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ABSTRACT

An air-supported structure is usually an inflated membrane which derives its stiffness

from tension caused by pressurized air. The structure is commonly made of fabric

material. Because of its lightweight, thinness and extensible geometry, the feasibility

in terms of the cost, material and aesthetic aspect makes it became more significant in

the structure engineering. It has been extensively applied to different types of

structural design, for instance, sports facilities, car park, airport, and among other

applications. In fact, the application of a membrane structure has the difficulties which

need to be considered. At first, the membrane structure is weak in taking compression

and hence is a tension structure. The utilization would be based on the theory of

membrane material and that is the fundamental principle of the membrane structure

modeling. Besides, the property of membrane material is assumed to be inextensible

in the practical concern so as to perform a proper model. In the study, a typical shape

of long cylindrical membrane is the modeling object. Its nonlinear behaviour is what

the study is concerning and looking for a deep discussion in analysis. The long

cylindrical membrane would be modeled as infinite in longitudinal direction by

one-dimensional bar elements in the computer program. For the analysis, the different

geometry ratio and load patterns such as wind loads, snow loads and concentrated load

which defined as lateral or vertical load are the main concern in this paper.
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CHAPTER 1 INTRODUCTION

1.1 Cylindrical Membrane

An air-supported structure is any building that derives its structural integrity from the

use of pressurized air to maintain the stability of structural fabric material such as

cylindrical membrane. The cylindrical membrane structure mainly resists tensile

stresses but the utilization also should be applied if it is subjected to compression.

Referring to Merritt and Ricketts (1958), there are two methods of utilization. One of

the methods is to utilize the membrane by hanging it with initial tension of the two

supports on the ground. Besides of it, pretensioning a membrane, which is to

pressurize the interior with air, is another way to utilize the membrane. Actually, the

tension has an equation related to the internal pressure that they are adjusting mutually

in order to provide the structural equilibrium. That is by assigning a value to the

internal pressure (usually this number is controllable in reality), then the tension could

be predicted from the equilibrium in the numerical computation. Moreover, in the

research of air-supported cylindrical membranes written by Robert Maaskant and John

Roorda (1985), they had used a linear equation to explain the relation of the tension

and internal pressure under the assumption of inextensible membrane. By integrating

these equations and the loading patterns, the equilibrium could be formed. The



equilibrium system explains why both method of utilization is a stable membrane

structure should be considered. In general, the principle of membrane is based on the

equilibrium system.

1.2 Membrane Material

The membrane material has two kinds of extremes, one is extensible and another is

inextensible which would have detail discussion in Chapter 3. In order to perform a

realistic model, first assumption of membrane material is inextensible. On the other

hand, the study is not supported to the cylindrical membrane that is extensible.

According to the previous paragraphs, the computer program would follow the theory

of equilibrium system and inextensible assumption to create a proper model for the

analysis of nonlinear behaviour in both vertical and horizontal loadings.



CHAPTER 2 LITERATURE REVIEW

2.1 Theoretical Behaviour of Cylindrical Membranes

The following discussion is based on the research that written by Robert Maaskant

and John Roorda (1985) for a long cylindrical membrane. The first assumption is

infinite in the longitudinal direction, such that end effect could be ignored. Thus, the

result is only suitable to the application of air-supported membrane structure whose

longitudinal dimension is considerable long respect to the sectional dimension.

Furthermore, an idealized model of using one-dimensional bar could be applied as the

principal structure in sectional membrane under the assumptions above. The internal

pressure that exists in circumferential direction only, is acting on the sectional

membrane. Hence, for a weightless material, the simplified equation of membrane is,

oN,

- 0 Eg2.1

ONy

E =0 Eg2.2
N,—qR=0 Eq2.3

where N, and N, are the membrane stress resultants in the longitudinal and
circumferential directions; g, is the internal pressure and R is radius of curvature.
From the equation Eg2.1 to Eg2.3, the variations respected to ¢, and radius of
curvature R is inversely proportional to the internal pressure g,. The membrane will

be a circle shape if the internal pressure is a constant value.
3



The undeformed cross section of membrane is assumed as circular shape in Figure
2.1.1 (a). The sectional dimensions are correspondingly to the Figure 2.1.1 which 2B
is the width, H is the height, Yo is the opening angle, a, is radius of curvature, p, is
internal pressure and P which acting on the location C is the concentrated line load
along the longitudinal direction. The location of Co is ideally in the central of
undeformed section and the horizontal and vertical displacement Ay, A, could be
derived from the location Co and C after the loading is fully developed, which shows
on the Figure 2.1.1 (b).
The deformed shape in Figure 2.1.1(b) is separated into another two circular form
which £; and £; is the arc length, a; and a; is the radius of curvature, ¥, and yc is the
internal angle between the vertical axis and the line of radius of curvature respected to
the end of arc and the subscribe is corresponding to the circular form 1 and 2.
The equilibrium of membranes AC and BC derive from the Eqs 2.1-2 is given by

T, = poay Eq2.4

T; = poa, Eg2.5
where T is the circumferential tension of path AC and BC Then, the equilibrium at the
loading location is

Tising ., + Tpsing., = P Eqg2.6

Ticosp . — Trcosp., =0 Eqg2.7



(b)

Figure 2.1.1 Sectional dimensions of cylindrical air-supported membrane of

undeformed shape (a) and deformed shape (b)



a,(sin@ ., +sing ,,) + a,(sing ., + sing ,,) = 2B Eq2.8
al(cos<pc1 — cos<pA1) — ay(cosp,, —cosp,,) =0 Eq2.9
The inextensible assumption of membrane material is represented by
a (@ + P ) =141 Eq2.10
@ ( Py +9y,) =12 Eq2.11
where £, +€, =¥
Eqgs 2.4-2.11 is the behaviour of cylindrical membrane under the concentrated line
load with full development. The vertical and horizontal displacements could be
determined from the change in geometry
Ay=H = a,(cos@ ., — cos@,,) Eq2.12
Ay= B — a,(sin@, + sing,,) Eg2.13
The idea of displacement shown in the Eqs 2.12 and 2.13 is also appropriate to other
displacements that caused by different loading cases, which using a coordinate system
to explain the movement at a particular location.
2.2 Symmetric Membrane Displacements
For long cylindrical membrane subjected to central vertical point load, the membrane
is deformed as path AC and BC in the same arc length and results in a symmetric
displacement. Thus, the horizontal displacement does not exist (Figure 2.2.1).

The following equations describe the equilibrium under a centric line load with the



sectional dimensions are simplified into single properties because of the inextensible

property, where @c; = @cz = @c, Par = Paz = Pa, a1 =ay =a, 1 =4, =1,

P .
= 2asing. Eqg2.14
a(sing, +sinp,.) =B Eqg2.15
a(p,+o.) =7 Eq2.16
Ay=H — a(cosp, — cosq,) Eq2.17

Eqs.2.14-2.17 contains a large amount of nonlinear relations that is applicable to a

numerical analysis.

l 2B |

Figure 2.2.1 sectional properties of membrane in symmetrical displacement
The behaviour of symmetric membrane could be deduced by the numerical

computation of the relation between the dimensionless loading parameter k and the

vertical displacement factor A, Egs. 2.18-2.19



k = Eq2.18
Hp,

A — Av

A=~ Eq2.19

Where P is point load, H is height of membrane, po is internal pressure of unit length,
Ay is vertical displacement.

From the dimensionless numerical solution of k and A,, the nonlinear behaviour
(Figure 2.2.2) is similar to the strain-stress curve since the loading and displacement

are involved in two equations, respectively.

2

15

——y0=60°
—00°
—120°
——135°
—140°
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e 150°
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160°
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0.5 A

-0.5

AV

Figure 2.2.2 Equilibrium solution: Symmetrical displacements

In the Figure 2.2.2, the main factor which causing the change in behaviour is the

initial opening angle Yo. When the angle is equal or less than 90 degrees, the
8



membrane is able to resist an amount of loading without many displacements. It is

apparently to see that the positive slopes mean the stable equilibrium. In the opening

angles equal or greater than 90 degrees, while little change in the loading would affect

a considerable displacement, at this stage, the peak point is the limit of practicability

which the membrane is in a statically unstable situation, correspondingly, this action

could be seen graphically in the portions of the slope comes to zero at the first time.

Another series of behaviour occurs in the opening angle large than 90 degrees, which

IS snap-through behaviour. After the limit of practicability, the membrane structure is

suddenly shifted to unstable shape with large displacement that even may be twice of

its original height. Obviously, the negative slopes mean the unstable configuration.

Although the behaviour in portion of negative slopes do not happen in real structure,

the hidden relation still could be found theoretically since the mathematical model

allowed the two portion of membrane to overlap to each other.

Although this case only introduces a situation of symmetrical membrane displacement,

the principle of force equilibrium and coordinate system could be also available for

other geometry ratio of cylindrical membrane structure with different loading

combinations, which will study in the chapter 3. In addition, the theory of membrane

modeling process is required a practical data (Figure 2.2.2) as the evidence to prove

the credibility of computer program that will discuss in the chapter 4.



CHAPTER 3 METHODOLOGY

3.1 Membrane Modeling in Inextensible One-Dimensional Bar Elements

In the conceptual material of membrane, it could be derived into two extremes

(Turkkan and Srivastava, 1992). One extreme is like a high elastic inflatable balloon,

the shape of membrane could be stretched when internal pressure or external force is

applied. Another extreme is a blown-up paper dome, which the membrane material is

inextensible and the pretensioning of membrane is necessary to keep a desired shape

under the inflation pressure. In the reality, the membrane is most likely to be

inextensible instead of extensible due to the material properties that used presently in

civil or architectural structures. Moreover, large deflection will result unstably in the

extensible shape and occupy available space when an extensible membrane is

subjected to large loading. Hence, the following presentation assumes that membrane

material is inextensible, consistently with the previous chapters.

There are four basic analytical and design aspects of such a flexible membrane

structure:

(a) form finding,

(b) determination of sectional properties,

(c) determination of loads typical to these kinds of structure,

(d) static and dynamic analysis and design under the loading equilibrium
10



The design process involves some simplified methods of analysis and design which

could be readily applied to all kind of design loads and computed by the computer

program as accurate as possible to the reality.

3.2 Formulation of Cylindrical Membrane Structure Subjected to Vertical and

Horizontal Loads

The formulation is based on a network approach modified by the paper (Turkkan and

Srivastava, 1992) which is a continuous flexible membrane with finite displacement

that is idealized as a space net connected by tension one-dimensional bar element

(Figure 3.2.1).

Y
A

ode

e

Figure 3.2.1 Description of simplified model and correspond axis

Z

The end effect could be ignored since the long cylindrical membrane has assumed to

be infinite in the longitudinal direction that has been mentioned in the beginning of

chapter 2. Moreover, the non-transverse strips are set to prevent the longitudinal

displacements. Thus, the design and analysis process is under the consideration of a

11



sectional membrane, the formulation is deduced as follows.

A one-dimensional bar element is divided into n finite tension element of equal length
L connected by n-1 number of nodes (Figure 3.2.2). The equivalent load includes the
distributed load, internal pressure and the weight of membrane. The load equilibrium

formula from node i = 0 to n, are given by

Y

A

AXn

— X
Left support Right support

Figure 3.2.2 Node equilibrium, initial dimension and misclosure

P, —T;_4c0s0;_; + Ticosf; =0 Eg3.1
Pyi - Ti_lsinﬂi_l + TiSinei =0 Eq32

where P; is the equivalent nodal load, T; and 6; is the tension and angle at each node

respectively (Figure 3.2.2). Since the initial tension T, could be estimated by the Eq

2.4 and the angle 6, is predictable from the initial geometry, in this condition, by the

known value of previous tension Ti.3, the angle 6;_; and the loads, the next tension T;

and the angle 6; could be determined by the substitution of tension components

Txi = TiCOSQi = Ti_lcosgi_l - Pxi Eq33

12



T,; = T;sin0; = T;_;sinb;_, — Py, Eqg3.4
The equivalent nodal load is the combination of the weight of membrane W, the
internal pressure p, and the specific loading pattern of the analytical cases which
could be assumed to be point load F; in the node equilibrium system, the formulas as
describe in follows
Py = Fyi — posSind;_q Eq3.5
Py = —F,; + p,cost;,_; — W, Eqg3.6
All loads are transferred into vertical and horizontal components. The load
components remain the same direction in the equilibrium of each node. The internal
pressure acts on the circumferential direction with an approximate angle to the vertical
direction. In the Eq3.5 and Eq3.6, the angle is predicted from the geometry which is
similar to the angle defined in Figure 3.2.2 if a certain number of nodes are applied in
the system. Moreover, in order to avoid the effect of distributed load which should be
continuous along the membrane, the number of finite element is necessarily
developing to a reasonable value. Therefore, the number of node would be determined
once the results are approaching to the theoretical data that obtained from the Figure

2.2.2.
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Then, the new coordinates are simply expressed as

X = X+ L2 Eq3.7
Tyi
Vier = Vi + L2 Eq3.8

where T; = /Ty + Ty,

At the ends of membrane, the boundary conditions should be remained

X1, Y, X, Y, = constant Eqg3.9
The entire process is repeating until the final node coordinates X,andY, are known.
The misclosure AX,, and AY, (Figure 3.2.2) usually exist and correlate to the
accumulation of error in numerical finite elements. If the misclosure is not acceptable,

the Newton-Raphson iterative method would be applied for the correction:

SAX, &AX,1 1

Tl _[To] _| 670 86, | [AXn

[90'] S [eo]_l—‘w" S AYn] Eg8.10
8T, &6,

where  AX, =B — X, =B — (X, + L2220,
n-1
AY, =Y, =Y, + 120D
n n n-1 n—1
B is the base width; X, and Y, are the final coordinate that could express in Eq3.7 and
3.8. A better value of initial tension T," and opening angle 6, are calculated by the
Eqg3.10.

The Newton-Raphson method is available to the equation of T,” and 6," which
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involve an amount of nonlinear computation.
For the calculation of the derivations AX,, and AY, by T, and 8,, four series of
calculations are necessary.

1) The derivation AX,, by T,, which shows in follows:

From i(=1, 2, ..., n) node, the derivation of AX,, by T, is

i=1 ‘SSAT)? = ;-Z - [‘;)T(Z +L SiTO (TTLO")] Eq3.11a

i=2 5(?;22 = g—i L g—); i 6670 (%)] Eq3.11b

i=n-1 ‘SA(SX—T’;* = ;-Z | [5:—’;0‘2 +L 5% (%)] Eq3.11c
\ J

i=n 6(?2” = ;-Z = [5:—’;0‘1 +L 6% (%)] Eq3.11

Tx(n— 1)

L 8 . . .
where the sub-derivation 5T ( ) is also a series of calculations:
o

n-1

. 5 (T o~ Txo 57,
i=1 —(ﬂ) = <‘5T° ~ 5T0> Eg3.12a
5Ty \ T, T,
6T x1 6T
. ) Txl) 5To T1=Tx1 5To
1= — =)= Eg3.12
8T, (T1 ( T,? 43.12b
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8T x(n-1) 8Tn-1
i=n i(Tx("-ﬂ) _ 51, n-1"Ta(-1)"5r,
8T, 2

Th-1 Th-1

2) The derivation AY,, by T,, which shows in follows:

From i(=1, 2, ..., n) node, the derivation of AY, by T, is

. SAY- 8Y, 5 (T
-1 Loy g 0 (Te)
8T, 8T, 8T, \ T,
L J
. SAY- 5Y. 5 (T
i=2 YA (Ll)
8T, 5T, 8Tl T}
. SAY;,_ A 8§ (Tvin—
=n-d ) Mg g 8 (v
8T, 8T, 8Ty \ Tn_»
- J
. SAY, 85Y,_ & (Tvin-
Sy _ St 1y 8 (Do)
5T, 5T, 8T, \=T_g
_—— 8 (Tym-1)\ . . P
where the sub-derivation o is also a series of calculations:
o n-1
8Tyo 8To
i=1 L(TL) _ [ 37s o~ yo 7,
8T, \ T, T,?
6T 8T
Rl 2 ol
i= i(ﬁ) _ [ 31 6,
85T, \ Ty T2
Tym-1) . . 8Tn—1
i=n i(Ty(n—l)) . 5T, 17 ym-1)757,
8To \ Tn-1 Tn-1?

Eqg3.12

Eqg3.13a

Eqg3.13b

Eq3.13c

Eq3.13

Eqg3.14a

Eq3.14b

Eq3.14



3) The derivation AX,, by 6,, which shows in follows:

From i(=1, 2, ..., n) node, the derivation of AX,, by 6, is

. SAX, _ 8B [8X 5 (T
i=1 = — — [ >+ L (ﬂ)]
50, 60, Lo, ' "0, \T,
. J
. sAX, 8B [8X 5 (T
. w6 ()
56, 60, Lo, ' 60, \Ty
_ SAXn_, _ 6B [8Xp § (Txn
i—n-1 00n-a _ OB _ #+L—(M)]
50, 06, L 86, 860 \ Tp_,
- J
. SAX, _ 6B [6Xn_ 8§ (Tx(n-
suty 00 By 8 (o)
56, 66, | 86, 560 \ Tp_s

Tx(n—l)

. ) . ) )
where the sub-derivation e ( ) is also a series of calculations:
o

n—-1

8Txo . _1. STo
i—1 ) (h) [ 86, To=Txo 56,
56, \ T, T,2

8Tx1 g g ST1
56, \ Ty T, ?

8T x(n-1) 8Tp—1
i=n i(Tx(n-l)) _ 56, -1 Tx(n-1)"5p,
660 \ Tn-1 Tn-1?
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Eg3.15a

Eg3.15b

Eqg3.15¢

Eq3.15

Eq3.16a

Eqg3.16b

Eq3.16



4) The derivation AY, by 8,, which shows in follows:

From i(=1, 2, ..., n) node, the derivation of AY, by 6,
i—1 6AY1 oY, (Tyo)
50, 86, 56,
J
] SAY. 5Y. T.
i=2 f=—"+L— (Ll)
56, 56, 56,
i:n-l 6AYTL-1 — 6Yn—2 + L i (Ty(n_z))
56, 56, 80, \ Tp_»
L J
i 0AYn _ 8Yn—1 n Li(Ty(n_l))
56, 50, 80y \ Tp_q
. . 8 Ty(n—l) . . . .
where the sub-derivation e is also a series of calculations:
o n—1
8Tyo 8To
i=1 3 (Be) (2 To~Tyo 55,
56, \ T, T,?

- 0 (B

)

T 8T

Oyip o 0T

| 86, T1=Ty1 56,
T, 2

56, \ Ty
6T
(n-1)
i=n L(Tym—n) _([52 aTyen 5
660 \ Tn—1 Tn-1”
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Eq3.17a

Eq3.17b

Eq3.17c

Eq3.17

Eg3.18a

Eqg3.18b

Eq3.18



Table 3.1 Corresponding expression of other terms in the sub-derivations

Derivation No.

In the sub-derivation

6Tx(n—1) S(Tn—z) 6(C059n—2)
1 — = Opy+ Ty y————
ST, 5T, COStn-2F I
. 6(Fx(n—2)) + 6(5in9n—2)
ST, Po™51,
OT. 6(T ) 6(sinb,,_,)
y(n-1) n-2 n—2
2 —_— inf Tpoy—————
5T, 5T, n=2 ¥ In-2 5T,
3Bynn)  8(costy)
5T,  PoT e,
6Tx(n—1) S(Tn—z) 5((:05971—2)
3 — = Opyg+ Ty y—m———
56, 5g, COS0n-2t In2T 55
_ S(Fx(n—Z)) + 6(5in0n—2)
56, Po™" 50,
ST, _ (T, ) 8(sinby_3)
y(n-1) n-2 n-2
4 — e T, §—— "2
56, 86, inBn—2 + Tn2 56,
6( (n 2)) 6(C059n—2)
56, P sa,
1, 2*
1 6 T
5(sinb,,_,) = c050,,_, |— i ( x(n—2)
T —— 2 Tl 2
6T, 1— Tx(n-2)
Tn—2
1 6 T
6(6-030”_2) = —Sinen_z _ 6,1,, ( x(n—-2)
— 2 Tl 2
6T, 1 Tx(n-2)
T
n-2
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Table 3.1 continued

3, 4%
1 5 Tytn-
5(sinb,_,) = c0s0,_,{— — ( ;fn 2))
2 o n-2
690 1— Tx(n—z)
Toos
1 0 Tym—
5(C056n_2) = —Sin@n_z — 50 ( ”151(” 2))
~ _8Fa U 2 o n-2
690 1— Tx(n—z)
T,
n-2

*In the derivation of sin & and cos @, the angle 6 has two equations that could use in

_ L Tr(n— Toy(n—
the derivation, which is acos(’;Lz)) and asin(%). In Table 3.1, the
n-2

n-2

acos(%) one is chose.
The initial terms showed in Eq3.1la, Eq3.12a, Eq3.13a to EqQ3.18a is simply
calculated by the known values and its derivation
X0, Yy =0
Ty, 09 = input value
Tyo = TycosBO,

Ty

0= TOSin90
Since the series sub-derivation computes in a value instead of formulas, the final result

could be calculated by the substitution of summation that express as Eq3.12, Eq3.14,
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Eqg3.16, and Eqg3.18.

Finally, the Eq3.10 would be modified into two equations:

T/ — T _ 690 690
0 0 ~ 3AXp 6AYy OAXy OAYp
5T, 686 66, 8T,
o' — g _ 370 AYp— T 0
— Yo T 8aXy, MY, 640Xy 8AYq,

5To 86, 860 6T,

Eqg3.19

Eq3.20

The method is repeating until the misclosure is acceptable which means AX, and

AY,, is much close to zero or accurate to a digit of 0.0001. The effect of misclosure is

then could be avoided.
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CHAPTER 4 COMPUTER PROGRAMMING PROCESS

4.1 Non-Linear Structural Computer Program
The computer program is based on the theoretical assumption and numerical method
discussed in chapter 2 and 3. The program was wrote by FORTRAN and it could be

directly divided into serval processes as shown in follows flow charts

1. Basic Information Input

2. Design Loading Pattern

v

3. Initial Cylindrical
Membrane Coordinates
Forming

False 3.1 Error
~ Checking

3.1 Determination of Misclosure |

4. New Coordinates Forming
after Loading '

’ False 7_
4.1 Determination of Misclosure | ‘ > New_ton Raphson
Iterative Method

6. Result Recording

Figure 4.1 Flow chart of computer program
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Figure 4.1 explained the sections during the process of computer program. The brief
description of each term as shown below,

1. Basic information input

Basically the input items involve dimensions and initial stresses.

Dimensions: Two of the base width (B), height (H) and initial angle (8,), are required
to input, usually the third item could be calculated by other two knowns. The other
dimensions such as radius of curvature (a), arc length (£) and Equal length (L) of
original inflated membrane at each node, which also could be determined in this
process.

Initial stress: Internal pressure (p,) and weight of membrane (Wg) are input at the
beginning. In the chapter 2, the assumption of a weightless membrane was made since
it might be acceptable to ignore it. However, the weight of membrane still exists in the
reality and it might be needed to consider. Thus, the weight of membrane remains its
variability for a reasonable analysis.

In general, the initial angle (8,) is selected according to the similar value in the past
literatures and the initial tension (T,) is the function of internal pressure and radius of
curvature (Eq2.4). The recommendation of internal pressure will discuss in Section
5.1, Chapter 5. The radius of curvature could be calculated in the geometry once the
initial angle is inputted.
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2. Design loading pattern

Design loading pattern is another part of input. The magnitude, direction and location

of design loading should be determined in this section. The location is defined as the

coordinates where the node numbers exists, therefore, the behaviors of each node can

be showed by acting the loading on the node system. For the wind load and internal

pressure, which applied on the circumferential direction as the distributed load, the

angles with the horizontal axis will be calculated in the section 4 below. The loading

patterns would have detail discussion in Chapter 5.

3. Initial Cylindrical Membrane Coordinates Forming

Original cylindrical membrane model is simply created by the inputs in section 1 and

then an initial node system could be formed. The misclosure would be acceptable to

three significant digits that compared with the initial dimensions.

4. New Coordinates Forming after Loading

In this section, the design loading is taken into consideration on forming the new node

coordinate system. An appropriate value of X, and Y, usually do not come up at the

first time of new coordinate forming since the initial tension is an approximate value

for prediction. Thus, the Newton-Raphson method always performs after the first run.

5. Newton-Raphson Iterative Method

The principle of Newton-Raphson iterative method is to find out the approximation of
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internal tension and initial angle in which the cylindrical membrane behaves
reasonably to have a negligible misclosure.

6. Result Recording

By comparing the results of original and new coordinate, the displacement can be
determined at each node.

In the computer program, the computing formulas are same as the Eq3.1 to 3.20. But a
problem of domain occurred in the determination of the degree 6; by the inverse of
cosine, sine in the section 4. The issue mainly focuses on the definition of domain for
obtaining reasonable degree in terms of inflated cylindrical membrane behaviours.
Thus, the problem could be solved from the predetermination of value T,;, and T,,;,
and then defining the domain whether it is compatible to the inverse of cosine or sine
and finally return a reasonable degree. This numerical method of computer program
will finish when the misclosure and results are obtained properly. To define how a
result is correct, the comparison will make in chapter 5.

For determining the number of node, the typical load pattern such as concentrated load
acting centrally on the cylindrical membrane is selected to compare with the
theoretical result by using some of the critical data points in Figure 2.2.2. Moreover,
the accuracy of computer program would be discussed by the comparison of present
study and the result of Turkkan and Srivastava (1992).
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CHAPTER 5 CYLINDRICAL MEMBRANE MODEL

In the cylindrical membrane model, the membrane is made of the inextensible
material, and assumed to be circle shape which is inflated by internal air and anchor
on the ground with two end supports. For the long cylindrical membrane, only 2D

frame will be considered in the model (Figure 5.1).

| et B -

Figure 5.1 Notations of membrane model
The number of bar elements affects the accuracy of model. To determine the number,
preliminary analysis is necessary to check the most precise result with a particular

number of bar elements (Table 5.1).

26



Table 5.1 Comparison of number of bar elements on the typical case in chapter 2 with

initial angle of 90 degree

Number of elements 100 200 400 1000
k Percentage difference of A, (E"g—f”’ * 100%)
0.25 75.28% 87.363% 93.579% 97.583%
0.5 89.96% 95.001% 97.385% 98.986%
0.75 94.90% 97.621% 98.534% 99.463%
1.25 99.56% 99.872% 99.826% 99.918%
1.5 99.97% 99.836% 99.976% 99.926%
1.75 99.49% 99.637% 99.792% 99.928%
2 99.50% 99.613% 99.832% 99.907%
Average 94.093% 96.992% 98.418% 99.387%
Standard Deviation 21.890% 11.117% 5.645% 2.101%

In the Table 5.1, the comparison of theoretical and experimental result is made by the
difference of percentage in two results on the same situation of dimensionless loading
parameters (k = 0.25, 0.5, 0.75, 1.25, 1.5, 1.75 and 2). The reason of omitting k =1
is because a series of A, exists within k = 1 which was showed on the curve of 90

degree (Figure 2.2.2). It involves the uncertainty in the comparison which may make
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an error in deciding the number of elements since the computer program only provides
aresult of A, correspondingtoa k.

The average percentage on four numbers of elements was indicated that there were
99.387+2.101(%) for 1000 nodes of membrane. Even though a higher number of
nodes would give more accuracy, but in terms of rapid convergence of misclosure, the
1000 nodes was fast enough to perform at least an average accuracy of 97.286% that
was acceptable to avoid the error from the computation of numerical equations under
the assumption of model. By using 1000 nodes, the result can be calculated within a
second; otherwise higher number of nodes might need additional time. Furthermore,
1000 nodes of cylindrical membrane have almost 99.99% of arc length similar to the

arc length of half circle.

5.1 Design Loads

1. Internal Pressure

An internal pressure is necessary to maintain the stability and stiffness of inflated
cylindrical membrane which subjected to the loadings. The particular magnitude of
internal pressure is decided by the consideration of initial geometry, anchor force and

different loading patterns.
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As the research in Turkkan and Srivastava (1992) that mentioned the CSA standard

(1981), the minimum internal pressure p, equals or greater of

po = 0.38kPa (38mm water) Eg5.1

It also suggested that a pressure of 20 to 100 mm of water gauge was commonly used

in the practice of air-supported structure. Therefore, the internal design pressure will

base on the suggestions and actual behaviour of membrane to set up the value.

2. Wind Load

The common type of loading pattern is wind load which around an exposed membrane

structure. As the flexibility of membrane, it will be a degree of instability under the

effect of wind load pattern. Basically, the wind load acting on the side of membrane

structure has a nonlinear behavior which causing displacement under the tensile and

compressive stress (Figure 5.1.1).

\
A :
AN | 4
W d ,\' d
| I ™ >

| ~/ / /“1‘1"

_ [ a ol
N

Figure 5.1.1 wind load pattern

According to IASS (1985) and CSA (1981), the equivalent static wind pressure as

shown in follows
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Wy = Cpq' Eg5.2

where q' is dynamic wind pressure(q’zépv2 ), p is density of air, v is

approximate wind speed and the coefficient of wind pressure C, is a function of

internal pressure, dynamic wind pressure and the angle a« which defined in Figure

5.1.1

C, = 0.870/4' (0.7 4 0.3cosa + cos2a + 0.4cos3a — 0.1cos4a)  Eq5.3

The determination of C, was found by the researchers (Srivastava et al. 1985a,

1985b) who performed the wind tunnel tests on cylindrical membranes. The equation

5.3 behaves similar to the wind load perpendicular to the structure and it was proved

by the laboratory experiments as a close approximation.

0.5

§-05

-15

N\

\

50 100 150 200
——po =0.1kPa

—po0 = 0.2kPa

po = 0.3kPa
p

Angle, a

Figure 5.1.2 Distribution of coefficient of wind load with v =20 m/s
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Since the angle should be the range from 0 to 180 degrees, the curve of C,
distribution (Figure 5.3) is mainly determined by the ratio of p,/q" which suggested
and referred from the research in Turkkan and Srivastava (1992).

In the wind speed of 20 m/s, the ¢’ is a constant value which approximately equals to
0.245 kPa when the air density of 1.225 kg/m® is used (at the sea level and at 15°C).
The behaviour is showed on Figure 5.3 which the portion of positive C,, means one
side of the cylindrical membrane which the wind pressure is directly applied, is
principally subjected to compressive stress from the wind pressure. On the contrary,
the negative C, represents the behaviour of tensile stress on another side of
membrane which does not directly resist the wind pressure.

The instability of membrane would happen when the decrease of p, and the increase
of C, caused the increase of difference in external compressive and tensile stress, in
the front and back side respectively. In this situation, the superposition of two stresses
causes the deformed membrane structure in three main portions which is an unstable
behaviour should be considered in the analysis. Thus, for the analysis, a reasonable
ratio will be selected referring to the curve of C,, in Figure 5.3.

3. Snow Load

According to the research in Turkkan and Srivastava (1992) that recommended in
Canadian standard (CSA(1981)), the German standard and international
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recommendation (IASS(1985)), full snow load or half snow load distribution (Figure

5.1.3) will be included in the loading pattern for the numerical analysis.

Sw

%\1“!‘\

Figure 5.1.3 snow load pattern

Figure 5.1.3 indicates the snow load pattern that formed on the membrane. The snow
load have a triangular distribution in the two side is because the snow load will
collapse on the position. Thus, the research suggested that the triangular distribution
starts from the angle of 20 degree to 60 degree and same as the other side.

4. Concentrated Load

For the concentrated load, it is a kind of accidental loading case which the snow or
water may accumulate on the top of cylindrical membrane due to displacement. The
ponding is usually around the center of top where the static condition exists and it may
further concentrate on the center after the ponding force was increased. Thus, the

concentrated load is assumed to be applied centrally.
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5.2 Comparison of Present Study and the Past Research

To explain cylindrical membrane model, some of the typical loading cases would be

performed on the program. Moreover, the comparison of present study and the results

done by Turkkan and Srivastava (1992) will carry out later in order to check the

accuracy or reasonable error. The relevant loading combination, geometry and initial

pressure of each typical case are listed on the following tables,

Typical case 1-Wind Load, wind speed = 20 m/s

Geometry: Height = 10m, Span = 20m, Initial angle = 90°;

Initial pressure: Internal pressure = 0.1 kPa, Weight = 0,

Figure 5.2.1 Graphical result of membrane subjected to wind load
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Typical case 2— Full Snow Load = 0.35kPa

Geometry: Height = 10m, Span = 25m, Initial angle = 77';

Initial pressure: Internal pressure = 0.3 kPa, Weight = 0,

24 N

0

O N B~ O

Figure 5.2.2 Graphical result of membrane subjected to full snow load

Typical case 3— Half Snow Load = 0.3kPa

Geometry: Height = 10m, Span = 18m, Initial angle = 96°;

Initial pressure: Internal pressure = 0.3 kPa, Weight = 0,

12

10

D

-5 0 5 10 15 20

Figure 5.2.3 Graphical result of membrane subjected to half snow load
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Typical case 4— Concentrated Load =1 kN

Geometry: Height = 5m, Span = 10m, Initial angle = 90°;

Initial pressure: Internal pressure = 0.3 kPa, Weight = 0,

-2 0 2 4 6 8 10 12

Figure 5.2.4 Graphical result of membrane subjected to concentrated load

Typical case 5 -Wind Load (wind speed=15 m/s) + Half Snow Load=0.3kPa

Geometry: Height = 12m, Span = 25m, Initial angle = 88";

Initial pressure: Internal pressure = 0.2 kPa, Weight = 0,

12
10 -

—

o N B O @
1

0 5 10 15 20 25 30

Figure 5.2.5 Graphical result of membrane subjected to wind load and half snow load
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Typical case 6 ~Wind Load (wind speed = 20 m/s) + Concentrated Load = 5kN

Geometry: Height = 6m, Span = 20m, Initial angle = 62°;

Initial pressure: Internal pressure = 0.2 kPa, Weight = 0,

—

OFRP NWPKAOIIO N
TR T T TN N S |

Figure 5.2.6 Graphical result of membrane subjected to wind load and concentrated load

Table 5.2.1 Result of present study and the Turkkan and Srivastava (1992) (T&S) in

different typical loading cases

Present Study T&S Present Study T&S
Loading Cases: Wind Load Full Snow Load
Tmax (KN/m) 3.74 3.79 2.38 1.54
max (M) 1.07 1.06 4.66 3.97
AncF (kN/m) 3.74 3.79 1.47 1.42
Anco ° 61.18 61.38 114.86 109.13
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Loading Cases:

Half Snow Load

Concentrated Load

Timax (KN/m) 2.40 2.22 1.34 131
Armax (M) 151 1.71 1.23 1.23

AncF (KN/m) 2.21 2.22 1.03 1.02
Anco ° 107.64 110.15 104.56 101.45

Loading Cases:

Wind Load + Half Snow Load

Wind Load +Concentrated Load

Tmax (KN/m) 3.08 3.00 4.01 3.94
Armax (M) 1.44 1.68 3.60 3.48
AncF (kN/m) 2.96 2.90 2.06 2.12
Ancg 83.55 84.75 68.90 67.34

In the Table 5.2.1, Trax = maximum tension, dmax = maximum displacement, AncF =

Anchor Force (first tension) and Ancé = deflected Anchor angle (deflected angle)

The behavior of maximum tension is predicted by the anchor force. Thus, the

comparison would only discuss with AncF, dma and Ancd which is made by the

difference of two results (Present study — T&S) in the following Table 5.2.2 and 5.2.3.
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Table 5.2.2 Comparison summary of present study and Turkkan and Srivastava (1992)

Loading Cases: | Wind Load | Concentrated Load Wind Load +

Concentrated Load

Admax (M) 0.01 0 0.12
AAnNCF (KN/m) -0.05 0.01 -0.06
AANcH’ -0.2 3.11 1.56

As the results compared in the Table 5.2.2, the cases of wind load, concentrated load
and its combination showed the behaviour of the anchor force is proportional to the
displacement. For a simple loading such as concentrated load, it is apparent to explain
the tendency that if a membrane has less displacement, the radius of each circle in
Figure 2.1.1 would be less also under a constant of internal pressure. Thus, the internal
tension should be less in consistency of Eq2.4 or 2.5. For a wind load, the behaviour
could be referred to the curve of C, in Figure 5.1.2. Since the internal pressure is
proportional to initial tension (Eg2.4, 2.5), similarly to the anchor force or first tension,
the relation of internal pressure and C,, was practically available for that of anchor
force and C,. As a result, the less anchor force on the supports, the more displacement
is made by the increase of external compressive and tensile stress from the wind
pressure. The combination of these two cases is explicitly a development of the

behavior which the wind load is leading loads and the concentrated load is
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accompanying. Then, the behavior of the combination will follow the wind load cases.

Table 5.2.3 Comparison summary of present study and Turkkan and Srivastava (1992)

Loading Cases: | Full Snow Half Snow Load Wind Load +
Load Half Snow Load
Admax (M) 0.69 -0.2 -0.24
AANCF (KN/m) 0.05 -0.01 0.06
AANcH’ 5.73 -2.51 -1.2

For the cases of full snow load, half snow load and combination of wind load and half

snow load in Table 5.2.3 which are either a snow load pattern or incorporated with it,

the behaviour is similar to the concentrated loading case. The snow load pattern

(Figure 5.1.3) is a pressure distribution which made the membrane structure subjected

to the external compressive stress on the upper part and that is similar to apply a

distribution of concentrated load. The behavior should be consistent with the

concentrated loading cases which the displacement and anchor force will increase

when a higher snow load is applied. In the combination of wind load and half snow

load, the observation tells the similarity compared with the combination of wind load

and concentrated. In general, based on the discussion above, the results of these three

cases have showed the consistency.

39




In the summary of accuracy check, firstly, the Ancé is a little acceptable since

AANce is within 6 degree of difference and the anticipation of deformed cylindrical

membrane behaves normally as the graphical result in Figure 5.2.1-5.2.6.

Secondly, the AncF is reasonable within a small of deviation of +0.06. On the other

hand, dmax Mmight have some error in the loading cases in the loading cases that involve

the snow load, but the overall tendency of typical cases is well acceptable for the

analysis of behaviours.

The comparisons are just a preliminary analysis of the accuracy of modeling, the

further discussion would continue in the chapter 6.

5.3 Limitation

As mentioned in chapter 2, the accuracy of program has a limit that it is difficult to

provide further precision in the misclosure. Some of the reason may be because of the

assumptions. To use the node equilibrium, the distributed load needed to be divided

into two components on the principle axis. The continuous behaviours occurred in the

cylindrical membrane might not be ideally matched to the reality, and thus the

misclosure will exist and increase during the iteration. The accumulation of

misclosure is why the accuracy is hard to develop further up to four or higher

significant digits.
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CHAPTERG6 ANALYSIS

6.1 Cylindrical Membrane under Single Loading Cases

The single loading cases such as concentrated load, wind load, full and half snow load
will be presented in this chapter.

6.1.1 Concentrated Loads

For a cylindrical membrane structure subjected to concentrated load, the theory
mentioned in chapter 2 had explained that the shape would form two circular arc in
symmetrical. The behaviour of deformed shape has shown below with the increase of
dimensionless loading parameter (k = 0.5,1,1.5,2). The basic information is initial

angle = 90°, height =5 m and internal pressure = 0.1kPa.

P=0.25kN

Figure 6.1.1 Symmetrical displacement of cylindrical membrane, k = 0.5
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P =0.5kN
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Figure 6.1.2 Symmetrical displacement of cylindrical membrane, k = 1

P = 0.75kN
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Figure 6.1.3 Symmetrical displacement of cylindrical membrane, k = 1.5
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P=1kN
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12

Figure 6.1.4 Symmetrical displacement of cylindrical membrane, k = 2
In the first figure k = 0.5 above, the displacement is still acceptable to maintain the
stability. By the increase of loading up to k = 1, the magnitude of displacement is
over its original height that means most of the space is occupied and the structural
stability probably reaches the limit state. While the k = 1.5, the entire structure is
failed. In the Figure 6.1.3, the behaviour is physically impossible in the real structure
since the membrane has overlapped to each portion. The similar behaviour is
expressed in Figure 6.1.4 without overlapping. This situation exists only if an
underground space had built under the supports of membrane and at least same height

as membrane. But it is a rare case.
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In the reality, the deformation will stop in k = 0.5 since the membrane is commonly
built on the ground without underground space. Thus, the behaviour of cylindrical
membrane structure may likely to have a limit state in Figure 6.1.2.

Under the concentrated load, the characteristics can be summarized as the membrane
can have a certain level of stability with large displacement but the occupied space
should be taken into account whether it is available for the activities inside the
structure. Hence, the different geometry ratio will be decided for the further analysis

of subjecting to concentrated load.
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Figure 6.1.5 Relation of loading parameter and vertical displacement factor
Figure 6.1.5 describes the behaviour of cylindrical membrane subjected to
concentrated load in different initial angle.
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Firstly, the positive slopes represent a proportional relation between the loading and
displacement that correspond to stable equilibrium. In the curve of initial angle of 30
degree, it is an approximate linear relation, which has only a displacement less than
0.5 of its original height with the loading parameter k of 2. That means a 30-degree
cylindrical membrane is able to resist most of the stress from the loading. In this case,
it makes the structure with a considerable stability.

When the initial angle increases to 60 degree, the linear range will narrow down and
the turning point is about k = 0.8 which the structure can provide less displacement
within about 0.25 of its original height. But the displacement will enhance gradually
with the increase of loading after k = 0.8. In the initial angle of 90 degree, or like a
semi-circle, there is a range of zero slopes that the displacement keeps raising without
the change of force. Then, the stability will no longer exist.

For the initial angle within 90 degree, in terms of displacement, the smaller initial
angle will provide a better behaviour of subjecting to concentrated load. In addition,
the force should be controlled within k= 0.6 or 0.8 for 60 and 90 degree
respectively in order to prevent a further development of displacement.

Secondly, at the limit point or zero slopes, the structures will snapthrough to an
unstable position when further loaded or to opposite direction when unloaded which is

noted in Figure 6.1.5 Basically the behaviour is related to the properties of membrane
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material such as structural fabric if a statically unstable condition is created by a large

concentrated load, the structure is possible to have large displacement in positive or

reverse direction.

Thirdly, the negative slopes represent the unstable configuration that the membrane is

overlapped, or pass through the two ends that showed similarly in Figure 6.1.3.

Although the situation does not exist physically, the mathematical calculation is able

to find it out. Thus, for the initial angle greater than 90 degree, the cylindrical

membrane has the limit state before the large displacement happened.

In conclusion of concentrated load, the cylindrical membrane structure will has a

better condition to perform the structural stability when it is a smaller initial angle.

But it usually needs a large place to maintain the structure of a small initial angle, thus,

an initial angle of 90 degree may be able to accomplish the requirement in a limited

area. Nevertheless, different initial angle can have an acceptable displacement if the

loading is predictable. The concentrated loading case is just an accidental loading case

and usually the combination of different loading cases will be more reliable.
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6.1.2 Full Snow Loads

In the full snow loads, a distributed load on the top of membrane, when the load
increases (Snow load=0.2, 0.3, 0.4 and 0.5 kPa), the series behaviour will express as
below. The basic information is initial angle = 90°, height = 10 m and internal pressure

= 0.3kPa.

Snow Load = 0.2 kPa

12

10

(o)

Figure 6.1.6 Deformed cylindrical membrane under a full snow loads = 0.2kPa

Snow Load = 0.3 kPa

12/(

10
g /\

[e»]

Figure 6.1.7 Deformed cylindrical membrane under a full snow loads = 0.3kPa
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Snow Load = 0.4 kPa
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Figure 6.1.8 Deformed cylindrical membrane under a full snow loads = 0.4kPa

Snow Load = 0.5 kPa
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Figure 6.1.9 Deformed cylindrical membrane under a full snow loads = 0.5kPa

In the Figure 6.1.6 to 6.1.9, the full snow load concentrates on the upper and middle

part of membrane and creates the entire movement in the direction of snow load.

In the snow load equals to 0.3kPa, the upper part of membrane is likely to form a

horizontal roof where is mainly subjected to compressive stress and the left and right
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portions will be subjected to the tensile stress. The leading compression and

accompanying tension are not an appropriate loading distribution for the cylindrical

membrane structure. Thus, while the snow load increases to 0.4kPa, the tensile

portions will reduce that means the membrane cannot resist the compression to keep

stability.
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Figure 6.1.10 Relation of snow load and maximum vertical displacement for initial

angle within 90 degree
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Figure 6.1.11 Relation of snow load and maximum vertical displacement for initial

angle equals to and over 90 degree

In the Figure 6.1.10 and 6.1.11, the location of maximum vertical displacement has

been found in the model or approximately observed from the Figure 6.1.9 that is at the

center of cylindrical membrane.

By observing on the Figure 6.1.10, some of the behaviour can be pointed out. First,

there is a point of intersection where exists the same loading and displacement within

initial angle of 90 degree. Second, the curve below the point of intersection shows the

smaller initial angle will have the superiority to against the compression from the
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snow loads. Third, the behaviour is reversed when loaded above the point of

intersection and it seems the bigger initial angle can stand for a large loading. Other

than that, the large displacement may probably affect the practicability of structure if

there are internal activities. On the other hand, the bigger initial angle may appropriate

for some long-term structure since it can provide a stable change in the displacement

and the structural failure can be observed easily. In general, the balance between these

angles depends on the function of membrane structure and it will be another valuable

study.

In the initial angle equals to or greater than 90 degree, the behaviour is clearly showed

that a bigger initial angle is weak in the resisting the concentrated load (Figure 6.1.11).

But in terms of continuous and stable behaviour during the time of increasing load, the

initial angle will be suitable in this range.

6.1.3 Half Snow Loads

Another snow load pattern is half snow load, which is a special case when a half of

full snow load is heavier than the other half, the heavier half snow will collapse. In

this case, the loading can be larger than full snow load (Snow load=0.3, 0.5, 0.7 and

0.9 kPa). Then, the graphical development of behaviour is described below. The basic

information is initial angle = 90°, height = 10 m and internal pressure = 0.3kPa.
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Snow Load = 0.3 kPa
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Figure 6.1.12 Deformed cylindrical membrane under a half snow loads = 0.3kPa

Snow Load = 0.5 kPa
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Figure 6.1.13 Deformed cylindrical membrane under a half snow loads = 0.5kPa
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Snow Load = 0.7 kPa
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Figure 6.1.14 Deformed cylindrical membrane under a half snow loads = 0.7kPa

Snow Load = 0.9 kPa
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10 -
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Figure 6.1.15 Deformed cylindrical membrane under a half snow loads = 0.9kPa
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For the half snow load, the side effect on the membrane makes an unsymmetrical

displacement. Other than the full snow load, the members are majorly in tensile stress

that is able to prevent the large displacement. Since the half snow load is continuous

applied to the membrane, the statically unstable equilibrium will not occur while the

load keeps increasing. When the snow load is 0.9kPa (Figure 6.1.15), the magnitude

of displacement increases to about its original height, which compared to the full snow

load case the membrane is more capable of subjecting to half snow loads. The

behaviour can be observed from the following figures.
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0 5 10 15 20

Central vertical displacement, downward + (m)

Figure 6.1.16 Relation of snow load and central vertical displacement for initial angle

within 90 degree
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Figure 6.1.17 Relation of snow load and central vertical displacement for initial angle
equals to and over 90 degree
The data point for the analysis is selected at the center and its corresponding snow
load and central vertical displacement relation shown in the Figure 6.1.16 and 6.1.17.
For the initial angle within 90 degree (Figure 6.1.16), it tends to be stable in the higher
initial angle. If the loading is under about 0.3 kPa, the curves will have a similar and
approximate linear relation to each other. Once the curves are over the point of 0.3kPa,
which will be a turning point, the characteristics of each initial angle are diverged
gradually and converged again at about 0.8kPa excluding 90 degree, which explicitly
shows in Figure 6.1.16. The final convergence path indicates the limited behaviour of
half snow load on the membrane, which the central displacement is difficult to
develop further more.
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Besides, the initial angle equals to and greater 90 degree (Figure 6.1.17) gives a

relatively divergence curve compared to previous one. The behaviour is more stable in

the lower initial angle. As the previous Figure 6.1.16 shows that the 90 degree is the

steady behaviour compared to the others, the 120 degree can have a similar standard

of that behaviour. In the observation, there may have a particular initial angle between

the initial angle of 90 and 120 degree will result in the most stable behaviour.

In the half snow load, the entire behaviour is appropriate for the membrane structure.

The half snow load pattern may be evolved from the full snow load that means if the

membrane is designed for resisting the full snow load and it will be also capable of

half snow load. On the other hand, the side effect of half snow is the potential issue,

which the membrane may have the possibility to shift suddenly to another side of half

snow load, since the snow load pattern may be more realistically complicated than the

recommendation from the codes.

6.1.4 Wind Loads

As a common loading pattern for such a membrane structure, wind load is usually a

long-term effect to the membrane. To describe the behaviour with the increasing wind

speed, the graphical result will show in the figures below. The basic information is

initial angle = 90°, height = 10 m and internal pressure = 0.2kPa.
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Figure 6.1.18 Deformed cylindrical membrane under a wind load of speed = 20 m/s
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Figure 6.1.19 Deformed cylindrical membrane under a wind load of speed = 30 m/s
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Figure 6.1.20 Deformed cylindrical membrane under a wind load of speed = 40 m/s

Due to the property of wind load coefficient Cp, the effect of tension and compression
in the left side and right side respectively in Figure 6.1.18 to 6.1.20, will be reduced if
it is subjected to less speed in wind load. The deformed portions are mainly divided
into the left, right and top, and thus, the maximum displacement can be found in these
three portions. While the wind speed increases from 30m/s to 40m/s, the change in
behaviour will be not obviously between two Figures 6.1.19 and 6.1.20. The reason of
the behaviour is probably because of the assumption of inextensible membrane that

limits the lateral movement.
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Figure 6.1.21 Relation of wind speed and central vertical displacement

In the Figure 6.1.21, the data point is at the center of membrane for plotting the

relation of wind speed and central vertical displacement.

The behaviour converges under about wind speed of 5m/s at the first part of curves

and then diverges until it reaches the limited displacement. The behaviour can be

developed further to over the wind speed of 100m/s, but the supports may not able to

carry out such large tension. Thus, the wind speed of 60m/s that is approximate to

some of the speed in typhoon is enough to show the entire behaviour.
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6.2 Cylindrical Membrane under Load Combinations

According to the single cases discussed in pervious section, the load combinations

will be the concentrated loads & wind loads and the half snow loads & wind loads.

6.2.1 Concentrated Loads and Wind Loads

The behaviour of concentrated load and wind load is a special combination since the

displacement in concentrated load is downward and in wind load is upward, both at

the center. The effect of this combination will have a balance range which the

membrane can resist both loadings and still maintain the stability. For this case, two

sets of results will make for the comprehensive analysis. One is the increasing wind

loads at constant concentrated loads = 3 and 6kN, another is the increasing

concentrated loads at constant wind loads = 20 and 40m/s. The graphical behaviour

will show at the beginning of the two results. The basic information is initial angle =

90", height = 10 m and internal pressure = 0.3kPa.
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6.2.1.1 Increasing Wind Loads with Constant Concentrated Loads

P=3kN
12

10
8

Wind speed = 10m/s 6

Figure 6.2.1 Deformed cylindrical membrane under a wind load of speed = 10 m/s and

concentrated load = 3kN
P=3kN
12 - l
10 -
g -
Wind speed = 20m/s -

Figure 6.2.2 Deformed cylindrical membrane under a wind load of speed = 20 m/s and

concentrated load = 3kN
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Figure 6.2.3 Deformed cylindrical membrane under a wind load of speed = 30 m/s and

concentrated load = 3kN
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Figure 6.2.4 Deformed cylindrical membrane under a wind load of speed = 40 m/s and

concentrated load = 3kN
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Figure 6.2.5 Deformed cylindrical membrane under a wind load of speed = 50 m/s and

concentrated load = 3kN

The behaviour changes from the leading concentrated load to the leading wind load

(Figure 6.2.1 to 6.2.5). In the extreme behaviour of two figures 6.2.1 and 6.2.5, the

deformed shape is most likely same as the corresponding single loading cases of

concentrated loads and wind loads. For the figures between two extremes, the wind

load offsets a part of displacement that is made by the concentrated load. If the wind

load is at a high wind speed, the displacement will be increased again (Figure 6.2.6

and 6.2.7).
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Figure 6.2.6 Relation of wind speed, a concentrated load of 3kN and central vertical

displacement
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Figure 6.2.7 Relation of wind speed, a concentrated load of 6kN and central vertical

displacement
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At the beginning of the curves in Figure 6.2.6 and 6.2.7, the concentrated load is

leading until the wind load is large enough to against to it and thus the membrane

moves to opposite direction. Although a smaller initial angle has a less displacement,

all the curves will pass through the same zero displacement point and keeps increasing

to the limited range of displacement.

The differences of Figure 6.2.6 and 6.2.7 have two points. For the concentrated load

of 6kN, first, the initial displacement will exist for a longer time during the increasing

of wind speed in the initial angle greater than 90 degree. Second, the zero

displacement point moves upward and the behaviour of two loads against to each

other will appear in a later stage.

-
[en)

60
50 \
Q
S . _
= A = |nitial angle=45
g U o
:).)_ \ \ = nitial angle=60
o 0 —— |nitial angle=90
§ L \ J == |nitial angle=120
Initial angle=135
10
T O Il T T T 1
-0.5 0 0.5 1 15 2

Central horizontal displacement, rightward + (m)

Figure 6.2.8 Relation of wind speed, a concentrated load of 3kN and central horizontal

displacement
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Figure 6.2.9 Relation of wind speed, a concentrated load of 6kN and central horizontal
displacement

For the central horizontal displacement in Figure 6.2.8 and 6.2.9, the curves have a
converging portion at first because of the leading concentrated load. When the curve
diverges, the initial angles smaller than 90 degree will have negative (leftward)
displacement, the initial angles greater than 90 degree will have a positive (rightward)
displacement and the 90-degree initial angle is relatively stable compared to the
others.

The difference of behaviour in Figure 6.2.8 and 6.2.9 is in the portion between wind
speed of 20 and 40 m/s. The uncertainty of the curve in higher concentrated load case
may be because of the effect between a particular range of wind loads and a high
concentrated load which causing the unstable behaviour on the membrane.
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In this load combination, the wind loads is able to resist some of the compressive
stress from the concentrated load and have an acceptable displacement. The large
displacement may be the major problem, which needs to deal with it if a higher
concentrated load has applied. Therefore, the design of membrane should be mainly

concern on the effect of concentrated load in the consideration of this combination.

6.2.1.2 Increasing Concentrated Loads with Constant Wind Loads
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Figure 6.2.10 Deformed cylindrical membrane under a concentrated load = 2kN and

wind load of speed = 20 m/s

67



12

10 -

Wind speed = 20m/s

—=>.

D

P=4kN

25

Figure 6.2.11 Deformed cylindrical membrane under a concentrated load = 4kN and

wind load of speed = 20 m/s
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Figure 6.2.12 Deformed cylindrical membrane under a concentrated load = 6kN and

wind load of speed = 20 m/s
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Figure 6.2.13 Deformed cylindrical membrane under a concentrated load = 8kN and

wind load of speed = 20 m/s
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Figure 6.2.14 Deformed cylindrical membrane under a concentrated load = 10kN and

wind load of speed = 20 m/s
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For the behaviour in Figure 6.2.10 to 6.2.14, the effect of wind load makes the

membrane has an unsymmetrical displacement, which can be explicitly observed in

the higher concentrated. Once the concentrated load is up to 8kN, the membrane is in

an unstable state, which will suddenly have a large displacement in downward

direction. Then, the displacement behaviour is similar to the singe loading case of

concentrated loads and the similarity can be found out in the following figures.
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Figure 6.2.15 Relation of concentrated load, wind load at 20 m/s and central vertical

displacement
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Figure 6.2.16 Relation of concentrated load, wind load at 40 m/s and central vertical

displacement

In the Figure 6.2.15 and 6.2.16, the data point is selected at the center of membrane.

As the figure shows that there is a zero displacement point which is the effect of

interaction of wind load and concentrated load. After this point, the curves diverge

until the displacement reaches its limit, in this path, the slope is near to the zero which

means the wind load has less effect on the concentrated load and the behaviour will

change mainly following the leading concentrated load.

The difference of two wind speeds is that the zero displacement point may develop in

a higher wind speed case and the curves is likely to have a scale of increase.
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Figure 6.2.17 Relation of concentrated load, wind load at 20 m/s and central

horizontal displacement
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Figure 6.2.18 Relation of concentrated load, wind load at 40 m/s and central

horizontal displacement
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For the central horizontal displacement in Figure 6.2.17 and 6.2.18, the smaller initial

angles have a stable horizontal movement. The extreme horizontal movement in the

initial angles of 90 degree and over 90 degree explains the behaviour of membrane is

in a significant unstable state in this combination. Finally the horizontal displacement

decreases but the magnitude of vertical displacement has been development to the

twice of original height.

In general, the wind loads is able to resist some of the compressive stress from the

concentrated load but only in the early stage. In this combination, the large horizontal

displacement usually follows the small vertical displacement. In addition, if the

concentrated load takes the main effect in the combination, the worst behaviour may

occur in the membrane.

6.2.2 Half Snow Loads and Wind Loads

In this case, the two sets of results will be performed. One is the increasing wind loads

with constant half snow loads = 0.3 and 0.5kPa. Another is the increasing half snow

loads with constant wind loads = 20 and 40m/s. The graphical behaviour will show at

the beginning of the two results. The basic information is initial angle = 90°, height =

10 m and internal pressure = 0.3kPa.
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6.2.2.1 Increasing Wind Loads with Constant Half Snow Loads

Half snow load = 0.3kPa

12 \IQL
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Wind speed = 20m/s

Figure 6.2.19 Deformed cylindrical membrane under a wind load of speed = 20 m/s

and half snow load = 0.3kPa

In the Figure 6.2.19, the displacement, which made by the half snow load may offset
by the wind load. But the effect of half snow load is continuous on the top of
membrane; the membrane will have large displacement in this combination compared
to the previous combination. The reason of only a graphical behaviour will show in

the following figures.
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Figure 6.2.20 Relation of wind speed, half snow load at 0.3 kPa and central vertical

displacement

The behaviour in Figure 6.2.20 shows that the half snow load is the leading load. Even
though the wind speed increases to about 60 m/s, the membrane still maintain the
deformed shape under the effect of half snow load. In general, the smaller initial angle

provides an appropriate geometry for the membrane in this combination.
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6.2.2.2 Increasing Half Snow Loads with Constant Wind Loads
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Figure 6.2.21 Deformed cylindrical membrane under a half snow load = 0.2kPa and

wind load of speed = 20 m/s
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Figure 6.2.22 Deformed cylindrical membrane under a half snow load = 0.4kPa and

wind load of speed = 20 m/s
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Half snow load = 0.6kPa
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Figure 6.2.23 Deformed cylindrical membrane under a half snow load = 0.6kPa and

wind load of speed = 20 m/s
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Figure 6.2.24 Deformed cylindrical membrane under a half snow load = 0.8kPa and

wind load of speed = 20 m/s
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In the Figure 6.2.21 to 6.2.24, the series behaviour is similar to the single loading case

of half snow load and it is consistent with the result in Figure 6.2.20. In the early

comparison in Table 5.2.1, the result also indicates the slight difference of two loading

cases (half snow load to wind load and half snow load). Thus, the similarity can be

observed in following figures.
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Figure 6.2.25 Relation of half snow load, wind speed at 20 m/s and central vertical

displacement for initial angle within 90 degree
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Figure 6.2.26 Relation of half snow load, wind speed at 20 m/s and central vertical

displacement for initial angle equals to and over 90 degree

Although the curves have the same behaviour as the single loading case of half snow

load, the entire internal force system is different with it. For the membrane model, it

can easily form the equilibrium without the consideration of how much internal

energy can be spent, the internal system may have been resisted most of the external

loading. Consequently, the membrane subjected to half snow load and wind load has

little change in displacement; the internal tension has been increased to a certain

amount.
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Figure 6.2.27 Relation of half snow load, wind speed at 20 m/s and central horizontal

displacement for initial angle equals to and over 90 degree
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Figure 6.2.28 Relation of half snow load, wind speed at 20 m/s and central horizontal

displacement for initial angle equals to and over 90 degree
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In the Figure 6.2.27, the negative horizontal displacement is where the vertical

displacement is not over the level of ground, and the initial angle of 90 degree is the

better case. Once the initial angle greater than 90 degree (Figure 6.2.28), the possible

horizontal movement may hard to predict but the horizontal displacement is relatively

less compared to the initial angle under the 90-degree.

6.3 Comparison of Loading Cases with Different Internal Pressure

Based on the results of single loading case which have discussed in previous sections,

the stable initial angle as the geometry of membrane will be selected for the further

analysis with different internal pressure so as to find out a specific cylindrical

membrane that is completely appropriate for the loading case in reality. The basic

information for each case is the height of 10m.
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6.3.1 Concentrated Loads

For the concentrated load, the initial angle of 30 degree is used.

25
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Figure 6.3.1 Relation of concentrated load and central vertical displacement in
different internal pressure
In the Figure 6.3.1, the membrane is likely to have an internal pressure of 0.2 kPa at
least since the effect of 0.1 kPa is serious. The difference will decrease when the
internal pressure increases gradually. In the model, the 0.3kPa is selected and it seems

to be the most balance internal pressure in both the stability and cost concern.
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6.3.2 Full Snow Loads

For the full snow load, the initial angle of 90 degree is used.
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Figure 6.3.2 Relation of full snow load and central vertical displacement in different

internal pressure

The curve of internal pressure of 0.1 kPa gives a large potential displacement

compared to the others. For the 0.2kPa, the displacement is about 2m, which may be a

little bit acceptable for the membrane of 10m high. Hence, in the safety concern, the

recommended internal pressure should be equaled or over 0.3kPa.
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6.3.3 Half Snow Loads

For the half snow load, the initial angle of 90 degree is used.
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Figure 6.3.3 Relation of half snow load and central vertical displacement in different

internal pressure

The curve of internal pressure of 0.1kPa is not reasonable in the membrane structure.

For the 0.2 kPa, if the half snow load is under a small value, this internal pressure may

be acceptable. In general, it is recommended to have an internal pressure of 0.3kPa or

even higher.
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6.3.4 Wind Loads

For the wind load, the initial angle of 90 degree is used.
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Figure 6.3.4 Relation of wind speed and central vertical displacement in different
internal pressure
In the smallest internal pressure of 0.1 kPa have a vertical displacement of 1m which
may be a little acceptable in the membrane which is 10 m high, but the membrane will
have more displacement even in the low wind speed compared to the others. In some
place where the typhoons always exist, the lower internal pressure may be available.
On the contrary, the inland where in less contact with winds, may need a higher
internal pressure. However, the higher internal pressure should be applied if the

anchor tension is limited.
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6.3.5 Concentrated Loads and Wind Loads

For the concentrated load and wind load, the initial angle of 45 degree is used.
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Figure 6.3.5 Relation of concentrated load, wind load of speed 20 m/s and central
vertical displacement in different internal pressure
The effect of higher internal pressure is increasing regularly. Since the membrane is
under a loading combination and have the potential movement vertically and

horizontally, the higher internal may need to make sure the stability of membrane.
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6.3.6 Half Snow Loads and Wind Loads

For the half snow load and wind load, the initial angle of 90 degree is used.
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Figure 6.3.6 Relation of half snow load, wind load of speed 20 m/s and central vertical
displacement in different internal pressure

As the Figure 6.3.6 shows the instability of membrane in the internal pressure of

0.1kPa. The internal pressure of 0.2 kPa may more reasonable than 0.1 kPa but only if

the snow load is within a small value. Thus, the internal pressure of 0.3 kPa was used

in the model can be acceptable for maintaining the stability of membrane or a higher

internal pressure can be used for other purposes.
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CHAPTER 7 CONCLUSION

7.1 Behaviour of Cylindrical Membrane Structure

Cylindrical membrane structure is a special structure that can resist the loadings with
the large displacement. In the behaviour of membrane subjected to vertical loads, the
smaller initial angle provides a better internal tension system for resisting the
compression. In the behaviour of membrane subjected to horizontal loads, the smaller
initial angle also performs a well behaviour in terms of less displacement. In the
combination of vertical and horizontal loads, the analysis shows the effect of vertical
loads is significant in the behaviour of large displacement compared to horizontal
loads. For the flexibility of membrane structure, the applied loadings have the
probability to indirectly influence the other loadings. As a result, the membrane will
have a more complicated behaviour in the load combinations. Besides, the initial angle
of 90 degree is basically applicable for all loading cases, which is stable for the
membrane structure. In addition, the inextensible assumption limits the effect of
loadings in resulting large displacement.

In general, the structure can be subjected to different load combinations but the
continuous air-supported system is required to maintain the stability. The stiffness of

cylindrical membrane structure can be proportionally related to the internal pressure.
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Finally, the results indicate the potential of cylindrical membrane structure is
appropriate as a part of buildings. However, this paper only introduces the
inextensible cylindrical membrane structure in 2D-frame. The other feasibility of

membrane can be found if using the 3D-frame in the model.

89



REFERENCES

Chan, C. O. (2012), “Analysis of Air-Supported Structure”, Final Year Report,

University of Macau, Macau.

Maaskant, R. and Roorda, J. (1985), “Stability of Cylindrical Air-Supported

Structures”, Journal of Engineering Mechanics, Vol. 111 No. 12 ,pp.1487-1501.

Merritt, S. F. and Ricketts, T. J. (1958), Building Design and Construction Handbook,

Air-Stabilized Structures, Chapter 5, Sixth Edition. (McGraw-Hill Professional, 2001

1994 1982 1975 1965 1958), AccessEngineering.

Turkkan, N. and Srivastava, N. K. (1992), “A Microcomputer-Based Analysis and

Design of Air-Supported Cylindrical Membranes”, Canadian Journal of Civil

Engineering, School of Engineering, Universite de Moncton, Moncton, N.B., Canada

E1A 3E9, pp.1032-1040.

90



