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Abstract –The graphite material cylinders are widely used in High-temperature 
gas-cooled reactor as connecting components. For engineering design, the 
deformation behavior, especially the yielding process of the graphite cylinder should 
be investigated in order to evaluate the carrying capacity of the cylinder. The 
yielding formation and propagation of a graphite cylinder subjected to line loading, 
which corresponds to the global behavior of the structure, was experimentally 
studied and evaluated by measuring the strain fields on the end of the cylinder using 
Digital Image Correlation. The global behavior of the structure is expressed by a 
relationship between the average stress (load divided by contact area) and the 
equivalent strain (ratio of half width of contact area to radius of the cylinder), the 
contact area was measured by identifying the color area of the pressure film in a 
new experiment which graphite component is loaded and unloaded continuously. A 
correspondence between the yielding state and the nonlinearity of the global 
behavior was constructed, as loading was increased, the cylinder was found to first 
yield at a specific point after which a yielding core formed and propagated. Before 
the yielding core propagated to the surface of the cylinder, the global behavior of 
the structure remained linear. After the yielding core propagated to the surface of 
the cylinder, the global behavior became nonlinear. The correspondence constructed 
in the paper will be helpful to understand the failure process and to evaluate the 
carrying capacity of a graphite cylinder subjected to line loading in reactors. 
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I. INTRODUCTION  

 
High-temperature gas-cooled reactor has 

advantages of good safety, high efficiency, high 
outlet temperature of the coolant, neutron economy, 
flexible fuel cycle, has become a recognized 
advanced type of reactors [1-8]. Due to low 
coefficient of thermal expansion (CET), excellent 
thermal shock resistance and low neutron activation, 
graphite materials are employed as the neutron 
moderator, reflector and structural components in 
nuclear reactors, particularly in high-temperature 
gas-cooled reactor [8,9]. The graphite material 
cylinders are widely used in High-temperature gas-
cooled reactor as connecting components. For 
engineering design, the deformation behavior, 

especially the yielding process of the graphite 
cylinder should be investigated in order to evaluate 
the carrying capacity of the cylinder. Theories in 
contact mechanics are often used to analyze the 
behavior of a cylinder subjected to line loading. 
Hertz’s elastic contact theory provides the expression 
of the stress distribution within the cylinder, and the 
width (2b) of the contact area between the cylinder 
and the cuboid [10]. For brittle material like graphite, 
the yielding of material usually determined by 
maximum tensile-stress criterion and the maximum 
tensile strain criterion, the each point of middle axis 
of the cylinder is in a state of compression, so the 
paper choose maximum tensile strain criterion to 
determine whether the  material of the graphite 
cylinder is yielding or not. In engineering design, the 
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average stress corresponding to a given load when ε1 
(the first principal strain) reaches the maximum 
tensile strain criteria of the material is regarded as 
the carrying capacity of the cylinder. The first 
yielding point is called “key point”, after it yield, 
more and more points across the key point will yield 
and a yielding area will be formed if the loading 
increases continuously after the occurrence of the 
first yielding point. The evolution of the yielding 
area is difficult to analyze theoretically because the 
cylinder is no longer homogenous and the material 
behavior has become nonlinear. 

In the elastic stage, Hertz’s theory offers a linear 
relationship between the average stress (load divided 
by contact area) and the relative deformation b/R 
(known as the equivalent strain) to express the global 
mechanical behavior of the cylinder; According to 
the analysis above, more and more points will yield 
and a small yielding area (known as the yielding core) 
around the key point will form as the load is 
increased. However, it could be expected that the 
yielding core will not remarkably affect the global 
behavior of the structure when it is very small, such 
that the relationship between the average stress and 
the equivalent strain stays linear. When the yielding 
core develops large enough, the relationship 
becomes nonlinear. To find this criterion, a 
correspondence between the developing of the 
yielding core and the loss of the linearity of the 
global behavior should be established. With this 
correspondence, the local yielding process could be 
clearly expressed by the global behavior of the 
structure, and also the principle of the entire global 
behavior of the cylinder will be clearly explained.  
The PC cylinder has been experimentally verified 
that, when the yielding core grows to the surface of 
the structure, the global behavior begins to lose 
linearity [11]. However, the brittle material like 
graphite should be experimentally finds similar 
correspondence to evaluate the carrying capacity of 
the cylinder. 

  Two different experiments were designed in 
order to measure the contact area and the strain field 
of the cylinder. The contact area of the graphite 
cylinder subjected to line loading was obtained by 
identifying the color area of the pressure film in a 
experiment which graphite component is loaded and 
unloaded continuously. The strain fields on the end 
of the cylinder was measured by using Digital Image 
Correlation (DIC) [12，13], the equivalent strain, 
and a correspondence between the yielding core 
evolution and the global behavior of the contact 
structure was established. Experiment results show 
that when the yielding core grows to the surface of 
the cylinder, the global behavior of the contact 
structure becomes nonlinear. The experimental 
design and results are explained in section 2, the 

evolution of the yielding core is analyzed with 
respect to the global behavior of the structure in 
section 3, and section 4 is the conclusion. 

 
II. EXPERIMENTS 

 
II.A. Mechanical behavior of a cylinder subjected to 
line loading 
 

A cylinder subjected to line loading, as shown in 
Fig.1, can be analyzed using Hertz’s contact theory. 
Eq.1 shows the three-dimensionally stressed value of 
the cylinder’s middle axle. 

 
 
 
 
 
 
 
 
 
 

Fig. 1: The model of the cylinder subjected to line 
loading . 
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is the half width of the rectangle contact area. P is 
the concentrated load, E is the elastic modulus, ν is 
Poisson’s ratio, L is the length of the cylinder and R 
is the radius of the cylinder. 

From Eq. 2 and Eq. 3, it can be derived that, 

22 16(1 )
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Lb R

π
ν
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−

                                       (eq. 4) 

 In the elastic stage, the elasticity modulus and 
the Poisson’s ratio of the graphite material are 
unchangeable constants, eq.4 could be turned into 
following relationship  

2
P b
Lb R

∝                                                           (eq. 5) 
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Eq. 5 reveals the global behavior of the structure, 
with the equation indicating a linear relationship 
between the average stress (P/2Lb) and the relative 
deformation (b/R). Before the key point yields, the 
linearity of the relationship is preserved because the 
material is homogeneous and shows linear elastic 
material behavior. However, the preservation of the 
linearity after the key point yielding should be 
studied, and at this point the material is 
heterogeneous and the mechanical properties of the 
yielding material become nonlinear. The critical 
stage of the yielding core evolution which makes the 
relationship nonlinear will be described in next 
section 

II.B. Measure the contact area by pressure film 
 

Table 1 gives the mechanical parameters of the 
graphite specimen. The experimental setup is shown 
in Fig. 2a and the specimens are shown in Fig. 2b. 
The size of the cylinder is 60 mm (diameter)×60 mm 
(length), and the size of the cuboid is 
100(width)×100(height)×60(length).  The     graphite  

cylinder placed on a graphite cuboid, was 
compressed in a MTS810 material testing machine. 
The specimen was loaded in displacement control 
mode at a speed of 0.2 mm/min. To measure the 
contact area, the pressure film (FUJIFILM R270 
12M 1-E) was placed between the cylinder and the 
cuboid, because the graphite is opacity material, in 
order to identify the color area of the pressure film, 
the experiment should be designed which specimen 
was loaded and unloaded continuously. The pressure 
film is shown in Fig. 3a. The width of the red area 
was measured, and the half width of contact area is b. 

 

Mechanical 
Parameters 

Elastic 
modulus 
E (GPa) 

Poisson’s 
ratio v 

Strength 
of 

extension 
(Mpa) 

Tensile 
yield 
stress 
(µε) 

Measured 
value 9.80  0.14 29.3±1.4 2990 

 
Table 1: Measured mechanical parameters of the 

graphite material used in the experiment.
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 

(c) 
(b) 

 
Fig. 2: Measure the contact area by pressure film: (a) the experimental model; (b) the specimens; (c) the 

experiment setup showing 
 

 
 
 
 
 
 
 
 

 (a)                                                                                           (b) 
 

Fig. 3: The pressure film; (a) the scan picture; (b) the width of the contact area 
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(a)                                                                                                (b) 
Fig. 4: Observe the deformation fields on the end of the cylinder: (a) the experiment full view; (b) the speckle 

image from the end of the cylinder 
 

II.C. Observe the evolution of the deformation 
fields on the end of the cylinder 

 
The evolution of the deformation fields on the 

end of the cylinder was measured using DIC, To 
realize DIC, a speckle pattern was painted on the end 
of the structure ahead of time, and an IPX-16M3-L 
CCD camera (with a resolution of 4872× 3248) was 
used to capture the images during loading. The 
specimen was loaded in displacement control mode 
at a speed of 0.2 mm/min by the servo universal 
testing machine. One of the speckle images captured 
by CCD camera is shown in Fig. 4.  The 
displacement and strain fields at the end of the 
structure were calculated from the speckle images 
using Digital Image Correlation. 
 

III. ANALYSIS OF THE YIELDING PROCESS 
OF THE CYLINDER 

 
III.A. Formation and propagation of yielding 

core 
 

As previously mentioned, the graphite cylinder 
will yield from the key point when ε1 exceeds the 
yielding stress with increasing load, many more 
points yield and the yielding core forms as the load 
continues to increase. The tensile yield stress (εb) of 
the graphite is given in Table 1. The evolution of the 
e1 fields at three different load levels is shown in 
Fig.5. It is shown in Fig. 5a that the key point occurs 
at a deep location from the surface. For Fig. 5b, the 
points at which strain exceeds the yielding criterion 
are shown in white, with the yielding core marked by 

a white area. It can be concluded that the yielding 
core grows as the load increases. The yielding core 
forms first within the cylinder, finally reaches the 
surface. 

 
III.B. Correspondence between the yielding core 
evolution and the global behavior of the specimen 
 

Fig.6 shows the experimental relationship 
between the average stress and the equivalent strain. 
The three points (A–C) corresponding to the three 
strain fields shown in Fig.5 are marked on the curve. 
It can be seen from the figure that the relationship 
between the measured σave and b/R is linear in the 
early loading stage, it is shown that the occurrence of 
the yielding core (points A) does not affect the 
linearity of the relationship. Only when the yielding 
core reaches the surface of the structure (point C), 
does the relationship become nonlinear. 

Because the global behavior of the specimen 
before point C is linear and the structure is stable, 
the average stress corresponding to point C might be 
taken as the strength in a special situation. Before 
this situation, the material has already exceeded the 
yield strength, but the yielding part across the key 
point is surrounded by the elastic part, the global 
mechanical behavior of the cylinder keeps linear 
elasticity.   When the yielding core is growing to the 
surface, it breaks the constraint of the elastic area. 
By this time, it could be believed that the graphite 
reach the carrying capacity extremity. 
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Fig. 5: The ε1 fields under the load of (a) 20KN, (b) 34KN, (c) 46KN 

 

 
Fig. 6: The correspondence between the global behavior of the cylinder and its local yielding state. 

 
IV. CONCLUSION 

 
The yielding process of a graphite cylinder 

subjected to line loading was experimentally 
studied. The contact area and strain field of the end 
of the cylinder were measured severally by two 
specially designed experiments. A correspondence 
between the development of the yielding core and 
the loss of linearity of the global behavior was 
established.  

For a graphite cylinder subjected to line loading, 
it was found that yielding begins at a point in the 
cylinder at which the maximum value of the first 
principal strain (ε1) occurs, this key point occurs at 
a deep location from the surface. As the load 
increases, a yielding core forms and grows during 
loading, the relationship between the average stress 
(P/2Lb) and the equivalent strain (b/R) stays linear 
until the yielding core reaches the surface of the 
cylinder. A quite small yielding core in the structure 

does not change the linearity of the global behavior 
of the structure. When the yielding core propagates 
to the surface of the structure, the global behavior 
becomes nonlinear. This experimental result 
established a correspondence between the global 
behavior and the local yielding state of the graphite 
cylinder. This correspondence explains the 
nonlinearity of the global behavior. It is 
understandable that the global behavior of the 
specimen stays linear when the yielding core does 
not reach the surface of the cylinder. The 
correspondence between the global behavior and 
the local yielding state is helpful to evaluate the 
carrying capacity of the graphite cylinder. 
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