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Introduction

Continuous maintenance is necessary for ensuring structural integrity of an aircraft.
Damage to structural components in aircraft could be caused by corrosion, stresses, fracture and
erosion. Inspection performed to locate these damages includes shape of repair stripes to use in
order to fill the damage; the type, size, and number of rivets needed; and the strength, thickness,
and the kind of material required. Traditional repair is done by installing splice members using
bolts or rivets on the damaged area. These spliced members are usually one gauge heavier or made
of the same material at the least. This will ensure that the part will get back to its original structural
capacity. Hence, the selection of material and adhesive for the sections becomes important.
Parameters like shape and size of the stripe, number of plies, their stacking sequence, selection of
adhesive material (epoxy, BMI, etc.) and its thickness are key to this process.

Repair of Wings by Composite Stripes

Over past few years, composite stripe repair has gained popularity [1]. Some of the

advantages are:

e No fastener holes for stripe application and hence no possibility for micro-cracks to
develop
The section is bonded to the structure leading to uniform stress field
No drilling is necessary
Ease of stripe application
Uniform stress transfer results
Reduced stress concentrations

The use of bonded composite stripes to repair damaged aircraft and marine structures has
been first studied by Baker [2]. Baker et al. [3] detailed the advances in the field of bonded
composite repair till the year 2003. Mathias et al. [4] Provided some solutions for the stress
distribution in rectangular composite stripes under in-plane loading both normal and shear stresses.
Interlaminar stresses of a laminated composite stripe using an ESL model under a bending load
was investigated by Lee et al. [5] using Lekhnitskii stress functions. Several methods for stress
analysis [1, 5-15] are available in literature. Most of these methods discuss the use of finite element
methods to analyze stresses which are interlaminar and at the adhesive plate interfaces. Benyahia
et al. [6] showed that the fatigue life of cracked plates was increased fifteen times by one-sided
composite striping. Beghini et al. [8] studied the performance of the bonded composite
reinforcement or repair for reducing stress concentration at a semi-circular lateral notch and
repairing cracks emanating from this kind of notch. They highlighted the effects of the adhesive
properties on the variation of the stress intensity factor at the crack tip. Rachid et al. [10] analyzed
the effects of the stripe shape on the efficiency and the durability of bonded composite repairs of
aircraft structures. Albedah et al. [13] estimated the performance of the bonded composite repair



of metallic cracked aircraft structures by analyzing the J integral and the plastic zone size around
the crack tips for single and double symmetric stripes. Albedah et al. [14] analyzed the effect of
the thermal residual stresses resulting from adhesive curing on the performances of the bonded
composite repair in aircraft structures. Calculation of stress intensity factors [16-19] to analyze
fatigue behavior is to be performed whenever the model is subjected to cyclic loading conditions.
Several researchers [20-24] have published numerical and experimental studies to analyze the
fatigue behavior.

Iso-geometric Analysis (IGA)[25] approach is a modern numerical method used to model
composite repair. IGA could be used to integrate numerical analysis into Computer Aided Design
(CAD) tools and vice versa. This will ensure that the exact geometry of the repair stripe will be
always maintained, which does not happen when iso-parametric elements are used in traditional
FEM. This method has also an advantage of easy implementation of refinement techniques.
Maintaining the exact geometry will enable us to model non-primitive shapes for repair stripes
without the necessity of subsequent communication with a CAD (Computer Aided Design)
description. IGA will use NURBS (Non-Uniform Rational B-Splines) basis functions to create the
exact geometry and also to construct finite approximations for analysis[26].

Thermal Survey and application to Repair

A thermal survey is performed prior to installing the repair to ensure proper and uniform
temperatures can be achieved. The thermal survey determines the heating and insulation
requirements, as well as thermocouple locations for the repair area. The thermal survey is
especially useful for determining the methods of heating (hot air modules, heat lamps, heat blanket
method and monitoring requirements in cases where heat sinks (substructure for instance) exist in
the repair area.

Thermal variations in the repair area are caused due to different reasons. Variation in the
heater blanket’s thermal pattern, as well as repair structure heat sinks, will set up a varying thermal
profile. Other most important contributors are the material type, material thickness, and the
underlying structure in the repair zone. Thin skins heat quickly and can easily become overheated
whereas the thick skin sections absorb heat slowly and take longer to reach the soak temperature
[27]. A thermal survey identifies these problem areas and allows the repair professional to develop
the heat and insulation setup required for even heating of the repair area.

Traditionally, a thermal survey is conducted by attaching a stripe (called a surrogate stripe)
of the same material and thickness, several thermo-couples, a heating blanket, and a vacuum bag
to the repair area. The area is heated until the temperature becomes stabilized and is recorded using
a thermocouple. This process is primarily done to identify both the hot and cold areas in the repair
zone. Some areas, like the one with stringers and ribs, might have a lower temperature than the
area in the middle of the stripe and start to act as heat sinks. These regions would need insulation
to increase the temperature to make the profile more uniform.

The numerical methods [28-30] such as the finite element method and the finite difference
method are widely used in solving complex problems related to thermal effects with the help of
commercial software such as ANSYS, ABAQUS, and MSC NASTRAN. Devarajan et al. [31]
used ANSYS to analyze the response of a bolted joint under a model thermo-mechanical load.



Kapania et al. [32] used a three-noded triangular flat shell element, termed AT/DKT, for free
vibration, linear thermal/piezoelectric, and geometrically nonlinear analysis like snap-back, snap-
through, thermal post-buckling, dynamic buckling, and the follower effects of the pressure loads.
The element was first applied to study the control of thermal deformations of a spherical mirror
segment [33]. This kind of study was required for the design of a next-generation space telescope
that employed a multi-segmented primary mirror. The feasibility of controlling the surface
distortions of the mirror due to arbitrary thermal fields, using piezoelectric strips and force control
actuators was studied using a finite element model of the mirror. Other researchers have used the
same element for performing thermoviscoelastic analysis of composite structures [34].

Conventional thermal surveying techniques entail the construction of a conventional
surrogate stripe. This is a time-consuming and labor-intensive process and typically requires hand-
cutting of multiple composite plies each having a unique size and shape for each repair or rework
area. Furthermore, the conventional practice of performing the thermal survey and drying cycle
as two separate processes result in the application of two heating cycles on the composite structure
which may affect the service life. Furthermore, the conventional thermal survey requires the labor-
intensive and time-consuming process of fabricating the conventional surrogate stripe after which
the surrogate stripe is discarded following a single use.

Heat transfer in the repair areas is governed by three factors conduction through the
material, convection from the surface, and radiative heat exchange between different parts exposed
to the environment. The repair area should mesh in such a way that the nodes are located at places
that possibly would have had a thermocouple attached. Natural convection should be assumed on
the skin surfaces. The region should be meshed using linear hexahedral and wedge heat transfer
elements with linear interpolation.

Heating of the surrogate stripe can be achieved by inputting a heat flux that will be
equivalent to the heat provided by the heat blanket and performing a transient uncoupled heat
transfer analysis till the steady state is reached. Temperature versus time plots at the nodes where
the thermocouples would have been placed could be generated and compared against existing
experimental data for validation. This method for performing a thermal survey could obviate the
need for fabricating a duplicate of the final stripe for determining the temperature profile in the
repaired region. The result will be a thermal map of the repair area.

Optimization Methodology and Sensor Placement

Evaluating thermal maps to determine the optimal location of thermal sensors has been
researched for many years[35, 36]. Memik et al. [37] presents observations on thermal maps and
points to opportunities for making an informed decision on sensor placement. It introduced a
thermal sensor placement on the Intel Pentium 4 microprocessor. By analyzing extracted thermal
maps, they found optimized locations of the thermal sensors by identifying common hotspots. A
thermal map was extracted by observing the thermal behaviors of popular applications. The works
concerning thermal map reconstruction via optimized sensor placement can be found in more
specific areas such as microprocessors[37]. D’ Antona et al. [38] used the metaheuristic algorithm
called Genetic Algorithm [39, 40] to select a proper set of locations to place thermal sensors which
lessened the trade-off between stability and resolution of the temperature data. The sensor
positioning and choice of the number of sensors were optimized in terms of the reconstruction of



the temperature field considering the error propagation in case of uncertain measurements using a
genetic algorithm.

Over the years, the De et al. has performed significant work using metaheuristic algorithms

like Genetic Algorithm and Particle Swarm Algorithms for solving large scale optimization
problems [41-49]. The large-scale optimization problem of optimal placement of a large number
of piezoelectric actuators [52-65] on the adaptive structures were solved by using the method of
combined finite element analysis and genetic algorithms. The sensor placement problem is greatly
related to the actuator placement problem.

References

[1] Z. Marioli-Riga, D. Xenos, and C. Vrettos, "A standard analysis methodology for the stress analysis of repaired aircraft structures with
the method of composite patch repair," Applied Composite Materials, vol. 11, no. 4, pp. 191-203, 2004.

[2] A. A. Baker, "Repair of cracked or defective metallic aircraft components with advanced fibre composites —an overview of Australian
work," Composite Structures, vol. 2, no. 2, pp. 153-181, 1984/01/01 1984.

[3] A.A.Baker, L. F. Rose, and R. Jones, Advances in the bonded composite repair of metallic aircraft structure. Elsevier, 2003.

[4] ). D. Mathias, M. Grédiac, and X. Balandraud, "On the bidirectional stress distribution in rectangular bonded composite patches,"
International Journal of Solids and Structures, vol. 43, no. 22—23, pp. 6921-6947, 11// 2006.

[S] J.Lee, M. Cho, and H. S. Kim, "Bending analysis of a laminated composite patch considering the free-edge effect using a stress-based
equivalent single-layer composite model," International Journal of Mechanical Sciences, vol. 53, no. 8, pp. 606-616, 8// 2011.

[6] F.Benyahia, L. Aminallah, A. Albedah, B. Bachir Bouiadjra, and T. Achour, "Experimental and numerical analysis of bonded composite
patch repair in aluminum alloy 7075 T6," Materials & Design, vol. 73, pp. 67-73, 5/15/ 2015.

[7]1 J.-D. Mathias and M. Lemaire, "Reliability analysis of bonded joints with variations in adhesive thickness," Journal of Adhesion Science
and Technology, vol. 27, no. 10, pp. 1069-1079, 2013.

[8] M. Beghini, L. Bertini, and V. Fontanari, "Numerical analysis of the performances of the bonded composite patch for reducing stress
concentration and repairing cracks at notch," in ECF15, Stockolm 2004, 2013.

[9] J.S. Ahnand P. K. Basu, "Stress Analysis of Bonded Patched Plates with Circular Cutout Using Full-Discrete Layer Model," Mechanics
of Advanced Materials and Structures, vol. 20, no. 9, pp. 742-752, 2013.

[10] M. Rachid, B. Serier, B. B. Bouiadjra, and M. Belhouari, "Numerical analysis of the patch shape effects on the performances of bonded
composite repair in aircraft structures," Composites Part B: Engineering, vol. 43, no. 2, pp. 391-397, 2012.

[11] L. Gu, A. R. M. Kasavajhala, and S. Zhao, "Finite element analysis of cracks in aging aircraft structures with bonded composite-patch
repairs," Composites Part B: Engineering, vol. 42, no. 3, pp. 505-510, 4// 2011.

[12] B. B. Bouiadjra, M. F. Bouanani, A. Albedah, F. Benyahia, and M. Es-Saheb, "Comparison between rectangular and trapezoidal bonded
composite repairs in aircraft structures: a numerical analysis," Materials & Design, vol. 32, no. 6, pp. 3161-3166, 2011.

[13] A. Albedah, B. B. Bouiadjra, W. Ouddad, M. Es-Saheb, and F. Binyahia, "Elastic plastic analysis of bonded composite repair in cracked
aircraft structures," Journal of reinforced plastics and composites, vol. 30, no. 1, pp. 66-72, 2011.

[14] A. Albedah, B. Bachir Bouiadjra, L. Aminallah, M. Es-Saheb, and F. Benyahia, "Numerical analysis of the effect of thermal residual
stresses on the performances of bonded composite repairs in aircraft structures," Composites Part B: Engineering, vol. 42, no. 3, pp.
511-516, 4// 2011.

[15] T. Achour, B. B. Bouiadjra, and B. Serier, "Numerical analysis of the performances of the bonded composite patch for reducing stress
concentration and repairing cracks at notch," Computational Materials Science, vol. 28, no. 1, pp. 41-48, 7// 2003.

[16] A. Albedah, F. Benyahia, H. Dinar, and B. Bachir Bouiadjra, "Analytical formulation of the stress intensity factor for crack emanating
from central holes and repaired with bonded composite patch in aircraft structures," Composites Part B: Engineering, vol. 45, no. 1,
pp. 852-857, 2// 2013.

[17] M. Ayatollahi and R. Hashemi, "Computation of stress intensity factors (K I, K Il) and T-stress for cracks reinforced by composite
patching," Composite structures, vol. 78, no. 4, pp. 602-609, 2007.

[18] [18] B. B. Bouiadjra, M. Belhouari, and B. Serier, "Computation of the stress intensity factors for repaired cracks with bonded
composite patch in mode | and mixed mode," Composite Structures, vol. 56, no. 4, pp. 401-406, 2002.

[19] [19] R. Mhamdia, B. B. Bouadjra, B. Serier, W. Ouddad, X. Feaugas, and S. Touzain, "Stress intensity factor for repaired crack
with bonded composite patch under thermo-mechanical loading," Journal of Reinforced Plastics and Composites, vol. 30, no. 5, pp.
416-424, 2011.

[20] A. Maligno, C. Soutis, and V. Silberschmidt, "An advanced numerical tool to study fatigue crack propagation in aluminium plates
repaired with a composite patch," Engineering Fracture Mechanics, vol. 99, pp. 62-78, 2013.

[21] E. Aggelopoulos, T. Righiniotis, and M. Chryssanthopoulos, "Composite patch repair of steel plates with fatigue cracks growing in the
thickness direction," Composite Structures, vol. 108, pp. 729-735, 2014.

[22] G.-C. Tsai and S. B. Shen, "Fatigue analysis of cracked thick aluminum plate bonded with composite patches," Composite Structures,

vol. 64, no. 1, pp. 79-90, 2004.



[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

(39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

H. Jian-Bin, L. Xu-Dong, and M. Zhi-Tao, "Fatigue behavior of thick center cracked aluminum plates repaired by two-sided composite
patching," Materials & Design, vol. 88, pp. 331-335, 12/25/ 2015.

V. Sabelkin, S. Mall, and J. B. Avram, "Fatigue crack growth analysis of stiffened cracked panel repaired with bonded composite patch,"
Engineering Fracture Mechanics, vol. 73, no. 11, pp. 1553-1567, 7// 2006.

T. J. R. Hughes, J. A. Cottrell, and Y. Bazilevs, "lsogeometric analysis: CAD, finite elements, NURBS, exact geometry and mesh
refinement," Computer Methods in Applied Mechanics and Engineering, vol. 194, no. 39-41, pp. 4135-4195, 10/1/ 2005.

V. P.Nguyen, C. Anitescu, S. P. A. Bordas, and T. Rabczuk, "Isogeometric analysis: An overview and computer implementation aspects,"
Mathematics and Computers in Simulation, vol. 117, pp. 89-116, 11// 2015.

M. Shome, A. W. Blom, and A. Sahrudine, "Method and apparatus for repairing composite materials," Patent US20150328877 A1,
2014.

S. K. Kim and D. W. Cho, "Real-time estimation of temperature distribution in a ball-screw system," International Journal of Machine
Tools and Manufacture, vol. 37, no. 4, pp. 451-464, 1997.

F. Khani and A. Aziz, "Thermal analysis of a longitudinal trapezoidal fin with temperature-dependent thermal conductivity and heat
transfer coefficient.," Communications in Nonlinear Science and Numerical Simulation, vol. 15, no. 3, pp. 590-601, 2010.

X. Min, J. Sjuyun, and C. Ying, "An improved thermal model for machine tool bearings," International Journal of Machine Tools and
Manufacture, vol. 1, no. 47, pp. 53-62, 2007.

B. Devarajan, D. Locatelli, R. K. Kapania, and R. J. Meritt, "Thermo-Mechanical Analysis and Design of Threaded Fasteners," in 57th
AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 2016.

R. K. Kapania and P. Mohan, "Static, free vibration and thermal analysis of composite plates and shells using a flat triangular shell
element," Computational Mechanics, vol. 17, no. 5, pp. 343-357, 1996.

R. K. Kapania, P. Mohan, and A. Jakubowski, "Control of thermal deformations of spherical mirror segment," Journal of spacecraft and
rockets, vol. 35, no. 2, pp. 156-162, 1998.

D. C. Hammerand and R. K. Kapania, "Thermoviscoelastic analysis of composite structures using a triangular flat shell element," AIAA
journal, vol. 37, no. 2, pp. 238-247, 1999.

D. M. Carmean, S. H. Gunther, F. Binns, and J. C. Hall, "Managing the impact of increasing microprocessor power consumption," Intel
Technology Journal Q12001, 2001.

R. Mukherjee and S. O. Memik, "Systematic temperature sensor allocation and placement for microprocessors," in Proceedings of the
43rd annual Design Automation Conference, 2006.

S. 0. Memik, R. Mukherjee, M. Ni, and J. Long, "Optimizing thermal sensor allocation for microprocessors," IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems, vol. 27, no. 3, pp. 516-527, 2008.

G. D'Antona and N. Seifnaraghi, "Analysis of the sensor placement for optimal temperature distribution reconstruction,"
Measurement, vol. 56, pp. 58-69, 2014.

Biswas, Subhodip, Debanjan Saha, Shuvodeep De, Adam D. Cobb, Swagatam Das, and Brian A. Jalaian. "Improving differential
evolution through Bayesian hyperparameter optimization." In 2021 IEEE Congress on Evolutionary Computation (CEC), pp. 832-840.
IEEE, 2021.

Saha, Debanjan, Karam M. Sallam, Shuvodeep De, and Ali W. Mohamed. "Framework of Ensemble Parmeter Adapted Evolutionary
Algorithm for Solving Constrained Optimization Problems." (2022).

Jrad, Mohamed, Shuvodeep De, and Rakesh K. Kapania. "Global-local aeroelastic optimization of internal structure of transport aircraft
wing." In 18th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference, p. 4321. 2017.

Robinson, Joe H., Steven Doyle, Grant Ogawa, Myles Baker, Shuvodeep De, Mohamed Jrad, and Rakesh K. Kapania. "Aeroelastic
optimization of wing structure using curvilinear spars and ribs (sparibs)." In 17th AIAA/ISSMO Multidisciplinary Analysis and
Optimization Conference, p. 3994. 2016.

De, Shuvodeep, Mohamed Jrad, and Rakesh K. Kapania. "Structural optimization of internal structure of aircraft wings with curvilinear
spars and ribs." Journal of Aircraft 56, no. 2 (2019): 707-718.

De, Shuvodeep, Mohamed Jrad, Davide Locatelli, Rakesh K. Kapania, and Myles Baker. "SpaRibs geometry parameterization for wings
with multiple sections using single design space." In 58th AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, p. 0570. 2017.

De, Shuvodeep, Karanpreet Singh, Junhyeon Seo, Rakesh Kapania, Raymond Aguero, Erik Ostergaard, and Nicholas Angelini.
Unconventional Truck Chassis Design with Multi-Functional Cross Members. No. 2019-01-0839. SAE Technical Paper, 2019.

De, Shuvodeep, Karanpreet Singh, Junhyeon Seo, Rakesh K. Kapania, Erik Ostergaard, Nicholas Angelini, and Raymond Aguero.
"Lightweight chassis design of hybrid trucks considering multiple road conditions and constraints." World Electric Vehicle Journal 12,
no. 1(2020): 3.

De, Shuvodeep, Karanpreet Singh, Junhyeon Seo, Rakesh K. Kapania, Erik Ostergaard, Nicholas Angelini, and Raymond Aguero.
"Structural design and optimization of commercial vehicles chassis under multiple load cases and constraints." In AIAA Scitech 2019
Forum, p. 0705. 2019.

De, Shuvodeep. "Structural modeling and optimization of aircraft wings having curvilinear spars and ribs (sparibs)." PhD diss., Virginia
Tech, 2017.

De, Shuvodeep, Karanpreet Singh, Berkan Alanbay, Rakesh K. Kapania, and Raymond Aguero. "Structural optimization of truck front-
frame under multiple load cases." In ASME International Mechanical Engineering Congress and Exposition, vol. 52187, p.
V013T05A039. American Society of Mechanical Engineers, 2018.

De, Shuvodeep. "Manual of EBF3GLWingOpt."

De, Shuvodeep. "Finite Element Methods for Modern Engineering Applications."



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

L. Sheng and R. K. Kapania, "Extensive experiments on genetic algorithms for the optimization of piezoelectric actuator locations
through parallel computation," in 46th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, 2005.
L. Sheng and R. K. Kapania, "Extensive experiments on genetic algorithms for the optimization of piezoelectric actuator locations,"
AIAA journal, vol. 44, no. 12, pp. 2904-2918, 2006.

L. Sheng and R. K. Kapania, "Genetic algorithms for optimization of piezoelectric actuator locations," AIAA journal, vol. 39, no. 9, pp.
1818-1822, 2001.

L. Sheng and R. K. Kapania, "Toward more effective genetic algorithms for the optimization of piezoelectric actuator locations," AIAA
journal, vol. 40, no. 6, pp. 1246-1250, 2002.

S. M. Bland, L. Sheng, and R. K. Kapania, "Design of complex adaptive structures using the genetic algorithm," Complex Adaptive
Structures, pp. 212-223, 2001.

B. Devarajan, “Free vibration analysis of curvilinearly stiffened composite plates with an arbitrarily shaped cutout using isogeometric
analysis,” arXiv preprint arXiv:2104.12856, 2021.

B. Devarajan and R. K. Kapania, “Thermal buckling of curvilinearly stiffened laminated composite plates with cutouts using
isogeometric analysis,” Composite Structures, vol. 238, p. 111881, 2020.

J. Miglani, B. Devarajan, and R. K. Kapania, “Thermal buckling analysis of periodically supported composite beams using isogeometric
analysis,” in 2018 AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 2018, p. 1224.

Q. Li, B. Devarajan, X. Zhang, R. Burgos, D. Boroyevich, and P. Raj, “Conceptual design and weight optimization of aircraft power
systems with high-peak pulsed power loads,” SAE Technical Paper, Tech. Rep., 2016.

B. Devarajan and R.K.Kapania,“Analyzing thermal buckling in curvilinearly stiffened composite plates with arbitrary shaped cutouts
using isogeometric level set method,” Aerospace Science and Technology, p. 107350, 2022.

B. Devarajan, “Thermomechanical and vibration analysis of stiffened unitized structures and threaded fasteners,” Ph.D. dissertation,
Virginia Tech, 2019.

J. Miglani, B. Devarajan, and R. K. Kapania, “Isogeometric thermal buckling and sensitivity analysis of periodically supported laminated
composite beams,” AIAA Journal, pp. 1-10, 2021.

A. Karakoti, V. R. Kar, and B. Devarajan, “Hygrothermoelastic responses of sinusoidally corrugated fiber-reinforced laminated
composite structures,”in Advanced Composite Materials and Structures. CRC Press, pp. 201-216.

B. Devarajan. "Vibration Analysis of Timoshenko Beams using Isogeometric Analysis.", arXiv preprint arXiv:2104.12860, 2021.



