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ABSTRACT

Slotted liners are widely used in horizontal wells because of the abilities to ensure
wellbore integrity and sand control. During installation and operations, the slotted liners have to
be strong enough to hold axial loads and radial compression to prevent excessive buckling and
deformation of slots.

In this work, past papers about casing/liner failure are reviewed, and a comprehensive
FEM analysis of various slotted liner failure mechanisms, including axial compression, bending,
and collapse is studied. Experiments are carried out to compare with simulation.

Experiments were designed to select the grades of materials, diameter/thickness of pipes,
and slot pattern. For the base pipe, the maximum strain is associated with more uniform
deformation. In contrast, the maximum distortion of the slotted liner is concentrated around the
slots. As a result, the depletion limit needs to be reduced to avoid casing/liner failure.

Finite element models were developed to decide the slotted liner design under various
load conditions. A 3D nonlinear finite element method (FEM) model was developed for
simulating stress changes related to rock mechanics and depletion in the formation, including
overburden, reservoir section and underburden to evaluate the effect of stress change on casing
stability. Various lithology and rock failure theories can be considered in the model.

The study showed considerations for slotted liner design and analyzed how much
material grades, casing/tubing dimension and slot patterns can be expected to evaluate the risk of
slotted liner failure. The numerical and experimental results in this work can help engineers

understand mechanisms of slotted liner failure and optimize the slotted liner design. A series of



simulation steps can be followed to simulate deformation and failure mechanisms of many more

complex downhole tools.
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NOMENCLATURE

oD casing outer diameter

ID casing inner diameter

T wall thickness

L length

E Young’s modulus

E, tangential Young’s modulus
Es secant Young’s modulus

F force

v Poisson’s ratio

A area

o stress

€ strain

gprominal nominal (engineering) stress
gnominal nominal compressive strain
ynominal nominal Posson’s ratio and
o true compressive stress

& true compressive strain, and
ef true compressive plastic strain. The compressive stress and strain are

negative values.

s critical stress based on elastic limit

vii



def

Ocqr critical stress based on plastic deformation

glne critical stress based on incremental plastic theory
Pout external pressure on casing/liner

Din internal pressure on casing

Pe confining pressure (psi)

L80L L80 grade steel with thin wall (light)

L80H L80 grade steel with thick wall (heavy)

N8L2 slotted liner with 8 slots/ft and slot length of 2 inches
N16L1 slotted liner with 16 slots/ft and slot length of 1 inch
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1. INTRODUCTION
1.1 Background

Finite element method is numerical method for solving complex engineering and
mathematical problems. It is especially useful when dealing with complicated geometries,
loadings and material properties where analytical solutions is limited. The FEM can divide a
whole body into an equivalent system of many smaller bodies or finite elements that are
interconnected at nodal points which are shared by two or more elements or boundary lines. The
field variables are dependent variables of interest governed by differential equations. And
boundary conditions can be specified on the boundary of the field.

The displacement of any point within an element is a function of the nodal displacements
and of the position of the point. This is expressed by shape function, which is usually expressed
by N;.

Stiffness matrix is contains primary characteristics of a finite element. For a structural
finite element, the stiffness matrix includes the geometric and material behavior information that
indicates the resistance of the element to deformation when subject to loading. Different
deformation types can be represented such as axial, bending, shear and torsional deformation.

For 3D problems, the normal stresses are expressed by o and shear stresses are expressed
by t. Figure 1 shows the directions of all the normal stresses and shear stresses on a 3D cube.
The planes perpendicular to x, y and z coordinate ae called x, y, and z plane, respectively. The

stresses are represented by the following nine stress components.



yz

yy

Figure 1 3D normal and shear stresses

The normal strain is defined as the change in length per unit length and the shear strain is
defined as the change in angle between two original orthogonal directions. The normal strain is

expressed by € and shear strain is expressed by y.
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y=20



Figure 2 shows displacement and deformation of a square structure.
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Figure 2 Displacement and deformation of a square structure

Displacement and strain relations are shown in equations below:
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Equation of equilibrium are given by
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Stress strain relations are shown below
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E
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Matrix expression is often used to develop equations for finite element method. The

displacement strain relation is

— a 0 0 -
dx
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dz 0dy
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Equation of equilibrium is given by
Vo+F=0
Where
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The stress strain relations are shown by
0 =De—(1-cp)lp,
e

T
e e e e e
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Where e means element, and m means matrix.
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Slotted liners are widely used worldwide. Functions of slotted liners include Sand control
with low cost and enhance wellbore stability, thus prevent borehole collapse. Slotted liners are
designed in a way that the slots will allow smaller hydrocarbon particles to flow into the
wellbore, but on the other hand, prevent the larger sand particles from entering the wellbore. The
slot width is designed based on the formation sand particle size, to effectively achieve sand
control functionality as shown in figure 3 below. Figure 4 shows whole joints of slotted liners.

Slotted liners are connected together, and then put into the formation along wellbore.



Figure 4 Whole joint of slotted liners



Slotted liners design are different based on formations. Usually for heavy oil, sandstone
formation, slots are wider to allow effective production of heavy oil. But for light oil formations,
such as limestone, slots are usually thinner but number of slots is larger.

The key issue is that slots will reduce the strength of the original pipes, which will induce
stability issue. The goal of the research is to find the optimum design to maintain productivity

while minimize the instability issue.

1.2 Literature Review

Slotted liners are widely used to improve the performance of horizontal wells. They are
mainly used for sandstone (Furui 2012), limestone reservoirs. There are also applications in shale
reservoir. However, the openings on the casing/liner can reduce the strength under geotectonic
loading, such as axial compression, bending, and radial compression. The structural integrity of
these slotted liners should be properly studied to ensure the safety.

Different plain casing/liner were studied by (Morita 2014, Furui 2012). According to

Furui, axial-compression collapse is a major liner-deformation mechanism, and in horizontal
sections, failure is induced by increased axial loading because of cavity deformation.

Slotted liners are manufactured by cutting several rows of slots with width ranging from 0.012in
to 0.151n, and length ranging from 1in to 3in depending on the formation’s grain size. But if the
slots are too long, cause overlapping between offset slots, the structural capacity will be the
lowest. (Xie 2015) In this way, sand production can be prevented while keeping oil/gas

production. Although bigger and more slots can ensure maximum production, structural capacity



will be reduced. So slotted liner design needs to balance sand prevention, open flow area (OFA)
and structural capacity.

Abbassian (Abbassian and Parfitt 1998) described a simple method of evaluating the
collapse strength and post-collapse behavior of oil field tubulars subjected to external pressure.
The method is based on elastic ovalization and subsequent plastic collapse by formation of a
four-hinge mechanism. He also mentioned that due to long lengths of tubulars used in wells,
unduly conservative design can bring an undesirable penalty on well cost. But on the opposite,
under-design increases risk of failure. The design guidelines such as those published by API, are
semiempirical which need various assumptions and restrictions which may not be readily applied
to slotted liners.

Extensive sand production occurred in many wells, means slots deformed a lot. Slot
opening can be due to various mechanisms including buckling under axial compression, bending,
collapse under external pressure (formation touching).

The primary objective of slotted liner is to assure the structural capacity, sufficient sand
prevention, while maintaining enough open flow area (OFA). In addition to base pipe parameters
including materials grades, weight, diameter, wall thickness, properties of slotted liners are
impacted by slot length, width, slot pattern and density.

The goal of this paper is to review the existing slotted liner designs, and come up with
optimized slotted liner designs including selection of material grades, ratio of diameter and
thickness, slot pattern, slot length, width. Finally, through data analysis and field case study,
come up with an analytical solution which is easy to use. And a series of simulation methods to
capture the deformation more accurately for various kinds of tools under formation.

Slotted liner pattern are shown in figure 5:
9
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Figure 5 Three different slot patterns. A:Single staggered pattern. B: Straight pattern. C:
Gang pattern (multiple staggered).

In the line pattern, slots are placed evenly in identical bands around the pipe, forming
straight lines of slots across the length of the slotted liner. In the single-slot staggered pattern,
bands of evenly spaced slots are placed around the pipe. Slots in different bands are offset
(staggered) to each other. The single-slot staggered pattern preserves the strength of the pipe and
provides an even distribution of the slots over the area of the pipe. Gang Pattern (Multiple
Staggered Pattern), while having the same overall layout as the single-slot staggered pattern, the
gang pattern places two slots, cut at close proximity, instead of just one slot at each position.

Slotted liner with a multiple staggered pattern has been shown to withstand higher torque
during installation and provide better resistance to deformation under thermal load compared to
the single-slot staggered pattern, making it well suited for application in steam assisted gravity

drainage (SAGD) applications.

10
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(1)

N = the number of slots per foot.

D = Outside diameter of the liner (in inches).

C = Open area percentage.

W = selected slot width (in inches).

L = Length of slot (inches).

Functions of slotted liners include Sand control with low cost and enhance wellbore
stability. However, the opening slots can reduce the strength of casing/liner, Enhance wellbore
stability, help prevent borehole collapse (Morita, 1994). It is widely used in ~90% SAGD (Steam
Assisted Gravity Drainage) applications employ slotted liners as the sand control method (RPS
Energy Canada, 2009), Monterey Shale in California (Michael F. Morea. 1997), and Limestone
(Kumar, Srivastava, and Kumar 2010), deepwater reservoir in Gulf of Mexico (Guo, Blanford,
and Candella 2015). But challenges also exist, maintain well productivity requires large open
flow area, but on the opposite, large open area will cause stability issue. So, achieve high Open
Flow Areas (OFA) while maintain sufficient axial and radial collapse resistance and compression
strength is the goal of optimized slotted liner design.

A typical single staggered slotted liner is shown in figure 6. Single staggered slots keep
the original strength of the pipe and give more uniform distribution to the stress, hence maintain
the structural integrity.

Figure 7 shows the case when wellbore is touching liner, if the wellbore touches liner, the

support is very good. But if there is a gap between wellbore and slotted liner, wellbore maybe

easier to collapse.

11
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Figure 6 Typical Slotted Liner
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Figure 7 Structure of Borehole and Slotted Liner
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Selection of proper grade and thickness of casings/liners is key for mitigating casing
failure according to Morita et al (Morita and Shiozawa 2014, Morita 2014). By their
observations, casing design for high porosity reservoirs should include the steel properties
beyond the yield strength while the API casing design criterion is strictly based on the steel
properties up to the yield strength. The tests showed the casings were uniformly deformed until
the maximum load so that they were usable up to the maximum strength without significant
distortion.

Joao Carlos Ribeiro Placido (Placido, Pasqualino, and Fonseca 2005) showed good match
for load-radial displacement curves of simulation and experiments in figure 8. But they only
considered one level of slots, it is too ideal to separate out one level without consideration of
interaction between other slots. So further analysis needs to be carried out to simulate more

realistic cases.

E 3000 1 Experimental
g 1l Mumerical
g 4
o ||
2000 —
1000 -
il
|
D - T T T 'I T T T I T T T I T T T |
] 10 20 30 40

Displacement {mm)

Figure 8 Load Force vs. Radial Displacement (Placido, Pasqualino, and Fonseca 2005)
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Critical strain is an important factor to keep the slotted liner from unstable issues. As
axial compression builds up on the casing/liner, there exists a peak load beyond which the
structure will be unstable. The axial strain at the peak load is called critical strain. As mentioned
by Chartier (Chartier 2016), design of slotted liners should consider this critical strain as a safety
factor to make sure the critical strain is larger than the maximum strain expected in the
installation and production period, a design margin also needs to be considered to account for
possible strain localization.

As shown in Figure 9, when the axial strain is smaller than the critical strain, the stability
of slotted liner can be maintained, whereas if the axial strain is larger than the critical strain, the
structure becomes unstable, and the slotted liner will lose the support capability tremendously,

which will cause serious unstable issue in the field.

Critical Strain

]

Compressive
Axial Force

Stable Unstable

A
ey __

A

v

v

Axial Strain

Figure 9 Critical strain in compression test (Chartier 2016)
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1.3 Objectives

Using experiment and FEM simulation, we want to achieve:

1. Maximum well productivity without causing unstable problems of well
2. Numerical (FEM) and experimental approach to optimize slotted liner geometries.
3. Derive a correlation for optimum design, help engineers understand possible liner

deformation and failure mechanisms, develop completion design criteria to reduce the risk of
casing/liner failure, also control sand production effectively

4. Previous study by Xie didn’t consider effect of grades, pipe length and pipe
diameter/thickness. And there was no experiment. In our study, we will consider selection of

grades and pattern with aid of both simulation and experiments

15



2. METHOD"

In this study, both numerical FEM model and experiments are performed to validate the
results. We studied the elastic-plastic behavior of steel slotted liners both numerically and
experimentally. For the global reservoir model, Drucker-Prager failure mechanism is applied to
simulate the rock failure after depletion.

In figure 10, a 3D 20-node quadratic isoparametric element is shown. 20-node cube
element is used because it is accurate. The node sequence may change from theory to theory, it is

important to check the node sequence before applying the shape functions.

* Part of this dissertation is reprinted with permission from “3D Finite Element Analysis and Experimental Study of
Stability of Slotted Liners.” by X. Liu, N. Morita. ARMA- 2018-269 presented at 52nd US Rock
Mechanics/Geomechanics Symposium, 17-20 June 2018 in Seattle, WA. Copyright 2018 by American Rock
Mechanics Association.

16



Figure 10 3D 20-node quadratic isoparametric element

Shape functions for the 20 node brick element are listed as following:

1
N1=§(1—5)(1—n)(—€—n—c—2)

1
N2 =Z(1—f><f)(1—n)(1—c)

1
N3=§(1+E)(1—n)(1—c)(f—n—c—2)
1
N4=Z(1+5)(1—77><77)(1—c)
1
N5=5(1+E)(1+n)(1—c)(5+n—c—2)

1
Ne=72(1-¢xHA+mA-g)

1
N7=§(1—5)(1+77)(1—C)(—f+77—§—2)

17



NB= (-1 -nxm—¢)

N9 =2 (-1 - —¢x0)

N10 =%(1+€)(1—n)(1—c><c)

N11 =%(1+€)(1+n)(1—c><c)

2= (- A+ M ¢ x0)

M3 = 21— -+ (¢ —n+c-2)
M4 = 20— Ex O +0)

MIS = 2L+ OA-MA+OE 7 +5-2)
N16 =%(1+5)(1—nxn)(1+c)

N7 =S+ DA+ MA+OE +7+¢-2)
MIB= (1 —Ex DA+ M +0)

M9 = S (- A+ MA+ (- +7+¢—2)

1
N20 =Z(1—g)(1—nxn)(1+c)

Since N; (€4, Nar Sa) = g, the condition of shape functions is satisfied.

The coordinate transformation is shown as
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y= Z yiN;
=1
20

zZ = ZZiNi

i=1
The volume and area integrations are shown as
dV = dxdydz = |J|dédndg

dl“—|ar><ar‘dd
= 3¢ %35 ¢dn

Where direction of dI' is perpendicular to the boundary surface.

[dx 0dy 0z
08 0 ¢
dx Jdy 0z
"=lan an o
dx Jdy o0z
o¢ g g
(i 7 k]
[ox 0y 0z
dr=a—’"xﬁ|d5dn=a_f % 0
0§ on ax dy @z
an an an

The finite element equation is given by
Keu® =F°¢+T*

Where

Ke = f (BTDB)|J|dédnds

Ve
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Fe = f (NTN)IJ|dédndg F®
Ve

7]

TE = f(NTT)drzl o
FA | 70|
7,

Where

B = [By B; B3 By Bs Bs By Bg |

aIvi (ax.;cy' Z) 0 0
ON;(x,y,z) 0
dy
0 0 aNi (g;y' Z)
B; = ON;(x,y,z) ON;(x,y,2z)

dy 0x 0
dON;(x,y,z) ON;(x,y,z)

dz ady
dN;(x,y,2) ) JdN;(x,y,2)

0z 0x

VVon Mises yield criteria was used.

1
oy = \/E [(011 — 022)% + (022 — 033)% + (033 — 011)? + 6(0F, + 035 + 031)]

2.1 FEM Simulation

2.1.1 Model Description
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Two different basic designs of slotted liners are shown in Figure 11. The design is based
on practical manufacturing method, which is a row of circular saws. Between each saw, the
length is 6 inches. So in one column of slots, the interval between two slots are 6 inches.

Sample length will include 1 ft (0.3048 m) and 2 ft (0.6096 m), the density of slots can be
8/ft (0.3048 m) (or 16/ft (0.3048 m). Different parameters will be studied including materials
grades, wall thickness, length of pipe, length of slots, density of slots, and width of slots.

Slotted liners with three different outer diameters are studied. To ensure the validity of
the comparison, open flow area needs to be the same for slotted liners with the same OD. The
open flow area are 2.23%, 1.85%, 1.52% for 2.375” OD, 2.875 OD, 3.5” OD liner respectively.
The number of slots per foot required to obtain a certain open flow area can be calculated based

on Eqg. (1).
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Figure 11 Basic slotted liner design: N=8/ft (0.3048 m), L=2"" (50.8 mm) on left, N=16/ft
(0.3048 m), L=1" (25.4 mm) on right

2.1.2 Model Validation

True stress and true strain will be used as input in Abaqus. The equations of converting
from nominal stress and strain to true stress and strain are listed below:

True compressive stress,

nominal
Oc

% = nominal znominal )2
(1-v el )

True compressive strain,
22



g, = In(1 + ghominaly
True compressive plastic strain,

P _ .nominal _ &
& =& E

Where g**™nal js nominal (engineering) stress, e2°™"4l js nominal compressive strain,
ynominal js nominal Posson’s ratio and E is Young’s modulus.

o, is true compressive stress, &, is true compressive strain, and &£ is true compressive

plastic strain. The compressive stress and strain are negative values.

For compression test, engineering stress is based on experimental data. After peak point,

the curve ascends because of the load bearing ability of sample increased due to increase in area.

The boundary conditions and load conditions are shown in figure 12.
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Figure 12 Base pipe for 2 7/8" thin wall L80L

At the bottom, as shown in Figure 12, since the bottom is restricted by bottom plate,
encastre boundary condition was applied on the bottom surface of pipe. And axial compression
was applied on the top surface by a constant rate of 0.24 in/min. Load was applied on the top
surface uniformly.

Simulation model was validated by using true stress and true strain calculated from
experimental data. As shown in Figure 13, the simulation matched well with the experimental

results. In this way, we can continue to perform simulation for all other cases.
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Model Validation for 2 7/8" L80OL

Simulation = - = Experiment

140000
120000 S~
100000 :
80000
60000
40000
20000

True Stress (psi)

O rme———

0.02 0.04 0.06 0.08 0.1 0.12 0.14
strain

Figure 13 Model Validation for 2 7/8™ thin wall L80

2.1.3 Axial Compression Simulation

The numerical simulation will be tested in three ways:

1. Simulate slotted liner with axial compression load only
2. Simulate slotted liner with axial tension and radial compression
3. Simulate slotted liner with axial compression and radial compression.

Figure 14 shows the mesh for 3D slotted liners. The mesh size effect is tested to ensure
accurate simulation.

As shown in figure 15, with axial compression only, and bottom surface fixed on z
direction, the deformation occurred from top to bottom gradually. In the middle of figure 15, it is
the 3D mesh model before deformation, on the right, after deformation, local buckling occurs on

the slots band, and slots become wider under axial load.
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Figure 14 3D slotted liner mesh

Figure 15 3D model for slotted liners in experiments, deformed slotted liner on right
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As we can tell from figure 16, if the axial tension = 1000 psi, and radial compression =
5000 psi, the maximum deformation of the slotted liner with 8 slots is larger than slotted liner
with single slot as shown in figures 17 and 18. Which means that more slots will bring stability
issue. Figure 19 is a magnified plot showing the maximum stress occurs at the end of slots. As

getting far away from the slot ends, the stress becomes smaller.

Figure 16 simulation with axial tension and radial compression
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ODB; testonecut,odb  Abaqus/Standard 6.14-1 Fri Oct 28 12:21:42 Central Daylight Time 2016
Step: Step-1
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tep Time = 1.0

8 Slots

ODB: 8slots.odb Abaqus/Standard 6.14-1 FriNov 11 01:01:24 Central Standard Time 2016
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Increment tel 000
ary Vai

Figure 18 Simulation of slotted liner with 8 slots
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8¢andard Time 2016

ime = 1.000

Figure 19 Maximum stress concentrated at the slot ends

In figure 20, a slotted liner model with axial compression is shown. The load is applied
on the top surface, and the bottom surface is fixed on all direction due to the restriction of bottom
loading plate. The Von Mises stress distribution is shown on the right. It is clear that maximum
stress focus on the ends of slots, which will bring in the slot width expansion, and also local
buckling is shown. From the plot of displacement, we can see larger deformation occurs around
the slots, which will exaggerate the slot width. It matches well with the experimental samples

shown on the right of figure 20.
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Figure 20 2 7/8™ heavy L80 with N16L1 pattern, top left: 3D mesh, top right: Von Mises
stress simulation, lower left: horizontal displacement simulation, lower right: experiment
sample
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In the global reservoir model, Drucker-Prager yield criterion is employed to simulate the

rock mechanics behavior.

F=r+6lo, )l-lst + [orola s K K7 v o]

1

T= ES“S”
K= IJ‘idg for work hardening
K= E(gp (P
3 for strain hardening

2.1.4 Line Load Collapse Test Simulation

The line load collapse is set up as shown in figures 21 and 22. As we can tell from the

sketch, the line load was applied on the top edge of the pipe, and the direction of the load is

pointed to the negative y direction. The bottom edge was fixed in all directions due to friction of

the bottom plate. There is no restriction on top and bottom cutting surfaces.

Figure 21 Load and Boundary Conditions for Line Load Collapse Simulation
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Figure 22 View from z direction for line load collapse simulation

After simulation, from figures 23-25, we can find the displacement on x, y and z
direction, respectively. Figure 26 shows the magnitude of displacement.
It is straightforward to see from figure 27, that the sample becomes eclipse shape after

line load, since the bottom edge is fixed on all directions, it is still symmetric after deformation.
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Figure 23 Displacement on x direction

Figure 24 Displacement on y direction
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Figure 26 Magnitude of displacement
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Figure 27 Comparison of slotted liner before and after line load test
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Figure 28 Plastic strain after deformation

Line load test were carried out by displacement control on the same load frame with axial
compression test. Plastic region appears after the point where curve convert from linear to
nonlinear. From Figure 28, it is obvious to view the plastic deformation happens first at both
edges where the load applied, and then both sides on the horizontal direction followed.

Maximum plastic strain appeared to be at the both ends of slots that are on the load directions.

Before plastic behavior, the pipe can hold most of the load. But after plastic regions

forms, the pipe started to deform quickly.
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2.2 Experiments
2.2.1 Compression Test

To ensure safety, we need to calculate the load limit of the load frame. Load limit is
calculated based on

Load (lbs) = Stress x A = Stress * % (OD? — ID?) (6)

In our study, 9.5 Ib/ft L-80 with 3.5” OD is the strongest casing. The maximum load will
be calculated based on it.

OD=3.5inch, ID=2.992 inch,

Assume the maximum stress for L80 is 130,000 psi, the load limit is 336725 Ibs.

But slots will reduce the strength as shown in Figure 29.

Strength Reduction for Staggered Slot Arrangement
t . |

— C———1 C——————
Circumferential
A
 — s  —
—  E——— C——————
— b

Strength Reduction = ¢ (1-(b/a))
where:
c=1fors>=b
c=0fors<=01b
c={(s - 0.1b)/{0.9 b))

Figure 29 Strength reduction due to slots (George E. King 2009)
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According to (George E. King 2009), the strength reduction can be calculated from the
equation above. In our case, the strength should be 66.7% of the plain pipe. We’ll improve the
correlation taken materials grades, and other stuff into consideration. And make an easy to use
correlation for quick field application.

To predict the limit load of tubular thin shells, the following equations can be used:

Elastic buckling:

2E t

|

o
T 3A—v®)D
Where E, v is Young’s modulus and Poisson’s ratio of steel.

Plastic deformation theory:

4 t
d
ol = 3VEEs T

Where E;, E, are tangential and secant Young’s modulus.

Incremental plastic theory:

. E.Eg t
O.lTlC — _
cr 0.845 D

For plain pipes, these equations are applicable if t/D is smaller than 1/30. But they are not
applicable to thick wall pipes. Because when pipes with thick wall induce the local buckling, the
tangential Young’s modulus becomes close to 0.

Empirical way to determine critical strain is shown as below:

t
Ecritical = € <E,Def0rmati0n Properties, pout — Pin» BoundaryCondition)

When t/D — 0,
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T
Ecritical = N1 (De formation Properties, poyt — Pin, BoundaryC ondition) * D

+ Higher order terms
As shown in Figure 30, elastic buckling only occurs for large D/t>250, but for my
experiments, the maximum D/t = 3.5/0.254=13.8, which is much smaller than 250, so plastic

behavior must be considered for my experiments and simulation.

Plastic

critical

Elastic

L4

Figure 30 Plastic and elastic behavior under different D/t

According to (Spivak and Horne, 1983), length of slots is not significant from flow point
of view. So we design N8L2 and N16L1 to keep the open flow area the same.

As Figure 31 shows, a MTS load frame with 500,000 Ib load capacity with data
acquisition system. Video camera is set up to monitor the whole process and analyze the local

deformation.
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Displacement rate is controlled to be constant at 0.24 in/min. For 15% strain, axial

displacement = 12*15% = 1.8”. Total load time is 1.8/0.24 = 7.5 minutes.

Figure 31 Experiment set up and sample under axial compression

From Figure 32, we can see that slotted liner with 8 slots and slot length of 2 inches
(N8L2) deforms more uniformly than slotted liners with 16 slots and slot length of 1 inch
(N16L1). The N16L1 sample tends to find a weak level, and once the weak level starts to
expand, the load capacity starts to decrease much faster than N8L2 sample. This phenomena can
explain why the N8L2 shows stronger properties than N16L1 slotted liners in the following

results.

40



Figure 32 Axial Compression Test for Slort (1 ft) Samples, N8L2 on left, N16L1 on right
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Figure 33 Axial Compression Test for Long (2ft) Base Pipes
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Figure 34 Axial compression test for long (2ft) slotted liners

From figure 33, a long (2 ft) sample is compressed. Since the pipe is long, it is more
likely to have global buckling than local buckling. As compared to figure 32, in which shorter (1
ft) samples are shown, shorter samples are more likely to have local buckling at the bottom since

the restriction of the bottom plate.
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From figure 34, long (2ft) slotted liner sample of L80 is shown. Comparing with shorter
samples, the long pipe tends to have lateral buckling. Due to the bending and buckling, the slot in
the middle area is open much wider, which will reduce the functionality of the sand control. On
the other hand, if the compression continues, the slot may crack from the ends, which will cause
severe stability and safety issue. But if the slotted liner is in contact with the wellbore, support
from the formation will prevent severe deformation.

The figure 35 shows a typical deformation curve of 3.5’ L80. At the yield point, the pipe
didn’t show obvious buckling. After the yield point, strain hardening resulted in increased
strength till the peak strength. The pipe shows local buckling at both ends. At 10% axial strain,
the local buckling becomes obvious at the ends. Because both ends are restricted by the loading

plates, they can not expand freely. This explains the local buckling at both ends of the pipe.
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Pipe deformation with Load
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0.177908333, -20.58477

Figure 35 Pipe deformation when the load increases

From figure 36, we can see that even though P110 is a strong steel, but since the diameter
is small, it is easier to buckle laterally without holding much load.

In figures 37-39, J55 base pipe and N8L2 slotted liner and N16L1 slotted liner are
compared at yield point, peak strength and 10% axial strain point. As we can see in figure 39,
N16L1 slotted liner tends to open much wider at a weaker level, which reduce its strength
tremendously, whereas the N8L2 slotted liner deforms more uniformly. The larger base pipe area
in between the slots provide better support for N8L2. This phenomena explains why the N8L2

design is stronger than N16L1.
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In figures 37 and 40-42, the pipes all showed local buckling instead of lateral buckling as
shown in figure 36, which illustrates that bigger diameter pipes tends to have local buckling

rather than lateral buckling.

Figure 36 2 3/8" P110 under compression at yield point, peak strength, 10% axial strain
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Figure 38 2 7/8" J55 N8L.2 slotted liners under compression at yield point, peak strength,
10% axial strain
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Figure 39 2 7/8” J55 N16L1 slotted liners under compression at yield point, peak strength,
10% axial strain
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Figure 41 2 7/8" heavy L80 at yield point, peak strength, 10% axial strain
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Figure 42 3 1/2" L80 at yield point, peak strength, 10% axial strain

2.2.2 Line Load Collapse Test

Line load collapse test are performed to simulate the situation where horizontal section is
under geotectonic load. A sketch is shown in figure 43.

In line load collapse test, we can see the simulation result matched well with the
experimental results. The boundary conditions are displacement control at rate of 0.24 in/min,
and fix the bottom edge on X, y, z directions. Line load was applied on top edge of the slotted
liner sample, with restricted movements in x and y direction because of the friction between
slotted liner and plate. As we can see from the picture, the slots on top and bottom surfaces
become narrower, while the slots on both sides become larger. Which will cause more sand to

flow into the wellbore from both sides.
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In this section, six different samples are tested as shown in figure 44, they all have same
OD of 2 7/8”, difference is the material grades and slot distribution. Experimental apparatus is

shown in figure 45. Record camera is used to record the whole process.

Line Load

Figure 43 Sketch for line load test

Figure 44 Samples used for line load test
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Figure 45 Experimental setup for line load test

52



Table 1 Line Load Collapse Test Samples

oD Slot Slot Sample

Grade . Thickness(inch) D/t Legnth  Slot Width (inch)

(inch) Number/ft > No.
(ID,inch)

J55 2.875 0.217 13.249 8 1 0.125 L1
J55 2.875 0.217 13.249 16 2 0.125 L2
L80L 2.875 0.217 13.249 8 1 0.125 L3
L80L 2.875 0.217 13.249 16 2 0.125 L4
L8OH 2.875 0.309 9.304 8 1 0.125 L5
L8OH 2.875 0.309 9.304 16 2 0.125 L6

From figures 46-48, the deformed slotted liners after line load collapse test are shown.
All the samples show similar deformation type, with slots on the load direction closing, and slots

on the horizontal direction opening.
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Figure 46 2 7/8" J55 samples after line load test
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Figure 47 2 7/8" thin wall L80 samples after line load test
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Figure 48 2 7/8" L80 thick wall samples after line load test
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From figures 49 and 50, we compared deformed slots on different directions with the
original slots. We can tell that on the side which is 90 degrees from the loading direction, the slot
opened wider because of plastic deformation. Under this circumstance, bigger and more sand can
flow into the wellbore, the functionality of sand control will be reduced. On the other hand, with
wider opening, the structure is less stable than the original slotted liners, stability issue may
occur suddenly if crack initiates at the ends of the slots.

On the contrary, figure 50 shows the closing of slots. The width of slots reduces
tremendously, which will influence the oil/gas production. OFA (Open Flow Area) will become

so small that the profit for the well is lower than expectation.

Figure 49 Slot opening on the side of the load comparing with original slot
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Figure 50 Slot closing under the load on the loading direction comparing with original slot

According to (Chartier, 2016), the slot width change is measured at the axial mid-level
length of the slots on the OD of the liner. He indicated that higher initial levels of plastic twist
increase the tendency for the slots to open under compressive axial strain.

In line load collapse test, we can see the simulation result matched well with the
experimental results in figures 46- 48. The boundary conditions are displacement control at rate
of 0.24 in/min, and fix the bottom edge on X, y, z directions. Line load was applied on top edge
of the slotted liner sample, with restricted movements in x and y direction because of the friction

between slotted liner and plate. As we can see from the picture, the slots on top and bottom
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surfaces become narrower, while the slots on both sides become larger. Which will cause more

sand to flow into the wellbore from both sides. Also, the collapse will cause stability issue.

- N ' .
e SN . ~ LT
Figure 51 Experiment: slot deformation after line load collapse test. Load direction on the
left, horizontal cross-section on the right.
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Figure 52 Slot deformation after line load collapse test
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Figure 53 Deformation on load direction: experiment vs. simulation
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So, it is really important to keep the integrity of the slotted liners to ensure wellbore

stability and efficient production rate.

2.2.3 Triaxial Collapse Test

External pressure is exerted on the liner in horizontal wells by formation loading, which
is a function of the weight of the overburden, formation horizontal stresses and the fluid
pressure. Which can be obtained from the Geo3D finite element code after input the formation
properties.

In the initial experiment, confining pressure applied by oil kept increasing. And the strain
also increases. Before reaching 3000 psi, strain is linearly proportional to confining pressure Pc.

Figure 54 shows the triaxial load frame — GCTS RTX — 1500, it has standard 1,500 kN
Load capacity and 1,750 kN/mm stiffness. The control panel in figure 55 can automatically
control the flow rate and confining pressure.

Figure 56 showed out sample design to fix in the load cell. Supporting rod in between the
top and bottom spacers is used to prevent axial compression to the sample. Top and bottom

spacers are designed to align the sample in the center of the load cell.
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Figure 54 GCTS RTX - 1500 Triaxial Load Frame
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Figure 55 Control Panel for GCTS Triaxial Load Frame
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Figure 56 Triaxial Collapse Equipment and Sample Setup

As shown in Figure 57, the slotted liner was assembled with the top and bottom spacers
by epoxy glue. Steel plates were placed on top of slots to prevent oil from penetrating inside the
pipe. Rubber tape was placed on steel plates to keep them in place. Then, heat shrinkage tube and
clamps were used to seal the whole sample. Finally, the radial strain gauge was put around the
slotted liner to get the deformation through the recording system. Due to load frame under

maintenance, the triaxial collapse test will be carried out once the repair process is finished.
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Figure 57 Sample for Triaxial Collapse Test
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Table 2 Triaxial Collapse Test Samples

Sample OD (in) Material Slot Slot
Name Number Length
c1 2.875 L80_light 8 1
c2 2.875 L80_light 16 2
c3 2.875 L80_heavy 8 1
ca 2.875 L80_heavy 16 2
c5 2.875 J55 8 1
Cc6 3.5 L80 8 1
Spare 2.785 J55 8 1
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3. RESULTS”
3.1 Axial Compression Test
All detailed results are summarized in Table 3. Steel grades, pipe diameter, thickness,
D/T, length of pipe, density of slots, length of slots are considered. The D/T ratio ranges from 9.3
to 13.8. Slot patterns are N8L2 and L16L1. The 1ft base pipe of 2 7/8” heavy L80 has the highest
peak strength which is 279.5x 103 Ibs. Strain at its peak strength is 9.8%. Effects of steel grade

and slot density, slot pattern will be discussed in detail.

Table 3 All results for compression tests

- . Weight Length of Samples Slot Legnth Slot Width Yield Max Strain % at Max

hickness{inch) H e (ft) P slot Numbertt [ID,inEh] {inch) SCaploie Strength(10°Ib)  Strength(10’b) Strength
1 N80 23/8 0.19 125 4.7 1 8 2" 0.125 512 -135.647964 -139.403191 1.861141667
2 N80 23/8 0.19 12.5 4.7 2 8 2" 0.125 532 -119.538811 -128.352097 0.889895833
3 N80 23/8 0.19 12.5 4.7 1 16 2" 0.125 s1 -111.859756 -129.133797 1.625458333
4 N80 23/8 0.19 125 4.7 1 16 1 0.125 s7 -124.918747 -133.915962 2.502808333
5 N80 23/8 0.19 12.5 4.7 2 16 1 0.125 533 -111.047401 -124.091064 0.788020833
6 N80 23/8 0.19 12.5 4.7 1 - - S2 -128.122185 -151.92572 4.065166667
7 N80 23/8 0.19 12.5 4.7 2 - - - s3 -111.032074 -132.751076 0.931708333
8 P110 23/8 0.19 12.5 4.7 1 8 2" 0.125 54 -177.399948 -182.62661 1.5692
9 P110 23/8 0.19 2l 4.7 a 16 1" 0.125 S6 -171.897392 -180.986572 1.604925
10 P110 23/8 0.19 12 4.7 2' 16 1" 0.125 S5 -174.778954 -179.729721 0.8039875
11 P110 23/8 0.19 b1 4.7 1 - - - 58 -187.163536 -195.700928 3.038041667
12 P110 23/8 0.19 12.5 47 2 - - - 534 -192.574127 4192574127 0.779654167
13 155 27/8 0.217 13.2 6.5 1 8 2" 0.125 514 -116.427338 -135.111504 2.495208333
14 J55 27/8 0.217 13.2 6.5 2 8 2" 0.125 530 -111.53788 -125.853722 1.189820833
15 155 27/8 0.217 13.2 6.5 1 16 1" 0.125 515 -115.369743 -134.912247 2.749133333
16 155 27/8 0.217 13.2 6.5 2 16 1" 0.125 529 -115.017212 -125.148659 1.1856375
17 155 27/8 0.217 13.2 6.5 1 - - - 516 -126.850006 -153.519775 5.169833333
18 155 27/8 0.217 13.2 6.5 2 - - - 531 -123.738533 -131.846756 1.242658333
19 | L8O light | 27/8 0.217 13.2 6.5 1' 8 2" 0.125 517 -154.485405 -158.409233 0.827933333
20| 180 light | 27/8 0.217 13.2 6.5 2 8 2" 0.125 522 -160.003288 -160.003288 0.537891667
21| L8O light | 27/8 0.217 13.2 6.5 1' 16 1" 0.125 518 -152.615456 -159.51281 2.0953
22 L8O _light 27/8 0.217 13.2 6.5 2 16 1" 0.125 523 -157.183037 -161.060883 1.044991667
23 LBO_Light 27/8 0.217 512 6.5 a - - 59 -174.824936 -189.156105 5.854075
24 L8O _light 27/8 0.217 13.2 6.5 2 = = = 524 -167.299156 -167.299156 0.561458333
25 L80_heavy | 27/8 0.309 9.3 8.44 1' 8 2" 0.125 511 -203.487274 -226.018631 4.455941667
26 L80_heavy | 27/8 0.309 9.3 8.44 2 8 2" 0.125 525 -203.410637 -203.410637 0.542070833
27 L80_heavy | 27/8 0.309 9.3 8.44 1' 16 1" 0.125 510 -205.403206 -233.942924 5.17135
28 L80_heavy | 27/8 0.309 9.3 8.44 2 16 1" 0.125 526 -204.83609 -206.108269 0.797141667
29| L8O heavy | 27/8 0.309 9.3 8.44 1' - - - 5138 -212.867676 -279.557426 9.7877
30 L80 31/2 0.254 13.8 9.3 i 8 2" 0.125 519 -231.26062 -231.26062 0.849983333
31 L80 31/2 0.254 13.8 9.3 2' 8 2" 0.125 S27 -228.67028 -228.67028 0.546254167
32 L80 31/2 0.254 13.8 9.3 1 16 1" 0.125 520 -222.493317 -229.605255 4.154975
a3 L80 31/2 0.254 13.8 9.3 2 16 1" 0.125 528 -225.129639 -226.509109 0.8591
34 L80 31/2 0.254 13.8 9.3 i - - 521 -244.932709 -269.563927 6.542875

In Figure 57, steel grade effect on base pipes are shown. 3.5 OD L80 has the highest

yield point, 2 7/8” OD heavy L80 has the maximum ultimate strength. 2 3/8” OD P110 shows

* Part of this dissertation is reprinted with permission from “3D Finite Element Analysis and Experimental Study of
Stability of Slotted Liners.” by X. Liu, N. Morita. ARMA- 2018-269 presented at 52nd US Rock
Mechanics/Geomechanics Symposium, 17-20 June 2018 in Seattle, WA. Copyright 2018 by American Rock
Mechanics Association.

67



the third highest yield strength, but as the strain increases, it can not sustain large loading
capacity due to its smaller OD. If the diameter of pipes is smaller, it is easier for the pipes to
buckle laterally. 2 3/8” N80 shows the lowest yield point and peak strength, which is not
recommended for field application. Comparing with light 2 7/8” L80, although yield strength of
2 7/8” J55 is smaller, but after larger deformation, J55 can still hold good load capacity.

In figure 59, steel grade effect on the N8L2 slotted liners are shown. We can tell that 2
7.8 J55 maintains great loading capacity even after large deformation till 15% strain. In figure

60, similar trends remains for N16L1 type slotted liners.
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Load (1000lb)

Steel Grade Effect

——S52-N8023/8 S8-P11023/8 —S16-15527/8
$9-18027/8L =——S513-1802 7/8H—S21-1803 1/2

Strain
-300
-250 L80-31/2
L80-2 7/8H
-200
155-27/8
HIRNAY |
N80-2 3/8

-100 |

-50 7}

0 ’/
0 2 4 6 8 10 12 14 16

Figure 58 Steel grade effect on base pipes
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Load{1000Ib})

-250

-200

-150

-100

Grade Effect- N8L2

S4-P11023/8 ——S11-1802 7/8H—512-N80 2 3/8
§14-)552 7/8 ——S17-1802 7/8L —519-1803 1/2

Strain

L80-31/2

L80-2 7/3L

N80-2 3/8

s

2 4 6 8 10 12 14

Figure 59 Steel grade effect for N8L2 slotted liners
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Load{1000Ib)

-250

-200

-150

-100

-50

Grade Effect- N16L1

S7-N8023/8 —S6-P11023/8 ——S15-J5527/8
S18-1802 7/8L —S10-L80 2 7/8H—520-L80 3 1/2

Strain

L80-3 1/2H

L80-27/8H

P110-23/8

A

\

155-27/.

2 4 6 8 10 12

Figure 60 Grade effect for N16L1 slotted liners
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From figure 61, slot pattern effect are studied. For 2 3/8” N80 steel grade, 1 ft sample of
N8L2 pattern shows much higher yield and peak strength than N16L1 sample. Longer sample
shows lower yield strength and maximum strength than shorter sample because longer ones tend
to buckle at early stage, and lateral buckling occurs easily before local buckling. For 2 ft long
slotted liner samples, N8L2 pattern also shows higher strength than N16L1 pattern.

In figures 62-65, similar trend remains for 2 3/8” P110, 2 7/8” J55, 2 7/8” light L80, 3 4"
L80. Only exception is 2 7/8” heavy L80. In figure 64, for 2 7/8” heavy L80, N8L2 pattern
shows slightly lower strength than N16L1 pattern. This can be explained by due to the thicker
wall, it is harder for N16L1 to find a weak level to expand like other pipes. The thick wall can
help pipe maintain its original strength. So it is always important to consider the wall thickness

and the ratio of diameter over wall thickness.
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Load (1000lb)

Slots Effect- N80 2 3/8"

—S1-N16L2-1ft S2-Base-1ft ——S3-Base-2ft ——S7-N16L1-1ft
——512-N8L2-1ft =——532-N8L2-2ft =——533-N16L1-2ft

Strain
-160

-140

-120

-100

-60

-20

0 2 4 6 8 10 12 14

Figure 61 Slot pattern effect on 2 3/8” N80 slotted liners
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Slots Effect- P110 2 3/8"

——S4-N8L2-1ft ——S5-N16L1-2ft—S6-N16L1-1ft
S8-Base-1ft ——S34-Base-2ft

Strain
-220
-170
|
|
— |
e}
o -120 |
o
o
= ]
o |
[1+]
o
—1
-70
-20
0 2 4 6 8 10 12 14

Figure 62 Slot pattern effect on 2 3/8” P110 slotted liners
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Load{1000Ib)

-180

-160

-140

-120

—
o
o

-20

Slots Effect- J55 27/8"

——514-N8L2-1ft ——S15-N16L1-1ft——S16-Base-1ft
$29-N16L1-2ft ——S30-N8L2-2ft ——531-Base-2ft

Strain

0 2 4 6 8 10 12 14

Figure 63 Slot pattern effect on 2 7/8" J55 slotted liners
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Slots Effect- L80 2 7/8" Light and Heavy

$9-Base-Light-1ft ——S510-N16L1-Heavy-1ft——S11-N8L2--Heavy-1ft
——S513-Base-Heavy-1ft ——S17-N8L2-Light-1ft ——S18-N16L1-Light-1ft
——S522-N8L2-Light-2ft ——523-N16L1-Light-2ft ——S24-Base-Light-2ft

——S525-N8L2-Heavy-2ft ——S26-N16L1-Heavy-2ft

Strain

-300

-250

-200

-150

Load {1000lbk)

-100

-50

0 2 4 6 8 10 12 14 16

Figure 64 Slot pattern effect on 2 7/8” L.80 (both light and heavy) slotted liners
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Load{1000Ib)

Slots Effect- L80 3 1/2"

—519-N8L2-1ft ——S20-N16L1-1ft——521-Base-1ft
S27N8L2-2ft ——S28-N16L1-2ft

Strain
-300

-250

-200

-150

-100

-50

0 2 4 6 8 10 12 14 16

Figure 65 Slot pattern effect on 3 1/2” L80 slotted liners
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In summary, we can conclude from axial compression tests:

1. Effect of slots: For all samples, the slotted liners show lower strength than base pipes.

2. Slot design while keeping the same open flow area:

a) Same material and OD, N8L2 slot design shows stronger properties and higher
strain at peak strength.

b) N16L1 design tends to be weaker and open earlier and wider at the same overall
axial strain level.

C) For N16L1, once it find a weak level of slots, the four slots on the same level will
bear from all the load till totally squashed.

3. Keeping the number of slots the same as 16, 2°’ slots will reduce the strength by 15%

than 1°’ slots.

4. Length of pipe: Longer pipe/ slotted liners always have lateral buckling at an early stage.

So the max strength and strain at max strength are both lower than shorter samples.

5. Short liners deform uniformly up to peak strength till a local buckling appears.

6. Long liners induce lateral buckling at early stage, but this phenomenon may not occur for

casing installed in oil fields due to support from formation.

7. For slotted liners, the grades, the pattern and D/t ratio are the 3 most important factors.
a) for different grades, L8O 3 72’ is the strongest, L8O 2 7/8”’ is the second. The
point needs to pay attention is, although J55 didn’t have very high yield strength, it
sustained lots of load even after large deformation.

b) for different slot pattern, N8L2 design is stronger than N16L1 for most materials

except for L8O 2 7/8”” heavy.
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C) for Diameter/Thickness ratio, while keeping the same D/T = 13.2 for 2 7/8”* J55

and light L80, L80 has higher yield strength and peak strength, but J55 can hold up to

50% more load than light L80.

Figure 66 Comparison of slot opening. Left: original slot. Center: Simulation- at 5% axial
strain, Deformed Slot under Axial Compression, Right: Experiment- at 5% axial strain
From the simulation, we can see clearly that the slots opened more widely. Especially in
the center. According to stress field plot, the ends of slots are taking more stress.
For heavy L80 2 7/8’, slot N8L2 case

relative displacement _ 0.0146919

Slot Width Expand % = o widih = = 11.75% @)
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For 2 7%’ heavy L80 N8L2, from experiments, maximum strength occurred at strain=
4.46%. From experiment, the slot width becomes 0.15 inch.

From simulation, at strain=4.46%, the slot width is 0.14. which is 6% error, which is in
acceptable range.

Whereas for N16L1, slots tend to open even wider at the same axial strain of 4.46%.
Also, because of its denser distribution of slots on one level, the slots tend to open easier once
the opening starts to form.

It is obvious that the slot ends have the maximum stress, and the stress becomes smaller
when moving away from the ends.

Slotted liner failure reasons:

1) Usually the liner is bended because of the axial-compression

2 Radial-compression collapse induced by non-uniform radial loading to liner
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3.2 Line Load Collapse Test

Line Load Collapse Testing

——e——]55-N8L1 J55-N16L2 L80L-N8L1
= = =L80L-N16L2 o~ L80H-N8L1 = = =L80H-N16L2
-45
-40
—— L8OH-NS8L1
-35 /
-30 ',‘
L SR L80OH-N16L2
i ; - -
25 §o -
o) f P
=3 § ¥
2 {17
§ 20 oo
L8OL-N8L1
J55-N8L1
__________ L8OL-N16L2
J55-N16L2
0 -0.02 -0.04 -0.06 -0.08 -0.1 -0.12 -0.14 -0.16 -0.18 -0.2

Strain

Figure 67 Results of Line Load Collapse Test

From figure 67, we can tell the curves share similar trends. And the curves deviate from
linear portion at around 2% strain. The N8L1 samples have higher strength than N16L2 samples

without exception. Thick wall LBOH-N16L2 has higher strength than thin wall L80L-N8L1, even
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though the number of slots is larger and the length is twice, the 2 7/8” thick wall slotted liner can
still sustain 9000 Ib more load before plastic deformation occurs.

From the experiments, it is true that the slotted liner starts to deform differently in
vertical and horizontal directions.

After all, the goal of maintain productivity while having stable structural integrity can be

achieved by using N8L2 slot pattern design, and J55 is great candidate for casing grade selection.
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4. CONCLUSIONS

The work developed a finite element tool to calculate the strength and deformation of

slotted liners under axial compression, tension and radial compression loads. Experiments

were carried out to compare with simulation results. They showed comparable results and
the model was validated.

With the same open flow area, N8L2 design is stronger than N16L1 case. The only

exception occurs for heavy L80 2 7/8”, the wall thickness effect still needs to be

investigated.

For slotted liners, the grades, the pattern and D/t ratio are the 3 most important factors.

a) for different grades, L80 3 '%’’ is the strongest, L80 2 7/8”’ is the second. The
point needs to pay attention is, although J55 didn’t have very high yield strength,
it sustained lots of load even after large deformation.

b) for different slot pattern, N8L2 design is stronger than N16L1 for most materials
except for L8O 2 7/8”” heavy.

C) for Diameter/Thickness ratio, while keeping the same D/T = 13.2 for 2 7/8”” J55
and light L80, L80 has higher yield strength and peak strength, but J55 can hold
up to 50% more load than light L80. In this case, for vertical well or part under
axial compression, we can choose lower grade material such as J55.

Line load collapse tests showed that the slotted liners can sustain relatively large

deformation without crack, but the slots will be opened or closed depending on the load

direction. So it is important to avoid exceeding 2% strain at which plastic deformation

begins to occur.
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The slot width change is not significant for axial compression test, but collapse has a
bigger effect on the slot width. If the slotted liners are collapsed, the hydrocarbon flow
will be largely impacted, and the sand control function maybe tremendously reduced.
Avoid collapse is important in the field. Higher grade pipes are recommended if the
formation is easy to collapse on the vertical direction for horizontal wells.

Longer pipe/ slotted liners always have lateral buckling at an early stage. So the max

strength and strain at max strength are both lower than shorter samples.
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