STRENGTH ANALYSIS OF THIN-WALLED SPARS
WITH WEB OPENINGS

Marek Horak
Brno University of Technology
Institute of Aerospace Engineering
Technicka 2896/2 616 69 Brno, Czech Republic

horak@ ne. vut br. cz

Abstract. This article provides information about a strengttalysis of spars with thin
web. Study, described in this paper, was carried iouorder to investigate of the
influence of web openings on critical web sheaessty distribution of transverse web
deformations and von Mises stresses in such sparslao their ultimate load capacity.
First of all, procedure for analytical calculatidigsed on available documents published
by other researchers, was compiled. Secondly, dneine specimens with different
combination of web thickness and opening size wested to failure. Thirdly, this
specimen was analysed using finite element packé§€ Patran/Nastran. Lastly, the
results of experimental tests were compared wghlte of both analytical and numerical
calculations.
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1 Introduction

Beam with thin web is one of the basic structwlements in airframes of aircraft all types and
sizes. In terms of load transfer, it is the mospantant structural element in the wing, empennage
and control surfaces of small ultra-light and ligpbrt aircraft. Its importance largely correspotuls
the proportion of its weight on the weight of certpart of the aircraft. For example, in the winghw
single spar structure, the weight of the beam aa80% of the weight of whole wing. In comparison
with the other fields of engineering, final weigiftthe aircraft structure is very importance. Andtj
the weight reduction is precisely why aircraft evegirs design thin-walled beams with cutouts in web.
But in order to achieve maximum effect, it is nezeyg to use the latest scientific knowledge in this
field.

1.1 Historical overview

Despite of its importance in aircraft structuréise issue of critical load, behaviour in posticat
stage of loading and ultimate load capacity of thge of beams remains somewhat neglected. Some
important researches in this field were executethénpast. One of the most important is extensive
research in American organization NACA (National visdry Committee for Aeronautics)
by Kuhn™ ) which was conducted during World War Il and a fgsars later. Another important
research was conducted by Timoshefkdn Russia at the same time. Their results are rgéipe
applicable theories, which arose in order to esfhlgeneral dependencies and their descriptiorgusin
empirical equations and graphs. Although these odistlare conservative they were accepted and used



by vast majority of aircraft producers at the timkits formation. Later, these researches were
followed by another one, such as so-called Swesisbarch, which is also quite extensive. The result
of several other studies, which were carried oueis# decades ago, can be found in some technical
publications, which were written by for example Mad !, Niu™, and other authofd . Publicly
available methods for design and calculation ofrspaith thin web with or without openings
according to these methods has been further mddified supplemented by greater aircraft
manufacturers in order to respect the latest kndgdeand thus enable even more efficient use of the
material. However, these modified forms have neinbgublished for understandable reasons.

Modern approach for stress analysis of aircraficstires is application one of several available
software packages, which works on the principldfimite element method (FEM). However, find
correct solution by this way is also problematicdiese beam elements like web, stiffeners and
flanges lose their stability. Necessary data andguures, which lead to correct solution, are atsto
disclosed. In addition, generalize the numericdutsms for different variants of structure are
difficult.

1.2 Study objectives

Currently there is not publicly available compnesige and experimentally validated method
(or manual) for calculation of the spars with anthieb with openings, including the latest knowledge
in this field. This is why the small aircraft praghrs, which are unable to perform their own costly
studies, are addicted to the results of severadiscold researches.

The main objective of this study is verificationpdification and supplementation of the available
calculation methods for determining the ultimatadocapacity of the spars with thin web with
or without circular web openings, which are commgamded in design of small airplanes. Emphasis is
also placed on assessment of critical web shessssand influence of diagonal tension field onsstre
in stringers, flanges and rivet joints.

2 Experimental investigation

The initial phase of this study was focused oreihaining the fundamental parameters of the
problem. Specifically, basic shape, overall sized aseveral another important dimensions
of the specimens were determined. After that, rig@hstruction of a test jig (frame and load
distribution system) was designed in accordancé Wit desired way of specimen mounting and
application of load. It was done in order to acki@vmaximal compliance with the conditions in real
aircraft structures.

The purpose of the experimental investigationdsfication and validation of the results of the
currently available computational methods, theidification, and also obtaining a necessary data for
the preparation of an adequate numerical model.

Although all nine specimens were designed and ymed only one of them has been
experimentally investigated yet.

2.1 Description of the specimen

As previously mentioned, nine specimens were desigand produced. The dimensions of all
specimens (spars) are identical in all cases, it structure is slightly different. All nine sgar
consist of web either with or without cutouts, tflanges, nine stiffeners, four hinges and the same
number of doublers. Structure of specimen 1C isveha Figure 1.

The total quantity of specimens is divided intoeth series. Each series consists of three spars,
which have the same web thickness, but one sparélasvithout openings, another one has openings



with a small diameter and last one has opening$ wit large diameter. Basic geometrical
characteristics of the specimens are presentedbieT1.

P 5 5 3o
eoo°o°o°o°o°ooo°c°o°e°o°oon°c°o°o°o°o¢o o

P 5 5 31 o
& aoo°o°c°e°o°ooo°o°o°o°e°eco°o°o°o°o°ooo o

Figure 1: Typical specimen structure.

Geometry of openings corresponds to Czech aviasimmdard LDN 1505. Next difference
between specimens is in geometry of flanges. Sgmxsmvith lower assumed ultimate load capacity
have flanges formed by one L-shape bar with dinmrssiof 30x3 mm and specimens with higher
assumed ultimate load capacity have flanges forbyetivo L-shape bars with the same dimensions
and thin sheet strip. In all cases, single sidedgers are formed as bar with L type cross sediuh
dimensions of 18x20x1.2x2. Doublers are used omfyweb reinforcement on the edges of the areas
which are examined.

. . . . . Distance
Specimen | Specimen | Specimen Web Opening | Flanges | Effective
D width | height | thickness | diameter | area | height | CCween | Parameters
stiffeners
w h tw D Ar he d D/he | hdty,
[mm] [mm] [mm] [mm] [mn"] [mm] [mm] [-] [-]
1A 1850 230 0.6 - 207.5 211.3 200 - 351
1B 1850 230 0.6 63.5 145.Q 210.4 200 0.30 3b1
1C 1850 230 0.6 96.0 145.0 210.4 200 0.45 361
2A 1850 230 0.8 - 290.0 210.4 200 - 263
2B 1850 230 0.8 63.5 182.5 211.1 200 0.30 263
2C 1850 230 0.8 96.0 145.0 210.4 200 0.45 263
3A 1850 230 1.0 - 390.0 211.2 200 - 211
3B 1850 230 1.0 63.5 290.0 210.4 200 0.30 211
3C 1850 230 1.0 96.0 182.5 211.1 200 0.45 211

Table 1: Geometrical characteristics of specimens.

Webs and doublers were made from thick sheetsefrabts Z424253.61 aluminum alloy), flanges
and stiffeners were made from extruded bars (n#tiexiZ424203.61 aluminum alloy). Hinges were
made from steel plate. The connections betweers spad hinges are realized using steel bolts with
diameter of 5 mm, whereas solid aluminum rivetshvidiameter of 3.5 mm were used in all another
connections.

2.2 Description of the test jig

The main purpose of the test jig is to ensurectireect boundary conditions and simultaneously
correct application of load to the structure ofraile specimens. Structure of the test jig is shown
Figure 2. The specimen is attached to the testjlypth ends by hinges. On one side of the spegimen



only rotation about the pivot axis, which is pergienlar to the plane of the web, is allowed. On the
other side of the specimen, the same rotation Eadharizontal displacement in the plane of the web
are allowed. This way of attachment ensures a alatleformation of the specimens during tests.
Furthermore, to ensure the boundary conditions cqimiately corresponding to the real wing
structures, four guiding frames are used. Thesadsaare used for preventing unwanted rotation and
out of web plane displacement of the cross sedtigiiaces, where the specimens are attached to the
test jig and also in places, where the specimems@rnected to the load distribution system.

For purpose of loading, only one hydraulic actyaidhich is connected to the load distribution
system, is used. Load distribution system is cotatkeio two inner hinges and distributes the taadl
evenly to both symmetrical half of the specimeres (Bigure 3). This test jig is used for testinglbf
nine specimens.

Figure 2: Specimen 3C in the test jig before tgstin

2.3 Measurement

Preparation of the specimen and test rig wasezhout and also measuring systems were installed
and calibrated before each measurement.

During tests, total twenty seven strain gauges faredlinear variable displacement transducers
were installed on specimen to measure strains aspladements in defined positions. Also
a photogrammetric system Aramis was used for megswstrains in web. All strain gauges were
placed nearby a central web field on one half ef $hecimen, while a system Aramis was used for



measuring strains in three web fields on secont dfathe specimen. Applied load was measured
between hydraulic actuator and load distributiostesy (see Figure 3).

Data from load gauge, strain gauges and lineaahlar displacement transducers was recorded
using data acquisition system ESAM CF.

strain gauges load gauge system Aramis
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linear variable displacement transducers

Figure 3: Locations of points and areas for meaguwstrains and displacements.

Sixteen strain gauges were placed on the webt aigthe front and eight at the back of the
specimen. These strain gauges were installed fiquoga of determination of influence of opening on
diagonal tension field in buckled web during padtical stage of loading. Next four strain gauges
were placed on upper flange, the same number ahsgauges was placed on lower flange and three
strain gauges were placed on one stiffener. Thksere strain gauges measured additional loads,
which were caused by diagonal tension field. Pasitand marking of strain gauges is shown
in Figure 4. Strain gauges T1B ... T8B are installed the same places as strain gauges
T1A .. T8A but they are installed on the other sifi¢he web.
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Figure 4: Locations and marking of strain gauges.

During tests, these four parameters were measured:
- deflection curve of the spar
- stress in flanges and stringer
- stress in web (near opening)
- transverse deformation of buckled web



3 Finite element analyses

The purpose of the numerical simulations is figdand compilation such computational model,
which will lead to almost the same results as isecaf analytical calculation and experimental
investigation. For finite element analysis MSC waite package Patran/Nastran was used.

3.1 Finite element model

Spars were modeled using 1D beam and 2D shellegismonly. Geometry of each model
corresponds to the real geometry of the producedisgns. Components such as web, doublers,
flanges, striffeners and hinges were representid) 2D shell elements, while all connections (rivet
and screw joints) were represented using 1D beamesits.

The Isomesh with element size of 3 mm was usednishing the flanges and the stiffeners. For
meshing the web with or without openings and dasbleooth Isomesh and Paver type of mesh with
various element size were used. Hinges were modeetbmbination of Isomesh and Paver mesh.
Each element had defined its real properties, siscthickness in case of 2D element or diameter in
case of 1D element. Finite element model of a spewi3C is shown in Figure 5.

Two types of materials were implemented in the eho&lasto-plastic materials, which were
defined using true stress-strain curve of the raserwere used for all aluminium parts (web,
doublers, flanges, stiffeners and rivets). Lindastic material with correct properties was used fo
steel hinges and screw joints.

Figure 5: Finite element model of specimen 3C.

3.2 Analysis parameters

In numerical simulations, mainly the following facs are investigated:
- size of initial geometric imperfectiontbe web
- type of mesh (only web mesh)
- size of elements (primarily web elements)
- contacts between adjacent surfaces



3.3 Loading and boundary conditions

Boundary conditions, which were applied in numarimodel, were corresponded to practical
experiments (see chapter 2.2 for details). Outagds on one side of the specimen allowed only
rotation around a pivot axis, outer hinge on theepside of the specimen allowed rotation around a
pivot axis and also its displacement along spahepar. Both outer and inner hinges were predente
from out of web plane moving. Total load was diddeto two equal forces, which are applied to the
inner hinges.

Also an application of contacts was consideredwéier, contacts had only negligible effect on
the results and computing time was significantlghleir in comparrison with the same job without
contacts. This is the reason why the contacts wetresed in further analysis.

4 Results

In this chapter, the results of experimental itigagion performed on specimen 3C and the results
of numerical calculation of the same specimen aesgnted. Both experimental tests and numerical
analyses of remaining eight specimens have not Ipsgformed yet. Therefore generally valid
conclusion is not contained in this chapter. Thateot of next text is primarily a conformity
assessment of developed numerical model with tlebeshavior of the specimen during tests and also
a comparison of these results with theoretical mgsions.
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Figure 6: Bucked web during test.

In Figure 6, there is a specimen 3C during tebts Tigure clearly shows a buckled web during
post-critical stage of loading. When the load exisecritical web shear stress, a diagonal tengidoh f
beam will be created. Diagonal tension field isoaigted with additional stress in flanges, stiffene
and rivet joints.

Because this specimen will be subjected to furtests, the total load during performed tests did
not exceed an expected minimal value of ultimagal loapacity. Minimal expected value means the
lowest ultimate load capacity of values, which weateulated using several available methddd



. Anyway, each of them predicts different valuehwit difference in the order of one hundred
percent! It has been shown experimentally, thav#iee of critical web shear stress was correspbnde
to the expected value. This value was determinetherbasis of available procedures and converted
to value of total load. All methods, which were diger calculating critical web shear stress, lead t
almost the same value of critical load.

Deflection of the specimen in measured sectiorssifjpons of linear variable displacement
transducers are shown in Figure 3) and the Maxpnakiple strains in the central field of the web
(positions of strain gauges are shown in Figuréepending on total load are shown in Figure 7.
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Figure 7: Comparison of measured and calculatedRMieflections and strains.

In these diagrams, the parameters determinedeobasis of numerical calculation are shown also.
A correlation between the results of numerical $amon and practical experiment is obvious. In the
diagram on the right, an influence of diagonal i@mgield is slightly evident. A slope of the cusris
changing, when total load is equal to critical vedtear total force, i.e. when it is equal to 9 000 N
This phenomenon is very good visible in the casstafin gauges T1 and T4, which are located close
to the opening.

Figure 8 and Figure 9 show the stress distributiorthe web surface at post-critical load, when
the total load is equal to 14 000 N. The stressts;h were measured during experiment using the
system Aramis are shown on the left side, whergasses, which were calculated using finite element
method are shown on the right side of these figuBesth results are nearly identical. This suggests
that this method of measuring is suitable for thjge of instability problems.
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Figure 8: Von Mises stress [MPa] in central fiefdtee buckled web
from: a) system Aramis, b) numerical simulation.
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Figure 9: Maximal principal stress [MPa] in cenfiald of the buckled web
from: a) system Aramis, b) numerical simulation.

It has been proved, that system Aramis is suitidsleneasuring such parts of structure, which has
sufficiently large and smooth surface without abrth|anges in geometry. This system is not suitable
for measuring stresses in flanges and stiffeneesalse large number of rivets prevents proper
recording of the data and its evaluation. In tretegctural elements, the measuring using straigemu
have been proved. Measuring stresses in web usiaig gauges is somewhat problematic as well.
This type of measurement is reliable, when theiagpbad is lover then the critical load. The peshl
occurs, when applied load is higher than its aitialue. This stage of loading is always assogiate
with a significant deformation of the web. And jdatge bending deformation, which is unevenly
distributed across the surface of strain gaugebdag significant inaccuracies into measurement.



5 Conclusion

This study is quite extensive and it is currestved. The remaining specimens will be prepared
for testing soon. As well as methodology for thenedcal solution of these types of structures el
completed in a several months. Methodology fordateon of spars with thin web with or without
openings, which was mentioned above, its descriptiad the description of the process of its
composition are very extensive issues and thepuatref frame of this article.

In the future, an extension of this study is pkhnThis extension will be focused on compilation
of a process leading to optionally designed strmectand creation software, which will greatly
accelerate the process of designing this typerofiral elements.

Finally, there is one note about a possibilityuse of this study. It is expected that the results,
mainly the methodology for calculation, will be dda design stage of the production of a small neta
aircraft.
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