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Abstract:  The filling construction of permeable geosynthetic tubes is considered. First, an analytical approach is developed to
determine the internal pressure, tension and shape of the cross section of a geosynthetic tube based on its volume. An analytical
solution for the drainage rate of the tube is then derived. The course of the filling construction is divided into several time intervals
and the volume of the tube after each interval is obtained from the equilibrium of flow calculated from the drainage rate and filling
rate. The validity of our analytical approach is tested by comparing our results with previously published experimental result. The
results of this comparison indicate that our method is applicable for simulating the filling construction of permeable geosynthetic

tubes.

Key words: Geosynthetic tube, Filling construction, Simulation, Volume of the tube, Drainage rate

doi:10.1631/jzus.A0900620 Document code: A

1 Introduction

Tubes and containers made of geosynthetic
sheets are often pump-filled with dredged material or
mortar, and are widely used for emergency flood
protection in dams and dykes, and as construction
elements for erosion control, bottom scour protection,
scour filled artificial reefs, groynes, seawalls,
breakwaters and dune reinforcement (Saathoff et al.,
2007). The range of applications for geosynthetic
tubes and containers continues to grow.

A number of studies of different aspects of ge-
osynthetic tubes have been published. As the length
of a tube is usually much bigger than its width, Wang
and Watson (1981) developed a 2D analytical analysis
of the cross section of a tube. The friction between the
tube and the filling material and between the tube and
the foundation were ignored. The geosynthetic was
assumed to be an inextensible and impermeable
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membrane with negligible density, laid on a rigid,
horizontal foundation, to be subjected to internal (and
possibly external) hydrostatic pressure. Based on
these assumptions, they established the governing
equations according to the equilibrium of force and
the geometric condition, and obtained an approximate
solution and a numerical solution for a single water-
filled geomembrane tube using a non-dimensional
analysis method. Based on Wang and Watson (1981)’s
results, Namias (1985) obtained an accurate integral
equation for the shape and tension of a single tube
enduring uniform load, which can be numerically
solved. Leshchinsky et al. (1996) considered the
changes in tube shape caused by the consolidation of
the filling material. Plaut and Suherman (1998)
studied tubes that are partially or fully submerged in
an external fluid and that rest on a deformable foun-
dation. They also studied the problem of asymmetri-
cal tubes. Seay and Plaut (1998) simulated the filling
process of a tube using the finite element method, and
analyzed the 3D properties of a tube. Plaut and
Klusman (1999) studied stacked geosynthetic tubes
resting on a deformable foundation. Cantré (2002)
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investigated the properties of a tube during consoli-
dation and stacking using a finite element program,
ABAQUS. Cheng and Li (2000) reported the engi-
neering characteristics, construction process and the
monitoring results of geosynthetic tubes. Zhang and
Tan (2004) summarized some studies of woven geo-
textile tube dykes. Song et al. (2004), Liu and Hajime
(2007), and Liu and Wang (2007) made a compre-
hensive study of the use of tubes as a reinforcement
mechanism. Plaut and Cotton (2005) considered the
static and dynamic behavior of air-filled geomem-
brane tubes without external water. The material of
the tube was assumed to be inextensible and to have
no bending resistance. Equilibrium configurations
and small vibrations about equilibrium were investi-
gated for tubes on rigid, Winkler, and Pasternak
foundations. Zhang and Tan (2006) made a compre-
hensive summary of research on the characteristics of
tubes after filling and stacking, and on the effects of
consolidation of the material in a tube. Song et al.
(2006) summarized current knowledge about the
design, construction and quality control of blow-fill
cofferdams made from geotextile tubes, and presented
some engineering problems needing urgent solution.
Qiu et al. (2008) took the anisotropy of silty slurry
into account and established equations to analyze the
shape and mechanical behavior of geotextile tubes,
assuming that the density of the slurry increased lin-
early. Ghavanloo and Daneshmand (2009) developed
a new analytical method to determine the equilibrium
shape of a geomembrane tube filled with air and
resting on rigid foundations of an arbitrary shape,
such as straight line, trapezoidal, parabolic or circular
rigid.

Most of these studies considered the properties
of a tube after being filled, but few have described the
filling procedure of a permeable geosynthetic tube.
Nowadays, the filling of tubes is controlled and de-
pends mostly upon on-site practical experience. In
this paper, the process of the tube filling is divided
into several periods of time, and the volume of the
tube at the end of each time period is calculated based
on an analytical solution for the drainage speed of the
tube. Then, the internal pressure, tension, and shape
of the cross section of the tube are determined in
terms of volume by using a new theoretical method.
Finally, we compare our calculation results with ex-
perimental results reported by Shin and Oh (2003).

2 Solution in terms of the volume of a tube

The shape of the cross section of a tube is shown
in Fig. 1. The following assumptions are adopted in
this study: (1) The tube is long enough so that a 2D
analysis of a cross section of the tube is appropriate.
(2) The tube is considered to be inextensible with
negligible weight and no bending resistance. (3)
Friction between the tube and the filling material, and
between the tube and the foundation are ignored. (4)
The filling material in the tube remains liquid. (5) The
tube rests on a rigid horizontal foundation. (6) The
permeability coefficient of the tube is unchanged.
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Fig. 1 Shape of the cross section of the soil tube
C is the contact part of the tube with the foundation, S is the
length of the arc, H is the height of the tube, and 6 is the
tangential angle

The closed-form solution for the cross-sectional
shape and the circumferential tension was presented by
Namias (1985) and Plaut and Suherman (1998) in terms
of the bottom (or the top) pressure. For a given pressure
at the bottom, the parameter k can be calculated from

2[K(k) —E(K)]p, =1, @)

where K(k) and E(k) are complete elliptic integrals of
the first and second kinds, respectively, and po is the
nondimensional quantity of the bottom pressure Py.
The nondimensional tension z can be determined:

k?pZ
= . 2
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T

After obtaining the parameter k and the tension ¢
from Eq. (1) and Eq. (2), the nondimensional contact
length, height, and shape of the cross section can be
calculated from the following equations:

c=2p,[@—k* /2)K (k) — E(K)], ©)
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h=(@—1-K")p,, @
x=p,[E(k,0/2)—(1—K*/2)F(k,6/2)], (5)
y=p, —v2ty/p,’ / (2t) ~1+cosd,  (6)
s =JtkF(k,0/2), ()

where 6 is the tangential angle, ¢ is the nondimen-
sional quantity of contact length C, h is the nondi-
mensional quantity of the height H, x is the nondi-
mensional quantity of the abscissa X, y is the nondi-
mensional quantity of the ordinate Y, and s is the
nondimensional quantity of the arc length S of the

/
tube. F(k,0/2):j:)z]/\/l—kzsinzwdw is the

elliptic integral of the first kind, and E(k,0/2)=

/
foozwll—kzsinzwdw is the elliptic integral of the

second kind. When @ equals =, F(k,n/2)=K(k) and
E(k,n/2)=E(K).

The pressure during filling cannot be obtained
easily. However, the capacity of the tube at any time
can be calculated from the drainage speed and the
filling speed. Thus, we developed a method to com-
pute the tube shape, internal pressure and tension in
terms of the volume as follows.

According to the equilibrium of vertical force at
the bottom of the tube,

W =PFRC or v=p,C, (8)
where V is the volume of the tube, y is the specific
weight of the material in the tube, v:V/(|2L) is the
nondimensional quantity of the volume, L is the
length of the tube (we take it as 1 m in the calculation),
and | is the perimeter of the cross section.

At the top of the tube, 6=n, and

x=—c/2. 9)

Substituting Eqg. (9) into Eq. (5), yields

Py [E(K) — @ —Kk* 1 2)K (k)| =—c /2. (10)
Combining Egs. (8) and (10) gives
2p5[@—Kk* 1 2)K (k) — E(k)| - v =0, (11)

Substituting Eq. (1) into Eq. (11), leads to

[@—K*/2)K(K)—E(K)]
2AK(K)—EK)F

v=0.  (12)

If the volume v is given, the nondimensional
pressure, tension, contact length, height and shape of
the cross section can be computed from Egs. (1)-(7)
after obtaining the parameter k from Eq. (12). The
relationship between k and v is shown in Fig. 2.
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Fig. 2 Relationship between k and v

3 Solution for the drainage rate and the
volume of the tube

The drainage rate perpendicular to the geosyn-
thetic can be written as (Bao, 2008)

Ah
G =k =~ A

(13)
where kg is the perpendicular permeability coefficient
of the geosynthetic, Ah is the water head difference
between the inside and outside of the geosynthetic, b
is the thickness of the geosynthetic, and A is its per-
meable area.

The pressure head difference is

Ah=(p, = Y)7 /7, (14)
where y,, is the specific weight of water.

The pore water pressure degrades steadily at the
free tube surface. At the contact area between the tube
and the foundation, there is little flow (Cantre, 2002).
Thus, we assume that the water drains through the
geotextile but not in areas where it is in contact with
the foundation. The permeable area per unit length is
(L=1m)

A:Ifsds:lfsﬁdy. (15)
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Substituting Egs. (14) and (15) into Eq. (13), we
obtain

(o =Yy
fk . 16
A f o 9 hay. (o)
Substituting Eq. (6) into Eq. (16), we get
k, 1%y 2k
=2 =—1. 17
d by, o T by, 7y 7)

The course of the filling construction of the tube
can be divided into several intervals, denoted as (tn,
th+1). Assuming that z, y remain unchanged and equal
the initial value of each time interval, then the
drainage discharge in the time interval (t, t,+1) can be
expressed as

2

AV, =g, (t

T g
n+l n) - b Ta¥n (tn+l - tn )! (18)

w

where ¢ is the filling speed, =, and y, are the tension

and the specific weight of the material in the tube at

time t,. Then, the volume V1 at time .4 is obtained as

V.., =V,+AV,. (19)

The specific weight of the material in the tube at
time tn+1 can be expressed as

= ann + Vi O (tn+l B tn) — ywAVn (20)
Vn + Q; (tn+l - tn) - AVn ,

n+1

where y; is the specific weight of the filling material.

4 Termination condition and procedure of
computation

During the construction, it is necessary to not
only ensure the security of the tube, but also to control
its final height. So we can take the computation ter-
mination condition as follows:

1. Security control: the tension should not be
greater than the tensile strength.

2. Height control: the final height of the tube
should achieve the required height. The height and

water content of the filling material can be calculated
at any time, and then the final height after consolida-
tion can be expressed as (Leshchinsky et al., 1996)

Gs (Wo — Wf)

, 21
1+ w,G, 1)

H, = H0[1—

where Hs is the final height of the tube after consoli-
dation, Ho is the initial height of the tube after filling,
Gs is the specific gravity of solids in the filling mate-
rial, and wo, ws are the water content after filling and
consolidation, respectively.

A flowchart of the calculation is shown in Fig. 3,
and the detailed explanation can be found in the next
section.

5 Comparison with previous experimental
results

To test the analysis method in this study, we
compared our results with experimental results re-
ported by Shin and Oh (2003). The permeability co-
efficient of the tube was 1x10 *-1x102 cm/s, taken
as an average value of 1x10"% cm/s in this study. The
tensile strength was 196 kN/m, the specific gravity of
the sand was 2.65, the perimeter of the cross section
was 8 m, and the water content of the dredged mortar
was 190%. The final height was 0.6 m and as the
height after filling was 1.22 m, then the water content
after filling was 39% as calculated from Eg. (21), and
the average filling speed was ¢;=0.145 m*/min.

Numerical integration was used in the calcula-
tion. k varies little as v changes from 0 to 0.05 (Fig. 2).
The obtained outflow is small and shows very little
variation. So the first time interval was set as 10 min
and subsequent intervals as 2 min because the varia-
tion in k caused by v increases with time. The specific
calculation was carried out according to the flow chart
in Fig. 3. It is convenient to introduce the following
nondimensional quantities:

x=XILy=Y/ls=8/l,c=C/lh=HI/l,
=P /(A)=h, c=T/(1?), v=V/(LI). )

Step 1: input and non-dimensionalize the initial
known quantities (volume of the tube) through Eqg. (22),
at the current moment: n=1, t;=0, V1=0, v1=0.
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Input and non-dimensionalize the
known quantities, n=1, V,=0

Compute the capacity of the tube and the specific weight of the | 4
material from Eq. (19) and Eq. (20), respectively -

Obtain the parameter k from Eq. (12)

Compute the nondimensional pressure, tension, contact length,
height and shape of the cross section from Egs. (1)—(7)

No

Termination condition

v

Compute the drainage speed of
the tube from Eq. (17)

Filling speed

v

Compute the capacity variation of
the tube from Eq. (18)

n=n+1

L/
V\

Output the result

>

Fig. 3 Flowchart of the computation procedure

Step 2: obtain the volume of the tube and the
weight of the material in the tube, y;=(1+1.9)/
(1/26.5+1.9/10)=12.7341, v1=0.

Step 3: obtain the parameter k;=1 from Eq. (12)
by v1=0.

Step 4: compute the non-dimensional pressure
po1=0, tension 7;=0, contact length ¢,=0.5, height
h;=0 and shape of the cross section from Egs. (1)—(7).

Step 5: termination condition: safety control: T;=

7,7,1° =0x12.7341x 64 = 0 <196; height control:

Gs(W _W)
Hf1:H01[1_ 1 . f\J
+w,G,
_oxg[1_2652.9-039) o .o
1+1.9x2.65

Step 6: compute the drainage speed gq4;=0 of the
tube from Eq. (17).

Step 7: compute the capacity variation of the
tube from Eq. (18):

2

ang
AVl = 0 (tz - tl) - T‘[lyl(tz - tl)

w

=0.145x10-0=1.45.

Go back to Step 2 and start the second loop
calculation. We obtain in the second loop: n=2, t,=10,
vp,=0.0227, 7,=12.7341, Kk;=0.9999, p,,=0.0508,
7,=0.00006457, ¢,=0.4492, h,=0.0508, h=0.0171,
42=0.00007901 m*/s. Continue to loop until the ter-
mination condition is met.

Fig. 4 shows the comparison between the cal-
culated height of the tube and the height from ex-
perimental results. The deviation in the first 50 min
may be because the first time step was too long, and
because the filling speed used in the calculation was
an average value which may not be identical to that of
the experiment. Fig. 5 shows the estimated cross sec-
tion of the tube after filling compared with that ob-
served. The calculated results mostly coincide with
the experimental results. There is a difference be-
tween the calculated and experimentally detected
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shapes of the tube shown in Fig. 5. This may be be-
cause the filling material was considered homoge-
neous while some consolidation may have taken place
during the filling process leading to a decreased
draining area. Thus, the calculated outflow would be
greater than that found by experiment. However, the
assumption is necessary to facilitate implementation
of the calculation. The error caused by this assump-
tion is within acceptable limits. It can be seen from
the comparison that the proposed method can meet
the needs of simulation of filling construction in en-
gineering. The tension in the filling process increases
more and more quickly as time progresses (Fig. 6).
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Fig. 4 Height of the tube during filling between the cal-
culation result and experiment result. The experiment
result comes from Shin and Oh (2003)
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Fig. 5 Shape of the tube after filling between the calcu-

lation result and experiment result. The experiment
result comes from Shin and Oh (2003)
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Fig. 6 Growth of tension of tube with time during filling

6 Conclusions

1. In this study, an analytical method is presented
to simulate the filling construction of a permeable
geosynthetic tube. The nondimensional internal
pressure, tension, contact length, height and shape of
the cross section are determined from the volume of
the tube, which can be obtained easily during the
filling procedure from the filling speed and drainage
speed.

2. An analytical solution of drainage speed is
also obtained for a permeable tube during the filling
process. Given the parameters of the tube, the drain-
age speed depends only on the tension of the tube and
the specific gravity of the material in the tube, as
illustrated in Eq. (17).

3. A comparison of the results obtained from our
method with those of a previous experiment was car-
ried out, which showed that our method is applicable
for simulating the filling construction of permeable
geosynthetic tubes.

4. It is possible to control the construction theo-
retically using our approach rather than being de-
pendent solely on actual construction experience. The
computation method outlined in the flowchart (Fig. 3)
could be applied when designing geotextile geotubes.
Some important properties such as the height, tension,
specific weight and water content of the material in
the tube could be estimated at any time from an ana-
lytical analysis before starting filling construction.
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