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Abstract 
 

Internal stresses occurring in a stepped rounded D-ring compressed to 20% squeeze and pressurized with internal pressures of 0, 0.98, 

1.96, 2.94, 3.92 and 4.9 MPa are analyzed using a photoelastic experimental hybrid method. At a pressure of 0 MPa and 20% squeeze, 

the photoelastic isochromatic fringes of the stepped rounded D-ring were almost symmetrical. As the internal pressure increased, the 

isochromatics shifted and curved towards the extrusion gap. By supplying a radius of 0.33 mm at the corners of the stepped D-ring, the 

high stresses at the sharp corners were reduced by up to 25%. These results further indicate that extrusion of the stepped rounded D-ring 

occurred at an internal pressure of 4.9 MPa which was about 25% higher than the pressure at which the extrusion of the stepped un-

rounded D-ring occurred.   
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1. Introduction 

Seals are critical components in mechanical systems and are 

used to prevent lubricants from leaking into sealed compart-

ments [1, 2]. O-ring seals are widely used. However, the cross 

sectional area of an O-ring becomes less than optimal for seal-

ing applications because a significant portion of the seal is 

often sheared during installation [3]. Moreover, the circular 

cross section of the O-ring makes it susceptible to spiral fail-

ure, and this can strongly affect its performance, especially in 

dynamic applications [4]. In recent years, encouraging pro-

gress has been made in developing seals with different cross 

sectional configurations designed to improve their sealing 

ability.  

The D-ring has been suggested as an alternative to the 

common O-ring. The flat base of the D-ring has been reported 

to contribute significantly to its stability in addition to reduc-

ing chances of spiral failure or twisting as is commonly cited 

[5].  

In many applications, high stresses develop in seals [6]. 

Therefore, it is important that a detailed analysis of the stress-

es in seals be conducted in order to minimize leakages and 

enhance the performance of the mechanical systems that use 

the seals. There are currently three methods for determining 

the stresses arising from contact problems. : theoretical (or 

analytical), computational, and experimental. 

Among the experimental stress analysis methods, photoe-

lasticity has received considerable attention as a tool for inves-

tigating assembly stresses such as those in O-rings and other 

sealing elements because of the advantages it offers compared 

to other methods. Several investigators have used photoelas-

ticity to study the stresses arising from seals. Strozzi [7] ana-

lyzed the static stresses of an unpressurized, rounded, rectan-

gular elastomeric seal using photoelasticity and showed re-

markable agreement between experimental and theoretical 

values. Medri and Strozzi [8] performed photoelatic studies 

using polyurethane models and noted good agreement be-

tween the experimental and the numerical isochromatic fringe 

patterns. Bignardi el al. [9] conducted photoelastic measure-

ments using both isoclinic and isochromatic data to describe 

the stress fields and contact pressures of a lip seal.  

In this study, we perform a detailed analysis of the stresses 

in a stepped and rounded D-ring under uniform squeeze and 

internal pressure. An understanding of the stresses occurring 

in a D-ring under the described loading conditions will be 

useful in the design of D-rings and in enhancing their use in 

applications without twisting. The goals of this study are as 

follows; (i) determination of the optimal fillet radius of a 

stepped D-ring with H1/H2 = 1 using the finite element 

method(FEM), (ii) experimental analysis of the internal stress 

components, principal stresses and von Mises stresses of a 
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stepped rounded D-ring with an optimal fillet radius under a 

uniform squeeze rate and internal pressure, (iii) determination 

of the relationship between the internal stress components, 

principal stresses, von Mises stresses, and internal pressures of 

a stepped rounded D-ring under a uniform squeeze rate and 

internal pressure, (iv) determination of the extrusion pressure 

of a stepped rounded D-ring under uniform squeeze rate and 

internal pressure, and (v) comparison between the internal 

stress components of a stepped un-rounded and stepped 

rounded D-ring under a uniform squeeze rate and internal 

pressure.  

 

2. Basic theory  

2.1 Hertz contact theory  

Eq. (1) shows the stress components of a plane problem us-

ing Muskhelishvilli’s potential functions Φ and ψ [10]. As 

shown in Eq. (1), the stress components are composed of two 

complex functions, Φ(z) and ψ(z). If the two complex func-

tions are known, the stress components can be determined. 

 

( ) ( ) ( )Re 2 'X z z z zσ  = Φ − Φ −Ψ   

( ) ( ) ( )Re 2 'Y z z z zσ  = Φ + Φ + Ψ   (1) 

( ) ( )Im ' .XY z z zτ  = Φ + Ψ   

 

Contact problems are generally half-plane problems. If the 

upper portion of a body (z > 0) is a half-plane, the complex 

functions Φ and ψ are involved in the region. Therefore, in the 

half-plane of the lower portion of the body (z < 0), an analytic 

complex function is defined by Eq. (2a) [11]. The relative 

equation, Eq. (2b) between Φ(z) and ψ(z) is obtained from Eq. 

(2a). Thus, 

 

( ) ( ) ( ) ( )'z z z z zφ = −Φ − Φ −Ψ                     (2a) 

( ) ( ) ( ) ( )' .z z z z zΨ = −Φ −Φ − Φ                  (2b) 

 

Since stress functions Φ(z) and ψ(z) are analytic functions, 

they can be represented in a power series form, as shown in 

Eq. (3). 

 

( ) 2

0

nN

n

n

z C z
=
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0
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z D z
=
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Substituting Eq. (3) into Eq. (2b), the relative equation be-

tween the complex coefficients of the complex function is 

determined, as shown in Eq. (4): 

 

.
2

n n n

n
D C C

−

= − −  (4) 

Eq. (5) is determined by substituting the relative equation 

between the complex coefficients of the complex function into 

the stress functions and substituting the resulting stress func-

tions into Eq. (1),:  
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2.2 Photoelastic experimental hybrid method  

Eq. (6a) describes the stress optic law for an isotropic mate-

rial [12]: 

 
2
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                 (6a) 
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t
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           (6b) 

 

where fσ is the stress fringe value, Nf is the fringe order, and t 

is the thickness of the specimen. After substituting the precise 

experimental data into Eq. (6a), errors are produced as shown 

in Eq. (6b). Therefore, D(ε) cannot be zero. In order to mini-

mize the errors, the Hook-Jeeves numerical method [13] was 

used with the limiting condition of D(ε) ≤ 10
-5
. By substituting 

Eq. (5) in Eq. (6b), Eq. (7) is obtained as follows: 
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            (7) 

 

When the measured fringe orders (Nf), the position coordi-

nates of the measured fringe orders (z = x + iy), the thickness 

of the specimen (t), and the stress fringe value (fσ) are substi-

tuted into Eq. (7), the equation becomes a function of an and bn 
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only. Applying the Hook-Jeeves numerical method to Eq. (7) 

with the experimental data, an and bn are determined when the 

limit of errors is satisfied. Putting the values of an and bn into 

the corresponding equation, the stress functions Φ(z) and ψ(z) 

are obtained. Substituting the determined Φ(z) and ψ(z) into 

Eq. (1), the stress components σX, σY , and τXY produced in a 

structure under an arbitrary load can be determined. The prin-

cipal stresses, σ1, σ2, and τ12 were obtained using the deter-

mined stress components σX, σY, and τXY and the von Mises 

stresses σVM were obtained from the principal stresses [14]. 

These procedures comprise the proposed photoelastic experi-

mental hybrid method [15]. 

 

3. Experimental method  

First, a finite element analysis was carried out on a stepped 

D-ring model with a ratio of H1/H2 = 1 under a uniform 

squeeze of 20% to determine the optimal fillet radius. With an 

optimal fillet radius of 0.33 mm, a stepped D-ring hereafter 

referred to as the stepped rounded D-ring and the first of its 

kind was fabricated from aluminum metal having a plan di-

ameter of 121.5±0.94 mm and a cross sectional height H of 

6.98±0.15 mm as shown in Fig. 1.  

A D-ring with a ratio of H1/H2 = 1 has been widely used in 

industrial fields. 

The metallic D-ring model was placed in a molding box 

made from glass plates. Wet pink silicone prepared from a 

mixture of KE-1402 and CAT-1402 at a ratio of 10:1 by 

weight was poured into the molding box and allowed to hard-

en for 12 hours. The metallic D-ring was removed from the 

mold to form a mold cavity whose shape is identical to the 

actual D-ring. 

Photoelastic models of the stepped rounded D-ring were 

cast using Araldite B41 and hardener HT 903 (Ciba-Geigy 

Company, Japan) at a weight ratio (Araldite-to-hardener) of 

10:3 according to the procedure described by Hawong, Han 

and Nam [15]. 

Stress freezing of the stepped rounded D-rings loaded at 

various internal pressures and compressed to a 20% squeeze 

rate (Fig. 2(a)) was carried out using the method described in 

Ref. [15]. 

Two-millimeter slices were cut from the stress frozen 

stepped rounded D-rings at intervals of 90˚ and polished using 

silicon carbide paper until their thickness was about 1 mm. 

The finished slices were put in a glass box containing a solu-

tion of α-bromonaphthalene and paraffin at a volume ratio of 

1:0.585. A solution of α-bromonaphthalene and paraffin has 

almost the same refractive index as epoxy resin making it 

possible to obtain images of high clarity with reduced the scat-

tering of light at the surfaces. The glass box with the finished 

slices was placed on the loading position of the transparent 

photoelastic experimental device and isochromatic fringe pat-

terns were recorded using a digital camera.  

The isochromatic fringe patterns obtained from the experi-

ment were used to regenerate graphic isochromatics using a 

computer-based program. The regenerated fringes were com-

pared with the actual photoelastic fringes. If the regenerated 

fringes were not similar to the actual ones, corrective steps 

were taken and the analysis was repeated until the two fringe 

patterns showed a good fit. Since it was not possible to apply 

the hybrid method to the whole area of the D-ring, the analysis 

was carried out independently for the upper and front sides of 

the D-ring using the coordinate system described in Fig. 2(b). 

 

4. Results and discussion  

In Fig. 3, results from a finite element analysis of a stepped 

rounded D-ring with a ratio of H1/H2 = 1 modeled under a 

uniform squeeze of 20% are shown indicating the maximum 

stresses due to fillet radii of 0.1, 0.2, 0.3, 0.33, 0.35, and 0.4 

       

        (a) Metallic D-ring       (b) Cross section of D-ring 
 

Fig. 1. D-ring. 

 

    (a) D-ring loading condition         (b) Co-ordinate system 
 

Fig. 2. Loading condition and co-ordinate system of D-ring. (Horizon-

tal arrow is the direction of application of internal pressure. Vertical 

arrow is the direction of compression. (X,Y) is the global co-ordinate 

system. (xi,yi) is the local co-ordinate system.) 

 

 

      (a) 0.1 mm          (b) 0.2 mm          (c) 0.3 mm 
 

 

      (d) 0.33 mm         (e) 0.35 mm          (f) 0.4 mm 
 

Fig. 3. Variation of stress field as the fillet radius increased from 0.1 to 

0.4 mm. 
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mm.  

The maximum stresses (fillet radii) were 0.446 MPa (0.1 

mm), 0.386 MPa (0.2 mm), 0.323 MPa (0.3 mm), 0.269 MPa 

(0.33 mm), 0.269 MPa (0.35 mm) and 0.269 MPa (0.4 mm), 

which shows that the maximum stresses at point 1r described 

in Fig. 2(a) decreased as the fillet radius increased. Increasing 

the fillet radius beyond 0.33 mm did not cause a further de-

crease in stress intensity as shown in Table 1. As a result, a D-

ring having a fillet radius of 0.33 mm was fabricated and used 

in this study. 

Fig. 4 shows the isochromatic fringe patterns obtained from 

stress frozen D-rings with rounded corners compressed to a 

20% squeeze as the internal pressure was varied from 0 to 4.9 

MPa. As the internal pressure applied to the D-ring increased, 

the semi-circular portion moved over the step on the right side 

towards the restraining surface of the front side of the groove 

(see Fig. 2(b)). During the motion of the semi-circular portion, 

the space ahead of the step on the front side slowly filled up, 

and at a pressure of 2.94 MPa, the space was wholly filled. 

However, the semi-circular portion did not join with the 

rectangular part when the space ahead of the step on the front 

side became filled.  

At a pressure of 0 MPa, the isochromatic fringe patterns of 

the stepped rounded D-ring are seen to be almost symmetrical. 

Although the fringe order did not change significantly as the 

applied internal pressure increased from 0 to 4.9 MPa, the 

vertical isochromatic fringe lines curved and shifted toward 

the front side. This made the upper and front sides of the D-

ring the relatively stressed regions. As a result, the stresses on 

the upper and front sides of the D-ring were analyzed carefully. 

Moreover, significant attention was given to stresses 

developing in rounded corners in order to compare the results 

with those from the stepped D-ring with unrounded corners. 

Extrusion of the stepped rounded D-ring occurred at an 

applied pressure of 4.9 MPa as shown in Fig. 4(f).  

Although experiments involving six internal pressure cases 

of 0, 0.98, 1.96, 2.94, 3.92, and 4.9 MPa were carried out, 

only the results of internal stresses for three cases are reported 

in this paper. These are 0.98, 2.94, and 4.9 MPa. 

In Fig. 5, the actual and graphic isochromatics of the upper 

region of the stepped rounded D-ring under a 20% squeeze 

rate and 0.98 MPa internal pressure are presented. The graphic 

isochromatics of the upper region of the stepped rounded D-

ring under 20% squeeze rate and 0.98 MPa internal pressure 

and other regions hereafter, were obtained using stress 

components obtained from the photoelastic experimental 

hybrid method. The region highlighted by the rectangular box 

in the actual isochromatics represents the region with black 

and white bands from which experimental data were measured 

along the center lines. The cross marks “+” on the graphic 

isochromatics indicate the positions from which experimental 

data were measured. The similarity between the actual and 

graphic isochromatics shown in Fig. 5 is interesting. The cross 

marks “+” on the graphic isochromatics are located almost 

along the center lines of the isochromatic bands. This means 

that the photoelastic experimental hybrid method is valid for 

the stress analysis of a D-ring under a uniform squeeze rate 

and internal pressure. The x/a and y/a used in Fig. 5(b) and in 

the other figures hereafter denote the x and y distances, 

respectively normalized by one-half of the contact length, a, of 

the region selected for analysis.  

Fig. 6 shows the contour lines depicting the internal stress 

components σX, σY, and τXY normalized by internal pressure pi 

for the upper side of the stepped rounded D-ring with a ratio 

of H1/H2 = 1 under 20% squeeze and 0.98 MPa internal 

pressure. The highest magnitudes of σX/pi (σX) and σY/pi (σY) 

were 3.6 (3.53 MPa) and 3.8 (3.72 MPa) respectively and 

those of τXY/pi (τXY) were 0.12 (0.12 MPa). The magnitudes of 

shear stresses τXY/pi were very low compared to σX/pi and 

σY/pi. 

Fig. 7 shows the contour lines showing the internal 

principal stresses σ1, σ2, τ12, and Von Mises stresses σVM, 

 

        (a) Actual isochromatics      (b) Graphic isochromatics 
 

Fig. 5. Actual and graphic isochromatics of the upper side of a stepped 

rounded D-ring (squeeze rate = 20%, internal pressure = 0.98 MPa, 

a=1.72 mm, x = xu = -X, y = yu = -Y) from the photoelastic experi-

mental hybrid method (the arrow indicates the direction of applied 

internal pressure). 

 

Table 1. Variation of maximum stress with fillet radius. 
 

Fillet radius 

(mm) 
0.1 0.2 0.3 0.33 0.35 0.4 

Maximum 

stress (MPa) 
0.446 0.386 0.323 0.269 0.269 0.269 

Note: On the boundary, σVM=σmax, σVM = Von Mises equivalent stress 

 

 

       (a) 0 MPa         (b) 0.98 MPa       (c) 1.96 MPa 
 

 

      (d) 2.94 MPa       (e) 3.92 MPa        (f) 4.9 MPa 
 

Fig. 4. Variation of isochromatic fringe patterns of a stress-frozen D-

ring made from high temperature epoxy with internal pressure (H1/H2 

= 1, r = 0.33 mm).  
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normalized by internal pressure pi for the upper side of the 

stepped rounded D-ring with a ratio of H1/H2 = 1 under 20% 

squeeze and 0.98 MPa internal pressure. The results indicate 

that the portion of the upper part closer to the extrusion gap 

was highly stressed. The highest magnitudes of σ1/pi (σ1) and 

σ2/pi (σ2) are 3.8 (3.72 MPa) and 3.6 (3.53 MPa), respectively, 

and those of τ12/pi (τ12) and σVM/pi (σVM) are 0.18 (0.18 MPa) 

and 3.6 (3.53 MPa), respectively. The contour lines of τ12/pi 

are similar to the actual isochromatics of the region 

highlighted by the rectangle. These results show that the 

photoelastic experimental hybrid method used in this research 

is valid for the stress analysis of structures. The magnitude of 

the principal shear stresses τ12/pi was significantly lower than 

those of σ1/pi, σ2/pi, and σVM/pi. 

The actual and graphic isochromatics of the front side of the 

D-ring under 20% squeeze and 0.98 MPa internal pressure are 

shown in Fig. 8. At a pressure of 0.98 MPa, only the 

rectangular portion of the stepped rounded D-ring was in 

contact with the restraining wall of the front side of the groove. 

Relatively high stresses were observed at point 1r. The high 

stresses at point 1r were due to the deformations resulting from 

the motion of the semi-circular portion over the step to fill the 

space ahead of it as internal pressure was increased. The 

groove profile at the corner between the lower and front walls 

seemingly had a considerable effect on the stresses at point 3r 

because of the presence of high-order fringes at the point. A 

notable similarity between the actual and graphic 

isochromatics is seen in Fig. 8, and the cross marks “+” on the 

graphic isochromatics are located almost along the center lines 

of the isochromatic bands. This means that the photoelastic 

experimental hybrid method is valid for the stress analysis of 

the D-ring under a uniform squeeze rate and internal pressure. 

Fig. 9 shows the stress contour lines depicting the internal 

principal stresses σ1, σ2, τ12, and Von Mises stresses, σVM , 

normalized by internal pressure pi, for the front side of the 

stepped rounded D-ring with a ratio of H1/H2 = 1 loaded at a 

20% squeeze rate and 0.98 MPa internal pressure. The highest 

values of σ1/pi (σ1) and σ2/pi (σ2) are 2.4 (2.35 MPa) and 2.2 

(2.16 MPa), respectively. The highest values of τ12/pi (τ12), and 

σVM/pi (σVM) are 0.12 (0.12 MPa) and 2.2 (2.16 MPa), 

respectively. The contour lines of τ12/pi are similar to the 

actual isochromatics of the region highlighted by the rectangle. 

It is therefore known through these results show that the 

photoelastic experimental hybrid method used in this research 

is valid in the stress analysis of structures.  

Fig. 10 shows the actual and graphic isochromatics of the 

upper side of the stepped rounded D-ring with a ratio of H1/H2 

= 1 for an applied internal pressure of 2.94 MPa and a squeeze 

rate of 20%. One-half of the contact length increased from 

1.72 to 1.98 mm when the internal pressure was 0.98 MPa. 

Moreover, the fringes curved more toward the front side as the 

 

              (a) σX/pi                 (b) σY/pi 

 

 

(c) τXY/pi  
 

Fig. 6. Normalized stress contours of the upper side of the stepped 

rounded D-ring with a ratio of H1/H2 = 1 (squeeze rate = 20%, internal 

pressure = 0.98 MPa, a = 1.72 mm, x = xu = -X, and y = yu = -Y). 

 

  

             (a) σ1/pi                   (b) σ2/pi 

 

 

              (c) τ12/pi                           (d) σVM/pi 

 

Fig. 7. Normalized principal stress contours and von Mises stress con-

tours of the upper side of the stepped rounded D-ring with a ratio of 

H1/H2=1 (squeeze rate = 20%, internal pressure = 0.98 MPa, a = 1.72 

mm, x = xu = -X, y = yu = -Y). 

 

 

 

       (a) Actual isochromatics       (b) Graphic isochromatics 
 

Fig. 8. Actual and graphic isochromatics of the front side of the 

stepped rounded D-ring (squeeze rate = 20%, internal pressure = 0.98

MPa, a=1.24 mm, x = xf = Y, and y = yf = -X) from photoelastic ex-

perimental hybrid method (arrow indicates direction of applied internal 

pressure). 
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pressure increased to 2.94 MPa. The actual isochromatics in 

the region highlighted by the rectangle are almost similar to 

the graphic isochromatics with the cross marks “+” on the 

graphic isochromatics located almost along the center lines of 

the isochromatic bands. Thus, the photoelastic experimental 

hybrid method is valid for the stress analysis of a D-ring under 

a uniform squeeze rate and internal pressure. 

Fig. 11 shows the principal stress contour lines indicating 

the internal principal stresses σ1, σ2, τ12, and Von Mises 

stresses σVM, normalized by internal pressure pi, for the upper 

side of the stepped rounded D-ring with a ratio of H1/H2 = 1 

loaded to 20% squeeze and 2.94 MPa internal pressure are 

shown in Fig. 11. The largest magnitudes of σ1/pi (σ1) and 

σ2/pi (σ2) are 5.2 (15.29 MPa) and 4.7 (13.82 MPa), 

respectively. The largest magnitudes of τ12/pi (τ12) and σVM/pi 

(σVM) are 0.28 (0.82 MPa) and 5.0 (14.7 MPa), respectively. 

The contour lines of τ12/pi are similar with the actual 

isochromatics of the region highlighted by a rectangle. Thus, 

these results show that the photoelastic experimental hybrid 

method used in this research is valid in the stress analysis of 

structures. 

Fig. 12 shows the actual and graphic isochromatics of the 

front side of the stepped rounded D-ring with a ratio of H1/H2 

= 1 loaded to a 20% squeeze and 2.94 MPa internal pressure. 

Application of an internal pressure of up to 2.94 MPa caused 

 

              (a) σ1/pi                   (b) σ2/pi 

 

 

              (c) τ12/pi                            (d) σVM/pi 
 

Fig. 11. Normalized principal stress contours and von Mises stress 

contours of the upper side of the stepped rounded D-ring with a ratio of 

H1/H2=1 (squeeze rate = 20%, internal pressure = 2.94 MPa, a = 1.98

mm, x = xu = -X, and y = yu = -Y). 

 

 

     (a) Actual isochromatics    (b) Region 2 graphic isochromatics 
 

   

    (c) Region 3 isochromatics    (d) Video microscope image of (a) 
 

Fig. 12. Actual (a); graphic (b~c) isochromatics and video microscope 

image (d) of the front side of D-ring (squeeze rate = 20%, internal 

pressure = 2.94 MPa, a = 1.52 mm (at region 2), a = 1.26 mm (at re-

gion 3), x = xf = Y, and y = yf = -X) from the photoelastic experimen-

tal hybrid method (arrow indicates direction of applied internal pres-

sure). 

  

 

 

              (a) σ1/pi                   (b) σ2/pi 

 

 

              (c) τ12/pi                            (d) σVM/pi 
 

Fig. 9. Normalized principal stress contours and von Mises stress con-

tours of the front side of the stepped rounded D-ring with a ratio of 

H1/H2=1 (squeeze rate = 20%, internal pressure = 0.98 MPa, a = 1.24 

mm, x = xf = Y, y = yf = -X). 

 

 

 

       (a) Actual isochromatics        (b) Graphic isochromatics 
 

Fig. 10. Actual and graphic isochromatics of the upper side of a 

stepped rounded D-ring with a ratio of H1/H2=1 (squeeze rate = 20%, 

internal pressure = 2.94 MPa, a = 1.98 mm, x = xu = -X, and y = yu = -

Y) from a photoelastic experimental hybrid method (the arrow indi-

cates the direction of applied internal pressure). 
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the semi-circular portion of the stepped rounded D-ring with a 

ratio of H1/H2 = 1 to move over the step, fill the space ahead 

of it, and make contact with the restraining front wall of the 

groove. Due to the separation between the rectangular and 

semi-circular portions of the D-ring along 1r-2r (highlighted in 

Fig. 12(d)), the stresses over the entire front side could not be 

analyzed. Therefore, shown in Fig. 12, two regions (region 2 

with position 3 and 4 as well as region 3 with position 5 and 6) 

of the front side were selected for analysis. A comparison 

between the actual isochromatics in the regions highlighted by 

the rectangle and the graphic isochromatics shows remarkable 

similarity. The cross marks “+” on the graphic isochromatics 

are located almost along the center lines of the isochromatic 

bands. This means that the photoelastic experimental hybrid 

method is valid for the stress analysis of a D-ring under 

uniform squeeze rate and internal pressure. 

The stress contour lines depicting the internal stress 

components σX, σY, and τXY, normalized by the internal 

pressure pi, for the regions labeled 2 and 3 of the front side of 

the stepped rounded D-ring with a ratio of H1/H2 = 1 loaded to 

20% squeeze and 2.94 MPa internal pressure are shown in 

Figs. 13 and 14, respectively. The highest magnitudes of σX/pi 

(σX) and σY/pi (σY) are 2.3 (6.76 MPa) and 2.45 (7.2 MPa), 

respectively, while those of τXY/pi (τXY) are 0.05 (0.15 MPa) 

for region 2. The highest magnitudes of σX/pi (σX) and σY/pi 

(σY) are 2.5 (7.35 MPa) and 2.7 (7.94 MPa), respectively, and 

those of τXY/pi (τXY) are 0.09 (0.26 MPa) for region 3. Since 

the values of stresses in region 2 are lower than those in region 

3, the results of stresses analyzed from region 3 are reported 

hereafter. This is because this region included the relatively 

stressed areas of interest (the area in the vicinity of the step 

and that around the extrusion gap). 

The principal stress contour lines depicting the internal 

principal stresses σ1, σ2, τ12, and Von Mises stresses σVM, 

normalized by internal pressure pi, for the regions labeled 2 

and 3 of the front side of the stepped rounded D-ring with a 

ratio of H1/H2 = 1 loaded to 20% squeeze and 2.94 MPa 

internal pressure are shown in Figs. 15 and 16, respectively. 

The highest magnitudes of σ1/pi (σ1) and σ2/pi (σ2) are 2.4 

(7.06 MPa) and 2.25 (6.62 MPa), respectively. For region 2, 

the highest magnitudes of τ12/pi (τ12) and σVM/pi (σVM) are 0.07 

(0.21 MPa) and 2.35 (6.91 MPa), respectively. The highest 

magnitudes of σ1/pi (σ1) and σ2/pi (σ2) are 2.7 (7.94 MPa) and 

2.42 (7.11 MPa), respectively, and those of τ12/pi (τ12) and 

σVM/pi (σVM) are 0.10 (0.29 MPa) and 2.5 (7.35 MPa), 

respectively, for region 3.  

The contour lines of τ12/pi shown in Figs. 15 and 16 are 

similar to the actual isochromatics of the regions highlighted 

by the rectangle. Thus, these results show that the photoelastic 

experimental hybrid method used in this research is valid in 

the stress analysis of structures.  

The actual and graphic isochromatics of the upper side of 

the stepped rounded D-ring with a ratio of H1/H2 = 1 loaded to 

a 20% squeeze and 4.9 MPa internal pressure are shown Fig. 

17. An applied pressure of up to 4.9 MPa pushed the portion 

of the D-ring near the extrusion gap through the extrusion gap, 

causing extrusion. The pressure of 4.9 MPa also caused the 

isochromatic fringe lines to curve and concentrate around the 

extrusion gap. One-half of the contact length increased from 

1.98 mm to 2.57 mm when internal pressure was 2.94 MPa. 

The actual isochromatics in the region highlighted by the 

rectangle are similar to the graphic isochromatics. The cross 

marks “+” on the graphic isochromatics are located almost 

along the center lines of the isochromatic bands. This means 

that the photoelastic experimental hybrid method is valid for 

stress analysis of a D-ring under a uniform squeeze rate and 

internal pressure. 

 

               (a) σX/pi                 (b) σY/pi 

 

 

(c) τXY/pi 
 

Fig. 13. Normalized stress contours of the front side of the stepped 

rounded D-ring with a ratio of H1/H2=1 for region 2 (squeeze rate = 

20%, internal pressure = 2.94 MPa, a = 1.52 mm, x = xf = Y, and y = 

yf = -X). 

 

 

 

               (a) σX/pi                 (b)σY/pi 
 

 

(c) τXY/pi 
 

Fig. 14. Normalized stress contours of the front side of the stepped 

rounded D-ring with a ratio of H1/H2=1 for region 3 (squeeze rate =

20%, internal pressure = 2.94 MPa, a = 1.26 mm, x = xf = Y, and y = 

yf = -X). 
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Fig. 18 shows the stress contour lines describing the internal 

principal stresses σ1, σ2, τ12, and Von Mises stresses, σVM, 

normalized by internal pressure pi, for the upper side of the 

stepped rounded D-ring with a ratio of H1/H2 = 1 loaded to 

20% squeeze and 4.9 MPa internal pressure. Relatively high 

stresses are observed in the vicinity of the extrusion gap. The 

highest magnitudes of σ1/pi (σ1) and σ2/pi (σ2) are 6.6 (32.34 

MPa) and 6.0 (29.4 MPa), respectively, while those of τ12/pi 

(τ12) and σVM/pi (σVM) are 0.37 (1.81 MPa) and 6.2 (30.8 MPa), 

respectively. The contour lines of τ12/pi are similar to the 

actual isochromatics of the region highlighted by the rectangle. 

Thus, these results show that the photoelastic experimental 

hybrid method used in this research is valid for the stress 

analysis of structures. 

Fig. 19 shows the actual and graphic isochromatics of the 

front side of the stepped rounded D-ring with a ratio of H1/H2 

= 1 loaded to a 20% squeeze and 4.9 MPa internal pressure. 

An applied pressure of up to 4.9MPa caused the semi-circular 

portion of the D-ring to move over the step and make contact 

 

              (a) σ1/pi                 (b) σ2/pi 

 

 

               (c) τ12/pi                (d) σVM/pi 
 

Fig. 15. Normalized principal stress contours and von Mises stress 

contours of the front side of the stepped rounded D-ring with a ratio of 

H1/H2 = 1 for region 2 (squeeze rate = 20%, internal pressure = 2.94 

MPa, a = 1.52 mm, x = xf = Y, and y = yf = -X). 

 

 

               (a) σ1/pi                 (b) σ2/pi 

 

 

              (c) τ12/pi                 (d) σVM/pi 
 

Fig. 16. Normalized principal stress contours and von Mises stress 

contours of the front side of the stepped rounded D-ring with a ratio of 

H1/H2 = 1 for region 3 (squeeze rate = 20%, internal pressure = 2.94 

MPa, a = 1.26 mm, x = xf = Y, and y = yf = -X). 

 

 

     (a) Actual isochromatics.        (b) Graphic isochromatics. 
 

Fig. 17. Actual and graphic isochromatics of the upper side of the 

stepped rounded D-ring with a ratio of H1/H2=1 (squeeze rate = 20%, 

internal pressure = 4.9 MPa, a = 2.57 mm, x = xu = -X, and y = yu = -

Y) from the photoelastic experimental hybrid method (the arrow indi-

cates the direction of applied internal pressure).  

 

 

               (a) σ1/pi                 (b) σ2/pi 

 

 

              (c) τ12/pi                 (d) σVM/pi 
 

Fig. 18. Normalized principal stress contours and von Mises stress 

contours of the upper side of the stepped rounded D-ring with a ratio of 

H1/H2=1 (squeeze rate = 20%, internal pressure = 4.9 MPa, a = 2.57

mm, x = xu = -X, and y = yu = -Y). 

 

 

     (a) Actual isochromatics    (b) Graphic isochromatics 
 

Fig. 19. Actual and graphic isochromatics of the front side of the 

stepped rounded D-ring with a ratio of H1/H2=1 (squeeze rate = 20%, 

internal pressure = 4.9 MPa, a = 1.35 mm, x = xf = Y, and y = yf = -X) 

from the photoelastic experimental hybrid method (the arrow indicates 

the direction of applied internal pressure). 
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with the restraining front wall of the groove. The portion of 

the D-ring near the extrusion gap was pushed through the 

extrusion gap, causing extrusion to occur. One-half of the 

contact length in region 3 increased from 1.26 mm when the 

pressure was 2.94 MPa to 1.35 mm, and when the applied 

pressure was 4.9 MPa. The actual isochromatics in the region 

highlighted by the rectangle were almost similar to the graphic 

isochromatics with the cross marks “+” on the graphic 

isochromatics located almost along the center lines of the 

isochromatic bands. This means that the photoelastic 

experimental hybrid method is valid for stress analysis of a D-

ring under a uniform squeeze rate and internal pressure. 

Fig. 20 shows the stress contour lines describing the internal 

principal stresses σ1, σ2, τ12, and von Mises stresses σVM, 

normalized by internal pressure pi, for the front side of the 

stepped rounded D-ring with a ratio of H1/H2 = 1 loaded to 

20% squeeze and 4.9 MPa internal pressure. The highest 

magnitudes of σ1/pi (σ1) and σ2/pi (σ2) are 3.4 (16.66 MPa) and 

3.0 (14.7 MPa), respectively. The highest magnitudes of τ12/pi 

(τ12) and σVM/pi (σVM) are 0.22 (1.08 MPa) and 3.0 (14.7 MPa), 

respectively. The contour lines of τ12/pi are similar to the 

actual isochromatics of the region highlighted by the rectangle. 

Thus, these results show that the photoelastic experimental 

hybrid method used in this research is valid in the stress 

analysis of structures. 

Upon extrusion at an internal pressure of 4.9 MPa, the 

highest magnitudes of principal stresses and von Mises 

stresses for both the upper and front sides of the stepped 

rounded D-ring were recorded near the extrusion gap (Figs. 18 

and 20). The existence of high stresses near the extrusion gap 

at the time the extrusion begins suggests that failure of the 

stepped rounded D-ring is more likely to occur around the 

extrusion gap. In a previous study of the unrounded D-ring by 

the authors, it was found that extrusion occurred at an applied 

internal pressure of 3.92MPa. Nam et al. [16] reported that 

extrusion of the O-ring under a uniform squeeze rate and 

internal pressure occurred when the applied pressure was 1.96 

MPa. In the present study, extrusion occurred after application 

of internal pressure of up to 4.9 MPa which is about 25% 

higher than the pressure at which extrusion initiated for a 

stepped unrounded D-ring. This means that the stepped 

rounded D-ring is better suited for a high pressure application 

and that the packing performance of the stepped rounded D-

ring is better than the performance of either the stepped 

unrounded D-ring or the O-ring.  

We determined whether the introduction of a fillet radius to 

the stepped unrounded D-ring with a ratio of H1/H2 = 1 played 

any significant role in decreasing the internal stresses at the 

end points as suggested by Miniatt et al. [17]. A comparison 

of the stresses at the end point(= x/a), -1 for the unrounded 

and rounded cases was performed and the results are 

summarized in Table 2. Supplying a fillet radius at the corners 

of the D-ring led to 25% reduction of the internal stresses at 

the corners of the stepped unrounded D-ring. 

Table 3 shows the maximum internal shear stresses (τ12/pi) 

due to the stepped un-rounded and stepped rounded D-rings 

with a ratio of H1/H2 = 1. It is observed that the maximum 

internal shear stresses for the stepped rounded D-ring with a 

ratio of H1/H2 = 1 were lower than those of the stepped un-

rounded D-ring with a ratio of H1/H2 = 1. The low magnitudes 

of the maximum shear stresses show that the stepped rounded 

D-ring is less vulnerable to shear failure compared to the 

stepped unrounded D-ring.  

Comparison of internal stress components, principal stresses 

 

               (a) σ1/pi                 (b) σ2/pi 

 

 

              (c) τ12/pi                 (d) σVM/pi 
 

Fig. 20. Normalized principal stress contours and von Mises stress 

contours of the front side of the stepped rounded D-ring with a ratio of 

H1/H2=1 (squeeze rate = 20%, internal pressure = 4.9 MPa, a = 1.35 

mm, x = xf = Y, and y = yf = -X). 

 

Table 2. Effect of fillet radius on internal stress at a sharp corner of a 

stepped D-ring with a ratio of H1/H2 = 1. 
 

Fillet radius, r = 0 mm Fillet radius, r = 0.33 mm 

Applied internal   

pressure (MPa) 

Internal stress σY/pi 

at end point(= x/a) -1 

Internal stress 

σY/pi at end 

point(= x/a) -1  

Percent 

reduction 

0 -1.4567 -1.0956 25 

0.98 -2.4137 -1.1537 11 

1.96 -2.5762 -2.2805 11 

2.94 -2.8145 -2.2397 20 

3.92 -2.7817 -2.3801 14 

 
Table 3. Highest maximum internal shear stresses normalized with 

respect to internal pressure for upper side of D-ring. 
 

Internal 

pressure 

(MPa) 

τ12/pi for stepped 

unrounded D-ring:  

H1/H2 = 1 

τ12/pi for stepped 

rounded D-ring: 

H1/H2 = 1 

Percent 

decrease 

0 0.32 0.1 69 

0.98 0.29 0.17 41 

1.96 0.35 0.19 46 

2.94 0.40 0.27 33 

3.92 0.55 0.28 49 
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and von Mises stresses between the stepped unrounded [18] 

and stepped rounded D-rings with H1/H2 = 1 showed that at 

the extrusion pressure, the stepped rounded D-ring had higher 

contact stresses than the stepped unrounded D-ring, further 

confirming its better packing ability. 

The magnitudes of the shear stresses at the pressure at 

which extrusion occurred were considerably higher compared 

to the magnitudes before extrusion. This makes the maximum 

shear stress criterion on fracture more appropriate for D-rings. 

 

5. Results and discussion  

From our study of a stepped rounded D-ring with a ratio of 

H1/H2 = 1, the following conclusions are made: 

(1) A fillet radius equal to one-half the distance between the 

vertical edge of the rectangular part of the D-ring and the 

intersection of the circular portion with the rectangular portion 

of 0.33 mm was found to be optimal for a stepped D-ring with 

a ratio of H1/H2 = 1. 

(2) A fillet radius of 0.33 mm at the corners of the stepped 

D-ring with a ratio of H1/H2 = 1 led to a reduction of high 

internal stresses at the end points of the unrounded D-ring by 

about 25%. 

(3) An internal pressure of 4.9 MPa is required to initiate 

extrusion in the stepped rounded D-ring with a ratio of H1/H2 

= 1. An internal pressure of 3.92 MPa is required to 

commence extrusion in a stepped unrounded D-ring with a 

ratio of H1/H2 = 1.  

(4) Comparison of internal stress components, principal 

stresses and von Mises stresses between stepped unrounded 

and stepped rounded D-rings with H1/H2 = 1 showed that at 

the extrusion pressure, the stepped rounded D-ring had higher 

internal stresses than the stepped unrounded D-ring and 

therefore better packing ability. 

(5) The stress contour lines for each of the pressures 

investigated show high magnitudes of stress components, 

principal stresses, von Mises stresses at position 1 of region 1, 

position 3 of region 2, and position 6 of region 3. Comparing 

the magnitude of the highest stresses in contour lines of the 

stepped rounded D-ring with H1/H2 = 1 with those of the 

stepped unrounded D-ring with H1/H2 = 1, those in the stepped 

rounded D-ring with H1/H2 = 1 were lower for the same 

applied internal pressure. 

(6) During the motion of the semi-circular portion, of the D-

ring, space ahead of the step on the front side slowly filled. At 

a pressure of 2.94 MPa, the space was fully filled. However, 

the semi-circular portion does not join with the rectangular 

part when the space ahead of the step on the front side 

becomes filled.  
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