Journal of Modern Processes in Manufacturing amd &ation, Vol. 7, No. 3, Summer 2018

Experimental and FEM Analysis of Ribs Defectson Composite L attice
Cylindrical Shells

Amin Kolahdooz"", Seyyed Ali Latifi Rostami?
lYoung Researchers and Elite Club, Khomeinishahn@&ralslamic Azad University, Isfahan, Iran
’Department of Mechanical Engineering, KhomeinisHtanch, Islamic Azad University, Isfahan, Iran
*Email of Corresponding Author: aminkolahdooz@iashklac.ir
Received: March 17, 2019; Acceptedine 6, 2019

Abstract

In this study, the behavior of a composite latig#indrical shell is investigated in the buckling
deforming. Also, the distribution of shell bucklirgsponse and the stress field is studied after
making some defects on the ribs.Therefore using YABlSoftware, a 3D finite element model of
the shell has been created for the analysis. Méatgroperties and geometrical data of the shell are
obtained from the some experimental tests. In thetse parameters have been extracted from the
prototypesthat made with filament winding methode parameters studied in this study include of
the kind of ribs defects on buckling response déedgieometrical ratios. Composite shells have been
tested under axial force and obtained results angpared with the results of FEM. Based on the
parametric study, the structural strength-to-weiglib is increased around %50 by increasing the
thickness of the outer shell. It is observed thatach consecutive buckling test, the buckling load
is reduced; however the failed sample had reaspmgiuld resistance to the applied load.

Keywords
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1. Introduction

The composite structures (CS) have been used iy mdastries including the pressure vessels and
aerospace industries due to the fact that theyviiustand a lot of loads and at the same time laave
low weight.One of these composites that are knawvrtHeir very high strength to weight ratios is
Grid-Stiffened Composite Structures (GSCS) andribst convenient manufacturing method for these
composites is Filament Winding Method (FWM). Issimportant to understand that the behavioral of
deforming in these Composite Lattice (CL) structuespecially when there are some defects on the
ribs. It is because ofthe stiffening ribs are thestmmportant partofthe structure to carry the ke
loads. Different types of defects may occur in ¢hetsuctures. Therefore it is important to investg

of the buckling behavior these composite model®utite condition of with or without ribs defects.
Vasiliev, et al. [1] studied the construction, desand operational phases of these structures. dibey
presented a brief of the applications of this tgbeomposite in the aerospace industry. Totaro and
Gurdal [2] have done optimization of these kindscomposites under axial compression. The
continuous models are selected by these researciasdiev and Rasin [3] on the next work
investigated the processes of design, productsting and analysis of carbon-epoxy compositeéatti
structures. They made these composites by the thefteontinuous filament winding. The prototypes
made by this method are used in aircraft and @beyspace-related equipment. They also considered
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different types of construction methods and expldheir effects on rib strengthening. Wodesenbet et
al. [4] created a 3D-FE model according to therithistion of unit cells. They used analytical method
to determine buckling loads and failure modes, farally verified their r with those reported in the
literature. FE modeling and buckling analysis of §hells were considered by Morozov et al. [5].
They studied different loading and geometric coodg. Also they compared effects of corresponding
modes and skin openings on the buckling loads uthéese conditions. Buragohain and Velmurugan
[6] researched about filament wound cylindrical &SThey considered three different types of
circular cylindrical structures named un stiffeséell (with outer shell only), lattice cylinder (iribs
only) and grid-stiffened shell (with outer shelldarbs) for experimental study. Disparate aspetts o
manufacturing that include tooling and other precesaspects were investigated in their work. Axial
compression tests have been carried out and thésrese compared with FEA. Vasiliev et al. [7]
studied the applications and developments of Clcsires in the aerospace industry. Their article
reviews the recent experience of Russia in theresipa and usage of composite grid structures.
Composite lattice structures are considered asdrydial and conical. The results of this study &g
that the use of epoxy unidirectional carbon contpastiffeners in comparison with aluminum 35-45
percent decreased the weight of structures. Rabhbgré& al. [8] applied a new technique that named
semi-analytical to study bending behavior of cylical panels. Different boundary conditions were
used under general distributed loading. Mirdamadil.e[9] investigated the free vibration of multi-
directional functionally graded circular and annyséates. Additionally, a semi-analytical/numerical
method was used which was called as a state spaeet-differential quadrature method. Mingfa et al.
[10] in their study, the predicted failure of thesteuctures was examined. In their article, a smpl
axially symmetric finite element model with diffetefailure criteria to perform rapid analysis was
presented. Axial compression test was carried nouhe Kagome lattice cylindrical with the help of
LVDT sensors and strain sensors failure progressre@rded. Lopatin et al. [11] studied the bending
of a cantilever composite aniso-grid lattice cytiodl shell that a rigid disk was attached to resef
end. Based on the membrane theory of orthotropimadrical shells, an analytical model was
developed. Finally, by derivation of analytical rfarla, displacements of the disk and the bending
stiffness of the structure under the transversgianiead were attained. In addition, free vibraf®f a
cantilever CL cylindrical shell with the rigid disitaching to its free end was probed by Lopatial.et
[12]. By using the semi-membrane theory of orthatraylindrical shells, the governing equations of
motion are derived. Free vibration problem, acewydo this equation was reduced to a transcendental
equation. The solution to this equation yields tinedamental frequency of the composite lattice
cylinder. Zheng et al. [13] analyzed the stiffnes&l the critical axial load of the lattice cylinder
theoretically. As a result, due to small strut thiess of the cylinder, failure of the large-scalitide
cylinder is dominated by global buckling. Additidlya strut thickness and number of oblique strut
rows are considered as vital factors which havatgrtects on the stiffness and critical buckliogcé.
Yazdi et al. [14] researched about the optimum aeslof geometric parameters in lattice composite
shells. Experimental and the FEA were used to olitast answers. Based on the verification of FEM
data with experimental results, the modeling wasgeliped and the required data essential for
optimization process was gained.

In this paper, according to this fact that the usid@ding of deforming behavioral is important @ir
structures, the effects of defects on the rib v&stigated by comparing of simulation method and
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experimental tests. Some prototypes were made bl FRANd then tested under shear force and
compression loading and the buckling behavior asitilolition of stress field is studied. At the esfd
this paper, the results were compared with thotsred by the FE method.

2. Materials

2.1 Manufacturing Process

A CL structure is builtby a collection of ribs thaate conjunct to each other and therefore shaped a
continuous structure. These ribs are usually preduxy some rigid, tough and continuous fibers.
The main ingredients of a these CL structuresiredudf ribs, nodes and the unit cells. Generally,
the CL structuresare made by revolving several eglls. In fact, the stability, rigidity and strehg

of a CL structure is directlydepend on these célstually for designing of CS,some parameters
such as width, thickness, number of ribs and discanhgles and distances relative to the shell axis
are so important. These structures often requmerations such as cutting or openings on their
outer shells.In this case, some damages may ocouthe reinforcing strips and ribs.The
investigation of buckling behaviors of these stioes with or without a defective model is so
critical because these defects directly effectshenstability of these structures. The aim of this
research is to study the effects of ribs that reree defects. Epoxy resin as the matrix and E-glass
fibers are used to make CL composites in this reeedwo types of resins, CY219 as the base and
HY5160 as the hardener, merged together for produthe epoxy resin. The ratio of the
combination of these two resins was 2 for the kas® 1 for the hardener. Test samples were
fabricated by FWM. In this method, a cylindrical lsh@Figure 1) was designed and the frames were
conjunct to it. After that Paths of ribs were mami@ired in the mold. The mold installed on the
machine and the process started to fabricate ltiseanid the CL shell. The outer shell was fabricated
after completing this part of process. At the éhd,mold was set on the spinning machine and spin
at a low rotational speed in order to obtain umifaresin thickness. The mold and a sample of
lattice cylinder are shown in figurel. The CL shmibduced for this research has helical ribs with
an angle ott®. This angle is based on the cylinder longitudindas.aThe geometric parameters
used in the modeling of this composite includelémgth of 300 mm, diameter of 162 mm, the rib
thickness of 6 mm, the shell thickness of 0.8 muoh the rib angle of 30
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Figurel. (a) Mold (b) CL Shell

This is just a model on a laboratory scale thaabse of the lack of space and facilities, it wa bu

this scale in order to simulate the behavior ada model. Construction and FEA was performed with
the aim of information of reference [6]. It sholdd noted that length to diameter ratio in referdfte

is less than our research. Thus dimensions congidier this study comparing to the reference [@ ar
tried to be changed. As a result, better behawidnuickling was observed. Mechanical and geometric
parameters of the shell used in FEA are basedewmalues extracted from the prototype model. The
prototypes are fabricated with the condition ofriips that have +30° angles. Also, the fiber amjle
external shell with respect to the radiant directoequal £14° (perpendicular to linear direction)

2.2 Finite Element Model
Modeling and FEA of the structures was done in AISSN software [15]. Two sorts of elements in
Finite element analysis were used. One of themesit element using for linear analysis. Shell9® an
Solid 191was used in this study for this purposell®9 element which had 8 nodes and 6 degrees of
freedom for each node was used to mesh the slwitilS1 element which had 20 nodes and 3
degrees of freedom for each node was used to rhestibs. Other types of elements using in this
paper are nonlinear. These elements consist of Shednd Solid 46 that were used for nonlinear
analysis and obtained the critical buckling logsislid 46 is structure element with eight nodes and
their application is similar to SOLID 191. SHELL $l layer element that was used for modeling of
layered shell and thick sandwich structures. Tlagldoand boundary conditions of the structure were
considered as followed: lower end of the cylindessvelamped, and in the upper end the load was
applied. The structure can move only in shell atiigction. The FE model was used here is illustfat
in Figure 2. A CL shell is composed of an extestall and some stiffening ribs. Linear buckling
analysis under axial pressure loading is emplogeatthin the stress distribution and buckling modes
in the shell. In order to proceed with the lineaclling analysis, an initial small axial deformatio
equivalent to an axial force in the elastic rargyapplied. Actually the buckling phenomenon occurs
8
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when this deformation is in the axial directionehhby stimulating the shell, buckling modes andt the
corresponding loads are obtained. On the other,hanmtbnlinear buckling analysis of the shell is
performed for both complete and defective sampléss analysis is used for obtaining ultimate
buckling load and observing the structural chanigesg the process to reach the point of failure.

S
SN
AT

Figure2. FE model of the CL shell

For investigation of the process behavior, thectire should be entered to the plastic range.
Therefore, the nonlinear analysis is required &ednonlinear elements must be used to demonstrate
this behavior. In experimental tests, the compoestst loading is increased incrementally ung! th
fail of composite structure.

3. Result and Discussions

The aim of this research is studying the buckliepadvior of CL structures with or without broken
stiffening ribs using the experimental data and rk&del. According to experimental results, the
mechanical properties of the prototypes were gaihaldle 1 depicts some of these parameters such as
modulus of elasticity, Poisson’sratio and moduliusgidity.

Table 1. Mechanical properties that was used fonmedel
E« (GPa) E;.E (GPa) wvy,vyx Vyz Gy,G(GPa) Gy, (GPa)
6 1.9 0.25 0.15 1 0.3

Mechanical and geometry properties, manufacturnoggss and the shape of defects are created the
same for all prototypes. For FEA, boundary conddi@re assumed to be free at one side and the
clamped at the ones. The axial pressure loadiqgr®rmed at the free end. In order to have the
correct conditions for simulation, the convergenédorce by changing the number of elements is
studied. Figure 3 shows the effect of number ofmelats on buckling load calculation. When the
number of elements increases, the buckling loadpsoved too. However the rate of changes reduces
and the load converges to a fixed value. The bestber of elements was chosen around 3340
elements according to the rate of convergence aludlation timing. Now, the effect of the size of
defect on the rib is studied.
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Figured. Variation of buckling load with number of elemgnt

Buckling of the cylindrical shell under axial loadifor two different sizes of defects are show
Figure 4The defect is considered in the middle of th. (The location is specified iFigure 4a). As
shown in Figure 4abhuckling occurs far from the rib def. Thereforethe cut out does not ma
impression on the buckling mode shape. Howeveklimgcmode was seen around the area of cu
in Figure 4bAccording to these resu, the model that was shown in Figute gan be used for bas
model to the analysis. In FiguretBe FE model of ribs and the position of the deiflegirototypes ar
shown.
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(b)

Figure5.FE model of defective ril, (a) cut out in the center, (bjodel with two cut outs in r

According tothe experimental tests, it was determined thatbtiekling occurs at the initial stag
Also the results show that with increasing of ldadal buckling happens at different situationse
results of a perfect shell (without any defect)vgdod tha local buckling usually occurs at the mid
region of the shell. With increasing the load, tbisal buckling shifts towards the ribs. On theer
hand with investigation of the behavior of defeg prototypes, it is obvious that local buckling ox
near the defect area and then stretches to the wirotetype. Also the results show that a
elimination of the load, the shell comes back daitiginal state. The strength and stiffness of ate

found to be the main reasons for the return othell to its primary positiork-igure6 shows different
prototypes modes in different loading mo

11
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Prefect Sample

Defective
Sample

Figure6. The result of experimental tests

The results attained from the FE simulation denratesti that the deformation usually happened ardbed
slicing area on the prototypes that have the defdwt experimental results also confirmed thisésdihese
deformations were produced in the middle areasrsit &nd then shifted towards the ribs in the perfe
prototypes but in about defective ones, bucklingdesowere created around the slicing area and then
expanded in other parts of the shell. Figure 7 shihwe Buckling modes of the perfect and defecthatls.
Figures 7 and 8 show the correct fit between thneilsition results and the experimental ones. Bardtese
results, this analysis can be extended and a paiarsiidy by using of finite element was considere

Figure 9 shows a comparison among all the scenaritisis research. The curves of the perfect
samples and defective ones in FE model were verbig experimental tests. Also it can be seen
that by increasing the number of the cut ribs,dfnength of the CL structure will be reduced.Shell
thickness is a parameter that plays a pivotal irokkhe strength of CL structures. It can be derived
that by increasing the thickness of shell, themadte load (critical buckling load) increases

noticeably Anyway, the critical loads obtaining by the FE slations and the experimental tests
are in a suitable agreement.

12
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Table 2 shows a comparison of the critical loadsvben FE and experimental test according to
different thickness. In another study, the sheitkihess in different models was decided to be
tested, i.e. perfect and defective model. The §ipdoads (the ratio of buckling load to the weight
for specimens with disparate thicknesses are pres$en Table 3. According to Table 3, the
importance of thickness of the outer shell is cléacreasing the thickness of the outer shell has
caused ignoring the impact of cut outs in rib. Altluis table shows that by increasing of this
thickness from 0.7 to 0.9 mm, the specific loathigeased around %13 for the prototype with one
slicing in the middle of part and %34 for the ptgfe with two slicing in versus of the perfect
prototype. However, the weight of the structure inaseased by 9%. As one of the most important
features of these structures is their low weightsto achieve the best design in CL, structures
should be evaluated both of the buckling and weahthe same time. Thus the specific load is
considered as one of the most fundamental desigammders of CL structures. Increasing the
thickness will have an optimized value, because weght of the structure also increases.
According to the results of increasing in the thieks, it was cleared that at every step in
increasing, the amount of variation of bucklingdadecreases, while the percentage of the gained
weight increases. In Figure 10 variation of speddiad versus shell thickness is demonstrated.

Table2. Variation of critical buckling load (N)

Thickness (mm) Numerical results Experimental Resul Relative Error(%)
0.8 6180 6542 5.53
0.9 8080 8163 1.02
1.2 11343 11420 0.67
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Table3.The specific load according to different shell kimes:

No. Shell Thickness (mm) Weight (kg  Perfect prototype Prototype with one slicir  Prototype with two slicing

1 0.7 0.161° 35884.97 31505.88 22468.77
2 0.8 0.176: 39679.52 35053.89 28115.14
3 0.9 0.198: 40725.81 36312 30141.13

=]
(=]

b

Specific Load (kN/kg)
8 &8 3

N

05 1 15
Shell Thickness (mm)

=
=
.

Figurel10. Load-Thickness Graph

The mechanical behavior of the cylindrical shelampes as the thickness of the shell incre:
Also, in this casetheshell can withstand greater l.Figure 11is shown the effect of buckling te
repeating on the final load of the st The Figure sbws that in each buckling test, the loac
decreased. However, the defective prototype hasonsdly good strength and can resist to
applied load in the second stage. It is so importannote that some critical portions of |
composite start to @r weary by increasing the applied load. In faetduse of that the elastic
modulus is reduced, the strength of the shell csedesedtor

Another parameter studied in this research isnfisence of the radial rib on the model behav
With the adlition of these ribs expected that the sample tmwsimore resistance under pressi
Figure 12shows the FE model of a prototype with radial. The results of nonlinear analysis
Table 4 are presented.
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Table4. Critical buckling load (N) for differentrsples

No  Shell thickness (mm) Prototype without radial ribs Prototypewith radial ribs
1 0.7 5094.5 5998.7
2 0.8 6180 7292.6

Because of the stiffening nature of ribs, it canseen that the buckling strength has increased
considerably. But it should be noted that by insmeg the number of ribs, a marked increase occurs
in the weight of the structure.
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Finally, the effect of the shear force on the bunckbehavior of the CL shell is investigated. Figur
13 is shown this effect. It is clear that the miagportant parts of the shell are the areas close to
fixed locations at the top and bottom of structi®e. using the shear force at the free end, these
regions beginto surrender at the beginning of dlaeing applied.
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Figure13. Buckling deformation according to applésear force

Table 5 is shown the numerical result of bucklingds for the perfect and defective shells under
axial compressive and shear force loadings. Thesdts obtained from FEA. It is shown that the
critical shear force loading is less than thathef ¢ritical compressive load for both prototypes

Table5. Buckling loads for the perfect and defecshells
Loading Condition  Shell Thickness (mm) Defective sample perfectsample
Compressive Force 0.8 6180 6995.5
Shear Force 0.8 1930 1840

4.Conclusions

In this paper, FEA using ANSYS software and someesrmental tests was carried out for
investigating the buckling behavior of CL structir€he results proof that FE and experimental laave
suitable agreement. Two kind of CL structure arestigated here and it showed that the buckling
modes happened around the cut out area in thetigefabhells with wider slicing ribs. Also shell
thickness has a vague effect on the structuregtlreihe result proved that the load increase with
arising the shell thickness and therefore the gthewill improve. Some repetition tests have ddre
result of these tests showed that the load dededts each repetition. Also, the strength of @he
structure raised by increasing the radial ribsibldd a negative effect according to this fact tha
weight of structure will raised too. The bucklingdes were observed to be close to the ribs when the
shear forces loading effect on the structure.
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