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Abstract

This study investigated the stress—strain behavior of seamless pipes in the hoop direction using the ring expansion test, which
is a non-standardized mechanical testing technique used for evaluating the mechanical properties of round tubes. However,
this technique has limitations, such as unidentified specimen geometry, strain measurement, and the estimation of friction
coefficients. The study employed experimental, numerical, and analytical methodologies to address these limitations and
throughout the study, a novel hoop stress correlation factor (K) was identified to be multiplied by the hoop stress derived
equation for reduced section ring specimens. The experimental strain was measured using a newly derived analytical equa-
tion, and a mathematical predictive model was developed to estimate the K-factor using the Design of Experiment (DoE)
and Design-Expert statistical software. The study concluded that the ring expansion test is a promising technique for evalu-
ating the mechanical properties of seamless pipes similar to the unified axial tensile stress—strain behavior. However, future
research is needed to estimate the hoop stress correlation value (K) for all ring geometries. The study's finding of the novel
hoop stress correlation factor (K) in the case of a reduced section ring specimen is particularly noteworthy, as it addresses
a significant research gap in the field.
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Introduction

ASTM A106 grade B Seamless Pressure Pipe (ASME
SA106) is a widely used material in industries such as oil
and gas refineries, power stations, petrochemical factories,
ships, and other facilities where high-pressure and high-
A. Nassef temperature fluids and gases are transported [1]. To ensure
nassefl2@eng psu.edu.eg the optimum usage of this pipe, it is essential to investigate
Mohamed T. Eraky its mechanical properties. While conventional mechanical
mteraky @mans.edu.eg testing methods such as tensile, 3-point bending, and creep
M. Saber tests have been standardized by various organizations, non-
msaber@kfu.edu.sa conventional techniques are being developed to simulate the
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working conditions of the pipe in service or when the avail-
able material is limited.

One of these non-conventional techniques is the ring ten-
sile test, which involves the use of two D-shaped blocks
(mandrels) fitted into the ring and opposite forces applied
to the D-blocks until the ring ruptures. Researchers such
as Ktari et al. [2], Frolov et al. [3], Gurovich et al. [4], and
Yoon et al. [5] have studied this technique. Barsoum et al.
[6] used two mandrel designs: one with lubricated D-shaped
blocks and the other using lubricated D-shaped blocks with
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needle roller bearing (which decreased friction coefficient
into ~50% of its value upon using needle bearing), also
further investigation was carried out to optimize the ring
specimen with a reduction in its cross-section to maintain a
uniform stress distribution along the gauge length and give
a fracture at the center of the specimen. Khalfallah et al. [7]
proposed five new designs that incorporate cylindrical roll-
ing bearings, introduce grooves to the mandrel’s external
lateral area to reduce friction at the ring/mandrel interface.
Saber et al. [8], Sultan et al. [9], and Calaf-Chica et al. [10]
suggested using smaller cylindrical pins instead of bulk
mandrels to minimize friction. Furthermore, the authors
succeeded to determine yield and ultimate strength of iso-
tropic seamless pipe in addition to the elastic modulus and
the plastic stress—strain property using the ring elongation
testing technique [11].

Another non-traditional method is the burst test, which
involves introducing a pressurized fluid into a ring specimen
for a specific period while gradually increasing the pres-
sure until the specimen fails [12]. The burst creep test is a
development that includes a heating chamber around the ring
specimen. These tests generate accurate data that simulate
the actual working conditions where the material fails at its
weakest point. Seok et al. [13] conducted a study comparing
the burst creep test and the ring tensile test with an interme-
diate dog bone insert, and the study revealed identical results
between the two techniques.

Jiang et al. [14-16] conducted extensive research on zir-
conium-based alloy cladding for nuclear fuel using the ring
expansion testing technique, which involves using the wedge
effect between a cone and a mandrel. This technique is con-
sidered an alternative to the burst test, replacing pressure
from fluids with pressure from solid rigid parts. Saber et al.
[17] further developed this technique by using two cones,
which reduced friction interfaces from three to two values
and suggested partitioning the mandrel into a minimum of
six equal parts to maintain consistent results. Abdelgawad
et al. [18] studied the effect of metal-to-metal contact fric-
tion and developed a relationship to describe the percent-
age of pressure dissipation due to friction as a function of
mandrel parts.

This study presents an intensive experimental and
numerical investigation of the bi-cone wedge ring expan-
sion technique. The testing system includes a mandrel
partitioned into four or eight equal parts and two cones
assembled from top and bottom. A ring specimen with
a reduced cross-section is mounted around the mandrel,
which expands radially in response to the cone's axial dis-
placement. This work aims to evaluate the stress—strain
properties of the pipe in the hoop direction and correlate
the proposed technique results with the standard tensile
test results in terms of stress—strain data. This is achieved
through a combination of axial load—displacement data

obtained from either the experimental or simulation work
in conjunction with the derived theoretical equations. The
friction coefficient at the metal-to-metal interfaces is an
essential parameter in the evaluation of hoop stress—strain
properties and was estimated by comparing experimental
data with FE results for different values of the friction coef-
ficients since it is challenging to measure experimentally.
In addition, the effect of the specimen’s geometry on the
resulting data was investigated as well.

Theoretical Analysis

An analytical derivation was conducted to express the inter-
nal pressure acting on the ring specimen and the correspond-
ing hoop stress (6,) induced as a function of the applied
axial load (F). Additionally, the radial dilation (X,) and
the hoop strain (&) in the ring as a function of the axial
displacement (Xa) were determined. The proposed testing
technique is illustrated in Fig. 1, while the geometry of the
testing system components, including the ring specimen, is

Applied Load (F)

| Friction at the
| cone/mandrel
| interface

Upper cone

Ring specimen
with a reduced
cross section

PSR S—— Mandrel
| Friction at the

| mandrel/ring |

: interface u, :

_______ Lower cone

Reaction force

Fig. 1 Ring expansion testing schematic
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Table 1 Chemical compositions Element percentage (%)

of the ASTM A106 grade
B carbon steel pipe by the C Mn P S Si Cr Cu Mo Ni v
manufacturer

0.3% 0.29-1.06 0.035* 0.035* 0.1%* 0.4* 0.4* 0.15* 0.4* 0.08*

*Maximum percentage

**Minimum percentage

depicted in Fig. 4. Saber et al. [17] and Abdelgawad et al.
[18] derived an equation to explain the hoop stress generated
in the full-ring (without any reduction in its height), which is
presented as Eq. (1) [14]. It is worth noting that all symbols
used for this derivation match with Saber et al. [17] where
they are visualized as well [17].

1 —yltan(2>
=(1 _a)F_d _ \

At 0
Hy + tan(i)

_Pd _ P'(1-a)d

%= 7 2t M

where («) is the pressure dissipation factor (due to the fric-
tion between the mandrel and the ring), (d) the ring’s inter-
nal diameter, (A) the internal lateral area of the ring, (t) the

/ Original pipe after being wire cut

Axial test specimen

10 mm

Fig.2 Axial tensile specimen of the tested pipe

Fig.3 Engineering and true
stress—strain value in the axial
direction of the pipe

Stress (MPa)

ring’s thickness, (¢, ) friction coefficient at the cone/mandrel
interface, (P) and (P”) are the actual and the nominal internal
pressure induced to the ring, and (g) is the cone half angle.

Hence, by using the same principle of studying force
analysis (see Appendix section) and by analogy, a displace-
ment analysis would be performed to describe the diametral
displacement X as in Eq. (2).

1 — p tan ( % )
Xg=2X| ———F+ (@)
Hy +tan < % )

And since the radial displacement X, could be evaluated as
X, =(Xy4/2), the displacement at the hoop direction is evalu-
ated by multiplying the radial displacement by the friction
coefficient at that interface p,, hence the displacement in the
hoop direction (Xj,,,) is obtained as follows:

9
1- ,ultan(z)

0
M+ tan<5>

Hoop strain hence can be evaluated by taking the ratio
between X, and the initial gauge length at both sides 2/,
(see Fig. 4) as illustrated in Eq. (4) (Fig. 1).

Xhoop = Xa Ha (3)
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€hoop = Xa - /N |h (4)

Materials
Chemical Composition

The object of investigation in the present study is a seam-
less round tube with a specification of (ASTM A106 Grade

B Seamless Pressure Pipe), featuring an outer diameter of
73.03 mm and wall thickness of 5.16 mm (pre-machining
dimensions). The composition of the material used for the
tube is presented in Table 1 [19].

Tensile Properties

The manufacturer of the pipe has stated that it possesses an
Ultimate Tensile Strength (UTS) of 415 MPa and a mini-
mum yield strength of 240 MPa. These parameters were also
examined in the current study. Moreover, the test specimens
were obtained from the pipe through Electric Discharge
Machining (EDM) wire cutting in the axial direction of

Fig.4 Schematic representation " 20° "
of the testing rig components 7Y
and the reduced height ring
specimen & - 30 -
20
- el
...... 1 i
o 12 >
3
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v
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& Y
A j 200
e 243 o - -
(a) The mandrel before partioning (b) The upper cone

] ;-

&5

(c) The ring's sectional elevation o,
one side gauge
length €,

(e) 3D schematic of the ring
specimen (red lines indicates
the intial gauge length in the

hoop direction)

(d) The ring's plan view
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the pipe, and the dimensions of the test specimen and the
cross-head velocity were determined in accordance with the
ASTM Standard Test Methods for Tension Testing of Metal-
lic Materials [20]. The axial tensile specimen is shown in
Fig. 2. It is also worth mentioning that the pipe’s material
is isotropic and has the same mechanical properties in both
longitudinal and transverse directions [11] which validates
the applicability to compare results at any orientation.

The tensile test was performed on three specimens and
the median specimen’s results for the engineering stress-
strain curve in addition to the true stress-strain curve are
both clarified in Fig. 3.

Additionally, the components of the bi-cone ring expan-
sion testing rig and the corresponding ring specimen are
depicted in Fig. 4. The design of the ring specimen pro-
posed in this study is similar to the axial tensile specimens
presented in ASTM ES tension testing of metallic materials
[20], in terms of its geometry and design.

Finite Elements Modelling

The 3D Finite Element Analysis (FEA) was conducted
using the commercial finite element method (FEM) pack-
age ABAQUS/CAE. A quarter of the model was used in
the simulation process due to the symmetry of the model
in the XY and XZ planes. For the boundary conditions, a
displacement of 10 mm was imposed to a Reference Point
(RP) coupled to the cone to move in the negative side of the
Y-direction while fixing its movement in both X and Z direc-
tions. Certain boundary conditions were added as a portion
of the model was used, such as fixing the cone and ring at the
XY plane (u,=0) and fixing the ring and the mandrel from
the bottom at the XZ plane (u,=0), as illustrated in Fig. 5.
The assembly of the ring and the mandrel was ensured to
keep the separation line between the mandrel parts at the
midpoint of the reduced section length (see Fig. 6) as it
causes a stress concentration at this region where the speci-
men is expected to fail. The material of both the cone and the
mandrel was defined as elastic steel (Modulus of elasticity
Eee; =210 GPa and Poisson ratio v, =0.3), while the ring
material was defined as elastic—plastic material (where the
plastic data were obtained from Fig. 3). The element type of
C3DS8R was used with an element size of 0.5 mm, 2 mm, and
4 mm for the ring, the cone, and the mandrel respectively.

Since the FEA aimed to simulate the experimental proce-
dure, assessing the friction coefficient at the cone/mandrel
interface (u,;) and the mandrel/ring interface (u,) presented
challenges. Therefore, due to the similar material of both
contact bodies and comparable surface roughness of the con-
tact surfaces maintained by sandpapering, a constant value
of u (i.e., b, =u, =n) was assumed throughout the study for
simplicity.

u,=u,=0

u,=10 mm
Bottom fixation
of the mandrel
and the ring in
the Y-direction

Y

t Fixation of the

z X cone and the

ring in the Z-
direction (u,=0)

Fig. 5 Boundary conditions applied to the model

Fig.6 Back view of the model
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Fig.7 The ring specimen

and the two testing rig design
components (a) 4-piece and (b)
8-piece

Experimental Work

The experimental tests were carried out using an MTS universal
testing machine with a maximum capacity of 100kN. All testing
system components (the 8-piece and 4-piece mandrels and the
two cones) used were made of steel, and the ring specimen was
made of ASTM A106 grade B seamless pipe, as discussed in
the materials section. The crosshead speed was set to 2 mm/min.
Figure 7 shows the designs of the testing system components,
while Fig. 8 demonstrates the assembly of the ring specimen
with the testing rig under the testing machine crosshead. Precau-
tions were taken to position the specimen at the mandrel's mid-
height. The machine crosshead was gradually pressed down until
there was no clearance between both the cones and the mandrel.
The applied load and displacement at this point were adjusted
to zero. After that, the load and displacement obtained from the
test were recorded until the specimen ruptured.

Thus, a total of six experiments were carried out using
the 8-piece mandrel and the 4-piece (3 experiments each),
and the contact surfaces were ensured to be sandpapered
to coincide with the friction assumption. All the assembly
precautions performed on the FEA were set to be in the
experimental work as well.

Results and Discussion

The failed ring specimens used for the experimental work
are demonstrated in Fig. 9. Furthermore, all the rings failed
in the tensile mode. This agrees with the failure mode of the
dog-bone axial tensile test specimen shown in Fig. 3.

Since the experimental measurements of friction coef-
ficients proved challenging, FEA simulations were used to
compare load-extension data with various friction coeffi-
cients to experimental measurements. As the conventional
true axial tensile test results were used as FEA input to
define the elastic—plastic characteristics of the ring's mate-
rial, and the experimental testing process and FEA simula-
tion followed the same methodology. The load-extension
data from FEA simulations with friction coefficients of
0.15, 0.2, and 0.25 at both contact interfaces were com-
pared to experimental test values, as shown in Fig. 10. The
FEA results matched well with the testing data (particu-
larly for the 4-piece mandrel design) at a friction coeffi-
cient of p=0.2. Note that the dimensions (h), (r), and (£0)
in Fig. 4 were 5, 2.5, and 20.32 mm, respectively.

/

|
3
I
Machine
crosshead

[ A
Ring specimen with J
‘ reduced section M

]

4-piece 8-piece
mandrel B mandrel

Fig.8 Assembly of the ring specimen with the 4 and 8-piece mandrel
in the test machine
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For further verification of the FEA analysis, the hoop
stress—strain data obtained from the FEA model at the
specimen’s node with maximum hoop stress (as shown
in Fig. 11) were compared with the conventional true
stress—strain data. Moreover, the axial load—displacement
data for both experimental and simulation results were con-
verted into hoop stress—strain data using Egs. (1) [14] and
(4) for the hoop stress and strain, respectively. The pressure
dissipation factor () was estimated based on the number
of mandrel pieces (n), using the mathematical formula
(a = 4.6546 % n=243%) proposed by Abdelgawad et al. [18]
for similar experimental conditions. The estimated values

of « for the 4- and 8-piece mandrel designs were 15.5% and
2.8%, respectively.

Figure 12 illustrates the comparison between the true
axial stress—strain data and the hoop stress—strain data
obtained from the node at the ring's maximum hoop stress
for the 8-piece mandrel configuration. The converted axial
load—displacement data into stress—strain results through
Egs. (1) and (4) respectively for both FEA and experimen-
tal results also showed a good agreement. However, the
converted stress data using Eq. (1) lacked a multiplied cor-
relation factor (K), as all curves showed the same trend.
Therefore, the correlation factor was estimated using a
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Fig.9 Tested batch of six-ring specimens using 4- and 8-piece mandrel designs
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Fig. 10 Comparison between experimental and simulation data for different friction coefficient values (a) 4-piece mandrel and (b) 8-piece man-
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Fig. 11 The FEA ring specimen with an indication for the node hav-
ing the maximum hoop stress value

trial-and-error technique to seek the similarity between all
the curves, and then Eq. (1) [14] was modified accordingly
(see Eq. (5)).

0
FdK 1"“”“”<5>

op=(1-a) ®)
’ At [41+tan<§)

This correlation factor was suggested to be related to
the ring’s geometry. So, with the aid of the Design of

600

500

400

300

Hoop stress (MPa)

Axial true stress strain (Until necking)
200
— — 8 pcs. FEA Maximum hopp stress-strain values from the ring's node

100 ——— Experimental 8 pcs.

— — 8 pcs. FEA converted axial data

0 0.05 0.1 0.15 0.2 0.25

Hoop strain (mm/mm)

Fig. 12 FEA hoop stress—strain curves vs. conventional axial true test
data

Experiment (DoE) 16 simulation models were investigated
by changing the reduced section height (h), gauge length
(Z0), and their resulting correlation factor (K) as shown
in Table 2. It is also worth mentioning that all specimens
had a full ring height (H) of 10 mm and a fillet profile of a
quarter circle.

The data shown in Table 2 was employed as input data
in the Design-Expert statistical software to generate a pre-
dictive mathematical model (see Eq. (6)) for estimating the
K-factor value based on the dimensions of the reduced sec-
tion, (h) and (Z0).
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Table2 Specimen geometry used in the Design of Experiment and
their corresponding correlation factor (K)

Spc. # h (mm) £0 (mm) K-Factor
1 15.145 7.8
18.257 7.4
21.38 7.05
10 25.7 6.65
11 3 15.145 2.85
12 18.257 2.75
13 21.38 2.65
14 25.7 2.5
15 5 15.145 1.85
16 18.257 1.8
17 21.38 1.75
18 25.7 1.68
19 7 15.145 1.45
20 18.257 1.42
21 21.38 1.4
22 25.7 1.35
8
)
2 51
a 4
3
T T | | I T I I
3 4 5 6 8
Actual
Fig. 13 Predicted vs input (actual) data
K = 14.865 — 6.555h — 0.1518670
+ 0.05hZ0 + 1.114h2 — 0.00429h%#0
—0.0639h° (6)

The predictive ability of the model was verified by com-
paring the actual data with the predicted values, as illus-
trated in Fig. 13. Furthermore, Fig. 14 demonstrates the
surface plot of the developed equation with an overlay of

K

Design Points:

@ Above Surface
O Below Surface

sl 75

K-factor

Fig. 14 Surface plotting of the prediction model with further indica-
tion of the input data

the input data points, revealing a greater dependency for
the height (h) and the output correlation value (K) when
compared to the gauge length (£0).

An additional analysis was carried out to confirm the
accuracy of the predictive model in comparison with the
Finite Element Analysis (FEA) results. Specimens with
varying dimensions, as shown in Table 3, were used in this
study. The dimensions of the specimens (23, 25, 27, 28, and
30) were designed to maintain a constant ring specimen vol-
ume. Figure 15 shows a comparison between the predicted
values from the prediction model and the FEA results for the
specimens. Interestingly, specimens with the same volume
but different height (h) and gauge length (£0) values were
found to have different correlation factors. This observation
supports the idea that the correlation factor (K) is dependent
on the height and gauge length values separately, rather than
the overall volume of the specimen.

All specimens used in the experimental study had the same
dimensions of h=5 mm, r=2.5 mm, £0=20.32 mm, and
H=10 mm, which resulted in a correlation factor K of 1.77
based on Eq. 6. The axial load—displacement data obtained
from both the experimental and simulation results were con-
verted into stress and strain using Egs. (5) and (4), respec-
tively. The obtained data were then plotted in Fig. 16 against
the reference conventional true axial stress—strain curve. The
comparison showed that the data obtained from the proposed
test, in combination with the estimated correlation factor (K)
and pressure dissipation factor (o), matched well with the ref-
erence curve. This provides strong evidence for the validity
of the proposed analytical equations as well as the estimated
parameters K and . Additionally, Fig. 16 showed that the cor-
relation factor is applicable to both mandrel models, regard-
less of the number of mandrel segmentations.
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Table 3 Specimens dimension
used in the verification study
(shaded cells indicate constant
volume specimens)

A Predicted
7 redicte O
OFEA
6
S
E ‘ Spc. 23 ‘ ‘ Spc. 25 ‘ ‘ Spc. 27 ‘ ‘ Spc. 28 ‘ ‘ Spc. 30 ‘
- T T T v
x 4 | \ [ I I
| | | | |
| | | |
3 | [ [ I @ ®
| | | |
2 | | | |
| 6 @ @ ] |
| | |
1 2 @ ! \ I I
22 23 24 25 26 27 28 29 30 31 32
specimen #

Fig. 15 Predicted vs. FEA results for the K-factor value

a
&
o
600 pt o

500

Axial true stress strain (Until necking)

300 @ — — Experimental 8 pcs.

Hoop stress (MPa)

—&— 8 pcs. FEA converted axial data
200

— — Experimental 4 pcs.

-A— 4 pes. FEA converted axial data

o 0.05 0.1 0.15 0.2 0.25

Hoop strain (mm/mm)
Fig. 16 FEA and experimental hoop stress—strain curves vs. conven-

tional true axial stress-stain

Conclusion and Future Work

In summary, the Bi-cone Mandrel Ring Expansion test-
ing technique is a promising non-conventional method for

Spc. # h (mm) {0 (mm) Predicted FEA error %
23 7 33.165 1.25 13 -4.0
24 7 20.32 1.40 1.4 0.2
25 6 23.525 1.69 1.49 13.3
26 5 20.32 1.77 1.75 1.0
27 5 17.415 1.79 1.78 0.8
28 4 13.145 2.11 2.25 -6.2
29 3 20.32 2.68 2.7 -0.8
30 3 9.79 3.10 3.1 0.1
31 1 20.32 7.20 7.1 1.5

evaluating seamless tube material's stress—strain behavior
in the hoop direction due to internal pressure. The result-
ing data matched well with conventional axial tensile test
results. Additionally, FEA showed the existence of a cor-
relation factor (K) that is separately dependent on the ring
specimen geometry at the reduced section region not the
overall volume of the ring specimen. Thus, the key findings
of this study can be summarized as follows:

¢ All ring specimens failed in the same mode as the tensile
test specimens (tensile mode).

e Although friction coefficient is hard to evaluate experi-
mentally, it was estimated by comparing the load—dis-
placement curves of the experimental work and the FEA
with known values.

e Multiplying the derived hoop stress equation (Eq. (1))
by the correlation factor (K) in case of using a reduced
section ring specimen.

e The correlation factor (K) was estimated to be
(K =14.865—-6.555h—-0.15186 # 0o + 0.05h
£0+ 1.114h2—0.00429h% £0—0.0639h°), considering
height (h) as a major effective parameter but not the over-
all specimen volume.

e Converting axial load—displacement data into stress—
strain was effective and had a convenient correlation with
the reference standard tensile test.

e The authors propose eliminating strain measurement to
predict the material's yield point, which would simplify
testing and reduce costs.

Future work for this study includes performing an
intensive FEA considering various combinations between
the ring geometry parameters to eventually create a full
geometric correlation factor table, including full ring
height (H), ring diameter (d), and thickness (t), with fur-
ther experimental verification for different materials either
isotropic as presented or anisotropic to seek the validity
of the K-factor.
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Appendix

Upper cone \
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Fig. 17 Force analysis on the testing rig components

Through the free body diagram demonstrated in Fig. 17,
the equilibrium of forces acting on the upper cone in the
Y-direction are described in Eq. (7). by rearrangement, the
value of N, could be evaluated through Eq. (8).

F—le]c0s<§)—lein<§> =0 @)
_ F
= ,uwos(%) +sin<%> ®)

Taking the same principle but in the X-direction (see
Eq. (9)), and by substituting the value of N, (Eq. (8)) and
rearranging the equation, the radial force acting on the
inner surface of the ring N, is obtained by Eq. (10).

0 . (0
2N1c0s<§> —2M1N1s1n<5)—N2=0 9)

0
1- Mltan<5>

My + tan(%)

(10)

Thus, the force component acting in the tangential (hoop)
direction of the ring specimen is obtained by multiplying
the value of the radial component (N,) by the friction coef-
ficient (p,) which causes the hoop stress on the ring speci-
men. This analysis was previously performed and published
by the authors [17, 18].

Nomenclature d [mm]: Inner diameter of the ring specimen; Eg
[GPa]: Modulus of elasticity of Steel; F [N]: External applied force
to the cones; P [MPa]: Actual internal pressure; P' [MPa]: Nomi-
nal pressure on the ring inner surface; H [mm]: Height of the ring
specimen; h [mm]: Reduced region height; n: Number of mandrel
pieces; Eg.: Elastic modulus of steel; 0 [°]: Taper angle of the cone
and of the mandrel tapered hole; K: Hoop stress correlation factor; r
[mm]: Reduced region fillet radius; N, [N]: Normal force acting on the
mandrel inner surface; o : Pressure dissipation factor.; t [mm]: Wall
thickness of the ring specimen; vg.: Poisson ration of Steel; o,
[MPa]: Hoop stress; p,: Coefficient of friction between the cone and
the mandrel surfaces; p,: Coefficient of friction between the ring and
the mandrel surfaces; Xhoop [mm]: Displacement in the hoop direction;
X4 [mm]: Diametral displacement; X, [mm]: Radial displacement; X,
[mm]: Axial displacement; A [mm?]: Internal circumferential area; ‘,
[mm]: Reduced region length; Enoop’ Hoop strain; N, [N]: Normal force
acting on the ring inner surface
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