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Abstract
Primary aim of this paper is to investigate the mechanical 
behavior of an O-ring seal made of NBR rubber material using 
finite element method. Further aim is to identify the O-ring’s 
critical locations where it can fail under normal operating con-
ditions. For these a large-strain viscoelastic material model 
was set up. The recommended strain range where the material 
model should be sufficient is 0-100 % for normal conditions, but 
when the effect of overload or the temperature is the question, 
the strain range should be 0-150 %. From designer point of 
view, a large-strain viscoelastic material model with a 5 param-
eter Mooney-Rivlin term is appropriate. To make sure the mate-
rial model′s accurate response, uniaxial tension, pure shear and 
equibiaxial measurements are needed, completed with dynamic 
measurements with a DMTA machine. The results show two crit-
ical locations where the failure of the O-ring is expected. One is 
on the edge of the O-ring near the gap, when friction is present, 
the other one is under the edge near the gap.
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1 Introduction
Because of their versatility and simple manufacturability, 

O-rings are the most widely used type of seals in the industry 
recently. They are used in both static and dynamic applications 
and play an important role in the automotive-, shipping-, agri-
cultural machinery-, building machinery-, energy-, and health-
care industry as well as in household appliances. Static seals are 
used between two stationary surfaces. Dynamic seals are installed 
between surfaces, which are either rotating or reciprocating rela-
tive to each other. The failure of these seals can lead to malfunc-
tion of the equipment and cause serious consequences. Fig. 1 (a) 
shows the O-ring before installation. O-rings fit in the groove 
and the housing with overlap, which provides initial preload after 
assembly, Fig. 1 (b). This preload and the operating pressure act 
together creating the sealing effect. The O-ring is pressed to the 
side of the groove and as it deforms, the pressure is transferred to 
the surrounding surfaces Fig. 1 (c).

Fig. 1 Operating principle of O-rings. (a) O-rings before installation, 
(b) Preload after installation, (c) Under operating pressure [1].

During the assembly, the primary load of the O-ring is com-
pression. After assembly as the operating pressure is applied, 
the O-ring deforms into the gap between the shaft and the hous-
ing, experiencing shear load and gets into a complex stress state. 
To characterize the rubber′s response in a complex stress state 
the rubber had to be tested in different ways. For the numer-
ical simulation uniaxial tension, pure shear, and equibiaxial 
tension tests were carried out, followed by the measurement 
of the dynamic properties using Dynamic Mechanical Thermal 
Analysis. The aim of the present study is, to develop FE models 
to evaluate the deformation, strain and stress conditions during 
operation of O-rings.
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2 Short literature review of failure of O-rings
Many researchers have investigated the behavior and failure 

of O-rings. Karaszkiewicz studied and calculated analytically 
the deformed geometry, the arising contact pressure and the 
contact force of O-rings [2]. Zhang and Zhang carried out finite 
element calculations to study the sealing performance of both 
static and dynamic O-rings [3]. One typical failure of O-rings 
is caused by the too rough surfaces of the contacting elements, 
which leads to excessive wear as shown in Fig. 2 (a). Gawliński 
investigated the influence of friction and wear of static and 
dynamic elastomer seals [4]. Overpressure or too large gap 
cause extrusion of the material. Unequivocal sign of this failure 
mode is the sharp edges appearing on the O-ring as shown in 
Fig. 2 (b). Eshel studied the extrusion of O-rings and proposed 
a theoretical model to estimate the failure in this mode [5]. In 
Fig. 2 (c) circumferential cracks can be seen on the O-ring seal 
caused by excessive initial compression.

Fig. 2 Typical failure of O-rings. (a) Excessive wear, (b) Extrusion, 
(c) Excessive initial compression [6].

There are several other factors that can lead to the deteri-
oration of the O-ring [1, 6, 7]. Excessive remaining compres-
sion set, which is probably the most common failure type of 
O-rings, is caused by too high temperatures, low heat resis-
tance of the material, poor compression-set properties of the 
elastomer, swelling of O-ring material, excessive initial com-
pression or operating pressure. Chemical failure caused by 
the incompatibility of the contacting materials which causes 
change of the rubber′s physical properties. Damage during 
installation. Excessive temperature causes cracks in radial 
direction on the O-ring.

3 Material models
For the FE simulations a large-strain viscoelastic material 

model were used. The model is based on the extensions of the 
linear viscoelastic so called generalized Standard-Solid model 
[8]. The extensions required a 5 parameter Mooney-Rivlin 
hyperelastic term [8] for the material model.

3.1 Characterizing the rubber behavior
In order to characterize the rubber material′s stress-strain 

response, tensile tests were carried out in uniaxial tension, 
pure shear and equibiaxial tension mode by a universal tensile 
tester. The tension test was carried out according to ISO 37 
[1, 9]. For the pure shear test a custom made specimen was 
used. The equibiaxial test was carried out by the Institute of 
Polymer Product Engineering at Johannes Kepler University 
in Linz, with a custom made biaxial device [10]. The biaxial 
test was used instead of the uniaxial compression test, because 
the results of the uniaxial compression tests greatly depend 
on the coefficient of friction between the rubber sample and 
the specimen grips [11]. The tensile speed in all three modes 
was 100 mm/s. Fig. 3 shows the dimensions and the shape of 
the specimens used for the tests. Fig. 4 shows the engineering 
stress- engineering strain curves obtained by the tensile tests.

To capture the NBR 70 rubber’s viscoelastic response 
Dynamic Mechanical Thermal Analysis (DMTA) was carried 
out in tension mode on a GABO EPLEXOR 500N DMTA 
machine. During this test a specimen was stretched by a static 
load and then a sinusoidal dynamic load was superimposed 
on it. The static and dynamic load as an excitation is not in 
phase with the reaction force developed in the rubber [12]. 
This phase shift characterizes the viscoelastic response of the 
rubber. During this analysis the machine measures the storage 
modulus (E′), the loss modulus (E″), the complex modulus 
(E*) and the loss factor (tanδ) of the material. The DMTA test 
was carried out from -100 ºC to +80 ºC with 4 ºC tempera-
ture steps. At each temperature the specimen was excited with 

(a) (b) (c)

Fig. 3 Shape and dimensions of the specimens. (a) Uniaxial tension, (b) Pure Shear, (c) Equibiaxial tension.

(b) (c)(a)
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15 different frequencies from 0.2 Hz to 60 Hz. The rectangu-
lar cross section of the specimen was 5.96 mm by 1.79 mm. 
The distance between the specimen grips was 20 mm. Before 
each measurement the test specimen was preloaded with 2 N 
force, and the distance between the tensile specimen grips was 
recorded. These recorded data then served as the basis of the 
applied loads. The static load was 1% the dynamic load was 
0.1% strain of the measured distances between the grips at each 
measurement points. The reason to use preload was to compen-
sate the deformation of the specimen caused by the grips and to 
compensate the material’s thermal expansion, thus to enhance 
the precision of the measurement. At each temperature the soak 
time was 600 s. Fig. 5 shows the E′ storage modulus and tanδ 
loss factor as a results of the measurement.

Fig. 4 Stress-strain curves of NBR 70 rubber material in uniaxial tension, 
pure shear and equibiaxial tension modes.

Fig. 5 Storage modulus (E′) and loss factor (tanδ) of NBR 70 rubber material 
as results of the DMTA measurement.

3.2 Parameter identification
Fig. 6 shows the small-strain viscoelastic generalized Stan-

dard-Solid model, which is the extension of the Standard-Solid 
model used to describe stress-relaxation in weakly crosslinked 
elastomers [13]. It consists of a spring and series of a spring 
and a dashpot element connected in parallel with each other.

Fig. 6 Structure of the small deformation viscoelastic material model

The constitutive model is given by [14]:
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where σ is the Cauchy stress, e is the deviatoric strain, Δ is 
the volumetric strain, t is the past time, I is the identity tensor, 
G(t) and K(t) are the Prony series shear and bulk-relaxation 
moduli. The first part of (1) is the deviatoric part. It gives the 
stress arises from the shape change of the material. The second 
part is the volumetric part that gives the stress arises from vol-
ume change of the material. The rubber material was assumed 
to be incompressible therefore the volumetric response of the 
material was neglected. Because only dynamic frequency data 
is available for the rubber material the Prony series shear relax-
ation modulus can be determined from the following implicit 
equations [15, 16]:
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where G′(ω) is the shear storage modulus, G″(ω) is the shear 
loss modulus, G* is the complex shear relaxation modulus, G0 
is the glassy shear modulus, gi are the relative shear moduli, τi 
are the relaxation times for a given Prony series and N is the 
number of Prony terms. Assuming that the material is incom-
pressible, the results of the DMTA measurement in tensile 
mode were converted into shear moduli:

G E∗ ∗= +( )( )2 1 ν

where G* is the complex shear relaxation modulus, E* is the 
measured complex tensile relaxation modulus and υ is the 
Poisson’s ratio, which was assumed to be 0.5. To create the 
relaxation master curve the measured moduli had to be plotted 
in function of the frequency, and the measured values had to be 

(1)

(2)

(3)

(4)

(5)
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shifted at each temperature according to William-Landel-Ferry 
(WLF) theory. The shift factors can be calculated as:

log a C T T C T TT r r= −( )( ) + −( )( )1 2

where C1 and C2 are the WLF constants, Tref is the reference 
temperature and T is the temperature which results is shifted. 
The reference temperature was set to 20 °C. Fig. 7 shows the 
measured storage modulus in function of the frequency. The 
constructed master curve can be seen in Fig. 8.

Fig. 7 The measured storage modulus in function of the frequency 
at different temperatures.

Fig. 8 The created master curve.

Fig. 9 shows the measured and the calculated shift fac-
tors. The calculated factors show good correlation with the 
measured data. Moderate difference can be seen between the 
two curves below the material’s glass transition temperature. 
Because rubber materials become rigid below the glass transi-
tion temperature (Tg) - their storage modulus can increase up 
to three orders of magnitude - they are not to be operated below 
Tg. In this case Tg≈ -60 °C. Thus the calculated shift functions 
can be accepted. The resulting difference could be reduced by 
using Arrhenius supplement of the WLF theory.

For the parameter fitting the shear moduli were calculated 
using (5) and the parameters were obtained by using the least 
squares method. Fig. 10 shows the shear storage and loss mod-
uli and the loss factor obtained from the DMTA measurement, 

represented with continuous lines, and the calculated mod-
uli and loss factor using (2) and (3) represented with dashed 
lines. All in all, a 55 term generalized Standard-Solid model 
was determined. It can be seen that the model shows a per-
fect match with the measured data in terms of the shear storage 
modulus. The model underestimates the loss modulus at low 
and at very high frequencies. Therefore, the ratio of the loss 
and storage moduli, the loss factor is slightly underestimated at 
low and at high frequencies, but follows the curve of the mea-
sured data properly. The small-strain viscoelastic model was 
then extended with a hyperelastic term. A 5 parameter Mooney-
Rivlin term was used in order to best fit the results of the static 
tests. The resulting large-strain viscoelastic model is the mod-
ification of the model originally proposed by Simo [14, 17].

Fig. 9 Comparison of the measured and calculated shift factors.

Fig. 10 Comparison between the created master curve based on the 
measurement data and the response of the material model.

4 Verification of the material model
To verify the behavior of the material model, FE simulatios 

were performed in uniaxial tension, pure shear and equibiax-
ial tension modes. The modelled specimen’s dimensions are in 
accordance with the ones seen in Fig. 3. For the finite element 
simulation 1/8-th of the test specimens were modeled to reduce 
computational time. The tensile speed in all three cases was 
100 mm/s. In Fig. 11 one can see the modelled specimens.

(6)
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Fig. 12 shows the response of the model compared to the mea-
surements. The material model supplemented with the 5 param-
eter Mooney-Rivlin term was fitted in the region of 0 - 150 % 
strain and gives a good correlation with the measured data. The 
model follows the inflexion of the measured curves though it 
slightly overrates the rubbers response at moderate strains.

Fig. 11 Specimens used to verify the material model. (a) Uniaxial tension; 
(b) Pure shear; (c) Equibiaxial tension.

Fig. 12 Comparison of the rubber’s response with the large-strain viscoelastic 
material model with 5 parameter Mooney-Rivlin term in uniaxial tension, 

pure shear and equibiaxial tension modes.

5 Finite element model of the O-ring developed
For the finite element simulation of the O-ring an axisymmet-

ric model was built. The model consists of three parts namely 
the O-ring, the housing and the shaft, which was modeled as a 
tube shaft. This pipe-like shaft geometry helped to reduce the 
number of elements used in the FE model and hence the simu-
lation time. The nominal dimensions of the parts and their toler-
ances can be seen in Fig. 13 and Fig. 14. First, a FE simulation 
based on the nominal dimensions was carried out. Secondly, the 
tolerances of the dimensions were taken into account, the worst 
and the best case scenarios was modelled from the point of view 
of the arising sealing pressure. Table 1 summarizes the main 
dimensions, the corresponding tolerances and the extreme val-
ues of the FE model. The tolerance of the inside diameter of the 
O-ring (d1) was calculated according to ISO 3601-1 [18]. The 
dimensions marked with blue correspond to the maximal gap 
(minimal sealing pressure) and the ones marked with red to the 
minimal gap (maximal sealing pressure) case.

The O-ring was chosen to have 101.19 mm inside diameter 
and 3.53 mm cross sectional diameter, which is an O-ring with 
commonly used dimensions. The dimensions of the housing 

were chosen so that the static pre-stress of the O-ring is 15 % 
with nominal dimensions. This 15 % is the lower limit of the 
pre-stress recommended by the manufacturers for O-rings 
made of NBR material with 3.53 mm cross sectional diameter 
[1, 7]. Considering the tolerances the minimal pre-stress is 10.2 
% and the maximal is 16.9 %. The resulting gap between the 
housing and the shaft is 0.08 mm with nominal dimensions, 
which is a recommended value for this O-ring type [7]. With 
the tolerances taken into account the gap is 0.1425 mm and 
0.098 mm for the worst and best case scenarios.

Fig. 15 shows the mesh of the FE model, where quadratic 
rectangular and triangular elements were used. The element 
size is 0.05 mm on the O-ring, 0.35 mm on the shaft and 0.5 
mm on the housing with local refinements. On the edges of the 
O-ring 0.005 mm elements were used near the gap, and 0.01 
mm elements on the bottom region so that the fluid pressure can 
penetrate gradually into the O-ring and the contacting elements. 
On the edges of the housing and the shaft contacting the O-ring 
the element size is 0.1 mm. On the fillets of the housing 0.025 
mm elements were used to enhance accuracy. During the sim-
ulations, fixed constraints were applied on the housing and on 
the shaft. Only the O-ring was able to move. The coefficient of 
friction between the O-ring and the contacting parts was set to 
0.2. The contact technology used for the connections between 
the parts was Augmented Lagrange with aggressive, automatic 
normal contact stiffness update. The load of the O-ring was 50 
bars that acted upwards vertically on the O-ring. The simula-
tions were carried out in ANSYS Workbench 16.2 software.

Fig. 13 Dimensions and tolerances of the O-ring.

Fig. 14 Dimensions and tolerances of the housing and the pipe-like shaft.

(a) (b) (c)
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Table 1 Main dimensions and tolerances of the O-ring FE model.

Dim. Name
Nominal 

value [mm]
Minimum 

value [mm]
Maximum 
value [mm]

d1
Inside Ø of the 

O-ring
ø101.19 ± 

0.83
ø100.36 ø102.02

d2
Cross sectional 
Ø of the O-ring

ø3.53 ± 0.1 ø3.43 ø3.63

d5
Outside Ø of the 

shaft
ø101.8 f7 ø101.729 ø101.764

d6
Inside Ø of the 

groove
ø107.8 H9 ø107.8 ø107.887

d10
Outside Ø of the 

housing
ø101.96 H8 ø101.96 ø102.014

Fig. 15 FE mesh of the assembly, enlarged view assuming overlap with 
nominal dimensions.

Fig. 16 shows the time curve of the FE simulation. First, 
the O-ring is installed into its groove. ANSYS automatically 
softens the normal contact stiffness between the O-ring and the 
contacting elements. As a result, the software eliminates the 
overlap and the O-ring deforms into the groove by the time of 
1 s. The operating pressure is gradually applied on the lower 
semicircle of the O-ring by the end of 2 s, then the pressure acts 
for 1.5 hours, hence the end of the simulation is at t=5402 s in 
order to model the time-dependent behavior.

6 Finite element results of the O-ring in operation
6.1 Results for nominal case

The maximal displacement at t=1 s happens to be at the side 
of the O-ring where it touches the shaft and the housing, as 
seen in Fig. 17. This is because of the initial compression of 
the sealing. After applying the operating pressure, the max-
imal displacement occurs at the upper left and right corners 
of the O-ring. This is because the O-ring fills out the groove 
and touches the groove’s upper side and its fillet. The displace-
ment field is more or less symmetric, but the effect of the gap 

between the housing and the shaft distorts the symmetry. After 
1.5 hours the total displacement of the O-ring is significantly 
greater close to the gap than in the upper right corner. The cause 
of this phenomenon is that the rubber material shows viscoelas-
tic behavior and penetrates into the gap under the influence of 
constant pressure. Because of the great displacement and the 
presence of friction, high strain values are expected in this area, 
which can be an indicator where damage of the O-ring may 
occur. High displacement values can also be seen at the side 
of the O-ring where it is connecting to the shaft. This indicates 
that the contact pressure is higher in this region.

Fig. 18 shows the equivalent true strain of the O-ring. It 
can be seen, that the maximal equivalent strain occurs to be on 
the edges of the seal near the gap. This is because the friction 
between the rubber O-ring and the housing or the shaft try to 
prevent the seal to penetrate into the gap. Because of the fric-
tion and the constant applied pressure, the material elongates 
along the contacting edges and high strain and stress occur. The 
maximum values is 0.488 mm/mm. The extension of the high 
strain area is local and caused by the friction acting between the 
O-ring and the housing or the shaft, and the gap between the 
housing and the shaft.

Fig. 19 shows the maximum principal true strain of the 
O-ring. One can also see similar behavior compared to the 
equivalent true strain results. In fact, for maximal principal true 
strain, shear intensity, octahedral shear strain, and strain energy 
density the results showed similar distribution. The above men-
tioned factors differed only in values from each other. Thus, 
only the maximal principal true strain distribution is shown. 
Fig. 20 shows the detailed view of the O-ring in the vicinity of 
the gap for the results presented above. The effect of friction 
can clearly be seen in Fig. 20 (b) and (c).

Fig. 21 shows the contact pressure distribution at t=1, t=2 
and t=5402 s. Fig. 21 (a) illustrates, that because of the initial 
compression the O-ring functions as a seal before the operating 
pressure is applied. In Fig. 21 (b) one can see that the operat-
ing pressure is superimposed on the initial pressure, because 
the pressure propagates the material without weakening as 
it is nearly incompressible, although as the material shows 

Fig. 16 Time curve of the installation and the pressure build-up procedure
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viscoelastic behavior and relaxes the maximal contact pressure 
will be slightly less than the sum of the two pressures. Between 
t=2 s and t=5402 s as the material relaxes, the maximum values 
of the contact pressure are decreasing (Fig. 21 (c)). The overall 
contact area increases as the O-ring deforms. The maximum 
value of the contact pressure is at the side of the O-ring where 
it touches the shaft. Table 2 summarizes the results.

Table 2 Comparison of maximal values of the different parameters for the 
Mooney-Rivlin large strain viscoelastic models at t=5402 s.

Parameters
Mooney-Rivlin large-strain 

viscoelastic model

Total deformation [mm] 0.44

Equivalent True Strain [mm/mm] 0.49

Maximum Principal True Strain [mm/mm] 0.42

Maximal Sealing Pressure [MPa] 6.54

6.2 Influence of the tolerances
The influence of the tolerances was also investigated for only 

the material model with the 5 parameter Mooney-Rivlin term. The 
resulting gap between the shaft and the housing is 0.1425 mm for 
the maximal and 0.098 mm for the minimal gap case instead of 
the 0.08 mm, which occurs with nominal dimensions. This means 
that because of the material’s viscoelastic behavior and the larger 
gap, the O-ring is expected to penetrate more into the gap thus 
higher strain levels are expected near the gap on the edge of the 
O-ring. For maximal gap case, the maximal equivalent true strain 
occurred to be higher as expected, namely 0.532 mm/mm. For 
minimal gap case, the maximal equivalent strain value is 0.514 
mm/mm compared to the value of 0.488 mm/mm for nominal 
case. The maximal contact pressure values increased around 2% 
for minimal gap case and decreased approximately 5% for max-
imal gap case. In Table 3, one can see the maximal values of the 
different parameters for nominal, minimal and maximal gap case.

Fig. 17 Total Displacement of the O-ring with 5 par. Mooney-Rivlin large-strain viscoelastic model. (a) t=1 s; (b) t=2 s; (c) t=5402 s.

Fig. 18 Equivalent True Strain of the O-ring with 5 parameter Mooney-Rivlin large-strain viscoelastic material model. (a) t=1 s; (b) t=2 s; (c) t=5402 s.

Fig. 19 Maximum Principal True Strain of the O-ring with 5 par. Mooney-Rivlin large-strain viscoelastic model. (a) t=1 s; (b) t=2 s; (c) t=5402 s.

(b) (c)(a)

(b)

(c)(a)

(b) (c)(a)

(a) (b) (c)
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6.3 Considering frictionless case 
There are many situations where the friction between the 

O-rings and the contacting elements varies between 0 and its’ 
maximum. These situations develop because of good lubrica-
tion, dynamic applications and vibrations from the surround-
ing machine elements. To determine the effect of friction the 
FE model with nominal dimensions and with the 5 parameter 
Mooney-Rivlin large-strain viscoelastic material model was 
investigated at 50 bars. To represent the frictionless case the 
applied coefficient of friction was µ=0.001. The reason for this 
was to enhance convergence during the FE simulation.

Compared to the model with µ=0.2 the lack of friction lets 
the O-ring penetrate more into the gap. Examining the strains 
on the other hand show that the O-Ring does not experiences 
high strain values on its’ circumference, the maximum values 
there, are a lot lower than the case with friction (Table 3). The 
area with the highest strain values is near the gap but not on the 
edge but under the edge of the O-ring. In Fig. 22 one can see 
that maximum value of equivalent true strain is 0.46 mm/mm 
instead of 0.488 mm/mm when friction is acting.

Table 3 Comparison of maximal values of the different parameters for the 
different gap sizes for frictional case.

Parameters Nominal gap Minimal gap Maximal gap

Total deformation [mm] 0.44 0.71 0.73

Equivalent True Strain 
[mm/mm]

0.488 0.51 0.53

Maximum Principal 
True Strain [mm/mm]

0.42 0.44 0.47

Maximal Sealing 
Pressure [MPa]

6.54 6.69 6.2

Fig. 22 Equivalent True Strain of the O-ring with 5 parameter Mooney-Rivlin 
large-strain viscoelastic model for frictionless case (def. scale is 1:1).

Fig. 20 Detailed view of the O-ring near the gap. (a) Total Displacement; (b) Equivalent True Strain; (c) Maximal Principal True Strain (def. scale is 1:1).

Fig. 21 Sealing pressure distribution of the O-ring with 5 parameter Mooney-Rivlin large-strain viscoelastic material model. a) At t=1 s; (b) At t=2 s; (c) At t=5402 s.

(b) (c)(a)

(b) (c)(a)
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This shows the importance of lubrication during operation. 
Fig. 23 presents the influence of the gap for frictionless case. 
It is seen, that for maximal gap size the maximum value of 
the equivalent true strain increased about 4 % compared to the 
nominal case. The sealing pressure increased 3-5% compared 
to frictional case. Table 4 summarizes the occurring strain val-
ues in the different zones of the O-ring according to Fig. 23. 

Table 4 Comparison of the maximal values of the different strains for 
frictional and frictionless case of the O-ring, at t=5402 s.

Parameters
With friction Frictionless case

A B C A B C

ε1

[mm/mm]
0.42 0.378 0.332 0.239 0.17 0.399

ε2

[mm/mm]
-0.422 -0.374 -0.329 -0.235 -0.167 -0.396

γ1,2

[mm/mm]
0.3 0.337 -0.657 -0.31 0 -0.795

εeqv

[mm/mm]
0.488 0.433 0.381 0.275 0.195 0.459

Table 5 Comparison of maximal values of the different parameters for the 
different gap sizes for frictionless case.

Parameters Nominal gap Minimal gap Maximal gap

Total deformation [mm] 0.49 0.71 0.77

Equivalent True Strain 
[mm/mm]

0.46 0.47 0.48

Maximum Principal 
True Strain [mm/mm]

0.4 0.4 0.42

Maximal Sealing 
Pressure [MPa]

6.75 6.87 6.5

7 Conclusion
1	 We can conclude, that from a designer point of view a 

large-strain viscoelastic material model with a 5 parameter 
Mooney-Rivlin term is appropriate for FE simulation of 
O-rings, which accurately gives back the response of 
the material in different modes. It is suggested to use 
uniaxial tension, pure shear and equibiaxial tension test 
data, completed with dynamic measurement data carried 

out by a DMTA machine, to obtain the properties of the 
material model, which accurately gives back the rubber’s 
response. To further refine the material model additional 
static tests could be performed at different tensile speeds 
to make sure the material model’s precise time-dependent 
behavior. The suggested strain range where the material 
model should be sufficient is 0 - 150 % to be able to 
analyze the effect of overload and temperature.

2	 The maximum value of the equivalent true strain for the 
maximal gap case with the Mooney-Rivlin large-strain 
viscoelastic material model, was 0.53 mm/mm with fric-
tion. This means that for normal operating conditions the 
strain range where the material model should be suffi-
ciently accurate in the 0 - 100 % range. When friction 
cannot develop because of various reasons, the maximal 
value is 0,48 mm/mm. The opposite is the case when the 
effect of temperature is in the focus of the investigation. 
At higher temperatures rubbers behave softer, the strain 
values can be much higher, therefore the strain range of 
0-150 % would be necessary for higher operating pres-
sures or to simulate the effect of high temperatures.

3	 Analyzing the results showed that the accuracy of the FE 
calculation is sensitive to the response of the material 
models. This means that following the industrial practice, 
using only uniaxial tension test data for FE simulations, 
is not sufficient, regardless of the utilized hyperelastic 
term, especially when time-dependent reaction of the 
seal is in question.

4	 The results show that the highest displacement values of 
the O-ring occur near the gap (Fig. 20 (a)). The reason 
of this behavior is the fact that the seal penetrates into 
the gap and fills it out. This is a place where high stress 
and strain values were found hence failure of the O-ring 
could be initiated from here (Fig. 18 (c)). Another area 
of high strains was found on the edges of the O-ring near 
the gap (Fig. 20 (b)). These high strains caused by the 
friction between the O-ring and the contacting elements. 
Friction tries to prevent the O-ring to penetrate into the 
gap and stretches the material. This means that friction 
pays an important role in the arising strains and stresses. 
The failure of the rubber is expected near the gap on the 

Fig. 23 Equivalent True Strain of the O-ring with 5 parameter Mooney-Rivlin large-strain viscoelastic model for frictionless case (def. scale is 1:1). 
(a) Nominal gap case. (b) Minimal gap case. (c) Maximal gap case.

(b) (c)(a)
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edge of the O-ring, or if the friction is not significant, 
close to the gap, in the material. Summarizing the results 
it is clear that the cause of dynamic failure of O-rings is 
the presence of the gap between the shaft and the housing 
because it alters the strain distribution of the rubber. The 
influencing factors are the tolerances of the dimensions 
of shaft and the housing that are related to the gap size, 
the surface roughness of the housing and the shaft, the 
lubrication of the O-ring as they effect the friction con-
ditions, the operating pressure, the temperature and the 
material of the O-ring.

5	 Normally O-rings experience volumetric compression load 
as they are forced in the groove, where they are pushed to 
the side when pressure is applied. Because there is no room 
to deform the primary load is volumetric compression. On 
the other hand near the gap the rubber experiences high 
strains and shear stresses as it penetrates into the gap.

6	 Considering the frictionless case, the O-ring can deeper 
penetrate into the gap and the strain is much lower in 
Zone A and B due to the missing local frictional force.
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