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ABSTRACT:

A simplified method for the design of impermeable geosynthetic tubes inflated using liquid is
proposed in this paper. Adopting a computer program for an existing theoretical model,
relationships between pumping pressure and geometric parameters for geosynthetic tubes can
be established. A set of simplified dimensionless design equations are then derived using the
Chapman-Richard curve fitting method. The validity of this simplified method was verified
using other established methods and laboratory model tests. The proposed simplified method

can thus be used for routine or preliminary design.

Keywords: Geosynthetic tube; Curve Fitting; Chapman-Richard Model

1. Introduction

Geotextile tubes have been widely used for various engineering applications, such as
breakwaters and beach restoration projects (Leshchinsky et al., 1996; Shin and Oh, 2007;
Lawson, 2008; Cantré and Saathoff, 2011; Yan and Chu, 2010; Chu et al., 2012; Yee et al.,
2012; Yee and Lawson, 2012; Lee and Douglas, 2012). However, the design of geotextile
tubes is still not a straight forward task. Several analytical solutions for the liquid filled
geosynthetic tubes resting on rigid foundation have been proposed by Leshchinsky et al.,
(1996), Plaut and Suherman (1998), Guo et al. (2011), and Cantré and Saathoff (2011). Most
of these solutions are based on the assumptions that the tube is long enough to be simplified
into a plane-strain problem, the friction between geosynthetic and internal water are
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neglectable and the tubes are resting on a rigid base. As there is no close-form solution for the
proposed theories, all the above analytical solutions require the running of computer
programs. This is not convenient for preliminary design where some trial and error processes
or parametric studies are involved in the selection of the dimensions of the geosynthetic tubes
and types of geotextiles to be used. The alternative method is to use design charts (Guo et al.

2014). However, the accuracy of using design charts is not always satisfactory.

Another simplification method is to use curve fitting which is presented in this paper. An
analytical model (Guo et al. 2011) was used to generate dimensionless design charts. Then
the Chapman-Richard method was adopted to derive best-fit equations for these curves.
These best-fit equations form a simplified method which was verified using other established
analytical solutions and laboratory model tests. As the equations so derived are dimensionless,
theoretically they should be applicable to any design situation. In this paper, only solutions
for impermeable geosynthetic tubes filled with uniform liquid is proposed. However, these
solutions may also be used to a permeable geotextile tube at where the tube is inflated to its
fullest by assuming that the dewatering during filling period is neglectable. It should also be
pointed out that the proposed curve fitting method may not be suitable to cases when

geosynthetic tubes are partially or fully submerged by external water.

2. Analytical solution adopted

The analytical solution proposed by Guo et al (2011) was adopted to derive relationships
between pumping pressure and geometry parameters. In the solution by Guo et al. (2011) the
following assumptions are adopted, (1) the geosynthetic tube is sufficiently long to be
assumed into a plane strain problem; (2) the geosynthetic sheet is thin, flexible so that its
weight and extension can be neglected; (3) the friction between the geosynthetic tube and the
fill material, or that between the geosynthetic tube and the rigid foundation are neglected.
Some of the above hypotheses are also made in the exiting theoretical solutions such as
Leshchinsky et al. (1996), Plaut and Suherman (1998), Cantré (2002), Cantré and Saathoff
(2010), Guo et al. (2014). This solution (Guo et al, 2011) is proposed for a geosynthetic tube

inflated by liquid with uniform unit weight, y. The free body diagram of a half cross-section
2
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of the tube is plotted in Fig. 1(a). The height and width of the cross-section of the
geosynthetic tube are written as H and B, respectively. The contact width between the tube
and the subgrade is b. The tensile force along the geosynthetic tube per unit length is defined
as T. The forces acting on the free body along the horizontal direction involve the hydraulic
force and the tensile force. The forces equilibrium along the horizontal direction yields the
expression of tensile force as shown in Eq. (1). A free body diagram of a section from point
O to a point S(x, y) on the cross-section is selected for force equilibrium analysis as shown in
Fig. 1(b). The angle between the tangent direction at point S(x, y) and the x axis is denoted as
6. The forces acting along the horizontal direction could solve the expression of sin 6, x and y
as shown in Eq. (2), (3) and (4), respectively. Factor Q in Eq. (4) is a non-dimensional factor

related to pumping pressure which can be calculated by Eq. (5).

T =(pH +%7H2)/2 (1)
sinezl—(p0x+%7/x2)/T 2)
1 ,

= 2| —p, ++pZ+2)T(AL—sino
x="[-m+ Pl +2TAsin0) ©

__ | “sing-— 2
y= \/;j(«/q sing m)de 4)
Qzﬁ(péﬂﬂ) )

Given unit weight of fill, y, pumping pressure, po, height of cross-section, H, and boundary
conditions x = 0, # = w/2 and X = H, 6 = - ©/2, the cross-section and tensile force can be
calculated using Egs. (1) to (5). As Eqg. (5) contains the first and second elliptic integrals and
thus has no closed-form solutions, a computer program is needed to solve this equation using
the adaptive Runge-Kutta-Merson method (RKM4) (Lukehart, 1963; Christiansen, 1970).
The iteration procedure is as follows: (a) input the initial parameters: y, po, H; (b) calculate T,
Q, and sinf using Egs. (1), (2) and (5), respectively; (c) solve Egs. (3) and (4) to get the
cross-section of the filled tube using the RKM4 method. If the perimeter, L, is taken as an

3
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input rather than H, the iteration can be done by assuming Hyy = L/z for the above steps (a) to
(c) to solve the equations and calculate the generated perimeter of cross-section, L. If Liry #
L, then modify Hyy and repeat step (a) to (c) until the difference between generated Ly and

given L is less than 1.0E-6.

Using a computer program written for the method by Guo et al. (2011), the relationships
between pumping pressure and the geometry of the geosynthetic tubes can be established. Fig.
2 shows the pumping pressures versus height of cross-section curves calculated using
different unit weights, », and perimeter, L,. For generality, dimensionless parameters, such as
the normalized height, H/L, and the normalized pumping pressure, po/(sL), are used in Fig. 2.
As a single curve is obtained for different ranges of parameters, the relationship shown in Fig.
2 can be considered general. Similar relationships between normalized pumping pressure and
normalized area, A/L?, normalized width of cross-section, B/L, normalized contact width with
ground, b/L, and normalized tensile force, T/(L%), are shown in Figs. 3, 4, 5, and 6,
respectively. The normalization method adopted is similar to that by Plaut and Suherman
(1998). It should be noted that a range of parameters are adopted as shown in Fig. 2 to testify

that these relationships are applicable over a wide range of design situations.

3. Curve-fitting Methods
The Chapman-Richard model (Ratkowsky, 1990) is adopted to get best-fit equations for the
numerical results presented in Figs. 2 to 6. The mathematical expression of the Chapman-

Richard model is shown as,

y=0(l-e") +¢ (6)

where ¢ is the amplitude of the curve, ¢ is the offset from zero, x and 2 are rate constants and
e is the base of the natural logarithm. The physical meanings of the parameters ¢ and ¢ are
illustrated in Fig. 7. The amplitude of ¢ can also be negative value which means y reduces

from ¢ to e—0 with respect to the increasing of x value as shown in Fig. 7b.
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Eq. (6) was adopted to best-fit Figs. 2 to 6. This was carried out using the “Solver” function
in the Microsoft Excel program with x and 4 as variables and R? as objective. The fitted
curves and equations are also shown in Figs. 2 to 6. The R? values for all the curve fittings
are above 0.999. In the curve-fitting for Fig. 2, the amplitude value, 8 = 0.318(or 1/z), is
calculated by the limit value of H/L (circular cross-section) when po/(7L) tends to +o. The
condition H = 0 when po = 0 (or ¢ = 0) was used in the calculation. The final relationship
between H and po can be written as shown in Eq. (7). Similar curve-fitting procedure was

adopted for Fig. 3. The equation for the relationship between po and A is given in Eq. (8).

_2114py
H=0318L(1-e "* )0.188 @
6504p,
A=0.08L°(l—e 7 ) ®)

To curve-fit the data in Fig. 5, the condition B = L/2 or ¢ = 0.5 when py = 0 was used. The
width of the cross-section reduces with the increasing of pumping pressure. The limit cross-
section when po/y L = + o is when the tube is in a circular shape where B/L = 1/z. In another
word, the amplitude of the width changing o is (0.5 - 1/x) or 6 = 0.1817 as explained in Fig. 7.
The relationship between B and py is given in Eqg. (9). The same method was adopted to the

data shown in Fig. 6. The equation for the relationship between po and b are given in Eq. (10).

2.138p,
B=0.5L-0.1817L(1-e " )** 9)
b=05L-05L(l-e 7 )2 (10)

As shown in Fig. 4, a dimensionless relationship between tensile force and pumping pressure
can be obtained based on Eg. (1) and Fig. (2). Using this equation, a relationship between T

and po is given as:
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T=0.159p,L(1-e t )0'188+O,025yL2(1_e L )0.376 (12)

4. Design procedure using the curve fitting method
Generally, there are the following three design scenarios depending on the inputs available:

1) When y, L and po are taken as inputs, the height of the tube, H, area, A, and width of
the cross-section, B, contact width with ground, b, and tensile force, T, can be
calculated directly using Egs. (7), (8), (9), (10) and (11), respectively;

2) When y, L and H are taken as inputs, the required pumping pressure, po, can be

calculated using Eq. (7) which can be re-written as:

b, =—0.473yLIn(L—(x %)5-32) (12)

The rest of the designing procedure is the same as that in the first case;

3) When y, H and p, are taken as inputs, the perimeter L cannot be calculated directly
using Eq. (7) as there is no closed-from solution. Then an indirectly method to use a
build-in function, “Goal Seek”, in the Microsoft Excel program is suggested to search
a L to meet Eq. (7). After L is obtained, the designing procedure will be the same as

that in the first case.

5. Verification of the curving fitting method
5.1 Comparison with analytical methods

In order to verify the accuracy of the proposed method, the predictions made using the
proposed method are compared with the solutions given by other analytical methods. The
first comparison is with the method proposed by Leshchinsky et al. (1996). The Leshchinsky
et al.’s theory has been encoded to a computer program, GeoCoPS, by Leshchinsky and
Leshchinsky (1996) and calibrated against a case with L = 9 m and y = 12 kN/m*. For the
same case, the results from the proposed method are compared with those from Leshchinsky
et al. (1996) in Table 1. It can be seen that the differences between the two solutions are less

than 5.9%.
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The second comparison is with the design charts developed by Cantré (2002) in Figs. 8a and
8b for po/(yL) vs H/L and H/L vs T/(;L°) relationships respectively. The design charts by
Cantre (2002) were based on a non-dimensional method proposed by Plaut and Suherman
(1998). Using the proposed method, the normalized pumping pressure versus height of
geosynthetic tube relationship can be calculated using Eq. (7) and plotted in Figs. 8a. Using
Egs. (1) and (12), a relationship between T/(yL?) and H/L can be derived as Eq. (14). Eq. (14)
was used to plot Fig. 8b. It can be seen from Fig. 8 that very good agreement between the

proposed solution and Cantre’s (2002) has been achieved.

T H H H
— =-0.2365—In(l— (7—)°%) +0.25(—)?
oL [ nd= (7)) = (14)

Comparisons of the proposed method with the method by Malik (2009) for impermeable
geosynthetic tube resting on rigid foundation are also made for a geosynthetic tube with L =
10 m and y = 10 kN/m® as a case. The H vs A and H vs T curves are plotted in Fig. 9a and 9b,
respectively. The Eq. (15) derived from Eqg. (8) and (12) was adopted to calculate the area of
cross-section. The Eq. (14) was used to calculate the tensile force. The comparisons between
the results from the curve fitting equations and those from Malik (2009) are plotted in Figs.

9a and 9b. Good agreements have been obtained.

5.32

A=0.08L2 (- 30764In(1~(zH /L) ))0.134 (15)

5.2 Comparison with model test results

The proposed method is also applied to predict the performance of some laboratory large
scale model tests. In the model tests, three tubes with dimensions of 1-m-wide by 2-m-long
(model T1), 1.5-m-wide by 3-m-long (model T2) and 2-m-wide by 4-m-long (model T3). The
geosynthetic tubes were inflated by tap water. The profiles of the geosynthetic tubes were
measured by a laser sensor (model ILD1700-750 by Micro-Epsilon Company). The laser
sensor hanging on an x-beam made of an aluminum alloy bar could move from left to right.

The x-beam was fixed on a frame as shown in Fig. 10. When the laser sensor moved
7
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horizontally along the x-beam, the vertical distance between the laser sensor and the top
surface of the geosynthetic tubes was measured and recorded. Before each model test, the
distance between the concrete floor and the laser sensor was measured. The vertical position
of a point on the surface of the tube was calculated by the distance to the floor subtracting the
laser sensor reading. A ruler attached to the x-beam was used to measure the horizontal
position of the test points. In order to avoid the influence from the blocked air in the tube, the
air in the tube was pumped out using a vacuum pump before the test. More detail of the
model test is referred to Guo (2012) or Guo et al. (2013). The testing data of the three model
tests are compared with the predictions made by the proposed method in Figs. 11a and 11b
for both the normalized height versus normalized pumping pressure and the normalized width
versus normalized pumping pressure relationships respectively. It can be seen that good

agreement is achieved.

A comparison with the model test results presented by Silvester and Hsu (1997) was also
made. In the model tests (Liu, 1978; Silverster and Hse, 1997), the geosynthetic tube was
made of plastic and inflated by tap water. In Silvester and Hsu (1997), pressure head in the
tube, by, instead of pumping pressure, and an equivalent diameter of the tube, D, were used
for data interpretation where b; = po/y + H and D = L/z. Those parameters are used for the
graphs shown in Figs. 12a and 12b. The corresponding predictions using the proposed

method are also shown in Figs. 12a and 12b, respectively. Again good agreement is achieved.

6. Conclusions

In this paper, a simplified method for design of impermeable geosynthetic tube resting on
rigid foundation is proposed based on curve-fitting of an analytical solution using the
Chapman-Richard model. The predictions made by the proposed method were compared with
other theoretical solutions and model testing data and good agreements were achieved for all
the cases. Thus, the proposed method can be used with a hand-hold calculator for routine or
preliminary design. The accuracy of the proposed method is comparable with that offered by

other methods where a computer program will have to be used.
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7. Notations
Area of cross-section

Contact width with ground

A
b
B Width of cross-section
H  Height of cross-section
k Height to width ratio
L Perimeter of cross-section
Ppo  Pumping pressure
T  Tensile force per unit length
y Unit weight of filling slurry
Amplitude of the Chapman-Richard model
e Offset from zero of the Chapman-Richard model

u, A Constant variables in the Chapman-Richard model
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Table 1 Comparison of the results calculated from the curve fitting equations with that from

Leshchinsky et al. (1996) (For L = 9 m, y = 12 kN/m®)

H (m) B (m) A (m?) T (kN/m)
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(a) Free body of half cross-section (b) Free body of calculated curve OS

Fig. 1 Free body diagrams of geosynthetic tube resting on rigid foundation
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Fig. 8 Comparisons of the results obtained from proposed method and Cantré (2002)
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Fig. 9 Comparisons of the results obtained from proposed method and Malik (2009)
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(a) Photo of model T3 after filled by tap water
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(b) Sketch of the model test set-up

Fig. 10 Model test set-up
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Fig. 11 Comparisons of the results from proposed method and lab model tests
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Fig. 12 Comparisons of the results obtained from proposed method and lab model tests
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