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 ABSTRACT 

A h�gh level of safety �s demanded �n response to the fore�gn object damage (FOD) problem 
frequently encountered �n av�at�on. For th�s reason, �n th�s study, the effect of stone �mpact on a 
hel�copter blade performed w�th�n the scope of FOD �s �nvest�gated. Cons�der�ng the actual s�ze 
of the propeller, a stone �mpact �s appl�ed to a certa�n sect�on and the mechan�cal behav�or of the 
propeller �s exam�ned accord�ng to the mater�al type. In th�s d�rect�on, the Bo-105 hel�copter 
blade w�th the NACA-23012 prof�le �s taken as a reference, and a 3D draw�ng of the blade �s 
made �n the Sol�dWorks program. The behav�oral propert�es of metal and compos�te mater�als 
frequently preferred �n av�at�on aga�nst stone �mpact are compared. For th�s purpose, Al2024-
T3 and carbon f�ber re�nforced polymer (CFRP) are selected. These mater�als are frequently 
preferred �n av�at�on. To observe the d�fference between the mater�als, low-veloc�ty �mpact 
analys�s �s performed on two blade sect�ons w�th span d�mens�ons of 140 mm and chord 
d�mens�ons of 310 mm under the same geometry and cond�t�ons. The analys�s of the s�mulated 
act�on �s obta�ned us�ng the LS-DYNA program. Because �t �s a mechan�cal act�on, the Arb�trary 
Lagrang�an (ALE) method was used accord�ngly. W�th�n the scope of th�s method, the stone to 
be h�t by the blade was modeled as a 5 mm sol�d structure and h�t the blade surface w�th a speed 
of 3500 mm/s. Wh�le the blade w�th Al2024-T3 mater�al was modeled as a shell, the CFRP blade 
was modeled as a compos�te part cons�st�ng of s�x layers at [0-90-0-90-0-90] degrees. Mater�al 
propert�es were def�ned on the blade us�ng 018 Law Plast�c�ty and 54/55 Enhanced Compos�te 
Damage mater�al cards for Al2024-T3 and CFRP, respect�vely. As a result of th�s analys�s, the 
t�me-dependent changes �n d�splacement, k�net�c energy, and force parameters were acqu�red. 
Then, the low-veloc�ty �mpact responses of the CFRP and the Al2024-T3 blades were compared. 

ÖZET 

Havacılık sektöründe sıklıkla karşılaşılan yabancı madde hasarı (YAMAHA) sorununa karşılık
yüksek emniyet seviyesi talep edilmektedir. Bu nedenle çalışmada, YAMAHA kapsamında
gerçekleştirilen helikopter pali üzerine taş çarpması etkisi araştırılmaktadır. Palin gerçek boyutu
göz önüne alınarak taş çarpması belirli bir kesit üzerine uygulanmaktadır ve palin sahip olduğu
malzemeye göre göstermiş olduğu mekanik davranış incelenmektedir. Bu doğrultuda NACA-
23012 prof�l�ne sah�p olan Bo-105 helikopter pali referans alınmış olup palin 3B çizimi
Solidworks programında yapılmıştır. Çalışmada havacılıkta sıklıkla tercih edilen metal ve
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1. Introduct�on 

Hel�copters are �mportant a�r veh�cle frequently used �n the defense �ndustry for emergenc�es such as med�cal and
natural d�sasters, appl�cat�ons such as reconna�ssance and passenger transportat�on, and m�l�tary operat�ons w�thout 
the need for long runways thanks to the�r vert�cal takeoff and land�ng features [1]. Therefore, �t �s a�med at 
hel�copters to prov�de a safe fl�ght. Th�s s�tuat�on requ�res var�ous analyses and exam�nat�ons of veh�cle 
components. The �mpact of fore�gn objects, one of the �mportant problems of the av�at�on �ndustry, �s also seen as 
a subject that needs to be exam�ned �n th�s regard. Fore�gn object �mpacts cover a w�de range of scenar�os. Th�s 
study focuses on low-veloc�ty �mpacts, wh�ch are those where the veloc�ty of the �mpact�ng mass �s 10 m/s or less 
and typ�cally occur dur�ng product�on or serv�ce [2-3]. For th�s reason, the �mpact of fore�gn objects on d�fferent 
a�rcraft components �s the subject of many stud�es �n the l�terature. The study a�ms to exam�ne the effect of stone 
�mpact on hel�copter blades. The ma�n rotor blade, wh�ch �s one of the most �mportant components of the 
hel�copter, �s the component that produces thrust force to balance the �nert�a of the hel�copter and perform 
translat�onal mot�on. When the ma�n rotor blade �s damaged by a fore�gn object such as a stone, an �mbalance 
occurs �n the rotor. Thus, the hel�copter develops unwanted v�brat�ons dur�ng fl�ght. V�brat�on occurr�ng �n the 
blades can lead to a decrease �n the performance of the hel�copter due to the negat�ve effect on the thrust force 
produced, as well as blade fat�gue and exceed�ng the endurance l�m�t [4-5]. Cons�der�ng the �nternal structure and 
number, the select�on of the mater�al to be used �n the product�on of the blades, wh�ch have a great effect on the 
total we�ght of the hel�copter, �s very �mportant [6]. Metal alloys and compos�te mater�als are generally used �n the 
product�on of hel�copter blades. T�tan�um, wh�ch �s res�stant to h�gh temperatures, and alum�num, wh�ch has h�gh 
corros�on res�stance, are the preferred metal mater�als �n hel�copter blades. Commonly used compos�te mater�als 
are carbon f�ber, f�berglass, and Kevlar f�ber [7]. Compos�te mater�als prov�de the rotor w�th the strength �t needs 
due to the�r h�gh strength/we�ght rat�o, wh�le also prov�d�ng we�ght sav�ngs, wh�ch �s a cr�t�cal parameter for the 
fl�ght performance of an a�rcraft [8]. 
Th�s study focuses on model�ng low-veloc�ty �mpact s�mulat�ons of CFRP and Al2024-T3 mater�als def�ned on a 
hel�copter blade us�ng the LS-DYNA software. The pr�mary object�ve of th�s research �s to contr�bute to the 
l�terature by �nvest�gat�ng and document�ng the behav�or of these two mater�als under low-veloc�ty �mpact 
cond�t�ons, wh�ch are frequently encountered �n the aerospace �ndustry. The s�mulat�ons a�m to prov�de �ns�ghts 
�nto the �mpact response of these mater�als, fac�l�tat�ng a better understand�ng of the�r appl�cab�l�ty and 
performance �n av�at�on-related scenar�os. 
 

kompozit malzemelerin taş çarpmasına karşı davranış özellikleri karşılaştırılmıştır. Bu amaçla
çalışmada Al2024-T3 ve Karbon fiber takviyeli polimer (CFRP) tercih edilmiştir. İki
malzemenin farkını gözlemlemek üzere aynı geometri ve koşullarda spanı 140 mm ve veteri 310
mm boyutlarına sahip iki pal kesiti üzerine düşük hızlı darbe analizi gerçekleştirilmiştir. Simüle
ed�len eylem�n anal�z� LS-DYNA programı kullanılarak elde edilmiştir. Mekanik bir eylem
olması gerekçesiyle buna uygun olarak Keyfi Lagrange (ALE) metodu kullanılmıştır. Bu metod
kapsamında pale çarptırılacak olan taş, 5 mm boyutunda katı bir yapıda modellenmiş olup 3500
mm/s hızıyla pal yüzeyine çarptırılmıştır. Al2024-T3 malzemeye sah�p pal kabuk olarak 
modellen�rken CFRP malzemel� pal [0-90-0-90-0-90] açılarında altı katmandan oluşan kompozit
part olarak modellenmiştir. Malzeme özellikleri Al2024-T3 ve CFRP için sırasıyla 018 Law
Plasticity ve 54/55 Enchanced Composite Damage materyal kartları kullanılarak pal üzerine
tanımlanmıştır. Gerçekleştirilen bu analiz sonucunda her iki malzemenin yer değiştirme, kinetik
enerji ve kuvvet parametrelerinin zamana bağlı değişimleri incelenmiştir. Böylece havacılık
teknolojisinde sıklıkla tercih edilen CFRP ve Al2024-T3 malzemelerinin düşük hızlı darbe
karşısındaki mekanik özellikleri karşılaştırılmıştır. 
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2. Method 

W�th�n the scope of the study, a low-speed �mpact test on the hel�copter blade was performed �n the LS-DYNA 
program us�ng two d�fferent mater�als to see the effect of the mater�al on the blade behav�or. A stone �mpactor was 
modeled as a sol�d w�th a d�ameter of 5 mm. For the blade, two separate models were appl�ed as a shell �n Al2024-
T3 mater�al and a compos�te part �n CFRP mater�al for the purpose of the study. The mater�al was g�ven a th�ckness 
of 12 mm for both models. For CFRP, th�s th�ckness was prov�ded w�th 6 pl�es at [0-90-0-90-0-90] degrees, each 
layer be�ng 2 mm. The stone h�ts the surface of the blade at a speed of 3500 mm/s and the ent�re act�on �s completed 
�n 0.03 seconds [9]. 
Automat�c Nodes to Surface connect�on was establ�shed between the stone and the blade to perform the �mpact 
act�on. The data to be obta�ned at the end of the analys�s were determ�ned as MATSUM and RCFORCE under the 
ASCII head�ng. W�th MATSUM, the energy, speed, momentum, and d�splacement values of the blade and the 
stone along the x, y, and z axes were obta�ned. W�th RCFORCE, the change �n the net force on the part over t�me 
�s observed. The obta�ned data �s graphed w�th the D3PLOT command. 

2.1. Mater�al select�on 

Compos�te mater�al �s a type of mult�phase mater�al formed by comb�n�ng two or more component mater�als w�th 
s�gn�f�cantly d�fferent chem�cal or phys�cal propert�es. It usually cons�sts of a re�nforcement phase w�th h�gh 
r�g�d�ty and strength, and a matr�x phase that holds the f�bers together by form�ng the major�ty of the volume 
around �t and has h�gher duct�l�ty. Compos�te mater�als are class�f�ed �n var�ous ways. Accord�ng to the matr�x 
mater�als, they are class�f�ed as metal matr�x, ceram�c matr�x, and polymer matr�x compos�tes. Accord�ng to the 
type of re�nforcement, they are class�f�ed as part�cle-re�nforced, f�ber-re�nforced, and structural compos�tes [10]. 
In the scope of the study, carbon f�ber re�nforced polymer (CFRP), wh�ch has very good res�stance to tens�le force 
and h�gh fat�gue l�fe, was used as a compos�te mater�al [11]. Wh�le the polymer �n the structure of CFRP forms 
the matr�x phase, carbon f�ber forms the re�nforcement phase [12]. 
CFRP, whose propert�es are g�ven �n Table 1, �s modeled as a compos�te part. The mater�al propert�es are def�ned 
w�th the 054/055-Enhanced Compos�te Damage mater�al card. 

Table 1. CFRP Mater�al Propert�es [13] 

Mater�al CFRP Lam�nate 

ρ [g/] 1.6 

 [GPa] 153 
 [GPa] 10.3 
 [GPa] 5.2 
 [-] 0.3 

XT [MPa] 2540 
XC [MPa] 1500 
YT [MPa] 82 
YC [MPa] 236 
SC [MPa] 90 
DFAILT 0.017 
DFAILC –0.0135 
DFAILM 0.1 
DFAILS 0.03 

 [J/] 225 

 [/] 640
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The propert�es of the Al2024-T3 mater�al used are g�ven �n Table 2. The shell method was used when model�ng 
the Al blade. The mater�al propert�es were def�ned w�th the 018-Power Law Plast�c�ty mater�al card. 

Table 2. Al2024-T3 Mechan�cal Propert�es [14] 

Mater�al Al2024-T3 

ρ [g/] 2.78 

 [] 73.1 

 0.330 

 1.4 

F�nally, the mater�al propert�es of the stone �mpactor determ�ned are g�ven �n Table 3. The mater�al �nformat�on of 
the stone modeled as sol�d was �ntegrated us�ng the 020-R�g�d mater�al card. 

Table 3. Mater�al Propert�es of the Impactor Mass 

Mater�al Impact Mass (Sol�d) 

ρ [g/] 1.680 

 [] 207 

 0.3 

2.2. Blade des�gn 

The blade des�gn �s based on the Bo-105 model scale rotor blade �n the l�terature [15]. Us�ng the d�mens�ons of the 
Bo-105 hel�copter rotor, 3D model�ng of the blade was performed w�th the Sol�dWorks program and �t �s shown 
�n F�gure 1. 

 
F�gure 1. 3D Model of the Bo-105 Hel�copter Blade 

The Bo-105 hel�copter uses the aerodynam�cally eff�c�ent NACA23012 prof�le. F�gure 2 g�ves the NACA23012 
prof�le. 
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F�gure 2. NACA23012 prof�le [16] 

For the analys�s, the sol�d model�ng of the funct�onal area of the blade used �n the Bo-105 hel�copter was carr�ed 
out us�ng the Sol�dWorks program at a scale of approx�mately 1/30. F�gure 3 and F�gure 4 g�ve the 3D model�ng 
of the draw�ng and the ma�n parts of the hel�copter blade and the�r d�mens�on�ng on the techn�cal draw�ng, 
respect�vely. 

 
F�gure 3. Ma�n Parts of the Hel�copter Blade. 

 

 
F�gure4. Techn�cal Draw�ng of the Bo-105 Hel�copter Blade (D�mens�ons are �n mm). 
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2.3. F�n�te Element Method 
The subject of the study �s the hel�copter blade �mpact test, wh�ch was carr�ed out us�ng v�rtual exper�ments. In 
v�rtual exper�ments, algor�thms such as Lagrang�an, Euler (EM), Arb�trary Lagrang�an Euler (ALE), and Smoothed 
Part�cle Hydrodynam�cs (SPH), wh�ch are nonl�near f�n�te element (FE) codes, are used [17]. The d�stort�ons that 
occur �n the mesh dur�ng the v�rtual exper�ment are a factor that negat�vely affects the secur�ty of the results. 
Therefore, the �mprovement �n the mesh prov�des more accurate analys�s results. ALE can f�x the mesh w�th Euler 
elements or model the movement of the mesh by us�ng Lagrang�an elements and adapt�ng them to the mater�al 
[18]. In th�s way, the qu�te complex coll�s�on scenar�o, wh�ch depends on many parameters such as geometry, 
mater�al, and contact can be s�mulated. In add�t�on, the deformat�on and load�ng on the �mpact�ng and crashed 
surfaces can be est�mated at an acceptable level of accuracy [17]. Due to these advantages, the ALE algor�thm of 
the f�n�te element method was preferred w�th�n the scope of the study. Due to the torque created by the rap�dly 
rotat�ng rotor, fore�gn objects such as stones on the ground fly up and can damage the blade. In th�s study, the 
effect of stone h�tt�ng the t�p of the blade was exam�ned. Analys�s was carr�ed out on the reg�on that was pred�cted 
to be heav�ly affected by the coll�s�on. The cross-sect�onal surfaces �n the exam�ned reg�on were accepted as 
boundary cond�t�ons and the�r movements were l�m�ted �n all d�rect�ons. The representat�on of the boundary 
cond�t�ons on the model �s g�ven �n F�gure 5. 

 

 
F�gure 5. Boundary Layer Cond�t�ons. 

3. Results 

Low-speed �mpact analys�s of hel�copter blades des�gned from Al2024-T3 and CFRP mater�als was performed 
us�ng the LS-DYNA program. The data obta�ned as a result of the analys�s are g�ven �n the form of graph�cs. The 
K�net�c Energy-T�me Graphs of CFRP and Al2024-T3 blades are g�ven �n F�gure 6 and F�gure 7. 
S�nce the �mpactor has an �n�t�al veloc�ty, the k�net�c energy of the �mpactor �s at �ts h�ghest value at the f�rst 
moment, wh�le the k�net�c energy of the blade �s zero because �t �s stat�onary. Dur�ng the coll�s�on, the �mpactor 
transfers most of �ts k�net�c energy to the blade. The CFRP blade was able to absorb more k�net�c energy of the 
�mpactor and d�str�bute the �mpact to the structure. The Al2024-T3 blade, on the other hand, was harder and 
therefore absorbed less energy and could not d�str�bute the �mpact. 
F�gure 8 and F�gure 9 present the deformed shapes of CFRP and Al blades, respect�vely. 
The magn�tude of the resultant force generated on the blades due to �mpact var�es depend�ng on the type of mater�al. 
F�gure 10 shows that the resultant force on the CFRP blade �s lower compared to that on the Al2024-T3 blade 
shown �n F�gure 11. 
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F�gure 6. The CFRP Helicopter Blade’s Kinetic Energy-T�me Graph. 

 
F�gure 7. The Al2024-T3 Helicopter Blade’s Kinetic Energy-T�me Graph. 

 
F�gure 8. Impacted Al2024-T3 Hel�copter Blade.
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F�gure 9. Impacted CFRP Hel�copter Blade. 

 
F�gure 10. Resultant Force-T�me Graph for the CFRP Blade. 

 
F�gure 11. Resultant Force-T�me Graph for the Al2024-T3 Blade. 
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F�gure 12. D�splacement h�story for the CFRP Blade. 

 

F�gure 13. D�splacement h�story for the Al2024-T3 Blade. 

F�gure 12 and F�gure 13 prov�de the d�splacement versus t�me graphs. In the CFRP blade, �t �s seen that the 
d�splacement �ncreases rap�dly and reaches a max�mum po�nt at approx�mately 0.01 seconds. After th�s po�nt, the 
d�splacement decreases sl�ghtly and becomes stable. The Al2024-T3 mater�al shows a slower �ncrease �n terms of 
d�splacement. It �s seen that �t reaches a max�mum d�splacement amount at the end of approx�mately 0.2 seconds. 
It was concluded that the amount of permanent deformat�on �n the Al2024-T3 blade �s greater than �n the CFRP 
blade and the amount of elast�c deformat�on �s less. 
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4. Conclus�on 

In th�s study, a low-speed �mpact test was appl�ed to two d�fferent blades cons�st�ng of Al2024-T3 and CFRP 
mater�als. W�th the analys�s results, the behav�oral propert�es of the two d�fferent mater�als used were exam�ned 
w�th a focus on d�splacement, k�net�c energy, and force parameters. As a result, �t was observed that the CFRP 
mater�al blade prov�ded a larger area of �mpact d�str�but�on �n the structure compared to the Al2024-T3 blade, 
wh�le the Al2024-T3 blade created a greater force aga�nst the �mpact. F�nally, when the d�splacement amounts 
were exam�ned, �t was seen that the blade w�th the CFRP mater�al performed a larger d�splacement. As a result of 
th�s research, the Al2024-T3 and CFRP structural mater�als were compared �n the ment�oned aspects and the�r 
�mpact behav�ors were exam�ned, and added to the l�terature. 
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