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Chapter 2:  Literature Review

2.1  Overview

Even though the leaning arch is an inherently stable structure, there has been little research into

the behavior of leaning arches. Steeves (1979), Krainski (1988), and Hou (1996) apparently are

the only authors who have explicitly researched the behavior of a leaning arch; however, other

authors have written about the behavior of arches, pneumatic structures, loading conditions and

the practical uses of leaning arches.

2.2  Pneumatic structures

Kawaguchi, et al. (1971) defined two fundamental types of pneumatic structures.  The first is a

membrane type where a pressure is applied within the entire structure, such as in a domed

stadium.  A relatively low pressure is required to support a membrane type structure; however,

air leakage is very common since it is impossible to maintain an airtight structure.  The

membrane type structures must therefore have a constant supply of air in order to replenish the

air that leaks out.  The other type of pneumatic structure is a beam type.  In this type of structure,

a high air pressure is maintained just within the “beams” which are the primary load carrying

components of the structure.  This system is more airtight than the membrane type since once it

is inflated, it can be sealed off.  The beam type structure is also more economical because

constant replenishment of air is not required and less material is needed.  A concern for both

types of structures, but especially the beam type structure, is the deformation of the cross section,

which depends mainly on the applied load and internal pressure.  For higher internal pressures,

the deformation of the cross section will be smaller due to the greater prestressing effect of the

pressure.
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Pneumatic structures are constructed of thin membranes, which have very small compressive

capacities.  Once the tensile prestress in a membrane is overcome, "wrinkling", or local buckling

of the membrane, occurs.  Once the membrane is wrinkled, large deformations occur.  The

unwrinkled section of the membrane acts similar to a rigid body as it rotates about the wrinkled

area.  Lukasiewicz and Balas (1990a) refer to this phenomenon as a "pneumatic hinge."    These

hinges are similar to plastic hinges in a plastic material such as steel.  The formation of hinges

can then lead to the collapse of the structure.  Lukasiewicz and Balas (1990b), Jenkins and

Leonard (1991), and Lukasiewicz and Glockner (1985) studied the effect of wrinkling on the

behavior and collapse mechanisms of membrane structures.

Kawabata and Ishii (1994) investigated the load-carrying behavior of air-inflated structures.

Their paper discusses deflection, wrinkling load, and collapse load of these structures.  Rigidity

in these structures is achieved by pretensioning the membrane by an internal pressure.  Kawabata

and Ishii used the finite element method to determine the behavior of an air-inflated simply

supported beam and semi-circular arch for various internal pressures.  It was found that as the

internal pressure is increased, the wrinkling and collapse loads increased.  This was true for both

the simply supported beam and the semi-circular arch.

2.3  Steeves (1979)

In his Army technical report, Steeves introduced the pressurized rib concept that “consists of a

pressure-stabilized frame or support structure covered with a lightweight environmental barrier.”

The frame uses pressures from 300 to 500 kPa and has an air retention system which eliminates

the need for a dedicated air supply.  The structural elements are made of a lightweight flexible

fabric that can be folded, transported and easily inflated.  Steeves investigated the behavior of

three framing concepts including the fabrication, assembly and simulated load tests.

A double module tent (consisting of two pairs of semicircular leaning arches) with a length and

total width of 5.04 m, a height of 2.12 m, a radius of 2.44 m, and a 53 degree angle between the

arches was used for his tests.  Snow loads were applied to tents inflated at various pressures up to
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276 kPa, which was 53% of the design pressure.  The load was applied only up to a slope of 45

degrees, assuming that for steeper slopes the snow would fall off the tent.  As load was applied,

the arches deflected and softened and then began to wrinkle.  As load was increased, the

wrinkled region increased and therefore there was structural and material nonlinearity.  The tests

were then run until the structure collapsed.

Steeves observed that as internal pressure was increased, so were the wrinkling and collapse

loads.  For the leaning arches, there were large deformations before collapse; it was believed that

this was due to the large unsupported area.  With an internal pressure of 207 kPa, the leaning

arch showed signs of wrinkling at 3200 N and collapsed under a load of 4240 N.

The load-deflection curves are shown in the report.  Each load-deflection curve has two distinct

regions.  The first is from the initial state up to the wrinkling load.  In this region, the load-

deflection curve is relatively linear and the deflections are small.  The second region extends

from the wrinkling load to the collapse load.  In this region the arches exhibit large incremental

deflections for small increments of load.

In conclusion, Steeves stated that the pressurized rib concept is a very attractive method of

supporting tent structures.  If the internal pressures can be increased to the design pressures, then

the operational load requirements can be met.  Steeves concluded that “both the wrinkling load

and the collapse load indicate that the leaning arch is stronger than the crossed arch (a module in

which two arches cross at the apex), but it must be remembered that the leaning arch suffers

some anomaly in behavior that is not understood.”  Steeves also noted that a shape with a higher

height-to-width ratio may lead to a more satisfactory design.

2.4  Krainski (1988)

Krainski examined the behavior of two pressure-stabilized arch configurations and investigated

the advantages and disadvantages of each in terms of weight, deflection, and internal pressure.
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The Nonlinear Finite Element Structural Analysis (NONFESA) computer code was used for the

analytical investigations conducted during his study.  A special element, which was developed at

the U.S. Army’s Natick Research, Development and Engineering Center, was used in modeling

the arches.  Two tent sizes were investigated; the first was 18 feet wide and 22 feet long, and the

second was 18 feet wide and 17 feet long.  Three loading conditions were used on arches with

various beam diameters and inflation pressures.  Each arch was divided into 16 elements using

pressurized straight beam elements which assume linear elastic behavior.  The tent was modeled

with three pairs of leaning arches; therefore, a total of 96 elements were used.  The bases of the

arches were modeled as a combined hinge (X and Z directions) and fixed (Y direction) support.

This support allows rotation about the two horizontal axes; however, rotation about the vertical

axis is restrained.

The load conditions that were studied in this analysis were a 10 psf snow load and a 30 mph

wind load directed along each of the two major axes of the tent.  The snow load was assumed to

be uniform acting over an arc length of 60 degrees, 30 degrees on either side of the centerline of

the tent arches.  The wind load assumed a non-uniform stepped distribution, which varied

depending on the slope of the tent.  Because the leaning arch is only the support frame, the snow

and wind loads were decomposed into concentrated forces in the three global directions at each

node.

Krainski also defines the wrinkling load, explaining that the internal pressure will cause tensile

stresses in the fabric in both the longitudinal and transverse directions.  As load is applied, the

arch begins to lose its tensile prestressing and at some point along the arch the combination of

bending compressive stresses and axial compressive stresses will equal the tensile stresses from

the internal pressure.  Once the total stress in the fabric becomes compressive, wrinkling occurs,

because the fabric does not have compressive capacity; the corresponding load is known as the

wrinkling load.  Once wrinkling has begun, collapse occurs shortly afterwards.

It was found that the leaning arch is the best alternative for weight driven designs.  He also found

that the leaning arch has a lower minimum required pressure than the other configuration

studied.  In every case the deflections and stresses were lower for the leaning arches than for the
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vertical arches.  Therefore, they present themselves as the best option for use in the tent

structures.

2.5  Hou (1996)

In her Master’s thesis Hou (1996) examined the behavior of leaning arches in depth.  She used

the finite element method to conduct her analysis.  First a single arch was evaluated using the

finite element model; then the leaning arch concept was investigated looking just at the

supporting structure, and not acting in combination with the tent.  The finite element model was

composed of 60 curved beam elements per arch with a solid circular steel cross-section with a

radius of one inch.  Each arch was semi-circular with a radius of 100 in. and tilted at various

angles in order to observe the effect of tilt angle on the arch behavior.  The leaning arches were

subjected to six different types of loading.  These loadings are: a vertical concentrated load, full

snow load over the whole structure, half snow load, normal wind load, oblique wind load, and

sideways wind load.

The leaning arches in Hou’s analysis had tilt angles of 10, 20, and 30 degrees.  For each angle

the six types of load were applied.  The results of the analysis showed that the arches would

buckle only for vertical loads on arches tilted at 10 degrees or a concentrated load on arches

tilted at 20 degrees.  For the other 14 load cases, the arches did not buckle but did undergo severe

deformations.  For certain loading conditions, Hou’s model exhibited additional contact between

the two arches (other than at the apex), which became a problem for the finite element model.

Hou accommodated this problem by constraining the model at discrete points where the arches

came into contact.  By coming into contact during the loading sequence, the leaning arches

become more stable, as can be seen by the load-frequency plots in Hou’s paper.  A summary of

Hou’s results is shown in Table 2.1.

Hou’s study of the behavior of leaning arches was very comprehensive; however, it only dealt

with semi-circular arches and a solid cross section using beam elements.  Because of the solid
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steel cross section which was assumed, the model could not predict wrinkling loads, nor could it

predict the behavior of the arches as an inflatable structure.

Table 2.1  Summary of the Results for Leaning Arches (Hou, 1996)

angle
Load Type 10 20 30

Vertical Critical load (kips) 6.075 17.201 -
Concentrated load (exceed 15in)(kips) - - 17.249

Load (P) y-displacement (in) 2.92 11.96 15.47

Full Vertical Critical load (kips) 16.409 - -
Uniform load (exceed 5 or 7in)(kips) - 49.28 40.27
Load (q) y-displacement (in) 1.183 5.81 7.541

Half Vertical Critical load (kips) 29.28 - -
Uniform load (exceed 7in)(kips) - 46.96 43.2
Load (h) x-displacement (in) -4.035 -7.665 -7.937

y-displacement (in) 1.18 3.171 4.829

Normal Critical load (kips) - - -
Wind load (exceed 15in)(kips) 55.65 56.07 56.84

Load (n) x-displacement (in) 16.28 16.15 15.88
y-displacement (in) 3.549 3.674 3.906

Angle Critical load (kips) - - -
Load (a) load (exceed 15in)(kips) 5.954 26.94 46.5

x-displacement (in) 2.412 9.717 15.17
y-displacement (in) 1.64 4.622 7.914
z-displacement (in) 15.5 15.24 9.998

Sideways Critical load (kips) - - -
Load (s) load (exceed 15in)(kips) 38.87 42.66 43.09

x-displacement (in) 15.08 16.05 15.67
y-displacement (in) 4.802 5.692 6.065

2.6  Cross-sectional deformations

Cross-sectional deformations due to internal pressure and external loads may effect the behavior

of a structure.  Sanders and Liepins (1963) discussed the behavior of a circular membrane

subjected to an internal pressure.  They derived membrane equations for the pressurized toroid

using nonlinear membrane theory.  The authors solved the non-linear differential equations to get

equations for stresses and deflections of the pressurized toroid; however, these results are only

valid for very thin shells where bending can be neglected.
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Tielking, et al. (1971) extended Sanders and Liepins’ theory for toroidal membranes further to

account for the nonlinearity of the membrane solutions near the apex.  The authors used a

modified linear theory, which is based on the non-linear theory but linearized by neglecting the

meridional stress’s effect on the deformation.  Their solution is applied to a particular set of

conditions and compared to Sanders and Liepins’ and linear theories.

2.7  Wind distributions

When studying wind load on a tent structure, Krainski (1988) used a stepped distribution to

represent a nonlinear wind distribution with pressure on the windward face and suction at the top

and leeward face.  Hou (1996) used a non-uniform pressure, which varied from a pressure at the

ground of the windward face to zero at the apex to a suction at the ground of the leeward face.

Other papers describe various wind distributions, which can be obtained from wind tunnel tests.

Rudolf (1967) presented an elementary view of how wind loads affect air-supported structures,

including the effects of other external loads, static wind pressure, wind gusts, and the behavior of

membranes without shear rigidity.  Beger and Macher (1967) performed wind tunnel tests on

three different types of air-supported structures and observed how internal pressure affects the

wind distribution on the surface of the structure.  It was found that a semi-cylinder was more

stable than a three-quarter sphere and a hemisphere.  However, it was found that the semi-

cylinder would oscillate in a strong manner when the wind was perpendicular to the longitudinal

axis.

Röntsch and Böhme (1967) extended Beger and Macher’s analysis of a semi-cylindrical air-

supported hull.  The model used for their analysis used weights on pulleys, which created tension

forces in threads which approximated the loads on the structure.  Using an assumed non-uniform

load distribution, the deflections of the structure were determined.  ASCE (1961) also provides

information on assumed wind distributions for design.  The ASCE task committee on wind

forces uses a greatly simplified procedure to determine the wind pressure on a rounded roof.  The

roof is divided into three regions, each of which has a different pressure depending on the ratio
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of rise to span.  This procedure appears to oversimplify the wind distribution, which would lead

to inaccuracies especially in a flexible structure.

Finally, Soare (1967) presented equations for wind distribution, which give distributions very

similar to those presented in the preceding literature.  The wind pressure and suction are given by

ww gkp = , where gw is the basic dynamic pressure given by 2
2
1 vg w ρ= , ρ  is the density of air, v

is the wind velocity, and k is a shape factor written as a trigonometric polynomial in terms of θ

(the angle from the horizontal to any point on a circular surface).  Soare also presented similar

equations from Dischinger, Beyer and Girkmann.  These equations lend themselves to finite

element analysis where the wind pressure can be determined numerically for any length along an

arch.

Dietz, et al. (1969) described wind tunnel tests performed at Virginia Tech on various models of

air-supported tents.  The models included single-wall models that were hemispherical or were

cylindrical with spherical and elliptical ends.  Double-walled cylindrical models were also tested.

Each model was tested in a subsonic wind tunnel.  For each model, aerodynamic forces and

moments, pressure data, tent deflections, and tent vibrations were recorded.

The deflections of the tents were shown to be functions of the ratio of height to tent diameter, the

porosity of the tent membrane, the use of single or double-walled construction, and the method

of tent restraint (guy lines, base anchors, or wind curtains).  It was found that the direction of the

wind with respect to the axis of the tent and the type of end had a great effect on the stability of

the tent.  Adding guy lines and increasing the internal pressure were found to increase the

stability of the tents.  Finally, the manual presents design guidelines for air-supported tent

structures.
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2.8  Applications

To date there have been only a few applications of leaning arches and pressurized arch systems.

In Paris, a pedestrian bridge has been constructed which uses steel leaning arches to support a

walkway over an expressway (Anonymous, 1995).  In Columbus, Indiana, another bridge was

constructed on Interstate 65 using leaning steel arches (Burroughs and Hillman, 1994).  Another

example of a practical use of leaning arches was in the Museum of Moving Image Hospitality

Pavilion, which was a transportable structure used in England for a period of a few years.  The

structure used lightweight steel members for the arches and could be assembled in less than two

days (Kronenburg, 1996).  Kronenburg also described the Transportable Maintenance Enclosure

(Kronenburg, 1995), which is similar to the LANMaS being developed now by the U. S. Army,

but on a smaller scale.


