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Abstract: 
Simulating the fracture of brittle materials with hard surfaces due to the 
collision of brittle materials with hard surfaces can be effective in different 
engineering applications. Investigating the deformation of a brittle rod in 
collision with a rigid body can be done using various algorithms. In this article 
we present a new simple algorithm using numerical methods to find the 
deformation and the fracture criteria of the collision in brittle material. 
Spaghetti; as a brittle material shows a great deformation in respond to 
collision; is used in our experimental setups. The contact of the spaghetti with 
rigid surface causes to propagate stress in spaghetti and hence the spaghetti 
deforms. Three different kinds of stresses have been considered, shearing 
stress, pressure (normal stresses) and tension caused by bending. By 
studying these stresses and analysis the effect of them all together, the 
fracture criteria of brittle materials in collision with rigid surfaces have been 
investigated.  
 
Introduction 
Although Behaviors of brittle rods and their mechanical properties were the 
subject of many researches [1-6], the behaviors and fracture of brittle material 
in respond to collision have been rarely investigated.  
 
The collision contact time when a brittle material hits a rigid surface is small 
(near .005 s), therefore the velocity of stress propagation caused by collision 
cannot be considered as infinite. Thus when the collision starts, there is 
concentration of stresses in the region near the collision point. However, the 
other regions of the spaghetti have not been affected by the collision yet 
because of low velocity of stress propagation. 
 
The collision results into three kinds of stresses on the spaghetti, shear 
stress, pressure and tension in some region of spaghetti in its cross section, 
which is caused by bending. Although, for each of these stresses there is a 
critical point in certain distances from the contact point, these three stresses 
should be considered all together in order to find the fracture point  
 
We divided the spaghetti in several elements using numerical method to find 
the deformation and stress distribution on the length of the spaghetti during 
collision then by defining a fracture unit, which finds the effect of all stresses 
together, the fracture point can be found. 
 
The problem can be broken down into four parts, first the deformation of the 
first element will be found, second by having this deformation, the forces 
applied to the next element of the spaghetti can be found, third by having the 
stress distribution and using the fracture unit, the break point will be found and 
finally the angle of the crack in the breaking cross section of the spaghetti will 
be define in order to satisfy theoretical considerations. 



 
Several experiments have been designed in order to find mechanical 
properties of spaghetti. The conditions, under which the spaghetti breaks, are 
also investigated experimentally. 
Finally, we will discuss the reason and nature of fracture in different angles of 
contact and by comparing the angle of crack resulted by theory and 
experiments،٬ the nature of fracture in each case has been found. 
 
Theory: 
Theoretical analysis of the problem is based upon some assumptions; ground 
is rigid, which means that we have not considered any deformation for 
surface; spaghetti is a brittle material, which proved in further experiments; 
the velocity of stress propagation is constant; the spaghetti is homogenous 
and uniform; we consider the length of the elements as formula bellow, thus 
each element will be one step underdeveloped from the last element. 
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Where E is modulus of elasticity and 𝜌 is the density of material in use. 
 
Deformation of the first element: 
Because the surface was assumed as rigid the contact point remains on its 
first position but the other end of the element will continue to fall (Fig.1), this 
will result in deformation of the first element (formula.3). Using this 
deformation the force applied to the first element can be found (Fig.2). 
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Stress distribution: 
In the first time step, the deformation and thus the forces applied to the first 
element can be found; second element has not noticed the collision yet, in the 
second time step the deformation of the first element is developed again and 
the second element notices the forces resulted from the deformations of the 
first time step. By continuing this process until the spaghetti is stopped or 
broken, stress distribution during collision on the length of the spaghetti can 

Figure	  1:	  deformation	  of	  the	  
first	  element	  

Figure	  2:	  deformation	  of	  the	  first	  element	  



be found. 
 
Fracture unit 
A fracture unit has to be defined in order to merge the effect of different 
stresses together and predict the break point: 
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Where 𝜎! is the ultimate normal stress, 𝜏!is the ultimate shear stress,  𝜎 is the 
normal stress applied to the cross section and 𝜏 is the shear stress applied to 
the cross section. When the fracture unit is higher than one the section will 
break. 
 
Crack investigation       
Finding the angle of crack helps us to find out whether or not the prediction 
about amount of shear and normal stresses was correct.  

tan 2𝜃 = !
!
     (5) [8]  

Experiments 
We designed some experiments to find mechanical properties of the spaghetti 
such as modulus of elasticity, ultimate shear stress and ultimate normal 
stress, and in the next part the fracture criteria has been found which will be 
discussed in the following section. 
 
Measuring coefficients:  
a) Modulus of Elasticity 
A force is applied at the end of the spaghetti, while the other end is fixed. Δ 
was measured while the force was applied. By using the following equation, 
modulus of elasticity was measured (Fig. 3).  

Δ = !!!
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𝐸 = 4.57×10!𝑁 𝑚! 
b) Maximum tension stress 
Force is applied to one spaghettis end when other end is fixed, by finding the 
spaghetti failure load for different length, the ultimate tension can be found 
using bellow equation (Fig.4).     
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𝜎! = 2.9± 0.1  ×10! 

 
 

Figure	  3:	  modulus	  of	  elasticity	   Figure	  4:	  ultimate	  tension	  stress	  



c) Maximum shearing stress  
The amount of shear stress under which the spaghetti will break was 
measured. Spaghetti is fixed on points A and B while the force is applied at 
point C, when AB is small enough, bending can be neglected and shear 
stress will break the spaghetti. 

 
Experiments analysis 
By using a high speed camera (1000 frame/sec) and processing the images 
the velocity and angle of contact founded for each spaghetti, and also by 
using the coefficients that founded from first experiments the fracture criteria 
of the collision was calculated it with theory. Diagram bellow has built up from 

more than 600 points collected from processing the experiments and the 
green line that shows the fracture criteria, which is the resulted from the 
theory (Fig.5).  
It can be seen in (Fig.5) there is no good agreement between theory and 
experimental results, thus the theory must be revised.  
By adding the effect of buckling. The new result for theory is as (Fig.6):  

Figure	  6:	  fracture	  criteria	  (revised	  theory)	  

Figure	  5:	  fracture	  criteria	  (initial	  theory)	  



 
Shear region:  
By calculating the angle of crack theoretically, when the effect of shearing 
stress is more than bending the angle of crack must be near 45 degree. 
Results of our numerical method shows that in 0 < 𝜃 < 30 the shearing stress 
is much more effective, for example: 
For 𝜃 = 20 amount of effect of stresses are as bellow, and the angle of crack 
is as shown (Fig.7) 
 

 
Bending region:  
By doing same process done for shear region: 
For 𝜃 = 60 amount of effect of stresses are as mentioned above, and the 
angle of crack is as shown (Fig.8) 
  
Buckling region: 
In buckling region reason of fracture is normal stress thus the angle of crack 
must be near zero, for example: 
For 𝜃 = 85  amount of stresses effect are as mentioned above and the angle 
of crack is as shown (Fig.9). 
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Figure	  7:	  angle	  of	  crack	  when	  𝜃 = 20	   Figure	  8:	  the	  angle	  of	  
crack	  when	  𝜃 = 60	  

Figure	  9:	  the	  angle	  of	  
crack	  when	  𝜃 = 85	  
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