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1. Introduction
Well construction by expandable tube 

is an innovative way to save cost greatly. The 
Expandable Tubular Technology has been applied 
in drilling engineering, well completion and 
other fields successfully [1-3]. One example is 
the conservation of hole size [4]. When complex 
geological conditions such as abnormal pressure, 
leak off etc. are encountered, intermediate casing 
is used. With the increasing of drilling depth, the 
casing structure becomes complex, and the wellbore 
size becomes smaller, which would probably limit 
the down-hole operation at a certain depth. Even 
worse, the drilling operation may not be able to 
complete. As mentioned by J.Agata et al, Solid 
Expandable Tubular (SET) is such a technology 
that allows plastic expansive deformation of tube 
by mechanical or hydraulic means [5], it can 
realize the drilling of slim to mono-diameter 
oil and gas wells, preserve valuable hole size 
to allow a larger liner to be run into the pay 
zone, reduce trip time and the occurrence of 
borehole problems, and finally reduce drilling 
costs (fig.1). 

However, the popularization and application 
of SET is somewhat restricted because of 
the lack of mastery of the SET mechanics 
behaviors, including expansive force, residual 
stress and the thickness and length variation of 

the tube after expansion.
Because of the large strains, complex material 

behavior and contact condition, the expansion 
of the tube belongs to highly nonlinear problem, 
which makes it quite difficult to obtain analytical 
solution. The finite element method is deemed to 
be a powerful method because of its flexibility 
and accuracy, it not only can deal with high 
non-linearity problem but also can overcome the 
complexity of boundary conditions. Some relevant 
research has been done recently. Omar S.Al-Abri 
et al simulated the tube expansion based on two-
dimensional axisymmetric plane model [6], the 
tube was modeled as a deformable body with 
elastic-plastic material behavior, and the mandrel 
was modeled as a rigid body. Although it can 
improve the computational efficiency by using 2D 

Fig.1. Mono-diameter oil and gas well
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model, it could only reflect the stress distribution 
on the axial direction, the circumferential stress 
and strain characteristics could not be investigated, 
especially for the horizontal well expansion 
process, the calculation accuracy is lower than 
3D model significantly. Y.H.Lu, et al analyzed 
the burst pressure and collapse strength of 
expandable tube, and mainly focused on the study 
on the microstructure features of the tube [7,8], the 
isotropic elastic-plastic material model was used to 
simulate the expansion tube. However, Baushinger 
effect and kinematic hardening happened during 
the expansion of tube, the Von Mises envelop of 
the tube after expansion is not symmetric and does 
not center on the origin, which leads to a strong 
anisotropy after expansion, so the calculation 
accuracy will be low by using this isotropic model. 
T.Pervez et al analyzed the expansion of tube in 
horizontal wells by using explicit finite element 
program ABAQUS[9], the tube was assumed as 
elastic-perfectly-plastic material, and the material 
underwent plastic displacement once the yielding 
occurred. Actually, the deformation stress shows 
linear increasing trend with the influence of strain 
after the yielding occurs, the material characteristic 
of the expandable tube belongs to linear hardening 
elastic-plastic material rather than elastic-perfectly-
plastic material. 

In this paper, the expansion characteristics 
of SET is studied by using numerical simulation 
method, the goal is to estimate the expansive force 
required for expansion, the residual stress and 
thickness/length variation after expansion with 
respect to operational parameters such as mandrel 
cone angle, friction coefficients at interfaces and 
the length of sizing zone. In addition, the effect of 
rotating mandrel on expansive force and residual 
stress have also been investigated.

2. Finite element modeling
2.1. Material mechanics performance of 

expandable tube
The material of expandable tube is J55 steel, 

it is composed of carbon (0.22%), silicon (0.35%), 
manganese (1.65%), sulfur (0.03%) and phosphor 
(0.03%). The material properties of tube a obtained 
based on uni-axial tensile tests conducted on 
specimens following ASTM standard test method 
(fig.2). The yield strength, ultimate tensile strength, 
elongation etc. can be extracted from the attained 

stress-strain curve, the material parameters of the 
tube are given in table 1. J55 steel is composed by 
ferrite and pearlite through metallographic structure 
analysis, because the plasticity-reserve of this steel 
is low, the extruding strength will decline after 
expansion.

In order to take the bauschinger effect of metal 
material into consider, a plastic kinematic hardening 
material behavior is assumed to model expandable 
tube. The radius of the yield surface is fixed but the 
center translates in the direction of the plastic strain. 

Strain rate is accounted for using the Cowper 
and Symonds model with scales the yield stress by a 
strain rate dependent factor [10]:

                                       (1)

                (2)
 

Where: y is the yield strength,  is the strain 
rate, 0 is the initial yield strength, Et is the shear 
modulus, E is the elasticity modulus, Et is the plastic 
hardening modulus, p

e  is the effective plastic 
strain, C and P are user defined input constants, p

ij 
is the plastic strain rate.

2.2. Finite element model
The expandable tube and mandrel are modeled 

using SLOLID 164 3D display structure element, 

Fig.2. Stress-strain curve of J55 steel

Table 1 
Material parameters of expandable tube

Young’s 
modulus, 

Gpa
Mass density,

kg/m3
Poisson 

ratio
Uniform 

elongation,
%

Percentage 
elongation 

after fracture,
%

Tensile 
strength,

Mpa

Yield 
strength,

Mpa
Yield 
ratio

Expandable 
tube 205 7850 0.3 21 28 620 385 0.62
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they are discretized into 18960 and 10560 elements 
respectively. The central axis of tube and mandrel 
are coincident, the mandrel moves down along the 
centerline at a speed of 0.1 m/s, the lower end of 
the tube is fixed while the upper end is kept free 
(fig.3). The mandrel is modeled as a rigid body, 
and the interaction between the tube and mandrel 
is modeled using a Coulomb friction law to account 
for the friction force. Specially, Flanagan-Belytschko 
stiffness form hourglass control method is used 
to avoid hourglass deformation of the expandable 
tube. The geometrical parameters of the tube and 
mandrel are given in table 2. 

3. Results and discussion
This paper focuses on parameters that are 

important for solid expandable tubular technology. 

These parameters are mandrel cone angle (a), sizing 
zone length (L) and friction coefficient (μ). The 
analysis is carried out by varying one parameter 
while keeping the others constant.

3.1. Expansive force
Figure 4 shows the trend curve of expansive 

force with time when expansion ratio is 4.9%, 
friction coefficient is 0.2 and mandrel semi-cone 
angle is 10 deg.

As figure 4 shows, in the initial stage, the 
expansive force rapidly increases to 380 KN, which 
reflects the tubular natural resistance characteristics 
to its initial deformation. Subsequently, under the 
action of tensile and compressive stress, the metal 
grains of expandable tube start to flow along the 
radial and axial direction, its natural resistance 
vanishes, and the expansion process is smoother. 
The expansive force stabilizes to an average value 
of 250 KN during the rest of the expansion process, 
although there is a small fluctuation, the overall 
process is stable. This behavior is in good agreement 
with metal forming theory.

Part Parameters Value

Expandable tube

Inner diameter, mm 122

Axial length, mm 237

Wall thickness, mm 10.5

Mandrel

Maximum outer diameter, mm 128

Length of sizing zone, mm 31.75, 3.75, 34.5, 35.75, 
36.75, 37.75

Semi-cone angle, deg 7.44, 8.85, 10,11.64,13.02,
14.38,15.72,17.05

Friction coefficient 0.15, 0.2, 0.25

Fig.4. The curve of expansive force with time

Table 2 
Geometric parameters of the finite element model

Fig.3. The finite element model 
of solid expandable tubular technology
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Figure 5 shows the inflence of semi-con angle 
of mandrel on expansive force. As it shows, the 
expansive force increases gradually with the increase 
of friction coefficient irrespective of mandrel 
cone angle. The change trend of expansive force 
with mandrel cone angle is consistent no matter 
what friction coefficient values. For each friction 
coefficient, there is an optimum mandrel semi-cone 
angle to make the expansive force to be minimal. 
For example, when the expansion ratio is 4.9%, 
the optimum mandrel semi-cone angle are 11.8 
deg (μ=0.25), 11 deg (μ=0.25) and 10 deg (μ=0.15) 
respectively. Therefore, in order to reduce expansive 

force, it should improve the lubrication state of the 
interface between tube and mandrel, and choose the 
optimum cone angle in accordance with the contact 
condition. 

The influence of sizing zone length on expansive 

force shows V-shaped tendency (fig.6). That is 
to say, with the increasing of sizing zone length, 
expansive force decreases first and then increases, 
and expansive force is minimum when the length of 
sizing zone is 34.5 mm. When the length of sizing 
zone is less than 34.5 mm, the main control factor is 
the avoidance of tubular springback, the influence of 
friction force is relatively small, so it could decrease 
expansive force by increasing the length of sizing 
zone. When the length of sizing zone is greater than 
34.5 mm, the main control factor is friction force, so 
the expansive force would increase with the increase 
of sizing zone length.

3.2. Residual stress
The expansion of expandable tube 

is a cold plastic deformation process, 
because of the inhomogeneous 
deformation of the expandable tube, 
an additional stress is produced and 
remains inside the tube, the elastic 
shrinkage of tube after expansion 
produces additional stress too. All 
the generated additional stress 
is residual stress. Because of the 
residual stress, the fatigue resistance 
strength and corrosion resistance 
strength of expandable tube will 
reduce [11]. In consequence, how to 
reduce residual stress becomes a key 
to the success of solid expandable 
tubular technology.

Taking Von Mises effective stress 
in the inner surface of expandable 
tube for example (fig.7), when the 

mandrel begins to compress tube, the effective 
stress increases to approximately 490 Mpa rapidly, 
and the tube is under elastic deformation. With 
the continuing moving of the mandrel, the tube 
subjects to elastic-plastic deformation, and the 

effective stress maintains around 450 
Mpa. After the mandrel gets through 
the specific tubular elements, the 
metal grain’s migration ends, the tube 
is expanded to the designed size, 
and the grain structure of tube is 
relatively stable, the effective stress 
in these elements rapidly releases 
to 187 Mpa, which is called residual 
stress.

Figure 8 shows the relation 
between mandrel semi-cone angle 
and Von Mises effective stress with 
different friction coefficient. In total, 
reasonable large friction coefficient 
helps to reduce residual stress, but it 
can not be infinite. With the increase 
of friction coefficient, the hydraulic 
pressure on the piston will increase, 
even might exceed the internal 
pressure strength of the tube, which 

Fig.5. The influence of semi-cone angle of mandrel 
on expansive force for different friction coefficients

Fig.6. The influence of sizing zone 
length on expansive force
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will cause the failure of expansion process. 
So in order to reduce residual stress, also 
guarantee the well protected of expandable 
tube, a reasonable friction coefficient 
should be given. Moreover, there exists an 
optimal mandrel cone angle to make the 
residual stress to be minimum no matter 
what value friction coefficient is, and the 
optimal mandrel cone angle increases with 
the increase of friction coefficient.

Figure 9 shows the residudal stress against 
mandrel position of the tube. As figure 9 
shows, the maximum residual stress of 
expandable tube is almost the same no matter 
what value the length of sizing zone is, and 
the value is about 450 Mpa.

3.3 Expandable tubular wall thickness/
length variation

With the moving of mandrel, the metal 
particles of the expandable tube will flow 
both in axial and radial directions. Because 
of the friction between the tube and mandrel, 
the metal particles on the inner surface of 
tube will subject to tensile force along axial 
direction, also the tensile force decreases 
along the radial direction, which will lead 
to the metal particles’ non-uniform flow 
phenomenon along the thickness direction. 
That is to say, the metal particles’ radial 
and axial displacement on the tubular inner 
surface will be greater than that on the 
tubular outer surface.

Assuming the tube volume is constant 
in the course of expansion, the increase in 

Fig.8. The influence of semi-cone angle 
of mandrel on residual stress for different 

friction coefficients

Fig.9. Residual stress against mandrel 
position along the tube for different 

length of sizing zone

Fig.7. The curve of expandable tubular effective stress with time
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tubular diameter is compensated by a corresponding 
decrease in thickness. The wall thickness 
has a great impact on tube collapse 
strength and internal pressure strength, 
large percentage reduction in thickness 
will rise safety concerns during day-
to-day operation of wells. Therefore, 
the analysis of expandable tube wall 
thickness/length variation before and 
after expansion is very important. Taking 
elements A and B in the inner and outer 
tubular surface respectively for example 
(fig.10), the radial displacements of 
A and B are 3.7 mm and 3.53 mm 
respectively, the thickness variation is 
0.17 mm and the length variation is 4.46 
mm, which reflects the non-uniform 
flow of metal particles along radial and 
axial direction. 

Figure 11 shows the influence of 
semi-cone angle of mandrel on thickness 

variation for different friction coefficients. 
The thickness variation of tube increases 
as mandrel semi-cone angle increases 
no matter what value friction coefficient 
is. Also with the increasing of friction 
coefficient, the thickness variation will 
increase, and the bearing capacity of 
expandable tube will decrease. As Fig. 
11 shows, when the mandrel semi-cone 
angle is 7.74 deg, the variation in tubular 
thickness are 0.0448mm (μ=0.15) and 
0.13 mm (μ=0.25) respectively.

Figure 12 shows the influence of 
mandrel semi-cone angle on length 
variation with different friction 

coefficients. The length variation decreases 
with an increase of friction coefficient 
irrespective of mandrel cone angle. Under 
the same friction coefficient, the variation of 

Fig.10. The radial displacement profile of expandable tube

Fig.11. The influence of semi-cone angle of mandrel on 
thickness variation for different friction coefficients

Fig.12. The influence of semi-cone angle of mandrel 
on length variation for different friction coefficients
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length increases first and then decreases 
with the increase of mandrel cone angle. 
The greater the friction coefficient is, 
the steeper the change trend becomes. 
Usually, the tubular axial shrinkage 
is larger, the variation of thickness is 
smaller, and the collapse resistance is 
higher. Thus the optimal mandrel semi-
cone angle is between 10 deg and 13 deg.

The length variation of tube 
increases as the length of sizing zone 
increases. As figure 13 shows, the 
maximum variation in tubular length 
(4.59 mm) occurs when the sizing zone 
length is 37.75 mm, and the minimum 
variation in tubular length (4.32 mm) 
occurs when the sizing zone length 
is 31.75 mm. The thickness variation 
exhibits an opposite trend, there is 
larger thickness variation for lower 
length of sizing zone. Also, it is natural 
to expect that length reduction and 
thickness reduction would generally 
have inverse variation.

3.4. Rotating mandrel
In order to study the effect of a 

rotating mandrel on expansive force, 
the mandrel is given a rotational speed 
of 15.7 rad/s.

Figure 14 shows the effect of mandrel 
rotation on expansive force. The 
expansive force decreases remarkably 
due to rotating mandrel. This occurs 
because of the screw effect of the 
rotating mandrel. However, attention 
must be paid to the lubrication condition 
between the tube and mandrel when 
rotating the mandrel.

Figure 15 shows residual stress 
against mandrel position along the tube 
when rotating and not rotating the 
mandrel. When the mandrel begins 
to extrude expandable tube, residual 
stress of rotating mandrel is bigger 
than that of non-rotating mandrel. As 
the mandrel continues moving, residual 
stress of rotating mandrel is smaller 
than that of non-rotating mandrel.

Fig.13. The influence of sizing zone length 
on length variation and thickness variation

Fig.14. Expansive force for rotating and 
not rotating the mandrel

Fig.15. Residual stress for rotating and 
not rotating the mandrel
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4. Conclusion
1. The expansion of a solid expandable tube with mandrel is performed using finite 

element method. A 3D model is established, and the tube is modeled as a deformable 
body with plastic kinematic hardening material behavior, which takes bauschinger 
effect of metal material into consider.

2. Expansive force increases with an increase in friction coefficient, exhibits a quadratic 
parabola relation with semi-cone angle, and V-shaped tendency with sizing zone length. 

3. Reasonable large friction coefficient helps to reduce residual stress. The residual stress 
shows a quadratic parabola relation with semi-cone angle. 

4. The tubular thickness variation increases as the mandrel cone angle, friction coefficient 
increases, and length of sizing zone decreases. The tubular length variation exhibits an 
opposite trend.

5. When rotating the mandrel, the expansive force required for expansion is 14.4% less 
than that of non-rotating mandrel with the same configuration.



33

 

2 

-

-
-
-

-

J.Pei 

 

J.Pei / SOCAR Proceedings  No.1 (2016) 025-033


