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Structural Analysis of An Experimental Cable-Supported
Air-Inflated Green House
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I. Introduction

The utilization of air inflated, double layer
plastic green-houses in intensive agricultural pro-
duction is increasing rapidly. A major reason for
the widespread popularity of these structures is
their relatively low cost. Recent improvements
in their design have demonstrated a trend towards
the simplification and minimization of structural
members in the framework and towards simpler

_schemes for attaching the plastic cover. The

concept of using air under low pressures(less than
0.25 inches of water) to separate the -film layes
has enabled the development of efficient schemes
for attaching the plastic cover.

Any reduction or simplification of structural
members in a greenhouse can have a two fold
benefit in that shading in the house is diminished
and the initial cost of the structure is reduced.
Therefore, a careful analysis of the various stru-
ctural components is essential if a minimal design
is to be achieved. Fortunately, relatively small
factors of safety are justified for these components
as they are loaded by the plastic film covers
which will fail before the framing if the design
is adequate. Also, a failure of the cover or a

partial failure of structural components does not
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pose as serious a safety hazard as in other types
of buildings nor are the economic consequences
as severe.

Recently the author has reviewed various types
of air inflated and air supported greenhouses.(
Also, the development of an experimental, modu-
lar, cable-supported greenhouse was reported. An
analysis of the loads, stresses and deformations
. of the plastic cover and of the various structural
components are discussed here.

In previous work the relationship between the
deflection of rectangular sections of plastic films
from the plane of support, the internal air pressure,
the dimensions of the section and the film stress

in the plastic has been présented, “w
T1I. The Development

This analysis is based upon the assumption that
deflections of the film from the plane of support
are relatively small, which is the case in the type
of structure shown in Fig. 1. When the length of
the rectangular plastic film is at least three\”‘times
the width the deflection of the plastic film midway

between the sides of the rectangular section is

given by : W

Fig 1. 17’x 32’ Typical slant-leg rigid
frame greenhouse

pa:
)] = 2

where ; z=deflection, inches
p=pressure between the films, psi
a =onehalf the short side of the rectangle
inches ’
§=stress in the film Ib. per linzal inch
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In the case of the cable supprt greenhouse sho--
wn in Fig. 2a, 2b, 2c. The outer roof sections are
supported in a rectangular plane 12 ft. by 48 ft.

In this structure the maximum deflection of the-
upper film of 18 inches is significant when - com-.
pared to the dimensions “a” which is’ 72 inches.
For this situation a new analysis of the relation-.

ship between dimensions, deflection, pressure and.

Fig 2a. 48'x 48’ Experimental cable-
supported air-inflated greenhouse.

/ .
T . 77
&

LT R A
12-0" 4  12-0" LG'—O"At
13

&—0"'{ 12-0"
Air inflated cable supported
plastic film greenhouse

Fig 2b. Cross section of 48'x48’
experimenial greenhouse.
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experimental greenhouse.
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Strstural Analysis of on Experimental Coble- Supported Air Inflated Green House

stress in the film is needed. Assuming that the
shape of a roof section can be approximated by a
long section of a cylinder and that the ends are
fixed, geometry of the section and the analysis of

"film stresses can be established. The geometry of

.

the section and identification of the forces, stresses
and strains is given in Fig. 2. The symbols not
previously defined are :

t=Thickness of the plastic film, inches

R=Radius of curvature of roof section after infla-
tion, inches

A=0One half the arc length of the plastic film
between gutter after inflation, inches

A’=One half the arc length of the plastic film
between the gutter before inflation, inches

a=The angle subtended by the arc A, radians

o=Tensile stress in the plastic film perpendicular
to the gutters after inflation, psi

e=Strain in the palastic film perpendicular to the
gutters after inflation, inches/inch

o,=Tensile stress in the plastic film parallel to
the gutters after inflation, psi

e;=Strain in the plastic film parallel to the gutters
after inflation, inches/inch

E=Modules of elasticity of the plastic film, psi

#="Poisson’s ratio

SN

Artachment 7'
\along gutrtler - \s‘

[—2a,

Cross section of roof. gutter spacing=2a

43,62
Along the gutter
4¢ 4t across the span
8.6

element of plastic film

Fig. 3. Geometry and Stresses in a Roof
Section of the Cable Support House

=2795-

For the plastic film to be in equilibrium, the-
internal pressure must be balanced by the lineal.
stress in the plastic :

2) S=PR
and
3 S=oat

Since there can be no strain parallel to the:
gutters :

therefore :

(58) or=pa

From the geometry shown in Fig. 3.
Zi+ a1

6) R=_2’z—

¢)) aztan'l—R_aZ =sin'l-§—
(8) A=Ru«
The increase in the arc length from A’ to A is:

due to the lineal stress S. Therefore, from the-
principles of elasticity :

ag
@ A=a'[1+Fa—pm]
In order to have an expression relating the stress.
and pressure combine equations and to get :

a0 GF-=sin[ F2 (L4 1ge Y]

Thus, if A’ has been determined as well as E, o,
a and t equation(10) relates o to p. For any value.
of p, o can be solved for graphically or by trial
and error. Once ¢ has been computed, R can be.

found from(2) and (3):

ot
an =

and the deflection Z computed from :

(12) Z=R— yRi—a:"

For this structure the span of 12 feet (a=72
inches) was selected to fit nominal lumber sizes
and widths of plastic tubing (28 ft. circumference).
Next the vertical deflection of 18 inches was sele-.
cted to give the desired shape. Having picked these.
two parameters, formula (6), (7) and (8) can
be used to compute the radius of curvature R and.
the final arc length of the plastic film between
the gutters. In this case : R=153 inches, A=74.96
inches (2A=149.92). Next the desired operating
pressure p is selected, in this case 0.4 in HO.
(0.0144 psi). From formula (2) the lineal stress S
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in the plastic film can be caiculated to be 2.2 Ib
/inch. Next the thickness of the film is slected, in
‘this case 5 mil (0.005 inch). The film used was
nominally 4 mil but by actual measurement it was
found to be about 5 mil. From formuia (3) the
stress in the film, o is 440 psi. Since this stress
is well below the yield stress of polyethylene film
(3,100 to 5,500 psi (3)), nominal 4 mil film is
acceptable. Now formula (9) can be used to com-
pute the arc length A’ before inflation. Assuming
the elastic modulus E is 40,000 psi (determined
by actual tests) and Poisson’s ratio is 0.38 the
-computation gives A’=74.26 inches (2A’=148.52
inches). As the span, 2a, is 144 inches this means
that a total of 4.52 inchés of slack should be left
in the top laver of plastic when the gutter conne-

<tions are made fast, assuming that there is no '

'slippage of this connection when the roof is infla-
ted. Application of 0.4 inches of water pressure
will stretch the film an additional inch resulting
in a final rise, z, of 18 inches. Formula (1) pre-
-dicts a stress of 415 psi.

Small changes in pressure will have a relatively
small effect on R and Z but the effect on stress
in the plastic will be almost proportional to the
change in the pressure. For example, in the pre-
-ceeding analysis the maximum anticipated operating
pressure of 0.4 inches of water pressure was se-
lected for design purposes. However, the fan which

inflates the air space between the roof layers is

o4, a=72In e=40.000 pst
23 t=0.05In #=3.6
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200 A 104 “
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18t

Note
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Maximum deflection of outer film layer, inch
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Fig 4. Relationship Between The Defiection
Of The Outer-film Layer and The
Pressure Between The Layer
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usually throttled back so that the normal operating
pressure is 0,2 inches of water. Formula (10) can
be used to compute the stress which is 234 psi in
this case. Next formula (11) can be used to cal-
culate |the radius of curvature R which is 162
inches. Finally formula (12) can be used to compute
the deflection z which is 16.9 inches.

Figure 4 shows the relationship between the
deflection of the outer film layer and the pressure
between the layers for several ratios of A to a.
The curves represent predicted relationships and
the X’s represent actual measurements made on
the building. Constants used for the calculations in
this figure are those used in the preceeding
calculation. There is close agreement between the
measured and the predicted values.

Having selected all of the parameters associated
with the upper layer of the roof it is necessary to

qa
T
S} (] ]J/ T.

Fig. 5 Lading, Deflection and Forces in the
Cable . :

next consider the lower roof layer. As the roof
is applied as a single tube clamped along the
gutters the thickness of the lower layer is the
same as the upper layer. Furthermore, as the
span between the gutters it is épparent that
both the deflections and stresses in the lower
layer be much less than in the upper layer. As fhe
deflections are not as in the upper layer formula
can be used to relate the inflation pressure, the
stress in the film and the deflections below the
plane of the supporting cables.

Next, the design of the the supporting cables
can be considered. Each cable span is loaded by
the plastic film and is restrained by a tensile
force T at each end. An analysis which determi-
nes the relationships between the geometry of the
roof, the pressure between the roof layers, the
tension in the cable, and the maximum deflection
of the center of the cable follows.

-2796~ -
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A section of the cable is shown in Fig. 5. The
load q in Ib. per inch of cable can ‘be computed
by multiplying the pressure between the layers p
by the cable spacing, 72 inches in this case. The
other terms in the figure are:

a=one half the span length, inches
y=The midspan deflection, inches
T=The tensile force in the cable, pounds
Ta=The horizontal component of T

For the purpose of this analysis it will be assu-
med that y is small compared to a. In practice this
can be achieved by placing an i?itial tension force
To on the cable before the load q is applied.

Since each segment of cable is in equilibrium,
the tension force T in the cable at the middle is

Tu. The vertical component at the end is qa as -

shown in Fig. 5, Taking moments about the center
of the cable and solving for T gives:

—aa

as TH—‘W

From Fig. 5 the magnitude of the tension force
T at the ends is:

1/

(14) T=[Tyr+(an)]

Assume that the average tensile force in the
cable causing it to stretch is the average of the
force at the end and the force in the middle :

(15) Tay=—2tT

Assume that before any load q is applied a
tensile force To is applied and that y=0. Thus
the length of the cable initially is 2a. After the
load is' applied the stretched length 1 can be
approximated by

2y
(16) L=2a(1+-20 — s+ )
The increase in length A1 is due to the stretch
caused by the increase in T,y above T, :

2
an al= K" (Tav—To)

If y is small compared to a the fourth order
and higher order terms can be neglected giving :

4y2
(18) AL=—3g

Combining the above equations and solving for

(1+\/——+1

To yields :
2 K—

a9 To—

Equation (19) gives the initjal tension T, which :

should be applied to the cable to limit the deflection

y to a desired amount once the design parameters
have been selected.

Consider as an example that it is desired that

the maximum cable deflection y be 2 inches.
when the pressure between the layers is 0. 2 inches
of water,the normal operating pressure in this.
house. The cable spacing of 6 feet means that q
will be 0,52 Ib/inch of cable length. For this
house a 5/15 inch diameter plastic coated steel
cable was used and ijts initial “spring constant®
K was measured and found to be 33,000 lb/inch.
Using these values in equation (19) it is found
that the initial tension on the cable T, must be
658 lbs. Using formulas (13) and (14) the maxi-
mum cable tension T is found to be 676 Ibs.
when the pressure is applied.

T W N W Y S
T s
T
[y - Axial
enst
DEf.A ' l e
Va Plate . Pipe
Vv
;;;;; . [
=

Fig. 6. Loading and Deflection of Pipe Roof
Suport

An alternative to the use a cable to support
the inner layer of plastic was also developed and
used. Sections of 3/4 inch standard pipe were
fastened between the gutters as shown in Fig. 6,
The load q is due to the air pressure between
the film layers and the weight of the pipe itself
which is significant. The ends of the pipe are
welded to a flat plate which is fastened to the
gutter by two log screws as shown in detail A of
Fig. 6. For the purpose of design it was assumed
that this joint was completely rigid, i.e. the pipe:
could be considered to have built-in ends. Also,
the gutters were assumed to be fixed in place
so that there could be no displacement of the
ends. Therefore, an axial force T can be deve-
loped in the pipe. The following equations for a tie
rod with built-in ends and combined axial and
uniform lateral loading are taken from Timoshenko.
(5) or developed from that analysis.

The bending moment at the ends of the pipe is
given by :
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u—tanhu
@ M°=q”[ wtanha
Where :

T \12
av w=a(-gr)
The moment at the center of the pipe is:

sinhu—u
@ Me=qu[ SRoTen

For positive values of u the magnitude of My is
greater than Mi. The deflection at the center can
be approximated by the equation :

do
@ y=—2
I+
where :

1 g8
(28) do=3g5 EI "

E is the elastic modulus of steel, I is the mo-

‘dulus of the pipe section and :

_ 4Tas
(25) a= TEL ‘
In order to solve for the temsile force T, the

#erm is computed by use of the following :

(26) a(1+%)’=i2;—A—

where A is the cross sectional area of the pipe.
§. Experimental Results

Usiag this analysis, a design pressure of 0.4
‘inches of water and the properties of standard 3/4
inch - pipe, the predicted midspan deflection of
the pipe is.found to be 0 825 inches and the
maximum combined stress due to the bending
moment M and the axial tensile force T is pre-
«dicted to be 25,000 psi. This design stress is
some what higher than the 20, 000 psi usually used.
However, in the actual structure the end conditions
gpecified in the analysis cannot be met completely.
‘There can be some rotation at the end connection
and it is possible for the outer gutters to move a
bit towards the center due to stretch in the cable
leading diagonally down to the side anchors. Both of
these factors will tend to increase the deflections and
reduce the stress. In order to evaluate this situation
the midspan deflection was recomputed based on
three other end conditions: a) lateral deflection but
hinged ends, b) rigid ends but no lateral force T,

and ¢) hinged ends and no lateral force T. This.

last end condition predicts the largest deflection
and smallest stress while the other two are inte-
rmediate when compared to the completely restra-
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ined condition. Actual measurements made on the
structure show that deflections are less than those
predicted by end conditions (c¢) but more than those
predicted by the other end conditions. A wider house
would be expected to have less lateral deflection
of the” gutters, especially in the interior spans,
and the pipe to gutter connections. could be made
more rigid.

The wind loads on the building have also been
analyzed on a preliminary basis. The results of
the study so far indicate that more work needs
to be done to understand the effects of wind on
plastic covered greenhouses, especially with regard
to the uplift foces on the roof.

Using the method of the Rutgers Farm building
Standard¢®® for calculating wind load pressures
and assuming an 88 mph wind load, Q is 15 Ib/
sq. ft. and the following wind loadings are obta-
ined :

Ver_tically up on the roof 11,5 lb/sq. ft.

on the windward vertical end 15 1b/sq. ft. inward

on the leeward vertical end 8.7 1b/sq.ft. outward

on the sloping side parallel to wind direction

8.7 1b/ sq.ft. outward

If these wind loads were applied to the structure
there would be an increase in the stress in the
outer layer of plastit_: equivalent to that produced
by a static pressure between the layers of 2, 21
inches of water which would almost certainly lift
the building from its foundation. However, these
effects have not been observed, éither ‘on large
buildings or on the experimental house which did
experience 55 mph winds.

The most probable explanatino forr this apparant
discrepancy between predictions and experience is
that the predicted wind loads are much t(;o high.
Inflated plastic buildings have a very mobile outer
layer. In high winds one can observe the shape
of the outer layer continuously change in response
to locally varying wind pressures. It would appear
that this shape always tends to be such that the
wind pressures normal to the plastic surface are
minimized. Therefore,  the shape factors to be
used in predicting wind loads on inflated plastic
buildings should be much smaller than for rigid
buildings of similar shape. ‘More work is needed

~2798~
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to measure windloads under various conditions SO
that more realistic criteria can be determined for
the design of these structures.

In the event that the smow load on the roof
were to exceed the equivalent of 0.4 inches of
water, some alteration of the design or action to
remove the snow must be instituted. One solution
would be to increase the air pressure between the
layers to support the% weight of the snow. This
would require desigm'hig the structure for the indi-
cated pressure. Another proposed solution is to
pressurize the interioré of the building forcing the
inner roof layer up aéainst the outer layer. This
would essentially douh?le the strength of the roof.
More important, it wofuld provide for more rapid
‘heat transfer through %the roof there by increasing
the rate at which the isnow could be melted. Not
-only does this remove%the weight from the stru-
cture, but it also eliminates the snow cover which
'would otherwise shadei the house. Assuming a heat
transfer coefficient through the roof of 1 BTU/
(HRft 20F) and an interior temperature of 75°F
the snow could be meited at a rate of about 0,1
inches of water per k‘lxour, ie. about 1 inch of
snow per hour. In ordér to do this it is necessary
the v->ntilation and hefi‘ating systems be designed
so that internal house bressure can be maintained
with the heat on. The%intemal air pressure must
be reduced as the snow load is melted off to
avoid lifting the entire house.

During some tests of the structure it was dis-
covered that the strenéth of the connections be-
tween the cable and thie commercial anchor shown
in Fig. 2c can be critiglfal. The screw eye which
fastens the turnbuckle 1to the 24 board was found
to straighten out underi a load of about 600 Ibs.
This problem is easily 'corrected by welding the
lIoop of the eye shut. O;nce this is done the limiting
factor is the cable tux?nbuckle connection which
was found to slip at about 700 lbs. with a single
cable clamp. The plaé}tic coating on the cable
decreases the holding c%n be removed from the end

of the cable or cables cut to length with swaged
can be utilized to eliminate this problem.

Also, the gutters which are loaded by the plastic
films and the cables and supported by the poles
were analyzed and it was found that the 44
lumber used in this experimental design is more
than adequate for the maximum loadings. Further
work will be done on the design of a rolled steel
or extruded aluminum gutter and a fixture for
connecting the’ gutter to the cables and the poles.

The apparent advantages c;f this experimental
structure are :

1. The minimization of the structural components
reduces shade within the greenhouse.

2. The module design simple components re-
duces labor and material costs for the structural
frame.

3. The structural components can provide su-
pport for crops which require it.

4, The plastic cover can be easily and rapidly
applied or removed without disturbing the crop

planted within.
Replication of the 12’ module dimension can

result in large areas being covered simply and
economically. Bays 96’ long can utilize 100’ rolls
of plastic tubing and any number of bays can
be placed side by side.

References

1, Nielson, L.E., The Mechanical Behavior of Po-
lymers, Reinhold,

2. Reed, C.H., Rutgers Farm Building Standard,
Engineering Regulations For the Construction of
Farm Building and Structures, Bulletin 812 New
Jersey Agricultural Experiment Station, New Bru-
nswick, N.J. 1965, )

3. Roberts, W.J.,,M.K. Kim and Mears, D.R. “Air
Inflated and Air Supported Greenhouse”, ASAE
Paper 72—404, (1972).

4. Modern Plastics Encyclopedia, McGraw
Hill, New York, (1967).

5. Timoshenkos., Strength of Materials, Part II 3rd
ed. D. Van Nostrand Col, Inc., New York, 1956
6. Roberts, W.]., and Mears D.R. Double Covering
a Film Greenhouse Using Air to Separate Film

Layers, Trans. ASAE Vol. 12, No. 1, (1969).

i -2799~



