3 I 17.8psiolw], A7 W] YL olAuTh AAHNOE T WA

4818 EBNS RO FRAC) Buxgte] vE deh)n ek of

lL

BEgpo] Wl F7tHEE Fuel ¥ol ht I FbPE AL ¢
Gol ERAR Fuald aTAL 58 GAE Eol, e ZaaT Hxgkel wstl Bl
R1 golo Wk Hustia B 4 ot

- Circumference of tube, L=30 ft

|__ "“_tl
- No outside water : h
L
“ Yorurey ! Yors = 1.2 z.z\:;%,/ 5 -

- No safety factors on geosynthetic strength

——Pp. = 15.0 psi
e (T = 11,100 b/f
r '—‘: 0.80; h =88 ft
Area= 70.7 10 )
ps = 1.0psi —
(T‘,, = 1,240 Ib/ft |
h .
W 0.55 _ == 5.0 psi
Area=62.0 12,/ | ('r,,,, = 4,230 Ib/ft
h=64f) | a 0.78
| | w :
J Area=69.4 ft#
h=82t)

18 248 §E9| WAo| O/X|&= p,o| Het

o
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E 8 /’f_f_ N ! T
< - Circumference of tube, L=30 ft
@
g 6 - No outside water |
|—
‘E / = ’Yslurry =1 2
:El;j lll'll/' : | water
‘D |
T 4

ol -

A |
ANV
. DA
0 2 4 6 8 10 12 14

Pumping Pressure, p, [psi]

02 249 BEYO| M2 SH0| £0|w}

(19 249 = 2
f3tha B ¢ Aok dEo] =2 Aols hete BA= vvskAl 2Hgstar, FEto]l Al
gl 7i7ke Wl h=D & UEIT

(19 24.10]2 H=ZSH 79 7., BAE Uepd Aolth gxqto] ZHastd S A4

< 45 ol 7HAIE AS & F U

ni
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o
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o ofN

12,000

] . [

- Circumference of tube, L=30 # | T /

- No outside water '

- No safety factors on geosynthetic
|

000 —
¢ 0 ‘Tslurry/%alet:'l .2 /
|
6,000 ! :Eiffifi/
/ /
4,000 - .

2,000 |- ' — I
-‘,-/
/ Note: T is in circumferential direction

o L | ] |
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Pumping Pressure, p, [psi]

10,000
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'Cl - No water outside tube
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5 |
'_
5 20
=
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Circumference of Tube, L [ft]
A8 2411 RE =019 STRAFE 20 20| 8l= 89
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= 1 |
=, A A
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Aotk Ht EO|(hy . )E ATE
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B> Zor Bt & ESAR FEY AF WA 59 Wi} gle AE(SIFEAA A
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(5) A TEA
BB 3=
EEAR7) ZRAEE 2] YeHE 8L Alustd Aed QRS ARs ok d bl

T e 2o

Tult = Twork - (Fs-id - Fs-cd - Fs-bd - Fs-cr - Fs-ss) (12)

* Fs-ss = BRAES] HAAT BF5E et 2 =e Hx7F 8 dopd = Utk FH4 2.0
o] gro]l Basith A3 Fhe ASTM D 4884-902] A2 AEL o]gste] AH
gt} o] HEL BT EY Fsss2 A= (1/5E58)H % 1344 Aoldth

* Fs-id = 3482 Aol thek HAA & ASTM D

T, eeg7t EFEEA AFRE G5 A

5322-929] FAZHA APE Tt &8 F OWUP o] AN
AHgSlloF 7t 9lom ok =EE "o slEd AEtE oAl 4 QT
sled AstE W7tk 212 ASTM D 4355-929] Al@de FalA & 4 St 718
EENFE Alge] 28 & Aola, AF B¢t dF ddle =29 HAfe A=t 2
83 Aoty HAFE Fs-id = 1.00] 83t i EEMF=
Hol o] UvieZdl 3| Astgs F53)oF At

* Fs-bd = AESTH A3} HHAF o] Askes FEE ARESt=dl o] EA7F A &} Fs-bd
— 10%}1\-2‘ ;e]xL@l-q.

=
T
A=k

* Fs-cr = A2 QHAAIS o|Ae AZFEL] A4 & HEox FIAEE Soled 275
= Zkolth EEH% Aol A3 FAZ= AlF ASTM D 5262-92¢]

Ju, o] Alre FRAA BriEeiAn ERAdfe] Al AHe H
A RS e A —69 <Hge uA3 Q e -
F71e EAsk, vl # . e
e APz G EE 3o XH 0}71 OWOH Twork Bth & Zolth (&, ¥3 &
HLFTE] &4 s8] uASE $) HA 1.5%k0] Fasit
* Tult = EEARol 27HE SIS Twork = TE 2)(12)°] 288 73% o] F2 dF W
Foll des Frelaliokdtt. TheF Twork = Taxial ©]2FH Tulte FWaFel] Ut Holx
AEv FAEYUAY ATk STl A AR WA EEHFE FAALY
o} 3G EE ASTM D 4595-94 Al U x)3ic

2

PV

- EZHR NY DIYR BE
duir oz ejele 28 ERAGE U /%S 29T 5 ATk ERAG Fu v &9
o EAE BESEA ES WS 48S FYUT YNHOR ERYFE BHZA RA4S A
Ue EARE REAZE A wEE T b 54 Siek. oleid TYUAE F7417)
t o qge A% Bgel glolH BB Fuol b
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=89 AFAAE HFste ESHFE ARt S2igle] S840l 87Enh ASTM D
475193(E5d w2 78 77 27 = E

>
o
N

Atk AOS= dHbAo R ERHFE T3 Jhsd Al 1Al dxke] A71E vEehdoh
Koerner(1994)= AOSE 1#H3t 54 U= EXE Zte EAL] HES U F Qe A ¥HS
el FE A AT o] S Task Force #25, AASHTOO! 28 Ath

@ 2008 A FHE 50% °l3F EF Oy < 0.59mm
@ 2009 A E3E 50% =23 EF 0, < 0.30mm

A2do=2 &£ Y5 BEXE ZAAs] ddl T4HA AEE
58 Hd AOSE AAHET 4 Utk Leshchinsky(1992)= €2
A YFE 2ol HisEHY EA A BEEHE AP0
HE 9] 5o A0S 712 S|
7} Stk oAt A Al AlEY oA AEE 53 £¥E 4 th

Azl AR EAME ARSSt B4 ERARY FE7 @4 ASTM D 5010-90(F-E&541
] 2

N
5

Zrel 227 A4 2FE A HH)S 55t #gd 4 doh dibFoE EELRFE AAHE ),
A0S 71E& AMstH 227 @4 dal 24 Hx5 74 &tk I8, EEAS U €88
o] AESHH IS vHITH F27] A4S ASTM D 198791 Aoz Hrisk 4= Qi) dutk
A BEEN R IH 75 AEH &4 TEtd Ar|Hoz AuE 97U o

EENF oA dEskA 1ZUAE REAVIY =& ERAS VKL IAEE B3]
= g4A &t olggt Aol mPHAE BES] L8] W] BAXEE ARESHH, s 1
o] BpAo] 2 AXE AMgSlof &8s BREAT=H F83itt

W, = (13)

f)/S urry
G, (LR
’Y'w

Ysoil

wy=—— (14)

Vsoil
Yw

G,

S
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ANA, v, 08 27 FR AR 271 3 AF FUE dehdth o 2 AR WIF,
Vsoil> P)/slurry ’Yuv)‘f_ b o | _E:: ;1(_
3 o]%)0RW o FHTHI HHHAS AR, [Ae/(L+e,)|= A/h, o] BAF ol§3e T 4

= 5 A~
=2 5 Ik

h, 1+w,G, (15)

= E0]E YERAT

21(13), (14), (15)F Agste FEO Fo| Astgs FATL + Atk [28 24.13]904= G, =2.70

o= 7Mgsta, o] MAe JHgste O AxE JelRlth £8iEle] dHFEHS 11 EARY
= 9F 50%°]t}. Leshchinsky2 FEol mlAHAE

= As AT o] QAN AStE &2 A
2 FYshe ARt ke EolE A5t Ao
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2. IHBSATI|T FEM X514 A7Za}
O 1-2APAE HFZT}

(1) Introduction

Geotextile tubes have been successfully implemented around the globe for several purposes, including
shoreline protection and slope protection, slurry dewatering (Howard and Trainer, 2011) and the crea-
tion of embankment structures (Tyagi, 2005). The Saemangeum Development Project in South Korea
has made extensive use of geotextile tubes in an effort to reclaim approximately 280 km2 of land
from a river estuary near the city of Kunsan. As part of this effort, containment dikes will be used to
partition the areas to be reclaimed, the partitioned areas will then be filled with dredged alluvium to
create new land. Many of these containment dikes will be shrouded with geotextile tubes as a means
of protection from wave action, while other dikes will be constructed entirely of stacked geotextile
tubes.

Geotextile tubes have historically been filled with sandy slurries which are dredged from the beds of
nearby water bodies. The Saemangeum Development Project, for example, makes use of sandy alluvial
slurries as fill for geotextile tubes. Consolidation of the fill material progresses rapidly in these
sand-filled geotextile tubes due to the relatively high hydraulic conductivity of most sands.

However, very little is presently understood about the consolidation behaviour of geotextile tubes fil-
led with fine-grained slurries. Fine-grained slurries undergo a prolonged consolidation process due to
their significantly lower hydraulic conductivity and higher compressibility. The exact nature of this con-
solidation process must be understood before fine-grained fills can be implemented in construction
projects. Specifically, the rate of consolidation, the time required for the fill to fully consolidate, and
the final consolidated height of the geotextile tube are all parameters which are of interest to geo-
technical engineers who might make use of fine-grained fills in geotextile tubes.

Two commercially available, two-dimensional finite element software packages are employed in this
project to model the consolidation behaviour of a geotextile tube filled with fine-grained slurry. The
first application, PLAXIS (PLAXIS, 2013), is a code written specifically for geotechnical applications,
while the second application, ABAQUS (Dassault systems, 2013), is a more generalized code which has
built-in geotechnical modelling capabilities. The modelling process consisted of two stages. First, a sim-
ple one-dimensional consolidation process was modelled in order to verify that both codes have the
ability to model the behaviour of a very soft soil. These results are evaluated by a comparison to a
well established one-dimensional finite strain consolidation model, CONDES (Yao et al, 2002).
Presently, the full geometry of a geotextile tube is being modelled in both codes in order to determine
the consolidation rate, the time to complete consolidation, and the final consolidated height of a geo-
textile tube.

(2) Material properties

Dredged material is deposited inside geotextile tubes in the form of a slurry. The consolidation of
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slurries typically results in significant plastic volumetric strains. As a slurry consolidates, its hydraulic
conductivity may be reduced by several orders of magnitude while its compressibility necessitates a
large quantity of pore water to be drained. Terzaghi’s infinitesimal consolidation theory, which relies on
the assumption that the ratio of compressibility to hydraulic conductivity remains constant throughout
the consolidation process, does not accurately model the large strains which slurries undergo during
consolidation. Instead, the finite strain theory presented by Gibson et al. (1967) is applied to account
for these changes in material properties.

Finite strain offers a level of rigour which is not found in Terzaghi’s infinitesimal consolidation
model. The finite strain model accounts for changes in material compressibility and hydraulic con-
ductivity as the consolidation process proceeds. Additionally, it accounts for surcharge loads, seepage
forces, and self-weight as drivers for the consolidation process (De Oliveira Filho & Menezes, 2012).
Slurry consolidation is driven entirely by the self-weight of the solid material, and so it is critical that

this aspect of the consolidation process be captured.

- Compressibility and hydraulic conductivity relationships

A series of Seepage Induced Consolidation Tests (SICT) were carried out using dredged alluvial ma-
terial from the Gulf of Mexico in the United States to obtain material properties for these models.
SICT results provide material properties which follow the forms of the compressibility and hydraulic

conductivity relationships given by Eq. 1 and Eq. 2 respectively (Abu-Hejleh et al., 1996).

e = A(o’+ Z)B (D

k = CeD ()

Here, e is the void ratio, o’ is the vertical effective stress (kPa), and k is the hydraulic conductivity
(m/s). The parameters B and D have no units, Z has units of (kPa) and C has units of (m/s), while A
changes with the system of units. Note that these relationships are dimensionally consistent, so alter-
native units could be used if desired.

Two sets of material properties were acquired for use in these numerical models. The first material,
herein referred to as Material A, has properties which were directly obtained from SICT results and the
second material, herein referred to as Material B, is a hypothetical material similar to Material A but
with an increased value of Z, i.e. a lower initial void ratio representing a stiffer material. [3£. 2.4.4]

shows the SICT properties for both materials.

- Numerical modelling parameters

Numerical modelling of consolidation processes requires the use of a plasticity model within the nu-
merical code. The Modified Cam Clay (MCC) model was selected for this modelling program because

its input parameters can be matched to SICT parameters. Matching of the compressibility parameters is
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accomplished by plotting the relationship in Eq. 1 using the parameters listed in [3£ 2.4.4] and then
fitting log-linear recompression and virgin compression lines to the appropriate portions of the curve.
Thus, the MCC parameters are calibrated along the KO compression stress path. The slope of the re-
compression line in a semi-log plot is the parameter k and the slope of the virgin compression line in

a semi-log plot is the parameter A.

[E. 2.4.4] Material characteristic parameters

Parameter Material A Material B
A 1.52 1.52
S -0.193 -0.193
C(ms) 2.50E-09 2.50E-09
D 4.24 4.24
Z(kPa) 0.1 6.4

Both numerical codes require that the initial void ratio, ey, the Cam Clay compressibility parameter
M, and the Poisson’s ratio, v, be input as well. The initial void ratio is found by setting o’ equal to
zero in Eq. 1, as this represents the state of the slurry upon deposition. The parameter M is then a
function of the angle of internal friction, ¢, which was assumed to be 21° for both materials. Eq. 3

provides the relationship between M and ¢.

6sin¢

M=————
3—sing

®)

Poisson’s ratio was assumed to be 0.281 for both materials. ABAQUS also requires that an initial
vertical effective stress, o’o, be specified. ABAQUS encounters errors when a state of zero effective
stress is modelled, so an initial stress of 5 Pa was assumed.

Both  ABAQUS and PLAXIS then require the hydraulic conductivity relationship to be input.
ABAQUS allows the relationship in Eq. 2 to be directly input as a series of void ratio-hydraulic con-
ductivity pairs. PLAXIS uses a pre-defined logarithmic function to relate void ratio and hydraulic con-
ductivity, with a user-defined constant of proportionality, cx, and a user-defined initial hydraulic con-
ductivity, k;, corresponding to the initial void ratio. [3%£. 2.4.4] provides a summary of the relevant

compressibility and hydraulic conductivity parameters which were input into ABAQUS and PLAXIS.

(3) Numerical modeling : One-dimensional verification
- Methodology

Using the material properties listed in [3£. 2.4.5], simple one-dimensional consolidation models were
generated in ABAQUS and in PLAXIS. A third numerical code, CONDES, was also used to model the
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one-dimensional case. CONDES is a custom code which numerically solves the finite strain equation
proposed by Gibson et al. (1967) in one dimension. The results from CONDES are known to be accu-
rate and verifiable (Yao et al.,, 2002). These models have rectangular geometries with a height of 2.36
m, and with vertical displacement constraints applied to the bottom surface and horizontal displacement
constraints applied to the left and right surfaces. Initially, undrained boundary conditions were applied
to all four surfaces. Analyses were carried out using properties for both Material A and Material B.
The PLAXIS model consisted of three calculation steps: the first step with zero unit weight applied
to the soil, the second step with the unit weight suddenly activated in an undrained condition to model
the generation of excess pore pressures, and the third step with the top boundary opened to drainage.
Likewise, the ABAQUS model consisted of three steps. The first step consisted of an undrained calcu-
lation with zero gravity applied, the second step suddenly applied a gravity load in an undrained con-
dition, and the third step allowed drainage to occur at the top surface. An assumption implicitly in-
corporated into these models is that the process of filling the soil column would be nearly instanta-

neous relative to the time required for the soil to consolidate.

[#. 2.4.5] MCC and hydraulic conductivity parameters

Parameter Material A Material B
K 0.0867 0.0097
A 0.2473 0.0908
€0 2.371 1.062
M 0.814 0.814
v 0.281 0.281
ckl 1.213 0.923

ki(m/s)1 9.72E-08 3.23E-09

0'o(kPa)2 0.005 0.005

[Parameter only used in PLAXIS
2Parameter only used in ABAQUS

- Results — Material A

[C1¥ 2.4.14] shows the settlements predicted by each of the three numerical codes. CONDES and
ABAQUS agree quite well, with CONDES predicting a final consolidated height of 1.51 m and with
ABAQUS predicting a final height of 1.56 m. PLAXIS, however, predicts a final height of 2.06 m.
Additionally, the PLAXIS model was nearly completely consolidated after 200 days, while the
CONDES and ABAQUS models did not reach full consolidation until more than 600 days after the in-
itial deposition. It is worth noting that the PLAXIS model shows the same initial rate of consolidation
as the ABAQUS and CONDES models, and that the decreased consolidation time in the PLAXIS mod-

el is caused by the decreased total settlement and lower volume of expelled water.
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12l 2.4.14 Material A - Settlement

[Z1¥ 2.4.15] through [Z1¥ 2.4.17] show the void ratio distributions in the soil column. Note that
these profiles are plotted on the undeformed geometry. Similar to the settlement predictions, the void
ratio predictions from the CONDES and ABAQUS models ([1%8 2.4.15] and [Z1% 2.4.16] re-
spectively) match well, while the PLAXIS void ratio profiles appear to exhibit some numerical in-
stability and do not match the other two models. Additional analysis has suggested that PLAXIS is not
capable of modeling plastic volumetric strains at extremely low stress levels (below about 1 kPa), and
that volume changes which occur in that range of stresses are not captured. Further discussion of this

problem is beyond the scope of this paper, however, and so it will not be discussed further.
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8l 2.4.15 Material A - Void ratio profiles from CONDES
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[Z1¥ 2.4.15] and [T 2.4.16] show that one-dimensional consolidation begins at the bottom of the
soil column and proceeds upward in the form of a “consolidation front”. A critical upward gradient is
established above the consolidation front as water near the bottom of the column is pushed toward the
drained boundary. This critical gradient maintains a state of near-zero effective stress in the soil above
the consolidation front, thus preventing the soil in that region from consolidating. Then, once the con-

solidation front reaches the drained boundary, the critical gradient no longer exists and consolidation is

Void Ratio, e

2l 2.4.17 Material A - Void ratio profiles from PLAXIS

allowed to occur throughout the soil column simultaneously.
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- Results — Material B

Material B properties were then employed in each of the three numerical codes. [Z1% 2.4.18] shows
that the stiffer Material B properties produce much less settlement. Additionally, all three models pre-
dict nearly the same final height of approximately 2.17 m. The void ratio distributions shown on [Z1%
2.4.19] through [T 2.4.20] also agree well. PLAXIS appears to have had no trouble modelling the
stiffer Material B, which is explained by the fact that stiffer materials experience less volume change

at small levels of stress.
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2l 2.4.20 Material B - Void ratio profiles from ABAQUS

O Generally, it can be concluded from these one-dimensional models that ABAQUS is capable of
modelling both the softer Material A and the stiffer Material B properties, while PLAXIS only pro-

duces valid results for the stiffer Material B properties.
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8l 2.4.21 Material B - Void ratio profiles from PLAXIS
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(4) Numerical momeling : Geotextile tube geometry
- Methodology

With the understanding gained from the one-dimensional analyses, the full geometry of a geotextile
tube is modelled in PLAXIS and in ABAQUS. Again, it was desired to model both Material A and
Material B properties. Based upon the one-dimensional modelling results, however, it was anticipated
that PLAXIS would not be capable of modelling the Material A parameters, therefore only Material B
parameters were employed in the PLAXIS model. The geometry of a 2.36 m tall geotextile tube was
approximated using the force-balance approach provided by Leshchinsky et al. (1996). Only one half of
a geotextile tube was modelled, assuming symmetry about a vertical line passing through the centre of
the tube. [L¥H 2.4.22] shows the models which were created in PLAXIS and in ABAQUS

respectively.

(a) PLAXIS Model (b) ABAQUS Model

2! 2.4.22 Geotextile tube models

The geotextile fabric was modelled assuming that the fabric is 2 mm thick, and that the geotextile
material has an elastic modulus of 106 kPa. Although difficult to see in [Z1% 2.4.22], the geotextile
material confines the soil on all sides except along the line of symmetry. In both models, the geo-
textile tube was assumed to be resting on a rigid foundation. The rigid foundation was modelled using
elastic material properties with an infinitely large elastic modulus. A frictional contact was applied
along the mating surface between the geotextile and the foundation, while a fixed contact was applied
where the soil interfaces with the geotextile. Similarly to the one-dimensional models, the geotextile
tube models consisted of three calculation steps: an initial step with no gravity load, an undrained step
with the sudden application of a gravity load, and a third consolidation step where drainage was
allowed. Drainage was allowed on the curved surface of the geotextile tube. It was assumed that the
head loss across the geotextile would be negligibly small relative to the head losses induced by the

fine-grained fill material, and that the geotextile could be modelled as perfectly drained.
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- Results

Both ABAQUS and PLAXIS were used to model the full geotextile tube geometry using Material B
properties. However, ABAQUS encountered difficulties when modelling such a complex geometry. The
cause of these difficulties is yet unknown and further analysis is needed to determine whether
ABAQUS has the capability to model a full geotextile tube. For this reason, no results from the
ABAQUS code are presented here. Using Material B properties, PLAXIS predicted the geotextile tube
would reach a final consolidated height of 2.02 m at the centerline of the tube, as shown on [Z1¥H
2.4.23] This equates to a total settlement of 0.34 m. [Z1% 2.4.17] also shows the one-dimensional

PLAXIS settlement curve using Material B properties for comparison.

24
23 _\
hY
EQ.Q 1
21 1 '~
504 00000000 T mrm = — i m e m == -
1.9 1
1.8 1

1.7 1
1.6 =+ = Plaxis-Geo. Tube

Centerline Elevation

151 Plaxis - 1D
14

0 500 1,000 1,500 2,000 2,500 3,000
Time (Days)

2l 2.4.23 PLAXIS settlement profile at centerline

A comparison between these two curves shows that the geotextile tube settles substantially more than
the one-dimensional model. A likely explanation for this result is that the geotextile tube is allowed to
spread laterally. Thus, it appears that the settlement of a geotextile tube can be broken into two com-
ponents: the settlement caused directly by the expulsion of pore water (consolidation), and the settle-
ment caused by lateral spreading. The one-dimensional model predicts only the consolidation settlement,
allowing the lateral spreading component of settlement to be computed as the difference between the
total settlement in the geotextile tube and the settlement predicted by the one dimensional model.

Note that the geotextile tube settlement curve in [Z1% 2.4.23] shows about 0.05 m of settlement oc-
curring before the consolidation process begins. The geotextile tube may not be in perfect force-equili-
brium in its initial configuration due to small errors in the numerical process used to estimate its
geometry. This settlement is likely a result of the geotextile tube deforming slightly to restore
equilibrium. The geotextile tube also settles at a faster rate than the one-dimensional model. The geo-
textile tube is nearly fully consolidated at 1,000 days, while the one-dimensional model with the same
initial height requires nearly 1,500 days to consolidate. A geotextile tube allows drainage on all sides
except where it contacts the foundation, thus allowing consolidation to occur more quickly than the

one-dimensional model.
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[C1¥ 2.4.24] through [1% 2.4.26] provide the void ratio distributions that were predicted by
PLAXIS at three different locations. [Z1¥ 2.4.24] shows that up until day 10 the soil at the centerline
of the geotextile tube behaved much like the one-dimensional model, in that consolidation began at the
bottom. However, by day 150 the soil near the top of the geotextile tube had consolidated while the
soil near elevation 1.0 m had not yet begun to consolidate. The final void ratio distribution also differs
from the one-dimensional case in that the soil at the top of the model experienced a reduction in void
ratio due to the load induced by the geotextile. In the one-dimensional models, the soil at the top of
the model remained at near-zero effective stress, and so it never consolidated. [ 18 2.4.25] and [1¥
2.4.26] show sequentially greater deviation from the one-dimensional results. This shows that the soil
behaviour deviates from the one-dimensional case more and more as the drained edge is approached.
At distances far from the centerline, the soil near the top boundary of the geotextile tube consolidated
much more quickly than the soil at the centerline. Additionally, lateral drainage allows consolidation to

occur at the mid-elevations much sooner at locations far from the centerline.
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12l 2.4.26 Void ratio distributions 2.1 m from centerline

O 2-3xHdE HZa}
(1) Geotextile tube model results

Instead of showing plotted settlement results for the geotextile tube model, graphical results are dis-
played in [ZL¥ 2.4.27]. This figure shows how the geotextile tube shrinks vertically over time, and
how it also spreads laterally. Thus, the two-dimensionality of a geotextile tube is introduced though
both the drainage boundary conditions and the allowance for horizontal motion of the soil.

Void ratio predictions are also shown in [Z1% 2.4.27], which show how consolidation begins along
the entire perimeter of the tube and not only along the drained boundary. Along the drained boundary,
a consolidation front similar to that observed in the one-dimensional model develops along the un-
drained boundary which is in contact with the foundation and progresses upward. At the same time, a
consolidation front is observed along the drained boundary, which penetrates toward the center of the
geotextile tube over time. Note that results from the reference code are not available for more compli-
cated models like this one, as the reference code is only able to perform one-dimensional modeling.

However, the predicted constitutive behavior may provide some insight into the accuracy of the nu-
merical model results. [Z1% 2.4.28] shows that the constitutive predictions do not follow the theoretical
behavior (represented by the solid line) exactly. Although the same bilinear trend which was observed
in the one-dimensional model is again observed here, the two lines are pushed noticeably to the right.
Such behavior is a consequence of the initial effective stress specified in this model. The initial effec-
tive stress was noticeably greater than the preconsolidation stress of the soil. This condition is un-
acceptable in the Modified Cam Clay plasticity model. To correct this problem, the soil’s pre-
consolidation stress was automatically (and artificially) increased to the value of the initial effective
stress. The result is that any volumetric strains which should have occurred at stresses below the initial

effective stress were ignored by the numerical code.
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12l 2.4.28 Constitutive behavior of geotextile tube model

It can thus be concluded that the numerical code under-predicted the settlement of the geotextile
tube because it did not capture the reduction in void ratio which should have occurred at effective
stresses below the initial effective stress. This represents a potentially severe limitation to the use of
commercially available numerical codes to model the behavior of consolidating soil slurries in complex,
real-world scenarios.

The process of modelling the full geotextile tube geometry is not yet complete, and additional steps
should be taken to better represent the true behavior of a geotextile tube. The model discussed here as-
sumed that the fill material was deposited instantaneously, though this may not always be the case. It
is possible that the tube may be filled gradually over time, or that it might need to be refilled after
consolidating for an allotted time. Thus, the effects of time-dependent filling of the geotextile tubes
should also be analyzed in future modelling efforts. Overall, numerical modelling has produced interest-
ing and useful results, and it has shown that substantial limitations exist in the use of commercially

available codes to model slurry consolidation.
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Geoteextile=Tubeld2
1, Geotextile Tube 4 &8 & # = 4])
gl Al gkx| f 22hll E By (2 512 2,051,200 2,893,200 45 183,200 4,927 600
ESHRRE R+ 255,900 25,530,000 18,521,400 TEd 3.878.800 47 980,500
gomd WS 1,812 568 963 123,400 23 388,514 1,078,904
bHAME Sa & &M 3,839,718 3,688,718 43,996,239 2ar 2,180,287 54,866,292
BEFEgao iy = gFa.210 25,97 .210 22,009,460 147 .17 18y 56,09 857
A 57, 879094 92,343,751 14,736 008 164,953 853
7 Gaotextie Tuba 4 £|[F4F TIH4|)
i Aaleix| g g e 2y 1] am 1. 755 600 1,048,800 0 2 A0, 400
A S A a 23 95 23 30 600 7oA am 255 2,825 800 32,619,200
Erl@Et 9 gy 1.734 5a5 T2 7.250 aa3 591,462 1,804,244
EAFE al 213.520 145063 423 132 822 491 410
W gl = | q a 1,000 2240 ) 2240 )
TN EUE ® a a a0 F.000 400 R S
Bz gde a i Bl A.500 000 4,500 010
] ] ] ]
Al 24,907 452 9,282,118 16,280 634 50,453,254
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1. Gaotextile Tube 4 &[( 8] & B = 4])
flalukxy sl E S8 PP or PET-I, Btém 600 i 5.128 3,076 a0 G733 4,039 800 457 274 800 ¥.391 400
EELGES Hi(e=E) D200 00| n 75,500 a7, 550,000 185,714 18,571,400 33,788 3,878,800 58,950 200
Cagd @ S N=5-100] 2 g | o 1,812 1,279,272 a3 T A5 1.231 a8a 038 2 495 A1
liparar 26 = &M 6 10w 0] A 1 4,639,718 .63 716 | 48 008 280 s o0 280 | 2180 2ar 2180287 54 866 202
BEFEgoAE Sl o Ahe B 1 - 25,978,210 25,497 .210 22,009,460 22,009,460 a8, 107 8w 8,107 1av 58,095 857
Bl 71,574 99 93, 844 407 15,310,180 180,720 555

2. Gaotextile Tube 4 &[5 4 2H4)
&4l gtz Y maol B Ry (&4l |FFor PET-I, BE'm 600 u 4,088 2,631,400 2.822 1,673,200 1} 4,208 .800
EEALREE B FAL D200 100 | m 349,55 A4, 950 @00 Faam Foa am 2 055 2,885 @0 44 579 200
ErrzE 8 gu ke O L FOE | w 1.7 1. 297 024 2125 1500 250 .48 1,929 393 4.05 67
E AL F8 BH1 .0m' = 708 it Ga S0 00 A2 2672 423 298 638 1,104 80
s Rl =T 100k 5| & q q a3 00 2,853,000 2,853,000
T o= Bl & i i 100 0 4,300 ma 4,300 000
Bz gole FoRwW Bl & i i 51 000 4151 000 4151 0
a a a a
Al 38,833,108 10, 800,822 19,553,838 88,053,388
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Geoteaxtile=Tube{®4000) 4 2| 4@

1, Gaotextile Tube 4 2|8 & 3 =4))
A4 Ex A 22 E 2d (2] (PP or PET=I, Bt/m 80O il 512 4,102,400 6.7 5,306,400 45 L 9,855,200
EEARED By (=T D200 00| n SAT.a1a 58,781,300 340,383 34, 038,800 5.1 5,817 800 98,837,700
CEg ¥ HE M=5~1a0] o 128 | of 1,812 2,275,872 am 233 a8 1,231 1,549,138 4,215 8148
ihara = 9 & a0 0| & 1 3,839,714 3.63.718 | 43,996 28 43,998 233 | 2180287 2,180,247 54,966 202
RMEFE@ LA SAH o fhee R 1 - 25,978,210 25,979,210 22,009 460 22,009,480 A, 107 8 8107 1av 56,095 857
EHAl 04, 528,498 110, 824 557 18,012 _&10 293 TE5 685

2. Gaotaxlile Tube 4 £ 54 H4)
Al gtz 2l B By ({4 (PP or PET-I, BUm Bog| o 4.3 3,511,200 2.822 2087 A0 a 5608 800
ERYFHE By [Fa 0200 100 n 531,048 53,104 600 74,010 701,00 £ .32 4,232 910 64,733 510
EAl@E 3 Fy b G| W 256 | w 1.734 2,182,928 2,128 2,660 00 1.8e3 2365, 048 r.o6 0T
AL = BH1.0m' = 1,256 " Gan a5 .0ad il mag.2av2 423 531,288 1.985 640
2| glol = 100k 10| & i i} A 000 3,200 000 200 000
TH EdE 1| = a a 1,000 00 10,0600 400 10,0608 a0
B = golE Shw 0] & i s} 500 000 5,000 000 5000000
i i i i
Al 58, 852,808 12, 747,872 25,329,238 97,723,918
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1. Gaotextile Tube & 2[[8 & 8 = 4)
flaletxd 22l E B4l () (PP ar PET-, Bt/m Q00 W 5.128 5,128 000 6,73 G, 733,000 45 453,000 12,319 .000
BEELGE e Hi (23 0200 100 | n aa4.az7 83,437 700 234 389 25,438,900 77.088 7,708,800 145,828,200
posg W WE H=5-100) ot aaz | o 1,812 3,555,144 am 771,068 1,23 2,415 22 8,741 &7
uparar o @ @y P 1m0 A 1 3,880,718 .88 718 | 43 006 28 & 008 280 | 2180 287 ERE 54 965 203
BEFgLd Aad T iRl ] ¢ 25,979,210 25,979,210 22,009, 460 22,009,460 8. 107 ar a.107 v 56,095 857
EE 126, 834,770 127, 0487 15 20,869,206 275,650 Ta1
2. Gaotaxtila Tubs 4 &| (84 TIH4|)
A gy 2| E RY (S AH |PPar PET-I, BEfm oo o 4 a8 A 4000 el el 2 AR 000 i T.011 000
EEAREE B FA D2aa 100 | n anv rar 407 T 160533 1653300 5 AT 5 B4 00 CERCR i il
Exlm=E g ol km O W g2 o .73 3,409 95 2125 4, 169,250 1.833 3,604 846 11,273 6852
B AL FE BH1.0m' & 1,862 W Gad 1,33 180 42 G064 423 329 924 3,070 530
_..L .”.._ u_ ,....__._._ = 100k i3 | [H] [H] A 000 A 000 a0 4 000 000
TH gdE 13| ® a a 1000 a0 12500 000 12,500 00
# = e Thkw 13| & a i 50000 6,250 000 250 00
i i i i
£HA| #9.009,818 23,750,004 32,914,572 148,575,392
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Case Economic consideration

Nether lands,
Ecuador,
Bahrain

The amount of quarry materials saving of more 50% is attained by replacing
the core of the embankment with geotextile tube

. Cost saving of 42% is attained by applying geotextile tubes in the embankment
Ilsan bridge )
construction

Reduce the width of the counterweight fill for sand mound by 60m

Reduce the amount of the sand for sand mound by 900,000m’

Busan new port Enlarge the capacity of dredging soil ground by 1,000,000m’

Cost saving of more 40% is attained by applying geotextile tubes in the
embankment construction

Uliin beach Budget and public resentment saving of 50% is attained by replacing the riprap
in beac
! and dissipation block with geotextile tube
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Coastal Quarry material Traditional Geotube and riprap
structure (tonf) embankment technology technology
Total 472,121 140,065
Breakwaters
Saving effect (%) 0 70.00
Total 16,752 13,353
Revetments
Saving effect (%) 0 20.29

[H. 25.6] SiATZE GEIZ ESHR FE SHI 44 XMYS@H L
Coastal Cost Traditional Geotube and riprap
structure (€) embankment technology technology
Cost per meter 17,754 11,545
Breakwaters Total 7,921,000 5,124,000
Saving effect (%) 0 35.31
Cost per meter 1,325 1,382
Revetments Total 265,000 276,500
Saving effect (%) 0 -4.34
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M 2LHS AAS > 2013-10-19 2H 10:51:25 x

DE Hm EM BLIHE
20131019 27
cgepze COMI3 - | zeam 2013-10-19 2
= 20131019 27
20131019 27
S AE mE EEP] 2013-10-19 27 10:50:21 —> CONNECT
2013-10-19 27 10:50:12 —> ATDT 01063094754
matm7| 20131019 27 10 —> 0K
2013-10-19 27 10 —> AT+CRM=129
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5. 718 EZMa §E Pilot Test =H|7|=H|2tA]

(1) Tekong ™ Phase 2(Section 21)A|Y EE-F FE. Pilot Trial Site

> Z2AE g o grr] 150%E A8ske AAEE ESAdT FHO T3 A FEAY &

o|N

b 28 TIEAIHA
> B B e ERAS FHE U FIARE AGHEAE

>33 . AJ7HE Housing Development Building (HDB)
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- Background

g SA7IE Zledt BUEEC o8 ERAdf FE FEA HdA
FRlshs ARs) AlgS EFS Pilot Trial Site A2 2719 EEALRF F
o

Geotextile-encapsulated sand elements (e.g., geotextile tubes) are three-dimensional systems manufac-

tured from textile materials conventionally filled sand. They form a sub-group of a wider system of ge-

osynthetic solutions for erosion that are known as Geosystems. These elements are commonly used in
hydraulic engineering structures such as dams, dikes, and breakwaters as an alternative for quarry

stones and boulders as core materials. The use of these elements has the advantage that local materials

can be utilized and that no stone needs to be extracted and transported from a quarry to the site.

Compared to the traditional construction methods (with quarry stone) the application of geotextile sand

filled elements may add considerable operational advantages to the execution of hydraulic works and

may offer attractive financial opportunities and environmental aspects. Geotextile tubes are geotextile

containers consist of a water permeable, sand-sealed geotextile filled with sand or other granular
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materials. The tube diameter can vary from 0.5 m to 5.0 m and the length may vary from 25 m to
100 m depending on the project where the geotextile tube will be installed.

Due to the increasing demand of construction materials used to build the conventional structures, ge-
otextile tube technology is an inexpensive solution and a strong contender to replace the more conven-
tional hard engineering solutions. Environmental impacts for geotextile tubes are less than that of the
rubble mound structures, as the quarrying and transporting of rocks are not required and these struc-
tures can be easily be removed in the case of adverse unforeseen impacts. Also, the ability to use lo-
cal material and unskilled labor makes construction easier and faster. There are vast possibilities for ge-
otextile applications in coastal and environmental engineering. Geotextile tubes are researched widely for
its applications in civil engineering and through the years its material components are continuously
improved. Presently, an effective design criteria is yet to be achieved due to the limited knowledge and
understanding specifically on the mechanics of the geotextile tube filling and consolidation. In this re-
search proposal, pilot tests are to be carried out to better understand and develop methodologies for the
implementation of geotextile tube infilling works.

New and promising developments in hydraulic engineering, such as geotextile tubes, are sometimes
hampered by lack of design rules. This, perhaps, is the reason why planners, designers, engineers and
contractors are therefore rather hesitant to apply this technology. Most of the design rules are empirical
in nature and this means that existing experience is therefore required to design new structures. For
this reason it is a challenge to design a structure when only limited experience is available with what
type of material.

Geotextile tubes have historically been filled with sandy slurries which are dredged from the beds of
nearby water bodies. Presently, fine-granular materials (e.g., soft clay) are being considered as infill al-
ternative for geotextile tubes. However, very little is presently understood about these types of filling
materials. The exact nature of the sedimentation and / or consolidation process of these types of in
fills needs to be studied and understood before in can be fully implemented in construction sites. Large
scale pilot must be conducted in order to determine and establish engineering parameters which will be
useful for planners, designers, engineers and contractors who might make use of these type of in fills

for geotextile tubes.

- Objectives and content

1) General objectives

The ultimate objective of this proposal is to carry out pilot tests [1% 2.5.81] and study the in-
filling operations [Z1% 2.5.83] for geotextile tubes to better understand and develop methodologies for
the implementation of soft clay as the tube infill material. The research contractor shall design and
construct Pilot Trial Site based on the standard guidelines and requirements, including but not limited
to engaging specialists or professional engineers, where required. In general, the Pilot Trial includes the
construction of the geotextile tube containment bund and its foundation, carrying out infilling works,

preparation of an in-situ bearing layer on top of the soft-clay infill, carry out significant ground im-
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provement methods, and carrying out the final topping up and compaction to the finish level.

712! 2.5.81 Conventional anatomy of 12! 2.5.82 Large scale geotextile tube pilot test
a geotextile tube (Grant Code : 12TRPI-C064124-01)

The research contractor shall propose methods for infilling including, but not limited to, initial soil
treatment of the approved fill materials. Evaluation on inlet port modifications will also be performed
[Z1¥ 2.5.82] Survey works shall be carried out after the completion of infilling works for every trial
plot prior to the commencement of ground improvement works. Instrumentation and monitoring devices
will be provided to monitor and assess the field data. Laboratory field test will be conducted to eval-
uate the development of soil strength of the infill materials.

The contractor shall furnish all labor, materials, equipment and incidentals as specified and required
in connection with the dredging works, construction and stability monitoring of the geotextile tube con-
tainment bunds, in accordance with the lines, grades, designs and dimensions shown on the drawing

[Z18 2.5.85, 2.5.86] provided herein and the relevant ground improvement methods.

Cement Chay
Sharry Mixing Tank
I Hopper Tamich Water
A &
NS
Sharry -"kl-'" -
I =,
Slurey f a
- + f.-.;‘f.a.-:-:-.-—.r.:be-:-
- | B
T )
i S o, Y
= e UM Cemnemt o+ Clay 1

Wioater

12! 2.5.83 Infilling process

- 205 -



Filling pipe from pump

Filling Filling

ports

Geotextile tube length

12l 2.5.84 Filling port modifications (PCT 2015FP-2015-0105/US)

12! 2.5.85 Zones A and B in the trial site

« At least 4.0m . Il cPTiocation A, B,or C
.
i : 4 UDSamples
L] []
.. 1 A
:I X Top Tube
Geatextile
Bottormn Tubes
«1.0m CD
= 4 Tube
H
-
H = 9.8m

12l 2.5.86 Geotextile tube construction phase of containment bund 1, 2
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[E. 2.5.15] A7}E Teckon E2MQ

FE HAE HE =AM A

Major research objectives

Final deliverables

Technology in demand

Obtain geotechnical properties of
representative dredged soil materi-
als from selected area.

Physical and mechanical properties
of infilling soil

Field and laboratory test equip-
ment and monitoring devices for
obtaining geotechnical properties of
soil samples.

Obtain geotechnical properties of
ground base for the geotextile tube
containment bunds.

Physical and mechanical properties
of ground base soil

Field and laboratory test equip-
ment and monitoring devices for
obtaining geotechnical properties of
soil samples.

Acquire geotextile materials for
the geotextile tube containment
bunds

Geotextile tube containment bunds
(custom made or readily available
in the industry)

Industry grade equipment, mon-
itoring devices, PC computer

Carry out significant ground im-
provement methods

Physical and mechanical properties
of the ground base. Application of
soil treatment/improvement technol-

ogy

Field equipment

Perform laboratory tests on ce-
ment mixed slurries

Physical and mechanical properties
of the cement mixed slurries

Field and laboratory test equip-
ment and monitoring devices for
obtaining geotechnical properties of
cement mixed samples.

Conduct large scale infilling pilot
test on geotextile tube containment
bunds

Observe variation of field behav-
ior (stress, strain, settlement, phys-
ical data) of different shapes and
size of geotextile tubes tested at
field load and
configurations. Compare field test
results with simulated laboratory
conditions.

various

Field and laboratory test equip-
ment and monitoring devices for
obtaining site and laboratory meas-
urements for pilot case studies

Obtain geotechnical properties of
the consolidated material infill

Physical and mechanical properties
of the infill materials

Field and laboratory test equip-
ment and monitoring devices for
obtaining geotechnical properties of
soil samples.

Perform experimental / analytical
/' numerical analyses and opti-
mization methods for geotextile
tube design based on data and ex-
perimental results from field and
laboratory

Analyze variation of geotextile
tube behavior with the various de-
sign parameter and constraints.
Establish correlation between input
and output variables

MS office, PC

Develop methodologies for the
implementation of soft clay as the
tube infill material.

Establish engineering parameters
which will be useful for planners,
designers, engineers and contractors
who might make use of these type
of in fills for geotextile tubes

MS office, PC

Draft and final report and recom-
mendations for the developed
methodologies based on the results
of the study

Formulate design recommendations
and report based on the result of
the study.

MS office, PC
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[H. 2.5.16] Schedule of extracting undistributed samples from geotextile tubes

Quantity of UD sample at
No. Schedule each layer of the tube at Laboratory test
each monitoring location

1 day after the filling of the geotextile

tube containment bund

3 day after the filling of the geotextile
2 . 3 CIU
tube containment bund

7 day after the filling of the geotextile
3 . 3 CIU, OT
tube containment bund

28 day after the filling of the geotextile
4 ) 3 CIu
tube containment bund

(3) Utilization of the findings and expected outcome

Geotextile infilling works are typically a short term construction process. However, the consolidation
process of the tube may take several days. Based on initial recommendations and design guidelines de-
veloped from the result of the study, preliminary and final designs will be suggested for the proposed
geotextile tube methodologies. Continuous monitoring will be performed on those applied areas to ob-
serve the actual field behavior of the geotextile tubes with time and subjected to the various applied
forces in the field. Whenever variations will be observed between field observations and predictions or
estimations using recommended design from optimization method, adjustments will be made from time
to time based on new analysis and new or revised recommendations will be formulated. Updated de-
sign recommendations based on field experience and revised analysis will then be used for the design
of geotextile tube for other pilot areas not yet applied.

Based on the objectives of the study, expected outcomes of the research are efficient and optimized
design parameters for geotextile tubes applied in reclamation work shoreline protection, marine embank-
ments, breakwater, revetments, and dikes. The use of conventional protection materials such as rock
and concrete will then be minimized and prevent further disturbance of the rivers, mountains, and on-
shore environment or quarried mineral sites. Cost of construction materials and construction time will
be then be expected to be reduced. The acquired methodologies and design parameters will then aid
design engineers for an optimized design of the proposed geotextile tube for further reclamation works

in the country after considering all the design variables and input parameters.
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(1) Main goals and objectives

GeoTDS was developed in order to provide a design tool for practical analysis. The main functions
of GeoTDS are:

@ filling simulation (non-time dependent) of geotextile tube filled with pressurized slurry

(@ densification analysis (non-time dependent)

(3 consolidation analysis (time dependent) of geotextile tubes filled with dewatered or solidified ma-

terial

(2) Disclaimer

GeoTDS is a computer program, using the Matlab GUI environment, for geotextile tube analysis in
which a tube structure is modeled in order to simulate the geotextile-soil behavior. The GeoTDS code,
including the geotextile and soil models, have been developed with great care. The software developer
does not guarantee that the GeoTDS code is free of errors. Moreover, the consolidation analysis utilizes
Finite Difference Method (FDM) in the numerical solution which implicitly involves some inevitable
numerical and modeling errors. The accuracy at which reality is approximated depends highly on the
expertise of the user regarding the modeling of the problem, the understanding of the geotextile tube
model and their limitations, the selection of model parameters, and the ability to judge the reliability of
the numerical results. Therefore, GeoTDS may only be used by professionals possessing the afore-
mentioned expertise. The user must be aware of his/her responsibility when he/she uses the numerical
results for geotechnical design purposes. The GeoTDS developers cannot be held responsible of liable

for design errors that are yielded from GeoTDS numerical output.

(3) Short review of features

GeoTDS is a computer program utilizing a GUI environment intended for the simulation and two-di-
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mensional analysis of deformation of geotextile tubes. A brief summary of the important features of the

program are as follows:

Input of geotextile tube model geometry: The input of the geotextile tube circumference / perimeter

or theoretical diameter and tube length.

Material properties: Basic geotextile tube properties such as unit weight of the slurry fill and the

maximum allowable circumferential stress is entered.

Input of filling parameters: A panel where the pumping pressure is inputted and the filling conditions
are selected. There two types of filling conditions: (1) surface filling - i.e., tube filling above ground;
and (2) submerged filling - i.e., tube filling fully or partially under water. For geotextile tubes filled

under submerged condition the depth and specific weight of the external fluid are required.

Start analysis button: To start the analysis, after the required input parameters were inputted, the
“PROCEED TO ANALYSIS” button is pressed to start the simulation analysis.

(4) System requirements

(@ Processors: Any Intel or AMD x86 processor

(@ Disk Space: 100 MB

(3® RAM: 2 GB

(® Graphics: No specific graphics card is required. Hardware accelerated graphics card supporting
OpenGL 3.3 with 1GB GPU memory recommended.

(5) Program algorithm

The Geotextile Tube Design Software (GeoTDS) is a computer program developed in this study us-
ing the MATLAB® graphical user interface (GUI) environment. The solutions introduced by Plaut and
Suherman (1998) were utilized in the coding of the computer program for the simulation modeling of

geotextile tubes.

The software program was developed in order to perform the following specific functions:

Geotextile tube filling simulations in both under surface and fully submerged condition based on the
formulations applied by Plaut and Suherman (1998) in the two-dimensional analysis for geotextile tubes.

Non-time dependent consolidation analysis based on Leshchinsky et al (1996). and new proposed
method.

Time-dependent consolidation analysis based on Mikasa’s (1963) generalized one dimensional con-

solidation theory.
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Initially, the geotextile tube dimensions are inputted in the "Tube Dimension" panel and evaluated
whether or not the method used is applicable for plane strain state analysis. The design method se-
lection is based on the design criterion presented in Eq. (2.1). If the plane strain state is applicable,
the analysis can proceed and the material properties for the fill and geotextile materials are inputted in
the "Material Properties" panel. The filling condition options can be modified in the "Filling
Parameter”. The effects of geotextile strain can be included in the analysis by enabling the specified
radio button in the "Material Properties" panel. The effects of geotextile strain is not included in this
study, however, this will be integrated in the future GeoTDS version. The integration parameter k is
then determined in order to calculate for the non-dimensional tension force t. The geotextile strain can
then be calculated and the circumference of the tube is updated in the plane strain state. Subsequently,
the simulation modeling can be performed. Following the geotextile tube simulation modeling, the sta-
bility and consolidation analysis can be performed based on the tube’s geometry in the last simulation

step.

Check If Tubs Methaod Is not applicabls

Material Propertias
v

Run Simulation

Non-Time- Time-Dependant

Dependent Consolldation
Consalldation

| =
!

P Ganerate Repori

2l 2.6.1 Flowchart for geotextile tube simulation modeling and analysis procedure
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96%%6%%6%%6%%%%% %% %% %% %% %% %% 6% %% 6% 6% 6% 6666666666666 Y6666 Y6666 Y6666 Y6666 Y6666 Y%
% GeoTDS: Geotextile Tube Design Software
% ""k-Parameter Generator"'
% GEOTECHNICAL ENGINEERING LABORATORY
% Dept. of Civil and Environmental Eng"g., Kunsan National University
% 558 Daehangno, 573-701 Gunsan City, Jeollabuk-do, Rep. of Korea
% Software Developers: Kim, H.J. & Jamin, J.C.
96%0%6%%6%%%%%%% %% %% %% %% %% %% %% 6% 6% 6% %6666 %6666 %6666 6666666666666 Y6666 Y6666 %
clc;
format long
pbot = 0:0.00001:11;
row = 1; col = size(pbot, 2);
k = zeros(l1, col); kO = zeros(1, col);
THETAi = zeros(l, col);
for a = 1:col
THETA = linspace(0,180, 3599);
[K,E] = ellipke(sind(THETA)."2);
J = 2.*pbot(1,a).*(K-E);
i = find(§>0.99999 & j<1.09999,10);
ival = any(i);
if ival ==
THETAT (1, a) = 89.95666;
k{1, a) = sind(THETAiI(1,a));
ko(1, a) = sgrt(k(l, a)~2/(1-k(1, a)"2));
else
m = min(§(i)); location = find(j==m);
THETAiI (1, a) = THETA(1, location:location);
k{1, a) = sind(THETAiI(1,a));
ko(1, a) = sgrt(k(l, a)~2/(1-k(1, a)"2));

end

disp(pbot(1,a));

end
ptop = pbot.*sqrt(1-(k."2));
% Print Data
k_pbot = [pbot; ptop; k; kO; THETAi];
filelD = fopen("txtGeoTDS_kParam.txt", "w");
fprintf(FfilelD, "%3.5F %3.5F %1.5F %1.5F %3.5F rn",k_pbot);
fclose(filelD);

T2l 2.6.2 Structure for "k-Parameter Generator" code
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(6) Use of design software
- Getting started

GeoTDS ™

Geotextile Tube Design Software
Software Developers: Kim, H.J. (Ph.D.) & Jamin, J.C. (MEng)

GEOTECHNICAL ENGINEERING LABORATORY

Kunsan N I Uni ity, Republic of Korea
— Tube Dimension

Tube Length: | 5 | |meier w |

TheoreticalDismeter: | 3 | | checkirTune |
— Material Propertie:

FILL MATERIAL

Specific Weight:
WC —> Specific Weight | | 10 ‘ ‘kNlma v|

GEOTEXTILE MATERIAL
Max. Allowable Circumferential

Stress:
— Filing Par:
FILLING COMNDITION:

(®) Surface Filing () Submerged Filing

[ ][
[ == &

PROCEED TO ANALYSIS >>>

— Graphical Display.

— About GeoTD!

T T T T T T T T T T T
2.6 o
2 -
818 -
=
@
=
1 -
0.5 1
o]
2.6 2 1.5 1 0.6 o] 0.6 1 18 2 25
Horizantal
Display Major Grids
[] Display Minor Grids
5 Color: I
i olor: ‘Blue v‘ Thickness: ‘Nnrmal v|
— Modeling Configuration and Control Panel
Tube Filing Sir i | Densificati | C idati |
Nen-Dimensional Bottom Pressure (Plaut & Suherman 1998)
Design Options: | Option 1: Simulation
Increment: ‘ 0.0042 | ﬂ J ﬂ Change Limit
pbot = 0.26552

GeoTDS: Geotextile Tube Design Software v.2.03

textile Tube Physical Characteristics:

Contact Base Length: 2.41m Filled Area: 6.033 sq.m. Approximate Volume: 143.42 cum.

The scope of GeoTDS program s limited to the calculations Geotextile Tube Width: 3.68 m ‘Geotextile Tube Height: 1.96m HDt: 0.6540t
associated with geotextie tube design. Bottom Pressure: 25.02 kPa Top Pressure: 5.41 kPa
Tensile Stress Meter: l:l
Circumferential Stress: 14.92 kN/m
| GeoTech Eng'g. Lab, knU | | DISCLAIMER |
-
| Authors. | ‘ BeoTDS Version ‘ SAFE Tube Properties.
| Defnions | | Other Options | | RESET | repomT

a2l 2.6.3 GeoTDS Graphical User Interface(GUI)

GeoTDS is a program designed for the interactive geotextile tube analysis. This quick start tutorial

will familiarize the user with some of the basic features of GeoTDS.

- Tube dimension panel

Tube Dimension
Tube Length: @ 25 meter ‘ v
Theoretical Diameter: | @ 3 Ched:ifTubeT

2l 2.6.4 Input panel for tube dimensions
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The tube dimension input panel [ZL% 2.6.4] is located below the topmost left panel of the GeoTDS
GUIL. The tube length is entered at [1] and the theoretical diameter is inputted at [2]. The tube di-
mension units can be changed at [3]. The button at [4] is used to check if the geotextile tube geome-
try valid for two-dimensional (2D) analysis. At this stage, the supplementary control panels are in in-
active state. If the inputted geometric properties of the tube is valid, the supplementary control panels

will be activated.

- Material properties panel

&

fic Weight: l
10 KN/m3@ v

25 kNIn‘IT v

2l 2.6.5 Input panel for material properties

— Material Propertie:
FILL MATERIAL

Spe

L —

WC —> Specif@® Weight

GEOTEXTILE MATERIAL

Max. Allowable Circumferential
Stress:

—e

Specific Gravity

gl 2.6.6 Specific weight calculator

The material properties input panel [Z1%. 2.6.5] is located below the tube dimension control panel
of the GeoTDS GUI. The specific weight of the fill material is inputted at [5] and the corresponding
unit can be selected at [6]. In cases where only the water content and the specific gravity of the mate-
rial fill are only the known parameters, button [7] can be used. After pressing button [7], the GUI
shown in [ZI¥ 2.6.6] pops up. The specific gravity and water content are inputted in [7a] and [7b],
respectively. Then button [7c] is pressed to calculate the specific weight of the fill material after mak-
ing the necessary inputs. The allowable circumferential stress of the confining geotextile material is re-

quired and should be entered at [8] and it corresponding unit at [9].
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- Filling parameters panel

— Filling Parameters | |

Pumping Pressure: l 10 kPa l
FILLING CONDITION:

c Surface Filling ()Su bmerged Filling

*—
PROCEED TO ANALY SIS >>>=—rt

I o K

12! 2.6.7 Input and selection panel for filling parameters

L

The material properties control panel is located below the tube dimension control panel of the
GeoTDS GUI. The GeoTDS program requires the pumping initial pumping pressure to be inputted pri-
marily (however, analysis regarding the changes in pumping pressure can be done later, hence the
pumping pressure value can be modified later in the simulation analysis). The pumping pressure value
is inputted at [10] and its corresponding unit can be selected at [11]. The GeoTDS software is capable
of analyzing tubes filled above, under, or partially submerged in water body. For tubes filled on dry
land, the user can select the “Surface Filling” option at [12], no further parameters are needed. For
tubes filled under or partially submerged in water, the user should select the “Submerged Filling” op-
tion at [13]. Additional parameters such as the specific weight and depth of the external fluid are in-
putted at [14] and [15]. The corresponding units can be selected at [16] and [17]. Subsequently, the
“PROCEED TO ANALYSIS >>>" button at [18] is pressed to start the geotextile tube analysis. This
will enable the “Graphical Display”. Initially, the Graphical Display will display a horizontal blue line
representing the empty tube [Z1% 2.6.8]

‘Graphical Display

251 B

0 L L L L L L L L L L |
-2.5 -2 -1.5 =1 -0.5 0 0.5 1 15 2 25

Herizontal

[] Display Major Grids
O

[] Display Tube Fil Coler: | Blue v | Thickness: |Normal W

2l 2.6.8 Initial graphical display showing the empty tube represented by the blue horizontal line
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- Modeling configuration and control panel

Non-Dimensional Bottom Pfessure (Plam & Suherman 1998)

_.‘
ocement | 0002 | 4| | o |

Design Optlons Ophon 1: Simulation

i Geotextie Tube Physical Characteristics:

Tensle Stress Meter B
Circumferential Stress: 14.92 kN/m

— Mopeling Con figuration and C[nh’ol Panel
Filling Simulation Densification I l Consolidation |

Change Limit

T e T o 1| 3o SRR

Contact Base Length: 2.41m Filled Area: 6.033 sq.m. Approximate Volume: 143. 42t:um
Geotextile Tube Width: 3.68 m Geotextile Tube Height: 1.96 m HDt: 0.654Dt 5
e e e :

é | Coordinates

59.69 % : £ g
SAFE n_. Zubo Propecéos | ;

Definions | | Other Options ' RESET

REPORT

2! 2.6.9 Modeling configuration and control panel

After pressing the “PROCEED TO ANALYSIS >>>" button, the “Modeling Configuration and
Control Panel” is enabled. Under the “Modeling Configuration and Control Panel” there are three sub-

sequent sub-panels, namely: (1) Tube Filling Simulation [19]; (2) Densification [20]; and Consolidation

[21].

- Tube filling simulation

‘Option 1: Simulation v
Option 1: Simulation

Option 2: Desired Tube Height
Option 3: Desired Bottom Pressure

Option 5: Optimum Tube Geometry based on Pumping Pressure

2l 2.6.10 Tube filling simulation options
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The design options can be found at [22] in [ZL® 2.6.9]. There are five options under the tube fill-
ing simulation tab [ZL¥ 2.6.10]. This enables the user to choose various options based on field
situations. Option 1 corresponds to the tube filling simulation. This will enable the user to take full
control of the “Simulation controls” [23] from [Z1® 2.6.9] as shown in [T13 2.6.11].

Option 1: Simulation

ﬂ Change Limit
EIlIIII.IIIII.I"IIII.III'l.

: pbot =0.

Increment: 0.0042

J12l 2.6.11 Simulation controls

4] - o IEl|

Enter value from 0.1 to 10

Change

12! 2.6.12 Modification window for the maximum slider control limit

The main components under [23] are the (1) slider control [23a], (2) increment edit box [23b] and
the (3) change limit button [23c]. The slider control [23a] movement corresponds to the bottom pres-
sure of the geotextile tube. The user can slide the control to the right (increasing value, normally ap-
plied to tube filling) to simulate the increase in bottom pressure. Conversely, the user a can slide the
control to the left (decreasing value, normally applied to tube dewatering) to simulate the decrease in
bottom pressure. The numerical increment can be modified at [23b]. The user is allowed to input in-
crement values up to five (5) decimal places. Initially, the computer program predetermines a maximum
limit value for the slider control. However, the user can modify this limitation using [23c], this will
display the widow shown in [ZL¥ 2.6.12]. The numerical values for the elliptic parameter k [23d] and
dimensionless bottom pressure pbot [23e] are displayed interactively as the slider is move, as shown in
[1¥ 2.6.11].
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Option 2: Desired Tube Height

Tube Filing Simulation

Densification ‘ Consolidation |

Non-Dimensional Bottom Pressure (Plaut & Suherman 1998)

Design Options: | Option 2: Desired T... % Desired Tube Height: 2
L | 3
k=0.59728070936 pbot = 0.27617
Geotextile Tube Physical Characteristics:
Contact Baze Length: 234 m Filled Area: §.102 sq.m. Approximate Volume: 14512 cu.m.
Geotextile Tube Width: 385 m Geotextile Tube Height: 2.00 m HOt: 0.6570t
Bottom Pressure; 256.03 kPa Top Pressure; 6.03 kPa

Tensile Stress Meter:

Circumferential Stress: 16.03 kNim

I -

SAFE Tube Properties

Cooerdinates

2l 2.6.13 Modeling and configuration panel display for option 2: Desired tube height

When Option 2 is selected by the user, the additional edit box and push button emphasized in [L%
2.6.13] appears. Simultaneously, the “Simulation Controls” are disabled. The user simply inputs the de-
sired tube height and run the analysis and the computer will do the rest. The input unit should be

consistent with the user defined units at the start of the analysis.

Option 3: Desired bottom pressure

Tube Filling Simulation

Densification | Consolidation |

Non-Dimensional Bottom Pressure (Plaut & Suherman 1998)

Design Options: | Option 3: Desired B... W Desired Bottom Pressure: 25 RUN AHALYSIS

4 | b

12! 2.6.14 Modeling and configuration panel display for option 3: Desired bottom pressure

Option 4: Optimum tube geometry based on developed tensile stress

Tube Filling Simulation

Denzification | Conzolidation |

Non-Dimensional Bottom Pressure (Plaut & Suherman 1998)

Design Options: | Option 4: Optimum ... % Developed Tensile Stress: 15

4 | | b

2l 2.6.15 Modeling and configuration panel display for option 4:

Optimum tube geometry based on developed tensile stress
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When option 4 is selected by the user, the additional edit box and push button emphasized in [L%
2.6.15] appears. Simultaneously, the “Simulation Controls” are disabled. The user simply inputs the de-
sired tensile stress and run the analysis and the computer will do the rest. The input unit should be

consistent with the user defined units at the start of the analysis.

Option 5: Optimum tube geometry based on pumping pressure

Tube Filling Simulation

Densification | Consolidation |

Non-Dimensional Bottom Pressure (Flaut & Suherman 1998)

Design Options: | Option 5: Optimum ... Pumping Pressure: 10 | RUN ANALYSIS |

4 | b

[1E! 2.6.16] Modeling and configuration panel display for option 4:

Optimum tube geometry based on desired pumping pressure

When option 5 is selected by the user, the additional edit box and push button emphasized in [
2.6.16] appears. Simultaneously, the “Simulation Controls” are disabled. The user simply inputs the de-
sired pumping pressure and run the analysis and the computer will do the rest. The input unit should
be consistent with the user defined units at the start of the analysis.

The physical tube characteristics [24] and the generated tensile stress [25] are displayed interactively
during the slider movement as shown in [Z1%3 2.6.17] and [ZL¥ 2.6.18], respectively. Under the ten-
sile stress meter [25], the calculated stress [25a] and the percentage tensile stress (with respect to the
maximum allowable circumferential stress) [25b and 25c] are displayed in real time. The computer will
also inform the user if the tube is within safe capacity or not from the display at [25d] as shown in
[Z19 2.6.18].

Geotextile Tube Physical Characteristics:

Contact Baze Length: 2.41m Filled Area: 6.033 sg.m. Approximate Volume: 14342 cu.m.
Geotextile Tube Width: 3.68 m Geotextile Tube Height: 1.56 m HOt: 065404
Bottom Pressure: 25.02 kPa Top Pressure: 5.41 kPa

2! 2.6.17 Interactive results display

Tensile Stress Meter:

Circumferential Stress: :14.92 kN/m:

- 219 -



212! 2.6.18 Tensile stress meter. (a) Safe, (b) Critical and (c) Fail

[26] is used to view the output as .txt files. In [T1% 2.6.19], [26a] outputs the .txt file for the cur-
rent tube coordinate as shown in [ZL% 2.6.20] and [26b] outputs the .txt file for the current tube
properties as shown in [ZL% 2.6.21].

File Edit Format View Help

Tensile Stress Meter:
Circumferential Stress: 21.04 kN/m

(b)

Tensile Stress Meter:
Circumferential Stress: 25.10 kN/m

(c)

X
.17218
.19391
.21563
.23738
.25891
28043
. 30186
.32316
34431
36538
.38610
48669
LA2786
LA4717
46782
48657
50581
52472
.54326
56144
.57921
.59656
.61346

1
1
1
1
1
1.
1
1
1
1
1
1
1
1
1
1
1
1
1
1.
1
1
1

T2l 2.6.20 Txt files for the current tube coordinate

[~ B B B B v I I I~ B B o B I v I« I v I B B B R I v ]

Y
gaeoe

.Bee3s
.8e153
80345
.ee614

080958

.8138e
81877
.82451

83108
083825

.84625
85501
.86451

87475
88573

.89745
.108991
.123e9

13699

.15168
.16693
.18297
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File Edit Format WView Help

| B W H A HDt T Pbot Ptop
2.34436  3.65151  1.99998  6.18200  ©.66666 16.82835 26.82841  6.82862

8l 2.6.21 Txt files for the current tube properties

During the tube filling analysis, the updated tube shape will be displayed at the “Graphical Display”
panel in real time. In the “Graphical Display” panel, the user can modify the appearance of the graph-
ical output. By default, the “Graphical Display” should look like [ZZ% 2.6.22]. To change the appear-
ance of the graphical display, the user should select the desired options provided at the bottom of the
graphical display panel.

—Graphical Display

25 -

15+

Vertical

0.5

Horizontal

[ ] Dizplay Major Gridz
|:| Dizplay Minor Grids

[] Display Tube Fil Color Thickness: |Normal v |

8! 2.6.22 Default “Graphical Display”
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12l 2.6.23 Appearance options for the “Graphical Display”:

(a) Displaying the major grids, (b) Displaying the minor grids, (c) Highlighting the tube fill, and

(d) Changing the color and line thickness of the geotextile membrane.

- Densification analysis

Modeling Configuration and Control Panel

Tube Filling Simulation Densification

Consolidation

|| One-Dimensional Strain (Leshchinsky et al. 1998)

MATERIAL FILL PROPERTIES (Solidified Filly

|| Areal strain

Specific Gravity: 27 Specific Wieght of Solidified Slurry: 18 kN/im3 W
Degree of Saturation, Sf: 1.0
DENSIFIED TUBE PROPERTIES
Contact Base Length: 3.86 m Filled Area: 3.279 sq.m. Approx. Vol 77.26 cum. HOt: 0.2810
Geotextile Tube Width: 432 m Geotextile Tube Height: 0.84 m

Bottom Pressure: 12.73 kPa

REDUCTION FACTOR and INITIAL TUBE HEIGHT/AREA

Top Pressure: 0.07 kPa

Hireduc) = A{reduc). 57.20 % Initial Tube Height: 2.000 m Initial Tube Area: £.339 2g.m.
| RUN ANALYSIS * Coordinates Tube Properties
Defintions Other Options RESET REPORT

2l 2.6.24 Densification control panel.
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The user can select the “Densification” tab / panel for the non-time dependent consolidation analysis
of geotextile tubes. Under this panel, additional parameters such as the specific gravity of the slurry,
specific weight of the slurry and the degree of saturation of the slurry must be inputted by the user.
After providing these parameters, the densification analysis can be performed by pressing the “RUN
ANALYSIS” button. Results should be displayed in real time as shown in [ZL¥ 2.6.25]. The initial
tube is represented by the dashed line and the final tube shape is represented by the solid line. Similar

to the simulation analysis, the data results can be accessed via .txt files.

Graphical Display

250
2k e mme-
w
L8156}
T
@
>
11
05}
0 L . . .
2.5 0.5 0 256
Horizontal
[] Display Wajor Grids
a Cok Thick
obor: [ v | Thickness:
[ Display Tube Fil ue Normal _Eg
Modeing Configuration and Control Panel
Tube Filing Simulation ‘ Densification Consolidation
|| One-Dimensional Strain (Leshchinsky et al. 1996) || Areal strain
MATERIAL FILL PROPERTES (Solidified Fill)
Specific Gravity: 2.7 Specific Wieght of Solidified Slurry: 15 KNim3 v
Degree of Saturation, 5f: 1.0
DENSIFIED TUBE PROPERTES
Contact Base Length: 3.86m Filed Area: 3.279sqm. Approx. Vol: 77.26 cu.m HDt 0.281Dt
Geotextile Tube Width: 4.32m Geotextile Tube Height: 0.84 m
Bottom Pressure: 12.73 kPa Top Pressure: 0.07 kPa
REDUCTION FACTOR and INITIAL TUBE HEIGHT/AREA
Hireduc) = A(reduc): 57.80% Inttial Tube Height: 2.000 m Initial Tube Area: 6.338 sq.m
| RUN AHALYSIS | Coordinates Tube Properties
Definitions Other Options. RESET REPORT

gl 2.6.25 Output results for “Densification” analysis

- Consolidation analysis

Modeling Configuration and Control Panel

Tube Filing Simulation Densification Consolidation

+| One-Dimensional Strain (Leshchinsky et al 1996 Areal strain

FILL MATERIAL PROPERTIES (Selidified Fill)

Gs 27 Specific Wieght of Solidified Slurry: 15 kN/m3 v Sf. 1.0

@cv:| 2522 ||m2iyr v O v @ mv| 00044 | m2KN W

. | Utave): 37.00%
Beta Criterion Time: 13.00 days r ’7 | WC: 144.64 %

CONSOLIDATED TUBE PROPERTIES

RUN ANALYSIS
Contact Base Length: 3.37 m Filled Area: 4.545 sq.m.
Geotextile Tube Width: 4.09 m Geotextile Tube Height: 1.29m
Approx. Vol: 107.43 cu.m, HDt: 0.428Dt ETITEES
Bottom Pressure: 17.81 kPa Top Pressure: 0.79 kPa
Final Tube Height. 0.08 m Max Consoldation Time: 364.00 days Tube Properties
Definitions Other Options RESET REPORT

2l 2.6.26 Densification control panel
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The user can select the “Consolidation” tab/panel for the time dependent consolidation analysis of ge-
otextile tubes. Under this panel, additional parameters such as the specific gravity of the slurry, specific
weight of the slurry and the degree of saturation of the slurry must be inputted by the user. Moreover,
consolidation parameters such as coefficient of consolidation C, and Coefficient of volume compressi-
bility m,, should also be provided by the user. After providing these parameters, the densification anal-
ysis can be performed by pressing the “RUN ANALYSIS” button. Results should be displayed in real
time as shown in [ZL¥ 2.6.27]. The initial tube is represented by the dashed line and the final tube
shape is represented by the solid line. Similar to the simulation analysis, the data results can be ac-
cessed via .txt files. To view the results at each time increment, the slider — which represents the con-

solidation time, is used.

Graphical Display

25} .
2 . -
‘m®
S 15} 4
=
¥}
=
1L 4
0.5+ .
0L | | e L ) ) ) ! - '.’ | | )
2.5 -2 1.5 =) 05 0 0.5 1 15 2 25
Horizontal

|:| Dizplay Major Grids

O

(] Display Tube Fil Coler: | Blue v | Thickness: |Normal w
Modeling Configuration and Control Panel
Tube Filing Simulation Densification Consolidation
+| One-Dimensional Strain (Leshchinsky et al. 1556) Areal strain
FILL MATERIAL PROPERTIES (Solidified Fill)
Gs 27 Specific Wieght of Solidified Slurry: 15 kN/m3 v S 1.0
@ Cv:| 2522 | m2hyr v o v @ my:| 0.0044 ||[m2kN W

UlAve): 58.11 %

Beta Crterion |  Time:38.00days 4| | P s w2

CONSOLIDATED TUBE PROPERTIES

Contact Base Length: 3.33 m Filled Area: 4.621 sq.m.

Geotextile Tube Width: 4.07 m Geotextile Tube Height: 1.32m Coordinates

Approx. Vol.: 109.25 cu.m. HDt: 0.4350¢

Bottom Pressure: 18.20 kPa Top Pressure: 0.89 kPa X

Final Tube Height: 0.85m Max Consolidation Time: 354.00 days e
Definttions Cther Options RESET REPORT

2l 2.6.27 Output results for “Densification” analysis
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Time slider: As the user slidesthistool, the
computer will automatically display the updated
shape/geometry of the tube at agiven time stage

Modes/Controls

Fillng analysis | Dewai

Devafiaton

Parame -

srmmeten Time control
. ® Ds ‘
Parameters
Basic
(®) Default values () Modfy values
Ln Analyss v
Reset Run Analysis

(a) Modeling configuration and control panel
Graphical display

Centerline

Empty tube

Graphical display

(c) Output results for “Densification” analysis

! 2.6.28 Development using another program (C# Program)
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For over two decades high strength woven polypropylene geotextile tubes have been used to con-
struct coastal protection structures. Earth covered tubes have also been successfully used for shoreline
erosion protection from waves and currents. Several miles of these structures have served to protect
coastal property from hurricane and tidal surges that cause flooding, floating debris, silt and sands onto
streets and highways. Tubes have been used to construct dredged material containment structures for
storage of maintenance dredged material and construction of islands. Tubes have been used to construct
jetties, contraction dikes and control structures to prevent erosion and control depositions of sand and
silts to minimize dredging cost. They have been use as sub-division dikes, spur dikes, underwater con-
trol dikes, current contraction dikes and thalweg control structures. Tubes have been used as bend way
weirs, dikes, flood protection dikes and permanent and temporary structures. They have also been used
for dike repair. Several other coastal applications such as groins, off shore wave breakwaters, beach
nourishment, shoreline structures, on shore and off shore stability berms, and coastal sand dune pro-
tection have utilized Geotextile tubes. Tubes have been used to protect wetland habitat, wetland crea-

tion, and to create wildlife habitat such as oyster and fishing reefs.

2. E2HY RE FXHo| 54
(1) Geotextile tube applications

Geotextile tubes are used for a range of hydraulic and marine applications where mass-gravity bar-
rier-type structures are required. These applications are shown in [ZL% 2.7.3], and are described briefly

below:

- Revetments

Geotextile tubes are used for revetment structures [1% 2.7.1], where their contained fill is used to
provide mass gravity stability. They are used for both submerged and exposed revetments. For sub-
merged revetments the geotextile tube is covered by local soil, and is required to provide protection
only when the soil cover has been eroded during periods of intermittent storm activity. Once the storm
is over, the revetment is covered by soil again, either naturally or by maintenance filling. For exposed
revetments the geotextile tube is exposed throughout its required design life.

To prevent erosion of the foundation soil in the vicinity of the geotextile tube it is common practice
to install a scour apron. This scour apron usually consists of a geotextile filter layer that passes be-
neath the geotextile tube and is anchored at the extremity by a smaller, filled, geotextile tube.

Revetments are also constructed using multiple-height geotextile tubes. Here the geotextile tubes are
staggered horizontally to achieve required stability. Considerable care should be exercised during con-

struction of these types of revetment to ensure that the water emanating from the hydraulic filling of
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the upper geotextile tubes does not erode the soil and undermine the lower geotextile tubes in the mul-

tiple-height revetment structure.

Local sl il

Gasotentile bibe
Waser foroes \

mWTw Soil 1o be
£ (\
®,

Soour apron {optonal]

2l 2.7.1 Geotextile tubes as revetment for marine and hydraulic applications

- Offshore breakwaters

Geotextile tubes are used for offshore breakwaters [ZL% 2.7.2] to prevent the erosion of shoreline
developments. Here the filled geotextile tube is located a certain distance offshore in order to dissipate
wave forces before they can reach the shoreline. Again, scour aprons are used beneath the geotextile
tube breakwater to ensure that local erosion does not undermine the breakwater structure.

In many instances the geotextile tube is left exposed, which consequently affects its design life.
Additional techniques or treatments may be applied to the geotextile tube breakwater to increase its ex-

posed design life.

Woves break across

broakwater
Cionan waves
Gexexils
Bremionnier
Sanur apeen Seabed

2l 2.7.2 Geotextile tubes as offshore breakwater for marine and hydraulic applications

- Protection dikes

Geotextile tubes are used for protection dykes [ZL%H 2.7.3], where they prevent flood and storm
damage to valuable structures and real estate. Protection dykes also may be used for river, lake or
stream training works.

Where geotextile tube protection dykes are constructed it is common to cover the geotextile tube

with local soil. The geotextile tube is required to function only intermittently during storm or flood pe-
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riods when the soil cover is eroded. The use of the soil cover provides several advantages to the geo-
textile tube core. First, it hides the geotextile tube core, thereby providing an aesthetic environment and
ensuring no damage due to vandalism. Second, it protects the geotextile tube from long-term exposure.
Where geotextile tubes are used for river, lake or stream training works it is common to leave the
tube exposed except for major structures, where rock armor layers may be placed over it to dissipate
hydraulic forces. Where the tubes are left exposed, a geotextile shroud may be used across the top of

the tube, or a coating applied, to enhance its longevity in an exposed environment.

Flood leved or storm

water level Developmers

to be protecied

CGaotextle tube
dyke core Send.

Scour apron

2l 2.7.3 Geotextile tubes as protection dikes for marine and hydraulic applications

- Containment dikes

Geotextile tubes are used for the cores of containment dykes [ZL¥ 2.7.4] where water depths are
relatively shallow. Here, the tube structure contains a filled reclamation area, the reclamation fill being
dry-dumped or placed hydraulically. The advantage of this approach is that the same hydraulic fill used
in the reclamation can also be used inside the geotextile tubes for the containment dykes, thus avoiding
the need to import rock fill for the dykes. Containment dykes constructed from geotextile tubes provide
an economic alternative to other forms of construction, such as sheet-piled walls, especially where the
foundation soil is soft. Where water forces dictate, and where longevity is required, rock armoring can
be placed around the geotextile tube core [T1 2.7.4].

Hydraulically
placed fil Geotextile tube

dyks core Permanarit
protection
‘1‘ rock armour

2l 2.7.4 Geotextile tubes as containment dikes for marine and hydraulic applications
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- Groins

Geotextile tubes can be used as groins [TL% 2.7.5] to prevent the littoral movement of sediment. In
most cases the geotextile tubes are left exposed, but coatings or a rock covering may be applied, de-

pending on the circumstances and the required life expectancy.

Water forees
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2l 2.7.5 Geotextile tubes as groins for marine and hydraulic applications

3. E2MQ RE FxH9| dA Wy
(1) Limitations of geotextile tubes

The concerns raised at the workshop were the same as those raised by Pilarczyk (1995) in his thor-
ough review of “novel” systems for coastal engineering. Participants were concerned about fabric resist-
ance to puncture and abrasion, fabric degradation in the environment, especially under exposure to ul-
traviolet (UV) light, the difficulty in placing a tube precisely on a given alignment and in achieving a
consistent crest height along the length of the tube, and the lack of hydraulic, hydrodynamic, and geo-
technical design guidance. Each of these concerns is addressed below.

The resistance to geotextile fabrics to punctures and abrasion is low. Puncturing the materials with a
blunt object is not easy. However, it takes no effort to puncture even the highest strength material
with a pointed object, such as a knife. Consequently, in areas where the public has access to the
tubes, vandalism often results in damage. Debris (for example, a stump with sharp roots) that is forced
against the tube by waves or currents can puncture and abrade the material. The workshop participants
also suspected that ice could abrade or puncture the fabric. The material can be abraded during ship-
ping and handling, or during deployment. Tubes may be damaged by placing equipment (pipes, flanges,
cables, and connectors) on the tubes. Participants also indicated that tubes that are cut or torn will lose
sediments within only a few feet to either side of the cut. That is, most of the tube beyond the dam-
aged area will remain intact.

Fabric degradation in UV light is uncertain. Laboratory tests that have exposed the fabrics to intense
UV radiation have been conducted. The results suggest that the fabric is resistant, but the results can-

not be extrapolated to actual field applications. Some workshop participants suggested that tubes could
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last several decades (20 to 50 years) in the field; others suggested that, without data, those values can-
not be relied upon. It should be noted that exposure to UV light is significantly blocked when the
tube is submerged or covered by sediments or marine growth such as algae and barnacles.

The constructed quality of the tubes depends on the skill of the construction contractors and the en-
vironmental conditions under which the deployment and filling takes place. The skill and experience of
some contractors is increasing within the dredging industry, but no method has yet been widely ac-
cepted or documented as the best approach to deploying and filling tubes. Given that the overall aver-
age height of the tube depends on the length and circumference of the tube, the permeability of the
fabric, the pressure and flow rate inside the tube during filling, sediment characteristics, and other fac-
tors, it has been difficult to determine whether it is these factors or the techniques of the contractor
that affect the quality of the final tube shape. Ultimately, the experience of the contractor and the
available equipment seem to dictate the construction methods chosen.

Some variations of height cannot be avoided. If the contractor stops filling a tube prematurely, be-
cause of weather for example, sand in the tube will stabilize and flatten the tube out. Once that hap-
pens it is very difficult to pump the tube higher. Also, low spots always occur near the filling ports,
with other random undulations elsewhere. It is not surprising to find variations of 0.5 ft (0.15 m) or
more along the length of the tube. Based on the results reported at the workshop, the maximum tube
height that can be achieved is 5 ft (1.5 m), regardless of the circumference of the tube used. Greater
final tube height might be possible, but it has not been the general experience.

Not only does the height of the tube vary, but the elevation of the bed upon which it rests may
vary. Hence, if the tube is not placed directly on a given bed elevation, the variations in the bed itself
result in variations of the crest elevation. Geotextile tubes are hard to position and hold in place in
waves and tidal or wind-driven currents prior to filling. Occasionally, a tube may roll to one side dur-
ing filling. When this occurs, the tube moves off alignment, it puts the filling ports to the side of the
tube instead of on top, and it increases the stress in the fabric.

Existing guidance is limited for designing and predicting the stability of tube structures. Some techni-
ques modified from other structure design techniques were discussed at the workshop. It was suggested
that the methods described in the “Shore Protection Manual” (U.S. Army Corps of Engineers 1984) or
Minikin (1983) be used for loading on vertically faced structures. Similarly, the methods outlined in
Goda (1985) or Walton and others (1989) could be used.

Once the forces are estimated for the tube, one can assume that the cross section of the tube is a
rigid, roughly oval object and calculate its tendency to slide or overturn. The recommended friction an-
gles are 18 deg for fabric on fabric and 25 deg for fabric on sand. The WES maintains a dis-
crete-element model that can be used to simulate the deformation of a tube in two-dimensional cross
section under loading. A graphical technique to estimate the strength of fabric needed for an applica-
tion has been developed*. Most workshop participants agreed that, if there is concern about the
strength of the fabric, the strongest available fabric should be used. Sprague* also presents a technique

for selecting the spacing for filling ports along the crest of the tube. Each of these methods is likely
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conservative, and all the methods disregard the three-dimensional nature of the tubes.

(2) Criteria for geotextile tube applications

Based partially on the limitations discussed above, a list of general criteria was compiled for use in
determining appropriate applications for geotextile tubes. Pilarczyk (1995) also identifies several of these
criteria. The greater the number of criteria satisfied, the more successful the implementation is likely to
be.

The listing of criteria given below probably is incomplete, but it can serve as a good guide. The

criteria are not listed in order or priority. Priority might be set based on project characteristics.

Shallow water, low tidal range, and low wave energy. The region in which the tubes are placed
should be shallow (0~3 ft, < 1 m) and where the tidal range is small (0~3 ft, < 1 m). Several
corps of engineers projects have been stable and have performed successfully in such environments.
These criteria limit the size of the waves that will impact the project such that the tubes are inherently
stable. Further, tubes placed at low crest elevations as assumed here are usually inundated by surge
during large wave events. Larger waves, which might occur with meteorologically induced surges, pass
over the tubes with reduced force. The propagation of such waves over the tubes is not problematic,
because the area in the lee of the tube is low-elevation marsh.

Temporary, maintained, and hidden. An appropriate geotextile tube application is one in which the
tube is a temporary structure. Obviously, a tube that is used until another approach can be found is
just temporary. However, a less obvious temporary application would be a tube that is maintained. For
example, a tube used to contain and protect dredged material that is needed only until the next dredg-
ing cycle (3~5 years) would be temporary. During the next cycle, the tube may no longer be needed,
or it may be maintained or replaced. A hidden tube is one that is covered over, by sediment for ex-
ample, and serves only as protection when erosion exposes it. This is a useful approach when vandal-
ism or debris is a concern. It also blends the tube into the environment. Once the tube is exposed,
however, maintenance is required to repair and rebury it. Material suppliers have indicated that holes in
tubes might be patched in situ using marine adhesives. However, if the damage is significant, new
tubes can be placed in front of or behind the failed tube. Workshop participants noted that they had
little success placing one tube on top of another.

No threat to life or property. An appropriate geotextile tube application is one where there is no risk
of life or property if it fails. Geotextile tubes are effective structures as long as they remain intact.
However, since their durability is uncertain, depending on them to protect life or property for long pe-
riods of time (without maintenance) is not recommended.

Flexible height and alignment requirements. Since aligning tubes during placement and achieving con-
sistent crest elevation along the length of tube is difficult, projects where variation in these parameters
can be tolerated are best.

Associated with an existing dredging project. A final criterion is that the tube construction be asso-
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ciated with an existing dredging project. The growing popularity of geotextile tubes is due to several
factors, the main one being that they are usually less expensive than other protection or containment
alternatives. Geotextile tubes are most cost effective when used in conjunction with a dredging project
because the cost of mobilizing a dredge to fill the tubes is minimized. The cost of tube construction is

maximized when a dredge has to be mobilized on short notice to fill a small section of tube.

(3) Required hydraulic properties of geotextile tubes

Geotextile tubes are constructed to perform in a variety of hydraulic environments, ranging from still
or slow moving water, to fast-moving currents, to wave environments. In many of these applications
the geotextile tube skin is exposed directly to the hydraulic environment. Two aspects of the hydraulic
environment should be taken into account when considering the use of geotextile tubes: the type of hy-
draulic regime acting on the geotextile tube, and the time period of exposure to this hydraulic regime.
As stated already, a variety of hydraulic regimes can act on geotextile tubes, depending on their use.
The severity of these hydraulic regimes governs the hydraulic properties of the geotextile skin as well
as whether the geotextile tube can perform suitably in an unprotected manner (i.e. with the geotextile
skin exposed directly to the hydraulic regime).

The time period of exposure can also have an effect on the severity of the hydraulic environment:
for example, exposure to intermittent storm activity will not have the same effect as continual exposure
to the same types of waves. [3£. 2.7.1] summarizes the recommended hydraulic properties of the geo-
textile skin, and whether additional protection measures are required, according to the mode of hydraul-
ic regime and the period of exposure. In [3£. 2.7.1], intermittent exposure refers to exposure for sev-
eral days at a time to the specific hydraulic regime (not for several weeks or months). An example
would be the effects of storm activity that is periodic but only acts over a short period of time. [3f.
2.7.1] indicates that geotextile tubes can perform in an exposed state in a variety of hydraulic regimes,
except where continual water currents greater than 1.5 m/s and continual wave heights greater than 1.5
m occur.

In these extreme hydraulic environments additional protection is required in order for the geotextile
tube to perform acceptably. Examples of additional protection measures are rock armor, or wire gabions
and mattresses placed around the exposed surface of the geotextile tube. At the low end of the per-
formance spectrum an additional sacrificial covering may be used. These additional protection measures
dissipate much of the hydraulic forces before they reach the geotextile tube skin. For other, less in-
tense hydraulic regimes described in [3£. 2.7.1] the geotextile tube may perform well structurally in an

unprotected state, but some loss in serviceability(i.e. change in shape) may occur over time.
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[#. 2.7.1] Hydraulic properties and required protection guidelines for geotextile tubes according to the type and
period of hydraulic regime (after Lawson 2008)

Period of exposure to hydraulic regime
Hydraulic regime

Intermittent Continual
No protection required. No protection required.
Still, or slow-moving water AOS < 0.5 mm AOS < 0.5 mm

dn,100 = IOL/mZS 4n,100 > 10L/m25

No protection required. No protection required.
Water current < 1.5 m/s AOS < Dgsfill AOS < Dgsfill

Qn,100 = 10L/m’s Qn.100 = 30L/m’s

No protection required, but some Protection required and some
changes in shape may occur after | changes in shape may occur after
Water current > 1.5 m/s repeated events. repeated events.
AOS < Dgsfill AOS < Dyfill
Gn.100 = 30L/m’s Gn.100 = 30L/m’s

No protection required, but some
No protection required.

Wave < 1.5 m AOS < Dyfill

changes in shape may occur over

qn,lOO > 30L/m25 AOS < D50ﬁ11

q,,L7 100 > 30L/m25

No protection required, but

. . Protection required and changes in
considerable changes in shape may

shape may occur.

= occur after repeated events.
Heesiam b AOS < Dyfill
AOS < Dy fill :
2 Q100 = 30L/m’s
Gn.100 = 30L/m’s ;

* Note: AOS = apparent opening size of the geotextile skin; g, 1oo= volume flow at 100 mm constant head
through the geotextile tube skin. Intermittent exposure refers to exposure for several days at a time to the

specific hydraulic regime, not several weeks or months (example : storm activity).
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(4) Terminology

Geotextile tube - A large tube [greater than 2.3 m in circumference] fabricated from high strength,
woven geotextile, in lengths greater than 6.1 m. Geotextile tubes used in coastal and riverine applica-
tions are most often filled hydraulically with a slurry of sand and water, although many other fill ma-
terials have been used. Tubes can also be filled by a combination mechanical / hydraulic method.

Scour apron - An apron of geotextile designed to protect the foundation of the main geotextile tube
from the undermining effects of scour. In coastal and riverine applications, scour can be present at the
base of the tube due to wave and current action. There may be aprons on both sides of the main
tube, or only on one side. Scour aprons also reduce local erosion and scour caused during the hydraul-
ic filling process of the main tube. Scour aprons are typically anchored by a small tube at the water's
edge or by sandbags attached to the apron.

Filling port - Also called a fill spout or fill nozzle, fill ports are sleeves sewn into the top of the
geotextile tube into which the pump discharge pipe is inserted. Ports are typically 300~450 mm in di-
ameter and 0.9~1.5 m in length. Fill ports are fabricated from the same geotextile as the main tube.
Ports are spaced along the top of the tube to provide access to the contractor. Spacing is usually no
closer than 7.6 m to accommodate sand slurry but can be as far apart as 30 m for some viscous fill

materials. After pumping, ports are to be closed by tying, sewing or gluing.

4. NSEHEY)
(1) Preconstruction guidelines

- Laboratory experiment and researches

This came at the first stage of our design process. Geotechnical test on samples for the fill material
were conducted to determine its physical and geotechnical properties. The results from the test are the
necessary data that is needed to enter into the design program and calculations. This section gives a

description of the specific test that should be carried out.

(@ Dewatering sample material

This is the very first manipulation which involved the sludge (slurry). The test sample needs to be
transformed from sludge state to a soil state which could then be used in the preceding tests. This was
achieved by rendering the sludge more liquefied and adding flocculants to it which causes the smaller
particles to stick together forming larger grains. This mixture was poured in to bags made of geotextile

GT 500D where the water could drain out leaving behind the solid particles.

(@ Atterberg limit test
This test gives an image of the expected behavior of the soil at different water contents. This is
done by mixing the sample with water to homogeneity and filling and grooved in the cup of a

Casagrande apparatus. The cup is been knocked against its base and closure of the groove is measured
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together with the number of knocks it had. At three distinct blow intervals, samples are taken to de-
termine their water content. From this water content and number of knocks to close up the groove, an
average line graph is made on a Cartesian plane with the water content on the abscissa. Interpolating
the closure at 25 knocks will give the water content of the liquid limit. Another important limit that is
defined in this test is the plastic limit which is reached when soil sample cannot be rolled to a thin 3

mm threat.

(3 Density test

This test is used to determine the average density of a soil sample (excluding the voids). This is ob-
tained by filling a pycnometer with a soil sample mixed with distilled water. Air entrapped in the bot-
tle is eliminated and the pycnometer is refilled to required level and weight. Then the pycnometer is
emptied and refilled with distilled water. From there the density of the can be determined through

calculations.

(@) Oedometer test
This test consists of filling undisturbed sample in to the cell of the Oedometer. The soil sample is
been subject to loading and the settlement registered at specific time interval. This gives a preview of

the nature of settlement that will take place in the soil under defined loads.

(5 Direct shear test

This test gives the properties of the soil in relation to its strength to resist loads or forces subjected
to it. It consists of filling a shear box with soil sample, apply load on it and pull the shear box apart
such that the soil inside witnesses a horizontal shearing force. The test was modified by introducing a
geotextile on the shearing plane. This gave the amount of resistance to sliding to expect on the surface

of the geotextile tube units.

(® Triaxial test

This is one of the most essential tests during our project. It determines the cohesion and the internal
angle of friction of the soil sample. This is obtained by mounting an undisturbed sample in a mem-
brane on the cell of a triaxial apparatus. This sample is subjected to pressure from its sides and top.
The load on the top of the sample is being increased slowly until failure occurs. Failure of the sample
occurs in a diagonal direction whose angle to the horizontal is the internal angle of friction of the

sample. The greater these value, the greater the strength of the material.

@ Sieve analysis
This test gives the particle distribution of the sample. It tries to give a quantitative distribution of
the various particle sizes that are present in the sample. This is obtained by passing the sample materi-

al through a series of sieves where the held back particles are measured.
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- Plan of construction

The contractor shall submit a plan of construction describing the sequence of operations for the con-
struction of the sand-filled geotextile tubes. The plan shall address site preparation, deployment and fill-
ing of tubes, placement of scour apron and anchor tubes, and tie-out to the shoreline at each end of

the reach. Equipment to be used for geotextile tube construction shall be specified.

- Fabric requirements

The geotextile for the tubes, anchor tubes, and the scour apron/pad shall be a woven monofilament
or multifilament pervious sheet of polymeric yarn. Fibers used in the manufacture of the geotextile fab-
ric shall consist of long-chain synthetic polymers composed of at least 85 percent by weight polyolefin,
polyesters, or polyamides. Stabilizers and / or inhibitors shall be added to the base polymer if neces-
sary to make the filaments resistant to deterioration by ultraviolet light, oxidation, and heat exposure.
Reclaimed or recycled fibers (post-consumer) or polymer shall not be added to the formulation.
Geotextiles shall be formed into a network such that the filaments or yarns retain dimensional stability
relative to each other (including the filaments or yarns at the edges of the fabric). The geotextile phys-
ical properties shall equal or exceed the minimum average roll test values (MARV). Acceptance of ge-
otextile shall be in accordance with ASTM D 4759. Geotextile fabrics that are not in accordance with
ASTM D 4759 shall be replaced as directed by the contracting officer at no additional cost to the

government.

- Preparation of plant and equipment

The plant and equipment used for the work required shall be determined by the contractor, identified
in the plan of construction, and shall be approved by the contracting officer. There are commonly two
types of geotextile tube filling setup. The first type involves the use of a dredging ship as shown in
[Z1¥ 2.7.6]. This type of method is expensive and are practically used only when dredge-fill material
are not available near or on-site, or when constructing geotextile tubes offshore(i.e., offshore break-
water, containment dikes for artificial islands). Alternatively, the second type of filling method using
hopper tanks (as shown in [ZL¥ 2.7.7]) is practically applicable for inland geotextile tube filling. An
actual hopper tank used in a large scale test is shown in [Z1% 2.7.8].

¢ Slurry
EH: I Wabisr "w
."-- Siurry -"-1 \ T
:r-_\h\'"—'—k"_{":_:_lll V
Firc Wgand } '-.:"-_l'-\' v l
s S F -..I % 'i

Waker

8! 2.7.6 Geotextile tube filling via dredging barge
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Cement Clay

Shurry Mixing Tank
[Happer Tank)

.-..‘\-Iurr}.--.'
T— .;—""/H
P

Censent + Clay

Water

8 2.7.7 Geotextile tube filling via hopper tanks

712l 2.7.8 Hopper tank

- Selection of fill materials

Material for filling the geotextile tubes for coastal and riverine applications will normally consist of
fine sand dredged from a designated borrow site. Suitable material for filling the tubes will contain no
more than 15 percent fines (percent by weight passing the No.200 sieve) to minimize subsidence of the
tubes after filling. If excessive fines are observed during the filling process, the contractor should divert
the flow until more suitable borrow material can be located. If the fill material is known to be primar-
ily organic and / or fine-grained material, repeated fillings may be required to reach the design ele-
vation of the tube. Considerable care must be taken to avoid overstressing the geotextile and inducing

creep strains and excessive distortion. This type of fill material is not suitable for designs where the

primary objective is a specified elevation.
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- Fill gradation

Gradation testing of hydraulic fill materials shall be conducted in accordance with ASTM D 422.
Samples shall be obtained from the dredge discharge pipe immediately before inserting the pipe into
the fill port. At a minimum, one gradation test shall be performed for each 300 m of fill tube.
Extremely large tubes may require more frequent testing. Also, additional testing may be warranted at
any time that visual inspection of the sand fill materials indicate that the percentage of fines may ex-

ceed the requirements presented herein.

- Tube foundation

The foundation for the placement of the geotextile tube and its scour aprons shall be smooth and
free of protrusions which could damage the geotextile. Remnant timber piles, piers, footings, under-
ground utilities, etc., at or below grade, shall be removed if located within 20 feet (6.0 m) of the

project site. Weak or unsuitable foundation material shall be removed or stabilized.

- Tube alignment

Tubes used in coastal and riverine applications normally require alignment within + 2.0 feet (600
mm) of the baseline. The alignment can be facilitated by a number of methods, e.g., earthen cradles,
tie-down straps, or physical buttressing. The filled tubes shall have an effective height of £ 0.5 feet
(150 mm) of the specified elevation. Effective height is defined as the height from the existing tube
foundation to the average top of the filled tube measured every 25 feet (7.0 m) along the length of
the tube between fill ports. Any subsidence of the top elevation of the tube below the specified height
shall be corrected by supplemental filling or, if the tube has been damaged, replacement of the tube.
Filling tubes higher than the manufacturer's recommended height can lead to failure during construction.
At no time shall construction equipment be operated directly on the geotextile tube or its ancillary
materials. Filled geotextile tubes and scour aprons can be traversed if a 1 foot (300 mm) minimum of
soil is covering the geotextile. No hooks, tongs or other sharp instruments shall be used for handling.

The geotextile tube or scour apron shall not be dragged along the ground.

(2) Construction
- Fabrication

Geotextile tubes shall be fabricated by sewing together standard sheets of high strength, woven geo-
textile material to form a tubular shape or by weaving the material into a tube shape. The tube shall
have a circumference of 9.1 m. The tubes may vary in length from a minimum of 45.7 m to a max-
imum of 106.7 m. Tube filling ports shall be spaced at intervals not exceeding 7.6 m along the crest
of the tube. Each fill port shall consist of a geotextile sleeve having a length of at least 1.5 m and a
circumference slightly greater than that of the filling pipe. In addition, a pressure relief port, consisting
of a 1.5 m long geotextile sleeve, shall be located not more than 1.5 m from each end of each tube.

The port sleeves shall be fabricated of the same geotextile as the tubes and shall have a “drawstring”
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closure system to assure a secure closure after the completion of filling. Loops or straps shall be in-
corporated along the sides of the tube every 6.1 m to facilitate deployment and anchoring. The loops
or straps shall have the same tensile strength as the tube geotextile. All seams shall be overlapped and

folded. All seams shall be completed at the factory.

- Geotextile tube installation procedures

A variety of consideration must be addressed for geotextile tube installations. Most of these should
be addressed in the project specifications. Since these tubes are made of geotextile, standard ASTM
guidelines should be followed regarding storage and handling. The ASTM guidelines regarding fab-

rication of geotextiles should also be followed at the fabrication facility.

@ Site preparation

Before the geotextile tubes and scour aprons are deployed on site, the area is usually prepared using
common grading equipment. The location in which the geotextile tubes are to be placed is usually
marked-off with grade stakes. Large stakes or anchors can also be used at predetermined spacing so

that the geotextile tube can be fastened to them with straps to assure proper alignment during filling,

(2 Positioning of scour aprons

Deployment of both the scour apron and the geotextile tube is usually accomplished by unrolling
them off a core (or pipe), supplied with the tube and apron by the manufacturer. The scour apron is
deployed before the geotextile tube, however, in some cases the scour apron may be attached to the
bottom of the geotextile tube at the fabrication facility. Once the scour apron has been fully deployed,
positioned, and secured, the geotextile tube is unrolled. It should be unrolled into position with the in-
jection and relief ports facing upwards along the top centerline. Once deployed, it can be secured to

the previously installed alignment stakes or anchors.

(3 Filling of the scour aprons

The anchor tubes located on the scour apron is usually filled first to provide ballast for the scour
apron. The anchor tube is sometimes filled with the same dredging equipment that will be used to fill
the geotextile tube; however, a smaller pump can also be used since the anchor tubes are usually fairly
small (two-foot diameter or less). The anchor tube's pump nozzle is accessed either by a simple slit in

the geotextile or by prefabricated inlet ports.

(@) Preparation of the filling equipment

After the scour apron has been secured by filling the anchor tubes, the geotextile tube is position
[ZL¥ 2.7.6]. After positioning the geotextile tubes, it is ready to be filled with slurry. This process
will take much longer and is much more complex than simply filling the anchor tubes. The discharge

pipe (or injection nozzle) of the dredge must be placed inside the appropriate injection port of the geo-
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textile tube. The injection ports are fabricated of the same geotextile that make up the tube itself. The
ports are usually 1.5 m long 457 mm in diameter, however, the dredge pipe should not be this large;
typically an eight to 305 mm diameter dredge pipe is used. The pipe should be inserted approximately
2/3 of the way into the injection port and secured with tension strapping. The discharge nozzle and in-
jection port and secured with tension strapping. The discharge nozzle and injection port [Z1%H 2.7.11]

connection should be elevated to a vertical position with a back hoe or by rigging.

12l 2.7.9 Laying of scour apron on top of tube foundation

gl 2.7.10 Tube placement and alignment

(® Filling ports
Most geotextile tubes will contain several injection ports throughout the length of the tube. The ports
[ZL¥ 2.7.12] are usually located at the top centerline at a spacing of no more than 15 m. These ports

are employed for filling and also for relief of excess water. A determination of the port spacing must
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be made by the contractor and / or the engineer prior to the fabrication of the geotextile tube. Several
factors will influence the appropriate spacing, such as overall size of the geotextile tube, size of the
dredge pip, discharge volume of the dredge, type of fill material, and amount of water to be used as a

vehicle for transporting the solids.

2l 2.7.11 Discharge nozzle and filling port assembly

12l 2.7.12 Filling port opening

(& Determining the location where to unload the filling material
Depending upon the spacing of the injection ports, the composition of the dredged material, and the
capabilities of the dredge, some of the injection ports will not be used at all. For example, a 61 m

long geotextile tube may contain five injection ports. If the conditions are ideal and the dredge is ca-
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pable, it is likely that the entire 61 m long geotextile tube could be filled from one injection port lo-
cated near one end of the tube. The injection port located the farthest away would be left open to al-
low the expulsion of excess water, acting as a relief port. All of the ports in between would be tied
off and left unused. If conditions are not ideal for filling from one port, then the correct intervals in
which to move the dredge pipe to continue filling the tube must be determined. Filling operations are
performed sequentially by using one port for injection and one (or more) port(s) for relief. As the op-
eration progresses, all ports in completed segments of the tube should be closed to prevent loss of ma-

terials from within the tube.

@ Initial tube filling

Prior to filling with any solid material, the tubes are filled to their desired height with water only.
Once the desired height has been achieved, the dredge operator can introduce solids into the geotextile
tube. By first filling the tube with water, the solid material is allowed to be distributed within the tube

more evenly. Newly introduced solids and vehicle water will simply push out the existing water.

Tube filling sequence

Most projects contain multiple geotextile tubes that must be filled in a predetermined sequence. Each
tube is usually filled completely prior to the installation of subsequent geotextile tubes. Subsequent
tubes can then be placed against the existing tube and filled. This method of installation will create a
low area between the tubes due to their rounded ends. If low spots are not desired, alternate con-
nection methods can be employed. The most common installation practice to eliminate, or at least mini-
mize, the amount of depression is by the use of an overlap. With this type of a connection each sub-
sequent geotextile tube (and usually the scour apron) must be placed underneath the tail end of the
previously deployed tube. The "underlapped" tube is not fully deployed at this time. Obviously, this
overlapping procedure must be accomplished prior to filling either geotextile tube with water or solids.
Once the connection has been made, the "first" geotextile tube is filled as previously described. Each
subsequent tube is also filled in the same manner, however, the section of the tube that has been

placed underneath will not be filled and a fairly tight (and "full height") connection should result.

(9 Securing the filling ports after filling process

Upon completion of the installation, the injection ports must be secured properly to assure that they
do not become torn during wave events. The correct procedure for securing the injection ports will be
provide by the geotextile tube manufacturer. However, a commonly practiced method is to simply
cut-off the injection port, while allowing enough excess fabric to roll (or fold down) flush to the top
surface of the tube. The folded material is then fastened to the tube surface by the use of corrosion

resistant lock rings or compression type fittings.
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212l 2.7.13 Tube filling via hopper tank

Dewatering stage
Filled and closed geotextile tubes will continue to dewater and the solids will further consolidate for

some time. The duration of the dewatering and consolidation period will vary depending upon the type
of geotextile and fill material. Typically, coarse material will dewater much faster than fine material
such as silty clay. This will result to an uneven shape of the tube, hence the tube is pumped with
slurry once more (the number of refilling stages will depend on whether the desired tube height is
achieved or not). Once the expected amount of dewatering has taken place, the geotextile tubes can be
buried, back-filled, etc.

8l 2.7.14 Geotextile tube shape after dewatering
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(1) Post construction
- Ultraviolet (UV) ray protection
The geotextiles tube shall be installed with approved protection of the upper half of the filled geo-

textile tube from UV degradation. The protection shall cover, as a minimum, the upper portion of the
filled tube, corresponding to a 90-deg arc with apex located at the approximated center of the tube or
any portion of the tube that is exposed to direct sunlight. Tubes covered by sediment or completely
submerged do not need UV protection. UV protection may be accomplished using a protective shroud,
composed of the specified material, and attached securely around its edges, in an approved manner.
Other alternatives, which are documented to provide similar, 100 percent protection from UV during a
period typical of the life span of the specified shroud may be proposed by the contractor, and shall be
included in the construction plan. Alternative UV protection must be approved, in writing, prior to its

use on this contract.

- Filled tube height to width ratio
The height to width ratio of the fully deployed tube shall not exceed a value of 0.5. The height to

width ratio is an indicator of the stability of the tube in coastal and riverine applications. The design
engineer should evaluate stability with respect to sliding, overturning, bearing, global stability, and over-

topping of waves and associated wave forces.

- Final inspection and acceptance

The geotextile tube structure, located between stations xxx and yyy, shall be surveyed for acceptance
no sooner than 6 months after completion of the geotextile tubes. Any subsidence of the top elevation
of the geotextile tubes below the planned elevation shall be corrected by supplemental filling or re-
placement of the tubes that are below the specified elevation at no additional cost to the government.
After the completion of final surveys for acceptance, the completed reach shall be examined for accept-
ance by the contracting officer. Use of any portion of the completed reach for construction activities
will not be allowed without prior approval by the contracting officer. Any damage to the accepted
reach caused by construction activity shall be repaired by the contractor at no additional cost to the

government.
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BT, BRAE, BA, F, A% FETULA, B4, WA, A% 9 9 2029 5
3 pe And REY AFo) 3
[#. 272] ESdw FEO| 398 &9 #AV|E
Btr|E
AgE
KS K 1SO ASTM
m =2|X(Physical)
&(Composition) KS K 0210-1 -
L=7H|(Thickness) KS K ISO 9863 -
B2 H(Mass per unit area) KS K ISO 9864 D 5261
@ 7| A A (Mechanical)
4= QIR (Wide-width tensile strength) KS K ISO 10319 D 4595
4= QIZHME(Wide-width tensile elongatio) KS K ISO 10319 D 4595
3% 25t (Factory seams strength) KS K ISO 10321 D 4884
AW & 2L = (Puncture strength) KS K ISO 12236 D 4833
W 2|3 (Hydraulic)
M Sa Y3 7|(Apparent Opening Size) KS K ISO 12956 D 4751
E4(Water permeability) KS K ISO 11058 D 4491
m 7[Et
L = 4d(Weatherability), UVX|etd KS K 0746 D 4355
M3lstA ABK(Chemical and biological degradation) KS K ISO 12960 D 5322
A|Z+A 0B (Creep) KS K ISO 13431 D 5262
[H. 2.7.3] 2k 20COM ZHoE EZEHRL =2« 94 54
N R s Creepit Aol he
= s | UE¥ZE EFdAI " 38 HEg M9
(tonf/m?°) (tonf/m?) (tonf/m?)
(0 2WE |10 & | 1004 &
PET 1.38 800~1,200 12,000~ 18,000 8~15 70 65 50
PP 0.90 400~600 2,000~5,000 10~40 <20 0 0
LDPE 0.92 80~250 200~1200 20~80 <20 0 0
PE
HDPE 0.95 350~600 600~6000 10~45 - - -
PA 1.14 700~900 3,000~4,000 15~30 60 55 40

. PET: Polyester, PP: Polypropylene, PE: Polyethylene,

PA: Polyamide or nylon
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[#. 3.1.1] Asia regional sales and technical support (http://www.tencate.com)

Country

Telephone

Fax

Malaysia

+60 3 5192 8568

+60 3 5192 8575

China (Zhuhai)

+86 756 886 1616

+86 756 886 1610

China (Beijing)

+86 10 6568 6628

+86 10 6568 6629

Hong Kong

+852 2280 4628

+852 2169 0230

India (Hyderabad)

+91 40 2770 1271 / 1273

+91 40 2770 1276

India (Noida)

+91 120 426 4088

+91 120 426 4089

Indonesia +62 21 782 8963 +62 21 782 8664
Philippines +632 633 8458 +632 637 3603
Singapore +65 6266 0188 +65 6266 0182
Thailand +662 692 6680 +662 692 6679

) Fa77re ANRTE

AA BN FEE 5849 Eo|H, o] 227482 7P} & 72 AAE FAst 9
o =, AR, d8 5o A= 3 AR ARES o A 2.5%01H, ofrloket HEe F
T 59 F7HEL oF 8%=E FTIL AT

AA Al Tl Ao =
Engineering A7 AA| 3A12] 6%E *}A| 8}

ke

o

A43t 2 Edo sFst=  Consulting &
skl ok H
= Consulting & Engineering A7~ 1980dth ©|$& F243] F7}etR o, 19995 200337}
2 wid 8.0~84%2 A4S JERTH

ANATRY ZA$E 20019 183.79E22%)lA 2003 194.69 B4 2 Zrlsl o, &
Aol x3d F9TE]A1AR] Natural Resource #0F= 20019 9.89 &4 2003 11.1¢9E=2 SV}
stk vl=e] AE Hskd f9He] Eoks 2005 o] T2 FF 10 St F 10009 =] A%
o2 = FFANLY AMELE EF AR AWET 9 Tth(Environmental Business Internation,
EBI H.11A]).
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[E. 3.12] X< KIstzd Oj2 A4Ef SHZA|RN T7.8(2000-2003)

Region 2000 2001 2002 2003 Est Amn Cr
2006-2010
USA 210.5 215.2 221.4 227.4 2.4%
Western Europe 157.8 160.8 165.0 169.3 2.7%
Japan 93.7 933 92.4 93.5 2.6%
Rest of Asia 24.0 25.6 27.1 29.5 6.0%
Mexico 3.57 3.61 3.79 4.0 5.0%
Rest of Latin America 9.0 9.2 9.7 10.3 6.0%
Canada 15.0 15.2 15.7 16.2 2.0%
Austrailia / NZ 8.4 8.6 8.8 9.1 3.0%
Central & Eastern Europe 9.6 10.2 11.2 12.3 8.0%
Middle East 6.8 7.0 7.4 7.7 8.0%
Africa 3.4 3.6 3.8 4.1 12.0%
Total 542 552 566 584 3%

3 Source : Environmental Business Interational Inc (San Diego, Calif).
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Yoo ¢xd7i& 9 71844 % kb Z1AA Bok= AR 60% W]

® dHd 79 AS A= Fo FGAIEC] olv] YFH JIEs HAsta »101 = JAE
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G EEF AF9 A= JMEAS} Alg/ae] 58 v, 11, 948 5 AXdAS} O
g =
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@ 2009d MA 250 L)AL JA F FHIAGl HASHA] e VP T 3, &5 2, B
A1, =1 %5 71 7149
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3 CHEC (China) sy
4 Jan de Mul NY {Belgem %
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4 Van Cord WY (Metherands) 4%
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g2 UDL Marine Assels 2
™ of global capacity - fop 10 3%
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